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Course IntroductionCourse Introduction -
-
•• Class Organization:Class Organization: Aim of classAim of class –– summary ofsummary of 

syllabussyllabus
•• Your backgrounds, interests; MineYour backgrounds, interests; Mine 
•• What do you want to get from class?What do you want to get from class?
•• One KeyOne Key –– you talk, you donyou talk, you don’’t learn unless yout learn unless you 

talk, and talk to each other not just metalk, and talk to each other not just me ––
•• have to readhave to read -- need you in the discussionneed you in the discussion

•• Innovation is about peopleInnovation is about people –– people notpeople not 
institutions innovateinstitutions innovate -- Craig Venter storyCraig Venter story 
(http://www.cwhonors.org/archives/histories/ven(http://www.cwhonors.org/archives/histories/ven
ter.pdf)ter.pdf)

(http://www.cwhonors.org/archives/histories/ven


Class One OverviewClass One Overview
•• Points in Class OnePoints in Class One: Solow and Romer: Solow and Romer –– basicbasic 

growth theory; Jorgensongrowth theory; Jorgenson –– role of innovation inrole of innovation in 
9090’’s;s; 

•• Merrill LynchMerrill Lynch –– how investors look at innovationhow investors look at innovation 
for investmentfor investment

•• Note emerging debate on comparativeNote emerging debate on comparative 
advantage of competitor nationsadvantage of competitor nations

•• Review 2 elements of DIRECT innovation policy
Review 2 elements of DIRECT innovation policy 
–– R&D and EducationR&D and Education

•• Review elements of INDIRECT innovation policy
Review elements of INDIRECT innovation policy
•• Look at Innovation as an ecosystemLook at Innovation as an ecosystem
•• Look at theLook at the ““valley of deathvalley of death”” between R&Dbetween R&D



Class 1Class 1 –– Part 1: EconomicPart 1: Economic 
Models of InnovationModels of Innovation



General BackgroundGeneral Background -- DefinitionsDefinitions
•	• ScienceScience –– understandiunderstanding the natural worldng the natural world –– out ofout of ““natural philosophynatural philosophy”” of the 16of the 16thth--

1919thth centuriescenturies –– observes natural worldobserves natural world –– discovery orienteddiscovery oriented

•	• TechnologyTechnology –– System to organize scientific and technical knowledge to achievSystem to organize scientific and technical knowledge to achieve e a
practical purposepractical purpose –– ““systemssystems”” includinclu e technical advance plus models toe technical advance plus models t  implementd o implement 
that advancethat advance –– moves from observation to implementationmoves from observation to implementation

•	• ResearchResearch –– increasing scientificincreasing scientific OROR technical knowtechnical kno ledge or bothledgw e or both

•	• InventionInvention –– applying research knowledgap e to create a practical idea/devicee to create a practiplying research knowledg cal idea/device

•	• InnovationInnovation –– built on scientific discoverybuilt on scient and breakthrough invention(s)ific discovery and breakthrough invention(s) –– is theis the 
systemsystem of Research, Invention, & Development using both sciencof Research, Invention, & Development using both sc e and teience and technology tochnology to 
commercialize (spread advances into societal use)commercialize (spread advances into societal use) ––

•	• or:or: ““intersection of invention and insight leading to the crintersection of in eation ofvention and insight leading to the creation of social andsocial and 
economic valueeconomic value”” (NII)(NII) 

•	• Innovation SystemInnovation System –– the ecosystem for developing innovationthe ecosystem for developing innovation –– operates at 2 levels:operates at 2 levels: 
the institutional actors, and the facethe institutional actors, and the face--toto--face groupsface groups \\

•	• Innovation WaveInnovation Wave –– 40/50 year cycle of innovation b4 ased on radia cal, breakthrough,0/50 year cycle of innovation b sed on radical, breakthrough, 
disruptive invention, then applications piled on this, productivdisruptive invention, then applications piled on this, productivity rises, then longity rises, then long 
period of incremental inventionperiod of incremental invention 

•	• ““Valley of DeathValley of Death”” –– where invention and innovation uswhere invention and innovation u ually diessually dies -- gap betweengap between 
research and developmentresearch and development –– institutinst ions ofteions oft n not in place to bridge this gap, anditut en not in place to bridge this gap, and 
move idea into development prototyping and production, then invemove idea into development prototyping and production, then invention intontion into 
innovationinnovation 

[source for some of these[source for some of these –– ProfPro . Charles Weiss, Georgetown University]. Charles Wef iss, Georgetown University]



Relationship Between Science andRelationship Between Science and 
Technology:Technology: 

* Before mid* Before mid--19th century19th century –– technology based ontechnology based on 
““tinkeringtinkering”” not sciencenot science –– telegraph, RRtelegraph, RR -- earlyearly 
technology gives rise to early technologytechnology gives rise to early technology

*Now: basic science gives rise to technology*Now: basic science gives rise to technology –
–
lasers
lasers

••but Dr. Lee Buchannan, exbut Dr. Lee Buchannan, ex--DARPA DeputyDARPA Deputy 
DirectorDirector–– ““I get nothing from basic scienceI get nothing from basic science ––
could drop that science funding and nevercould drop that science funding and never 
miss itmiss it””

* Now: technology gives rise to science* Now: technology gives rise to science –– IBM
IBM 
scanning tunneling microscope, nanotechnology
scanning tunneling microscope, nanotechnology



Professor Robert Solow, MIT
Professor Robert Solow, MIT

This image is in the public domain.



Robert M. SolowRobert M. Solow –– Growth Theory
Growth Theory
(NY, Oxford Univ. Press 2000)
(NY, Oxford Univ. Press 2000) 
-- Prof. of Eco., MIT, Nobel Prize 1987, NatProf. of Eco., MIT, Nobel Prize 1987, Nat’’l Medal Tech.
l Medal Tech.
•• Solow Attacks Classical Economic TheorySolow Attacks Classical Economic Theory –– ofof 

Roy Harrod, Evsey Domar:Roy Harrod, Evsey Domar:
–– Q: When is an economy capable of steady growth?
Q: When is an economy capable of steady growth?
–– Classical Answer: When national savings rate (incomeClassical Answer: When national savings rate (income 

saved)= capital/output ratio + rate of labor forcesaved)= capital/output ratio + rate of labor force 
growthgrowth
•• Have to keep capital plant and equip. in balanceHave to keep capital plant and equip. in balance 

with labor supplywith labor supply
•• Static view: 3 factorsStatic view: 3 factors –– labor supply/capitallabor supply/capital 

supply/savings ratesupply/savings rate –– have to fix these ratios inhave to fix these ratios in 
balancebalance

•• Capitalism: just periods of alternating worseningCapitalism: just periods of alternating worsening 
unemployment and labor shortagesunemployment and labor shortages 



2. Solow2. Solow’’s Rethinking:
s Rethinking:

•• Solow:Solow: ““the story told by these [Classical] models feltthe story told by these [Classical] models felt 
wrongwrong””

•• Harrod had a hintHarrod had a hint –– vague generalizations aboutvague generalizations about 
““entrepreneurial behaviorentrepreneurial behavior””

•• Classical Model: recipe for doubling rate of growth wasClassical Model: recipe for doubling rate of growth was 
simply to double the national savings rate, perhapssimply to double the national savings rate, perhaps 
through the public budget (Keynes)through the public budget (Keynes) –– throw money at itthrow money at it

•• Economic development: Classical:Economic development: Classical: ““key to transition fromkey to transition from 
slow growth to fast growth was sustained growth in theslow growth to fast growth was sustained growth in the 
savings ratesavings rate””

•• But Solow:But Solow: ““ I thought about replacing the capital andI thought about replacing the capital and 
labor outputlabor output ““with a richer and more realisticwith a richer and more realistic 
representation of technologyrepresentation of technology”” –– a new theory ofa new theory of 
production not just output levelsproduction not just output levels 



----------

3. Solow3. Solow’’s Basic Finding:
s Basic Finding:

•• The Rate of growth is independent of the savingsThe Rate of growth is independent of the savings 
(investment) rate(investment) rate

•• OldOld ““growth theory was mechanicalgrowth theory was mechanical”” –– simply
simply 
““a description of flows and stocks of goodsa description of flows and stocks of goods”
”

•• SolowSolow’’s finding ofs finding of ““technological flexibilitytechnological flexibility……opened up
opened up 
growth theory to a wider variety of real world factsgrowth theory to a wider variety of real world facts”
”

•• Basic Growth theoryBasic Growth theory –– Solow in 1957:Solow in 1957:
–– ““Gross output per hour of work in the US doubledGross output per hour of work in the US doubled 

betweenbetween ’’09 and09 and ’’4949’’ [productivity gain][productivity gain]
–– ““7/87/8’’s of that increase could be attributed to
s of that increase could be attributed to 

