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BIG PICTURE QUESTIONS ABOUT GROWTH

What sustains growth at the frontier?

(Will it continue in the future?)

Why are some countries so far behind the frontier?

(What might help them close the gap?)

This lecture focuses on the first of these questions
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KNOWLEDGE VERSUS CAPITAL

Solow model: Capital accumulation not a source of long-run growth

Reason: Diminishing returns

What about knowledge?

If knowledge succeeds where capital fails, there must be something

fundamentally different about knowledge than capital
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THE AK MODEL

To drive home the importance of diminishing returns, let’s consider

a model without diminishing returns

Suppose

Y (t) = AK (t)

and

K̇ (t) = sY (t)− δK (t)

where

s is the exogenous savings rate (as in Solow model)

Labor is assumed constant and normalized to one

(which implies that Y (t) is output per person)
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THE AK MODEL

Combining these two equations yields

Ẏ (t) = sAY (t)− δY (t)

gY =
Ẏt

Yt
= sA − δ

We get long-run growth from capital accumulation

The long-run growth rate of output (per person)

is governed by s, A, and δ

Long-run growth is endogenous to the extent that s, A, and δ

can be influenced by policy / behavior
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GROWTH FROM EXTERNALITIES

But why might we think Y = AK makes sense?

One “micro-foundation” is learning-by-doing externalities

Productivity gains coming from investment and production

Empirical evidence from airframe manufacturing, shipbuilding, etc.

(Wright 36, Searle 46, Asher 56, Rapping 65)

Several early endogenous growth models followed this path

(e.g., Frankel 62, Griliches 79, Romer 86, Lucas 88)

We consider Romer (1986) version here
(see Romer 19, p. 119-121; Barro and Sala-i-Martin 04, sec. 4.3;

Acemoglu 09, sec. 11.4)
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ROMER (1986): KNOWLEDGE SPILLOVERS

Suppose there is a continuum of firms with production function

Yi(t) = F (Ki(t),Ai(t)Li(t))

Two assumptions:

Strong learning