‘‘technical change in the largest sensetechnical change in the largest sense’”
’”
–– ““all the remaining 1/8 could be attributed to aall the remaining 1/8 could be attributed to a 

conventional increase in capital intensityconventional increase in capital intensity 



    

4. Unpacking Solow4. Unpacking Solow –– Dennison:
Dennison:
•	• Reviewed US growthReviewed US growth ’’2929--’’82 to break out Solow82 to break out Solow’’s broad terms broad term 

““technical progresstechnical progress””::
–	– 25% increased labor output25% increased labor output

–	– 16% increased education qualification of average worker16% increased education qualification of average worker

–	– 12% growth of capital [same as Solow]12% growth of capital [same as Solow]

–	– 11%11% ““improved allocation of resourcesimproved allocation of resources”” [ex.[ex.-- shift of labor fromshift of labor from 
agriculture to high pragriculture to high p oductivity industry]roductivity industry]

–	– 11% economies of scale11% economies of scale

–	– 34% growth of knowledge or technical progress [Dennison34% growth of knowledge or technical progress [Dennison’’s narrows narrow 
definition]definition]

Total: 109% [extra 9% is misc.factors that reduce growth]Total: 109% [extra 9% is misc.factors that reduce growth]

Dennison basically confirms SolowDennison basically confirms Solow’’s broads broad ““technical progresstechnical progress”” totaltotal 

Solow reduces DennisonSolow reduces Dennison’’s factors to 3 broad factorss factors to 3 broad factors

-- ““straight laborstraight labor””,, ““straight capitalstraight capital”” andand ““technical changetechnical change””

-- argues that technology and related innovation is 2/3argues that technology and related innovation is 2/3’’s of growths of growth 

-- ““technology remains the dominant engine of growthtechnology remains the dominant engine of growth”” –– humanhuman 
capital (talent) is part of thcapital (talent) is part of t at and in second placehat and in second place 



5. TRANSLATION OF SOLOW:
5. TRANSLATION OF SOLOW:

•• Solow attacks classical economics and transforms growthSolow attacks classical economics and transforms growth 
theorytheory –– sees capitalism and growth as dynamicsees capitalism and growth as dynamic 

•• We see his pointWe see his point –– railroads, canals, electricity,railroads, canals, electricity, 
telegraph, telephone, aerospace, computing, internet, alltelegraph, telephone, aerospace, computing, internet, all 
transform growthtransform growth

•• Pattern: initial technology advancePattern: initial technology advance –– yields newyields new 
applications, which pile on to broaden the advanceapplications, which pile on to broaden the advance –
which yields productivity gains throughout economywhich yields productivity gains throughout economy –
which yields real growth in wages, incomewhich yields real growth in wages, income

•• SolowSolow’’s basic point about classical economics:s basic point about classical economics: ““NoNo 
amount of statistical evidence will make a statementamount of statistical evidence will make a statement 
invulnerable to common senseinvulnerable to common sense””

•• The good news: you can increase your rate of economicThe good news: you can increase your rate of economic 
growth through technological advancegrowth through technological advance –– you canyou can 
improve real incomes/societal wellbeingimprove real incomes/societal wellbeing 



----------

----------

6. Under Solow, what is the role of6. Under Solow, what is the role of 
Capital?Capital? ---- A Supporting PlayerA Supporting Player

•	• ““technological progresstechnological progress ……could find its way into actual production only withcould find its way into actual production only with 
the use of new and different capital equipmentthe use of new and different capital equipment””

•	• Therefore the effectiveness of innovation in increasing output wTherefore the effectiveness of innovation in increasing output would beould be 
paced by the rate of gross investmentpaced by the rate of gross investment””

•	• So: much faster transfer of new technology into production withSo: much faster transfer of new technology into production with investmentinvestment

•	• Comment: what kind of investment are most important to innovatioComment: what kind of investment are most important to innovation?n? 
(Angel, Venture Capital IPO(Angel, Venture Capital IPO’’s, general equity, lending)s, general equity, lending)

•	• DoesnDoesn’’t technical advance yield investment, not just the other way arot technical advance yield investment, not just the other way around?und? 

•	• Comment: Boom & Bust: Periods of boom and stagnation can and doComment: Boom & Bust: Periods of boom and stagnation can and do appearappear 
due to Keynesian and classical unemploymentdue to Keynesian and classical unemployment –– Q: can accelerating the rateQ: can accelerating the rate 
of technological advance/innovation reduce theof technological advance/innovation reduce the ““bustbust’’ period?period?

–	– Implication: innovationImplication: innovation capacitycapacity is a keyis a key
–	– A healthy innovationA healthy innovation systemsystem is a key to growthis a key to growth 



7. Solow7. Solow -- Exogenous GrowthExogenous Growth
•• Solow sees the power of technological advanceSolow sees the power of technological advance 

as an economic force, but he doesnas an economic force, but he doesn’’t see how tot see how to 
measure itmeasure it

•• HeHe’’s stuck with the traditional toolset of boths stuck with the traditional toolset of both 
classical and neoclassical economicsclassical and neoclassical economics -- capitalcapital 
supply and labor supply measures and marketsupply and labor supply measures and market 
movementsmovements 

•• HeHe’’s not ready to measure innovation systems not ready to measure innovation system 
elementselements

•• He therefore treats tech innovation asHe therefore treats tech innovation as 
““exogenousexogenous”” -- as outside the understoodas outside the understood 
economic system and outside of metricseconomic system and outside of metrics



8. Solow8. Solow’’s Warning:s Warning:
* Ex.* Ex. –– there was little economic growth inthere was little economic growth in 

medieval Europe because so little technicalmedieval Europe because so little technical 
advanceadvance –– economy was a capture economyeconomy was a capture economy ----
piracy, war were ways to capture wealthpiracy, war were ways to capture wealth 

* Solow Quoting Frost:* Solow Quoting Frost: 
““Most of the change we think we see in life isMost of the change we think we see in life is 
due to truths being in an out of favordue to truths being in an out of favor””

* p.xxvi:* p.xxvi: ‘‘social institutions and social normssocial institutions and social norms 
evolveevolve…… so economic behavior will surely evolveso economic behavior will surely evolve 
with themwith them””

* So:* So: ““the permanent substructure of applicablethe permanent substructure of applicable 
economics cannot be so very largeeconomics cannot be so very large””



Professor Paul Romer, Stanford
Professor Paul Romer, Stanford



Paul M. RomerPaul M. Romer –– Prof. of Economics,Prof. of Economics,
StanfordStanford ----““Endogenous Technological ChangeEndogenous Technological Change””
(Journal of Political Economy, vol 98, pp. 72(Journal of Political Economy, vol 98, pp. 72--102 (1990)102 (1990)

BASIC POINTSBASIC POINTS
1.	1. ““Growth modelGrowth model”” –– growth is driven by technologicagrowth is driven by technologic l changeal change 

•	• which is driven by researchers whwhich o are profit maximizing agentsis driven by researchers who are profit maximizing agents at theat the 
immediate preimmediate pre--coc mmercial stageommercial stage

•	• Technology is not a conventional good and not aTechnology is not a conventional good and not a ““public goodpublic good”” –– it is ait is a 
““nonnon--rivalrival”” potentially exclpotentially exc udable good, so it wonludable good, so it won’’t support pricet support price--takingtaking 
competition, itcompetition, it’’s more like monopolistic cos more like monopolistic c mpetitionompetition

2.	2. The stock of human capital (talent) determines the rate of growtThe stock of human capital (talent) determines the rate of growthh

3.	3. Given that role, too little human capital is devoted to researchGiven that role, too little human capital is devoted to research (the major(the major 
input into technology, so behind growth)input into technology, so behind growth)

4.	4. Growth theory is therefore ENDOGENOUSGrowth theory is therefore ENDOGENOUS -- part of the economicpart of the ec  systemonomic system 
not outsnot out ide itside it

5.	5. Integration into world markets increases access to human capitalIntegration into world markets increases access to human capital andand 
technology and therefore incrtechnology and therefore inc eases growthreases growth

6.	6. A large population is not enough to generate growth, the key isA large population is not enough to generate growth, the key is the size ofthe size of 
human capital (talent)human capital (talent) 



2. Romer2. Romer’’s Growth Model
s Growth Model 

•	• Output per hour worked (productivity) now isOutput per hour worked (productivity) now is 
10x as valuable per hour worked 100 years ago10x as valuable per hour worked 100 years ago

•	• Cause:Cause: technological changetechnological change
•	• But: what other specific and measurableBut: what other specific and measurable 

factors generate growth of output per worker?factors generate growth of output per worker?
–	– ““increase in the effective labor forceincrease in the effective labor force”” &&
–	– increase in effective stock of
increase in effective stock of 

capital/worker
capital/worker



3. Romer3. Romer’’s 3 Premisess 3 Premises
1)	1) TechnologTechnological changeical change ((““improvement in the instructions forimprovement in the instructions for 

mixing together raw materialsmixing together raw materials”” ––ie, tech. is physical productie, tech. is physical product--
based, not process)based, not process) ““lies at thelies at the heart of economic growthheart of economic growth””
-- technology provides the incentive for capital accumulationtechnology provides the incentive for capital accumulation 

and both of these improve output per worker (ofand both of these improve output per worker (of 
products)products)

2) Technological change2) Technological change occursoccurs in large partin large part because of peoplbecause of people
whowho respond to market incentivesrespond to market incentives
-- academic scientists on govacademic scientists on gov’’t grants dont grants don’’t but when newt but when new 
knowledge is translated into practical goods, marketknowledge is translated into practical goods, market 
incentives are keyincentives are key

3)3) Technological knowledgeTechnological knowledge (ie,(ie, ““instructions for working withinstructions for working with 
raw materialsraw materials””) is) is inherently different from other economicinherently different from other economic 
modelsmodels::
-- developing new and betterdeveloping new and better ““instructionsinstructions”” is a fixed cost
is a fixed cost
-- this is the defining economic characteristic of technologythis is the defining economic characteristic of technology



4. Romer4. Romer––Technological Knowledge:
Technological Knowledge:
•• (see pp(see pp--189189--191)191) ““Rival goodRival good””--property: use by one person orproperty: use by one person or 

firm precludes use by anotherfirm precludes use by another
•• ““NonNon--rival goodrival good””--property: use by one person or firm in no wayproperty: use by one person or firm in no way 

limits use by anotherlimits use by another –– so technology is naturally nonso technology is naturally non--rival, itrival, it 
can be readily shared or adopted by otherscan be readily shared or adopted by others

•• ““excludableexcludable”” –– if the owner of a good can prevent others fromif the owner of a good can prevent others from 
using itusing it –– ex., legal (patents) or commercial trade secretex., legal (patents) or commercial trade secret

•• TechnologyTechnology –– is partially excludableis partially excludable
•• So: nonSo: non--rival feature of technologyrival feature of technology--based growth isbased growth is 

““unbounded growthunbounded growth”” andand ““incomplete appropriabilityincomplete appropriability””–– meaningmeaning 
it can only be partly excludedit can only be partly excluded

•• So: technology is unlike many other economic goodsSo: technology is unlike many other economic goods
•• Note: given the power of technology (from human capital inNote: given the power of technology (from human capital in 

research) for growth, our investment in human capital/researchresearch) for growth, our investment in human capital/research 
is too lowis too low 

•• Technological innovation needs market incentives as key toTechnological innovation needs market incentives as key to 
growth by technological agents doing researchgrowth by technological agents doing research



5. Romer5. Romer –– Role of Human Capital:
Role of Human Capital: 
•	• Increase in the total stock ofIncrease in the total stock of human capital (engaged inhuman capital (engaged in 

research)research), & increase in the amount of, & increase in the amount of researchresearch, are directly, are directly 
proportional to the increase inproportional to the increase in economic growtheconomic growth

•	• Total level of human capital and fraction of that capitalTotal level of human capital and fraction of that capital 
devoted to research is now highest in human historydevoted to research is now highest in human history

•	• Lack of human capital (engaged in research)Lack of human capital (enga  = economicged in research) = economic 
stagnationstagnation

•	• So: little growth in prehistoric times (except increase in laborSo: little growth in prehistoric times (except increase in labor))

•	• Civilization, therefore economic growth, could not begin untilCivilization, therefore economic growth, could not begin until 
human capital was spared from production and allocated tohuman capital was spared from production and allocated to 
researchresearch

•	• GovGov’’t policy: subsidies for capital compares poorly to subsidyt policy: subsidies for capital compares poorly to subsidy 
for human capital (engaged in research)for human capital (engaged in research)

•	• GovGov’’tt’’s best policy should encourage allocation of humans best policy should encourage allocation of human 
capital to research; next best: subsidize production of humancapital to research; next best: subsidize production of human 
capital (education)capital (education)



6. Romer on Growth, Trade, and
6. Romer on Growth, Trade, and 
Research RelationshipsResearch Relationships (pp. 212(pp. 212--215)215):
:
•	• Growth is coGrowth is co--related with the degree of integration into worldrelated with the degree of integration into world 

marketsmarkets

•	• Having a large number of consumers or large population isHaving a large number of consumers or large population is 
not keynot key –– not a substitute for trade with other nationsnot a substitute for trade with other nations

•	• Trade forces economic integration with a large pool of humanTrade forces economic integration with a large pool of human 
capitalcapital

•	• Economy with large stock of human capital (engaged inEconomy with large stock of human capital (engaged in 
research) fosters economic growthresearch) fosters economic growth

•	• Accounts for unprecedented growth of 20Accounts for unprecedented growth of 20thth centurycentury 
economieseconomies

•	• Less developed economies can benefit from access to humanLess developed economies can benefit from access to human 
capital via trade and the integration it brings (story of growthcapital via trade and the integration it brings (story of growth
in Asian economies)in Asian economies)

•	• Closed economies stagClosed economies sta nategnate 



7. Endogenous Growth Theory7. Endogenous Growth Theory
•	• For Romer, unlike Solow, growth theory incorporatesFor Romer, unlike Solow, growth theory incorporates 

innovation as an ENDOGENOUS not exogenous factorinnovation as an ENDOGENOUS not exogenous factor 

•	• Romer views technology innovation as inside and part of anRomer views technology innovation as inside and part of an 
economic system, not outside iteconomic system, not outside it 

•	• RomerRomer’’s concepts of technological knowledge and humans concepts of technological knowledge and human 
capital engaged in research create tools to begin to measurecapital engaged in research create tools to begin to measure 
innovationinnovation’’s eco. roles eco. role 

•	• Romer takes the major next step past SolowRomer takes the major next step past Solow 

•	• Classical Economics could not explain whyClassical Economics could not explain why ““the rich get richerthe rich get richer””
-- the wealth of nationsthe wealth of nations -- it was an equilibrium systemit was an equilibrium system

•	• Growth theory is a dynamic systemGrowth theory is a dynamic system -- explains growth basedexplains growth based 
on innovation capacityon innovation capacity -- and some nations have bigand some nations have big 
innovation capacity leadinnovation capacity lead



Professor Dale Jorgenson, Harvard
Professor Dale Jorgenson, Harvard



Dale W. Jorgenson, Prof. ofDale W. Jorgenson, Prof. of 
Economics, HarvardEconomics, Harvard (in(in ““US Economic Growth inUS Economic Growth in 

the Information Agethe Information Age”” (Issues in Sci & Tech, Fall 2001))(Issues in Sci & Tech, Fall 2001))

•• Basic Point: 90Basic Point: 90’’ss –– story of technology
story of technology 
breakthrough driving economic growth
breakthrough driving economic growth
–– Resurgence of US economy inResurgence of US economy in ‘‘9595--’’00 outran all00 outran all 

expectationsexpectations

–– Rapid decline in IT prices provides key to the surge inRapid decline in IT prices provides key to the surge in 
9090’’s US economic growths US economic growth

–– This development is rooted in the semiconductorThis development is rooted in the semiconductor 
technology sectortechnology sector 



2. Jorgenson:2. Jorgenson: ““Better,FasterBetter,Faster 
CheaperCheaper”” mantra of new economymantra of new economy

•	• History: Bell LabsHistory: Bell Labs ’’47 (Bardeen, Brattain, Shockley) develops47 (Bardeen, Brattain, Shockley) develops transistortransistor ––
from semiconductor materials: electrical switch for encoding inffrom semiconductor materials: electrical switch for encoding informationormation 
in digital formin digital form

•	• Integrated CircuitIntegrated Circuit::

–	– 19581958 --Jack Kilby, of Texas Instruments, and RobeJack Kilby, of Texas Instruments, and Rob rt Noyce, Fairchildert Noyce, Fairchild 
SemiconductorSemiconductor –– developdevelop ICIC’’s/semiconductorss/semiconductors

–	– IC: millions of transistors to store data in binary formIC: millions of transistors to store data in binary form –– so at first IC isso at first IC is 
for data storagefor data storage –– Memory ChipsMemory Chips (DRAMS)(DRAMS)

–	– Gordon Moore (Fairchild Semiconductor)Gordon Moore (Fairchild Semiconductor) –– MooreMoore’’s Laws Law –– each new IC:each new IC: 
every 2 years doubles the no. of transistors peevery 2 years doubles the no. of transistors p r chip & cost ofer chip & cost of 
transistors per chip cut in halftransistors per chip cut in half 

–	– This is a huge deflationary factor inTh  economyis is a huge deflationary factor in economy

–	– 19681968 –– Noyce, Moore and Andy Grove found IntelNoyce, Moore and Andy Grove found Intel

–	– Begin makingBegin making Microprocessors or Logic Chips or MicrochipsMicroprocessors or Logic Chips or Microchips

•	• First logic chipFirst logic chip –– 2300 trans2300 tr isti orsans stors

•	• Pentium 4 of years agoPentium 4 has 42 million transistorsof years ago has 42 million transistors



3.Jorgenson3.Jorgenson--Computing price/growthComputing price/growth
•	• Communications EquipmentCommunications Equipment

–	– Cost also down driven by cheaper semiconductorsCost also down driven by cheaper semiconductors 

–	– Transmission technologiesTransmission technologies –– ie, fiber optics, microwave broadcasting,ie, fiber optics, microwave broadcasting, 
communications satellites, DWDM (dense wavelength divisioncommunications satellites, DWDM (dense wavelength division 
multiplexingmultiplexing –– multiple signals over fiber optic cable simultaneously)multiple signals over fiber optic cable simultaneously) ----
progress at rates faster than Semiconductorsprogress at rates faster than Semiconductors –– key tokey to ““freefree”” internetinternet 

•	• Result: Growth ResurgenceResult: Growth Resurgence
–	– Accelerating growth in output and productivity in 90Accelerating growth in output and productivity in 90’’ss

–	– Driven by decline in Semiconductor pricesDriven by decline in Semiconductor prices

–	– Leads to price declines in computers, communication equipmentLeads to price declines in computers, communication equipment

•• Computers: 90Computers: 90--95:95: --15%/year price decline; 9515%/year price decline; 95--00:00: --32%/year32%/year

•• Software: 90Software: 90--95:95: --1.6%; 951.6%; 95--00:00: --2.4%2.4%

-- Yields: capital growth in high productivity goodsYields: capital growth in high productivity goods

-- Big growth in 90Big growth in 90’’s in this area, much higher than any other capitals in this area, much higher than any other capital 
goodsgoods ---- And:
And:

-- widespread: pervasive in economywidespread: pervasive in economy -- in homes, business, govin homes, business, gov’’t
t



4. Jorgenson4. Jorgenson--AccountingAccountin  for Growth
g for Growth 
•	• MassiveMassive increases in computingincreases in computing power in US:power in US:

–	– Raises productivityRaises productivity in ITin IT--producing industries &producing industries &

–	– Contributes to productivity in whole economyContributes to productivity in whole economy

•	• ProductivityProductivity Measures:Measures:
–	– IT sector productivity increased steadilyIT sector productivity increased steadily fromfrom ’’4848--’’99; sharp acceleration in99; sharp acceleration in 

’’9595--’’00 in response to Semico00 in response to Semic nductor price dropsonductor price drops

•	• Purchase ofPurchase of productivity enhancing equipment:productivity enhancing equipment:
–	– boosts growth in US ONE FULL POINTboosts growth in US ONE FULL POINT

–	– IT alone accounts for half of thisIT alone accounts for half of this

•	• IT, 4.26% of GDP,IT, 4.26% of GDP, yields surge of US productivityyields surge of US productivity inin ’’9595--’’0000
•	• Summary: IT growth drives capital investment in IT
Summary: IT growth drives capital investment in IT

capital goods, which drives productivity gains, which
capital goods, which drives productivity gains, which
drives US growth
drives US growth 

•	• BackgroundBackground:: 
–	– ‘‘4545--’’73: US productivity growth 3%73: US productivity growth 3%

–	– ’’7373--’’93: US productivity below growth 3%93: US productivity below growth 3%

–	– ’’9595--’’00: US productivity growth 3.5%, and economic growth 4.2%00: US productivity growth 3.5%, and economic growth 4.2%



5: Jorgenson: What5: Jorgenson: What’’s Next??s Next?? 
•• Acceleration of growth depends on acceleratingAcceleration of growth depends on accelerating 

productivityproductivity 

•• What happens now that MooreWhat happens now that Moore’’s Law has slowed?s Law has slowed?

–– Semiconductor industry shifted to 3Semiconductor industry shifted to 3--year productyear product 
cycle aftercycle after ’’0303

•• ““Performance of IT industries has become crucial toPerformance of IT industries has become crucial to 
future growth prospects. We must give close attentionfuture growth prospects. We must give close attention 
to uncertainties that surround the future development ofto uncertainties that surround the future development of 
IT.IT.””

•• And: What will IT role be of Korea, Malaysia, Singapore,And: What will IT role be of Korea, Malaysia, Singapore, 
Taiwan, China, India?Taiwan, China, India? 

–– Economic law of comparative advantage is now
Economic law of comparative advantage is now 
knowledgeknowledge--based instead of resourcebased instead of resource--based
based

–– Knowledge moves faster and is less excludable thanKnowledge moves faster and is less excludable than 
physical resourcesphysical resources



Class 1Class 1 –– Part 2: Patterns ofPart 2: Patterns of 
investment in Science andinvestment in Science and 
TechnologyTechnology

•• Private investment requires short timePrivate investment requires short time--framesframes
•• Federal direct investment in R&DFederal direct investment in R&D
•• Federal investment in human capital (education)
Federal investment in human capital (education)
•• Nelson on national innovation systemsNelson on national innovation systems
•• Connecting research to developmentConnecting research to development –– thethe 

““Valley of DeathValley of Death””



Merrill LynchMerrill Lynch –– The Next Small ThingThe Next Small Thing
–– Steven Milunovich, John M.A. Roy, An Introduction to NanotechnolSteven Milunovich, John M.A. Roy, An Introduction to Nanotechnologyogy –– 9/4/019/4/01 
Merrill Lynch ReportMerrill Lynch Report
((http://www.slideshare.net/tseitlin/introhttp://www.slideshare.net/tseitlin/intro--toto--nanotechnologynanotechnology--merrillmerrill--lynchlynch))

•• BASIC POINT: how do investors look at potentialBASIC POINT: how do investors look at potential
technology breakthroughs? Do they believe theytechnology breakthroughs? Do they believe they
drive growth?drive growth?

•• GROWTH PATTERN:GROWTH PATTERN: 
•• Merrill Report cites its economist Norman PoireMerrill Report cites its economist Norman Poire 
•• Poire: growth innovations drive the economy and stockPoire: growth innovations drive the economy and stock 

marketmarket
•• Takes 28 years for wide acceptance of a new technologyTakes 28 years for wide acceptance of a new technology
•• Takes 56 years for rapid growth to evolveTakes 56 years for rapid growth to evolve
•• Takes 112 years for technology maturityTakes 112 years for technology maturity –– after that,after that, 

growth in the technology area parallels growth ofgrowth in the technology area parallels growth of 
population ratespopulation rates 

(http://www.slideshare.net/tseitlin/intro-to-nanotechnology-merrill


2. Merrill Report2. Merrill Report –– ““Vision /Enabler/Vision /Enabler/ 
Researcher MassResearcher Mass”” Pattern:Pattern:

•• For example, Nanotechnology = fabrication at theFor example, Nanotechnology = fabrication at the 
molecular scale (ie, at 100 nanometers, wheremolecular scale (ie, at 100 nanometers, where 
nanometer = 10 hydrogen atoms)nanometer = 10 hydrogen atoms)

•• First:First: VisionVision –– Richard FeynmanRichard Feynman –– ““Plenty of Room atPlenty of Room at 
the Bottomthe Bottom”” –– 1959 envisioned the potential of1959 envisioned the potential of 
nanotechnologynanotechnology

•• Second:Second: EnablerEnabler –– for example, the scanning tunnelingfor example, the scanning tunneling 
microscope (IBM) allowed measurement and basicmicroscope (IBM) allowed measurement and basic 
manipulation of nanoscale systems (20 years ago)manipulation of nanoscale systems (20 years ago)

•• Third:Third: Research MassResearch Mass –– 11stst: Eric Drexler: Eric Drexler’’s 1981 journals 1981 journal 
article; by 2000, 1800 journal articles (similar to totalarticle; by 2000, 1800 journal articles (similar to total 
number of internet articles in early 90number of internet articles in early 90’’s)s)



3. Merrill Report: Investment
3. Merrill Report: Investment 
Timetable Must be Short Term
Timetable Must be Short Term 
•• ““Although the futuristic market is fascinating, it isAlthough the futuristic market is fascinating, it is 

not inevitablenot inevitable”” -- p.2p.2
•• ““Nanotechnology is close to commercial marketsNanotechnology is close to commercial markets””


p.2p.2
•• Article reviews key short term marketsArticle reviews key short term markets –– p.5p.5

–– 00--2 years2 years -- short termshort term
–– 00--5 years5 years –– mid termmid term
–– 5+ years5+ years –– long termlong term

•• These categories give a good perspective on how farThese categories give a good perspective on how far 
out investors will lookout investors will look

•• ““The keys to nanotechnology are manufacturing andThe keys to nanotechnology are manufacturing and 
communication. If you cancommunication. If you can’’t build it in volume, thent build it in volume, then 
there is not much you can do with it.there is not much you can do with it.”” –– p.5p.5 



4. Merrill Report: Near4. Merrill Report: Near--Term NanoTerm Nano 
Investment Focus:Investment Focus: 
•	• Opportunity One: InstrumentationOpportunity One: Instrumentation –– p.1p.1 –– ““In any newIn any new 

technology the first winners are the tool makerstechnology the first winners are the tool makers””
–	– Note the interdisciplinary nature of efforts in nano instrumentaNote the interdisciplinary nature of efforts in nano instrumentationtion 

effort:effort: ““chemistry and mechanical engineeringchemistry and mechanical engineering””; teams of; teams of ““chemists,chemists, 
physicists, biologists, material scientists to accelerate researphysicists, biologists, material scientists to accelerate research andch and 
commercial spinoffscommercial spinoffs””

•	• Opportunity Two: SemiconductorsOpportunity Two: Semiconductors
–	– ““Within the next ten years, molecular electronics is expected toWithin the next ten years, molecular electronics is expected to becobec meome 

available as a replacement for siliconavailable as a replacement for silicon--based computingbased computing –– HPHP’’s Stans Stan 
WilliamsWilliams –– p.4p.4

–	– Merrill: no investor interest because the timeMerrill: no investor interest because the time--frame is toframe is t o longoo long--termterm

–	– Ultra small nanoUltra small nano--based hard drives available at IBM (Peter Vettiger) inbased hard drives available at IBM (Peter Vettiger) in 
22--3 yrs, or memory chips in 33 yrs, or memory chips in 3--5 yrs5 yrs

–	– IntelIntel’’s Gary Marcyk combineds Gary Marcyk combined ““complementarycomplementary”” aspects of silicon andaspects of silicon and 
nanotechnology microprocessors in midnanotechnology microprocessors in mid––term, making a betterterm, making a better 
investment option than nanotech microprocessors at HPinvestment option than nanotech microprocessors at HP

SO:SO: WHO WILL DO THE LONG TERM RESEARCH ANDWHO WILL DO THE LONG TERM RESEARCH AND 
DEVELOPMENT?DEVELOPMENT? –– IS THIS A GOVIS THIS A GOV’’T ROLE PROVIDINGT ROLE PROVIDING 
““PUBLIC GOODPUBLIC GOOD””??



DIRECT (EXPLICIT) INNOVATIONDIRECT (EXPLICIT) INNOVATION 
FACTOR #1: R&D INVESTMENTFACTOR #1: R&D INVESTMENT 

•• BASIC POINTBASIC POINT::

•• IF SOLOW IS RIGHT,IF SOLOW IS RIGHT,

–– IE, TECHNOLOGICAL AND RELATED INNOVATION ISIE, TECHNOLOGICAL AND RELATED INNOVATION IS 
RESPONSIBLE FOR 2/3RESPONSIBLE FOR 2/3’’S OF US ECONOMIC GROWTHS OF US ECONOMIC GROWTH

•• THEN R&D INVESTMENT IS A CRITICAL PILLARTHEN R&D INVESTMENT IS A CRITICAL PILLAR 
FOR OUR ECONOMY.FOR OUR ECONOMY.

•• LETLET’’S REVIEW R&D INVESTMENT PATERNS:S REVIEW R&D INVESTMENT PATERNS: 



I. FEDERAL RESEARCH FUNDING:

FEDERAL R&D FUNDING PRIORITIES 


Composition of R&D Funding Has Shifted To the Life Sciences


Rand, based on NSF data; cited: E.Milbergs, Innovation Metrics, NII, 1/2004
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Federal R&D Spending As aFederal R&D Spending As a 
Percent of GDPPercent of GDP
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Globalization of US Industrial R&D
Globalization of US Industrial R&D 

Source: P.Fluery, Yale Eng.Sch.
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‘‘9090--’’99 Changes in Federal Academic99 Changes in Federal Academic 
Research Obligations by FieldResearch Obligations by Field 

P.Fleury, Yale Eng. Sch.


5 643210-1-2-3

Percentage-point share change

Life sciences

Computer sciences

Social sciences

Physical sciences

Environmental sciences

Engineering

Psychology

Mathematics

Other sciences not
elsewhere classified

.

Image by MIT OpenCourseWare.



SUMMARYSUMMARY--FEDERAL R&D FUNDINGFEDERAL R&D FUNDING
FFEDERAL R&D ROLE DECLININE G:DERAL R&D ROLE DECLINING:

Federal share of R&D as % of GDP in declineFederal share of R&D as % of GDP in decline 

•• Life science (NIH)Life science (NIH) ––doubleddoubled ’’9898--’’03, near $30b03, near $30b 

•• Physical science research declined as % of GDPPhysical science research declined as % of GDP

R&D FUNDING CAPACITY THREATENED:R&D FUNDING CAPACITY THREATENED: 

Increasing pressure on Federal budgetIncreasing pressure on Federal budget

•• Explosive short term debtExplosive short term debt --$400+B deficits through$400+B deficits through 
decade, which will be exacerbated as boomers retiredecade, which will be exacerbated as boomers retire

•• Soc. Sec./Medicare Trustees estimate $72 trillion newSoc. Sec./Medicare Trustees estimate $72 trillion new 
present value of federal unfunded entitlement liabilitiespresent value of federal unfunded entitlement liabilities ––
total US wealth $45 Ttotal US wealth $45 T

•• Taxation capacity may be politically brokenTaxation capacity may be politically broken 

•• Congressional budget, appropriations processes breakingCongressional budget, appropriations processes breaking 
downdown



DIRECT (EXPLICIT)DIRECT (EXPLICIT) 
INNOVATION FACTOR #2:INNOVATION FACTOR #2: 
TALENTTALENT --

•• BASIC POINT: IF ROMER IS RIGHT,BASIC POINT: IF ROMER IS RIGHT,

–– HUMAN CAPITAL (TALENT) ENGAGED INHUMAN CAPITAL (TALENT) ENGAGED IN 
RESEARCH, IS CRITICAL INPUT FOR THERESEARCH, IS CRITICAL INPUT FOR THE 
TECHNOLOGICAL ADVANCE WHICH DRIVESTECHNOLOGICAL ADVANCE WHICH DRIVES 
ECONOMIC GROWTHECONOMIC GROWTH

•• THEN TALENT DEVELOPMENT IS A
THEN TALENT DEVELOPMENT IS A 
SECOND KEY ECONOMIC PILLAR
SECOND KEY ECONOMIC PILLAR

•• LETLET’’S LOOK AT US TALENT PATTERNS:S LOOK AT US TALENT PATTERNS:



TALENT:
TALENT:

–– Romer: Prospector theoryRomer: Prospector theory -- # of# of ““prospectorsprospectors””
impacts number of findsimpacts number of finds

–– You donYou don’’t fit your talent base to yourt fit your talent base to your 
economy; your talent base sizes youreconomy; your talent base sizes your 
economyeconomy –– they relationship is dynamicthey relationship is dynamic

–– Total # overall US degrees increased betweenTotal # overall US degrees increased between 
’’90 and90 and ’’0000 

–– But: science/engineering degrees declinedBut: science/engineering degrees declined 
same periodsame period



The Proportion of Science and Engineering Degrees Grew Abroad
While Declining in the United States

Change in Science and Engineering Degrees as a Percent of First University Degrees, 
1985-95
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NSF, Indicators, 2002 –

Cited in E.Milbergs, Innovation Metrics, NII, 1/2004 


121086420
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Note: China's data are for 1985 and 1999. Other countries' data are for 1975 and 1998 or 1999.
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Science and Engineering 
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Doctoral DegreesDoctoral Degrees --
--

NSF Indicators, 2002 – Cited, E. Milbergs, Innovation Metrics, NII, 1/2004 
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1) Richard Nelson, Prof. of Economics,1) Richard Nelson, Prof. of Economics, 
Columbia UniversityColumbia University
National Innovation SystemsNational Innovation Systems –– A ComparativeA Comparative
Analysis (Oxford U. Press 1993)Analysis (Oxford U. Press 1993)

•• ““Technological capabilities of a nationTechnological capabilities of a nation’’s firms are a key sources firms are a key source 
of their competitive prowessof their competitive prowess””
ÆÆNelson develops the term:Nelson develops the term:
““national innovation systemsnational innovation systems””

Does the term make sense despite transnational businesses?Does the term make sense despite transnational businesses? 

arguably yes
arguably yes

““innovationinnovation”” -- Nelson uses broad def.,Nelson uses broad def., ““process by which firms
process by which firms 
master and get into practice product designs and new
master and get into practice product designs and new 
manufacturing processesmanufacturing processes”
”



2) Nelson:2) Nelson: ““Schumpeterian InnovatorSchumpeterian Innovator”
”

•• Destructive CapitalismDestructive Capitalism occurs via innovationoccurs via innovation -- itit’’ss notnot 
necessarily thenecessarily the firstfirst innovator that captures most of theinnovator that captures most of the 
economic rents associated with the innovationeconomic rents associated with the innovation

•• Therefore: aTherefore: a nationnation’’s concerns concern is in broaderis in broader ““innovativeinnovative 
capabilitycapability””

•• Not limited only to firms or only to science research but to aNot limited only to firms or only to science research but to a 
SYSTEMSYSTEM –– ““ a set of institutional actorsa set of institutional actors”” that influencethat influence 
innovative performanceinnovative performance

•• Q: WhatQ: What’’ss ““the way technical advance proceedsthe way technical advance proceeds”” –– what are thewhat are the 
““key processeskey processes””??––A: science and trial and error learningA: science and trial and error learning

•• Q:Q: Institutional actorsInstitutional actors? A: univ.? A: univ.’’s, firms, governments, firms, government 
agencies and policiesagencies and policies

•• Q: is there aQ: is there a ““common analytical frameworkcommon analytical framework”” across nationsacross nations?? 



3) Nelson: Science as Both Leader
3) Nelson: Science as Both Leader 
and Follower:
and Follower:

•• ““New science gives rise to new technologyNew science gives rise to new technology”” + vice versa
+ vice versa
•• ElectricityElectricity –– Science as Leader:Science as Leader:

–– Faraday 1831Faraday 1831 –– electromagnetic inductionelectromagnetic induction
–– Incandescent light, gramaphoneIncandescent light, gramaphone––Edison, telephoneEdison, telephone--BellBell 
–– Hertz 1887Hertz 1887 –– radio wavesradio waves –– radio, TVradio, TV
–– Radio/TV, electricityRadio/TV, electricity –– NOT because scientists seeking applicationsNOT because scientists seeking applications

•• ChemistryChemistry-- Science as Follower:Science as Follower:
–– FirstFirst--alchemy, tanning, dyeing, brewingalchemy, tanning, dyeing, brewing –– practical applicationspractical applications
–– 18601860’’ss –– KekuleKekule –– molecular structure of benzenemolecular structure of benzene –– leads toleads to 

organic chemistryorganic chemistry
–– Polymer chemistryPolymer chemistry –– grew from industry needsgrew from industry needs
–– ““Chemical EngineeringChemical Engineering”” –– merger of chemistry and mechanicalmerger of chemistry and mechanical 

engineeringengineering –– interdisciplinary advanceinterdisciplinary advance



4) Nelson: More Science as Follower:
4) Nelson: More Science as Follower:
•	• Steam engineSteam engine –– J. Willard Gibbs creates science of tJ. Willard Gibbs creates science of hermodynamics
ht ermodynamics 

to describe steam engines
to describe steam engines

•	• EdisonEdison –– develops electricitydevelops electricity--based lighting (flow of electricbased lighting (flow of electri ity across
city across 
gap)gap)–– has to develop electron theoryhas to develop electron theory –– yields much of 20yields much of 20thth century
century 
physics, electronics
physics, electronics

•	• Aircraft technologyAircraft technology (starts with Wright Bros(starts with Wright Bros –– bike mechanics)bike mechanics) –
–
yields aerospace engineering
yields aerospace engineering

•	• TransistorTransistor (Bardeen, Shockley, Brittain(Bardeen, Shockley, Brittain -- Bell Labs) in 1940 leads to
Bell Labs) in 1940 leads to 
growth of solidgrowth of solid--state physics
state physics 

•	• ComputingComputing –– yields computer scienceyields computer science

•	• Lasers and optical fiberLasers and optical fiber yield science of opticsyield science of optics

•	• SO: science yields technology but technology yields scienceSO: science yields technology but technology yields science –– rich
rich 
and complex interaction
and complex interaction

•	• NeedNeed bothboth science and technology leadership forscience and technology leadership for bothboth science and
science and 
technology leadershiptechnology leadership -- interact
interact



5) Nelson: Limits of Science:5) Nelson: Limits of Science:

•• Innovation in high techInnovation in high tech –– isis not only invention butnot only invention but::

•• ÆÆ DesignDesign –– choosing the rightchoosing the right ““mix of performancemix of performance 
characteristicscharacteristics”” –– ex.ex.--modern aircraft wingmodern aircraft wing

•• Most R&D spending isMost R&D spending is ““incremental improvementsincremental improvements”” –– ex.,ex., 
jet engines added to aircraft replacing propellersjet engines added to aircraft replacing propellers 

•• process ofprocess of incremental advance is not classic scienceincremental advance is not classic science 
breakthroughbreakthrough

•• Incremental vs. radical innovationIncremental vs. radical innovation -- need bothneed both



SC1 

6) Nelson: Who are the Innovation
6) Nelson: Who are the Innovation 
““Institutional ActorsInstitutional Actors””?
?

•	• 1. Industry Lab1. Industry Lab-- by WWI industrial research lab staffed by Univ.by WWI industrial research lab staffed by Univ.--
trained scientists and engineerstrained scientists and engineers –– dedicated todedicated to ““inventioninvention”” andand 
incremental enhancementsincremental enhancements

–	– More important than university or government labsMore important than university or government labs ––

–– because: after initial tech. in place users have knowlebecause: after initial tech. in place users have knowl dge ofedge of 
strength and weaknesses that transcends general publicstrength and weaknesses that transcends general public 
scientific knowledgescientific knowledge 

•	• Reverse engineering is R&D in many countriesReverse engineering is R&D in many countries

•	• Note: R&D only part of larger innovation pictureNote: R&D only part of larger innovation picture –– managementmanagement 
style, organizational organization, including for R&D, alsostyle, organizational organization, including for R&D, also 
importantimportant



7) Nelson: Innovation Institutional
7) Nelson: Innovation Institutional 
Actors, ConActors, Con’’t.
t.

•• 2. University Labs2. University Labs ––

–– Univ.Univ.--Firm ConnectionFirm Connection –– modern industrial research lab andmodern industrial research lab and 
modern research univ. grew up as companions/partnersmodern research univ. grew up as companions/partners

–– Many academic science fields are appliedMany academic science fields are applied--oriented: materialoriented: material 
science, computer science, engineeringscience, computer science, engineering

–– If a Univ. supports technical advanceIf a Univ. supports technical advance –– how channeled to nationhow channeled to nation’’ss 
firms? Some argue it isnfirms? Some argue it isn’’tt

•• 3. Government Labs3. Government Labs

–– US govUS gov’’t. labs key to advance int. la agriculture, health, nuclearbs key to advance in agriculture, health, nuclear 
energyenergy –– they act via public service missionsthey act via public service missions

–– [Gov[Gov’’t. labs substitute in many countries for Univ. researcht. labs substitute in many countries for Univ. research ––
Korea, Finland]Korea, Finland]



8)Innovation8)Innovation““Institutional ActorsInstitutional Actors””ConCon’’t
t

•• 4. Public Sector Support for Industry R&D4. Public Sector Support for Industry R&D
–– Controversial in the US, assumed everywhere else inControversial in the US, assumed everywhere else in 

world.world. 
–– In USIn US--industrial R&D is rationalized under govindustrial R&D is rationalized under gov’’t. agencyt. agency 

missionmission -- ie, defense R&D with industryie, defense R&D with industry-- for defensefor defense

There are InterThere are Inter--industry Differences in Innovation Actors:industry Differences in Innovation Actors:
** affected by role of suppliers/users, etc.affected by role of suppliers/users, etc.
* no standard model* no standard model
* in* in complex technologiescomplex technologies: supply chain and: supply chain and 

customer/users play role in innovation; alsocustomer/users play role in innovation; also
* component and systems producers* component and systems producers
* So:* So: ““innovation networksinnovation networks:: -- result of aresult of a 

community of actorscommunity of actors 



9) Nelson: Comparison9) Nelson: Comparison –– U.S./JapanU.S./Japan 
Innovation Systems:Innovation Systems:

•	• ’’4545--’’75 US Innovation System :75 US Innovation System :

–	– US firms larger in scale/serving continental sized marketsUS firms larger in scale/serving continental sized markets

–	– US firms spend moreUS firms sp on R&Dend more on R&D

–	– US govUS gov’’t spends more on R&D, via defense missiont spends more on R&D, via defense mission

–	– US Univ. research strongerUS Univ. research stronger –– better connected to industry than inbetter connected to industry than in 
EuropeEurope –– tied to strong public financing for Univ. R&D after WW2tied to strong public financing for Univ. R&D after WW2

–	– Most US goods sold into US marketMost US goods sold into US market –– little export orientationlittle export orientation

•• Note: US research UnivNote: US research Univ’’s (Hopkins, Columbia are the first) ares (Hopkins, Columbia are the first) are 
modeled on German Univ.modeled on German Univ.’’s; R&D of US chemical industry (firsts; R&D of US chemical industry (first 
large scale industry R&D) modeled on Germanylarge scale industry R&D) modeled on Germany

•	• ’’7070’’ss--’’8080’’s Japan Innovation System Model:s Japan Innovation System Model:

–	– Resource poor so strong export orientation since 1880Resource poor so strong export orientation since 1880’’ss

–	– R&D more tied to industryR&D more tied to industry 

–	– GovGov’’t via MITI has explicit via MITI has explic t tet chnology development policyi  technology development policy



10) Nelson: Country Innovation System10) Nelson: Country Innovation System 
Differences:Differences:

•	• 3 Basic Categories of Countries:3 Basic Categories of Countries:

–	– 1) Large high income countries1) Large high income countries 

•	• Large fraction of economy in R&DLarge fraction of economy in R&D--oriented industriesoriented industries

–	– 2) Small high income countries2) Small high income countries

–	– 3) Lower income countries3) Lower income countries

•	• Countries without resources haveCountries without resources have export orientationexport orientation –– Germany, Japan,Germany, Japan, 
KoreaKorea

•	• National securityNational security imputed to/connected to innovation systemimputed to/connected to innovation system –– inin 
US,UK, FranceUS,UK, France

–	– Defense R&D is majority of govDefense R&D is majority of gov’’t industrial R&Dt industrial R&D 

–	– JapanJapan –– industrial cartel structure set with high industry R&D preindustrial cartel structure set with high industry R&D pre--
WW2 periodWW2 period

•	• Differences in govDifferences in gov’’t role:t role:

–	– US, UKUS, UK –– limited govlimited gov’’t role in industrial R&D outside defenset role in industrial R&D outside defense

–	– Low income countries and resource short, exportLow income countries and resource short, export--driven countriesdriven countries –
large govlarge gov’’t industrial R&D rolet industrial R&D role



11) Nelson: What Leads to
11) Nelson: What Leads to 
Innovation Success?
Innovation Success?

•• KEY FACTOR:KEY FACTOR: STRONG FIRMSSTRONG FIRMS (not necessarily large),(not necessarily large), 
highly competent in:highly competent in:

–– product design,product design, 

–– management,management, 

–– fitting consumer needs,fitting consumer needs, 

–– linked to upstream suppliers and downstream markets,linked to upstream suppliers and downstream markets,

–– access to investment,
access to investment,

–– --must compete in world markets to be strong, &
must compete in world markets to be strong, &

–– --the bulk of their innovation has to be by firms
the bulk of their innovation has to be by firms 
themselves [even if networked to others]themselves [even if networked to others]



12) Nelson: Other Key Innovation
12) Nelson: Other Key Innovation 
Success Factors:
Success Factors:

•	• EDUCATION & TRAININGEDUCATION & TRAINING –– sciencescience--based industry depends onbased industry depends on 
university educationuniversity education –– the government has a key role supporting higherthe government has a key role supporting higher 
educationeducation

–	– Hightech sector requires broad base of educated talent in and ouHightech sector requires broad base of educated talent in and outsidetside 
R&DR&D 

•• Korea, TaiwanKorea, Taiwan –– education led growtheducation led growth

•	• FISCAL, MONETARY, TRADE POLICYFISCAL, MONETARY, TRADE POLICY –– government fiscal and monetarygovernment fiscal and monetary 
policy are one of the most important ways governments influencepolicy are one of the most important ways governments influence 
successful innovationsuccessful innovation

•	• PUBLIC SUPPORT OF UNIV. OR GOVPUBLIC SUPPORT OF UNIV. OR GOV’’T LAB RESEARCHT LAB RESEARCH ----

–	– For univ. or govFor univ. or gov’’t labst labs –– direct interactions between researchers anddirect interactions between researchers and 
commercial enterprise is critical for moving innovation into pracommercial enterprise is critical for moving innovation into practicectice –
you need ayou need a ““technological communitytechnological community””

–	– Defense research has supported many new fields, especially in thDefense research has supported many new fields, especially in thee 
US (electronics, computing, semiconductors, aerospace)US (electronics, computing, semiconductors, aerospace)

•• There isThere is ““declining spilloverdeclining spillover”” because US military has shifted frombecause US military has shifted from 
new generic technology to specific hardwarenew generic technology to specific hardware –– And note: USAnd note: US 
public R&D funds much lower outside defensepublic R&D funds much lower outside defense



13) Nelson13) Nelson -- Q: What About ExplicitQ: What About Explicit 
GovGov’’t High Tech Innovation Role?t High Tech Innovation Role?
•• Backdrop: High tech advance key to high wages, highBackdrop: High tech advance key to high wages, high 

skills, top competitive management abilityskills, top competitive management ability
•• Innovation System Goal: create systematic technicalInnovation System Goal: create systematic technical 

advance in series of areasadvance in series of areas
•• Much value occurs downstream in industriesMuch value occurs downstream in industries 

incorporating these advancesincorporating these advances 
•• Active govActive gov’’t policiest policies can be effectivecan be effective in generatingin generating 

competitive advantage in tech advances and arecompetitive advantage in tech advances and are 
comparatively low costcomparatively low cost

•• AndAnd –– these active govthese active gov’’t policiest policies cancan play a role inplay a role in 
helping an industry take advantage of upstreamhelping an industry take advantage of upstream 
technology advancestechnology advances

•• OverallOverall –– advances in key tech sectors areadvances in key tech sectors are ““buildingbuilding 
blocksblocks”” for advances in downstream industries, as wellfor advances in downstream industries, as well 
as upstreamas upstream



MENU OFMENU OF DIRECTDIRECT U.S.U.S. 
INNOVATION SYSTEM FACTORS:INNOVATION SYSTEM FACTORS:
•• DIRECTDIRECT–– GOVGOV’’TT ––

–– Univ. R&DUniv. R&D 
–– GovGov’’t Labst Labs 
–– Education, TrainingEducation, Training
–– Support for Industry R&D (primarily via Defense,Support for Industry R&D (primarily via Defense, 

agency missions)agency missions)
•• Primarily research, but support through all stages if agencyPrimarily research, but support through all stages if agency 

missionmission

•• DIRECTDIRECT –– PRIVATE SECTORPRIVATE SECTOR
–– Industry R&DIndustry R&D 

•• Primarily DevelopmentPrimarily Development
•• Goes through engineering, prototyping and productionGoes through engineering, prototyping and production 

–– TrainingTraining 



MENU OFMENU OF INDIRECTINDIRECT U.S.
U.S. 
INNOVATION SYSTEM FACTORS:INNOVATION SYSTEM FACTORS:

•	• INDIRECT INNOVATION FACTORSINDIRECT INNOVATION FACTORS –– SET BY GOVSET BY GOV’’T:T:
–	– Fiscal/tax/monetary policyFiscal/tax/monetary policy

–	– Trade policyTrade policy

–	– Technology standardsTechnology standards

–	– Technology transfer policiesTechnology transfer policies

–	– GovGov’’t procurement (for mission agencies)t procurement (for mission agencies)

–	– Intellectural Property protection systemIntellectural Property protection system

–	– Legal/Liability systemLegal/Liability system

–	– Regulatory system (environment, health, safety, market solvencyRegulatory system (environment, health, safety, market solvency 
and market transparency, financial institutions, etc.)and market transparency, financial institutions, etc.)

–	– Accounting standards (via SEC through FASB)Accounting standards (via SEC through FASB)

–	– Export controlsExport controls 

–	– ETC.ETC.



MENU OFMENU OF INDIRECTINDIRECT U.S.
U.S. 
INNOVATION FACTORS, CONINNOVATION FACTORS, CON’’T.:T.:

•• INDIRECT INNOVATION FACTORSINDIRECT INNOVATION FACTORS –– SET BY PRIVATESET BY PRIVATE 
SECTOR:SECTOR:

–– Investment CapitalInvestment Capital –– angel, venture, IPO;s, equity,angel, venture, IPO;s, equity, 
lendinglending

–– MarketsMarkets

–– Management & Management Organization, re: innovativeManagement & Management Organization, re: innovative 
and competitive quality of firmsand competitive quality of firms

–– Talent Compensation/Reward systemTalent Compensation/Reward system

–– ETC.ETC.



LEWIS M.LEWIS M. BRANSCOMBBRANSCOMB & PHILLIP E.& PHILLIP E. 
AUERSWALDAUERSWALD,,
BETWEEN INVENTION AND INNOVATIONBETWEEN INVENTION AND INNOVATION –– AN ANALYSIS OFAN ANALYSIS OF 
FUNDING FOR EARLYFUNDING FOR EARLY--STAGE TECHNOLOGY DEVELOPMENTSTAGE TECHNOLOGY DEVELOPMENT 
(Commerce Dept., NIST(Commerce Dept., NIST 
Report GRC 02Report GRC 02--841, 11/2002)841, 11/2002)

•• FINDINGS:FINDINGS:
–– 1) Funding for technology development in the1) Funding for technology development in the 

stage between invention and innovation comesstage between invention and innovation comes 
from:from: 
•• Individual privateIndividual private--equityequity ““angelangel”” investorsinvestors
••CorporationsCorporations
••Federal government programsFederal government programs

–– Does NOT come from Venture CapitalDoes NOT come from Venture Capital



Lew BranscombLew Branscomb--Prof. Emeritus, Kennedy School,Prof. Emeritus, Kennedy School, 
Harvard.; VP & Chief ScientistHarvard.; VP & Chief Scientist –– IBM; Director ofIBM; Director of 
NIST; physicistNIST; physicist –– atomic and molecular ions; NSFatomic and molecular ions; NSF’’ss 
V.Bush Award winnerV.Bush Award winner 
Phil AuerswaldPhil Auerswald––AssAss’’t Prof. at George Masont Prof. at George Mason 
BranscombBranscomb’’s student & collaborator at Harvards student & collaborator at Harvard

Image by Joi Ito on Flickr.

http://www.flickr.com/photos/joi/538161425/in/photostream/


Branscomb & AuerswaldBranscomb & Auerswald
FINDINGS, CONFINDINGS, CON’’TT ––
•• Markets for allocating capital to earlyMarkets for allocating capital to early--stage techstage tech 

ventures are NOT efficientventures are NOT efficient
•• In response to these inefficiencies, institutionalIn response to these inefficiencies, institutional 

arrangements have evolved for early stage fundingarrangements have evolved for early stage funding
•• Conditions for success in scienceConditions for success in science--based tech innovationbased tech innovation 

are concentrated in a few geographical areasare concentrated in a few geographical areas 
•• InnovatorInnovator--investor proximity is importantinvestor proximity is important
•• Federal role in early stage tech transition is veryFederal role in early stage tech transition is very 

significantsignificant 
•• Fed. Tech development funds complement and donFed. Tech development funds complement and don’’tt 

substitute for private fundssubstitute for private funds 



Source: http://www.atp.nist.gov/eao/gcr02-841/chapt2.htm.
This image is in the public domain.



Branscomb & Auerswald, Con’t- The Linear Model


Source: http://www.atp.nist.gov/eao/gcr02-841/
chapt2.htm This image is in the public domain.

http://www.atp.nist.gov/eao/gcr02-841/chapt2.htm
http://www.atp.nist.gov/eao/gcr02-841/chapt2.htm


Branscomb & AuerswaldBranscomb & Auerswald –– The
The 
Linear/Pipeline Model, ConLinear/Pipeline Model, Con’’t
t

•• The linear model is unrealisticThe linear model is unrealistic –– ““the actual pathwaythe actual pathway 
included multiple parallel streams, iterative loops throughincluded multiple parallel streams, iterative loops through 
the stages, and linkages to developments outside the corethe stages, and linkages to developments outside the core 
of any single companyof any single company””

•• realistically,realistically, ““patents occur throughoutpatents occur throughout”” the phasesthe phases

•• The top line of the chart does not captureThe top line of the chart does not capture ““the full range ofthe full range of 
exit options, the alternatives and branches of whereexit options, the alternatives and branches of where 
projects go, and what happens to themprojects go, and what happens to them””

•• ““Darwinian SeaDarwinian Sea”” of interaction between R and D andof interaction between R and D and 
development stages better termdevelopment stages better term ------



Branscomb & Auerswald, ConBranscomb & Auerswald, Con’’t
t

Source: http://www.atp.nist.gov/eao/gcr02-841/chapt2.htm.
This image is in the public domain.



Branscomb & Auerswald, ConBranscomb & Auerswald, Con’’tt
Funding SourcesFunding Sources –– Early StageEarly Stage 
Technology Development ($5Technology Development ($5--$36B)$36B)::
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Branscomb & Auerswald, ConBranscomb & Auerswald, Con’’tt
•• Early stage tech development:Early stage tech development: product specs for anproduct specs for an 

identified market are developed and productionidentified market are developed and production 
processes are reduced to practice, defined, and productprocesses are reduced to practice, defined, and product 
cost established. So in this stage: Invention turned intocost established. So in this stage: Invention turned into 
prototype(s), engineering design, design for mfg., andprototype(s), engineering design, design for mfg., and 
product market set.product market set. 

•• Venture capitalVenture capital funding is spent on product developmentfunding is spent on product development 
and business development not early stage techand business development not early stage tech 
developmentdevelopment

•• Between $5B (2%) and $36B (14%) of overall US R&DBetween $5B (2%) and $36B (14%) of overall US R&D 
spendingspending was devoted to early stage tech developmentwas devoted to early stage tech development ––
the 2 numbers were modeled based on differentthe 2 numbers were modeled based on different 
definitionaldefinitional ““early stageearly stage”” interpretationsinterpretations



Branscomb & Auerswald, ConBranscomb & Auerswald, Con’’tt
•• Corporate Innovation:Corporate Innovation: Generally has to be withinGenerally has to be within 

firmfirm’’ss core businesscore business
•• focused onfocused on incrementalincremental innovation, rarely radicalinnovation, rarely radical 

innovationinnovation
•• Corporate management tends to driveCorporate management tends to drive investmentinvestment 

toward products where the commercial case is strongertoward products where the commercial case is stronger
–– i.e., incremental R&D in core businessi.e., incremental R&D in core business

•• Outsourcing R&D:Outsourcing R&D: CorpCorp’’s increasingly usings increasingly using externalexternal 
alliances/partnerships/consortiaalliances/partnerships/consortia –– more reach for lessmore reach for less 
money and risk, enabling early stage investmentmoney and risk, enabling early stage investment 
justificationjustification

•• Some corpSome corp’’s establish their owns establish their own venture funds venture funds to locateto locate 
and support innovation outside firmand support innovation outside firm 



Branscomb & Auerswald, ConBranscomb & Auerswald, Con’’t
t
•• OTHER PLAYERS:OTHER PLAYERS:
•• UnivUniv’’ss –– 19 have own venture capital funds to19 have own venture capital funds to 

push Univ. research to commercial range; usepush Univ. research to commercial range; use 
BayhBayh--Dole Act (Univ. holds patent for federalDole Act (Univ. holds patent for federal 
R&D it conducts)R&D it conducts)

•• States:States: a few starting commercialization funds
a few starting commercialization funds
•• AngelsAngels––initially family members, friends;initially family members, friends; 

nownow““Band of AngelsBand of Angels”” and solo professionalsand solo professionals 
•• FederalFederal –– strongest programs: SBIR, ATPstrongest programs: SBIR, ATP 



WRAPWRAP--UP:UP:
•• SolowSolow –– key to growth:key to growth: ““technology and relatedtechnology and related 

innovationinnovation”” (shorthand: R&D)(shorthand: R&D)

•• RomerRomer –– behind technology:behind technology: ““human capital engagedhuman capital engaged 
in researchin research”” –– prospectors (shorthand: Talent)prospectors (shorthand: Talent)

•• JorgensonJorgenson –– key to 90key to 90’’s growth: SCs growth: SC’’s, multiplys, multiply 
productivity throughout economyproductivity throughout economy

•• MerrillMerrill –– investors understand value of technologyinvestors understand value of technology 
breakthroughs, but only support short termbreakthroughs, but only support short term 
developmentdevelopment

•• Direct Innovation FactorsDirect Innovation Factors --
–– R&D andR&D and 
–– TalentTalent 
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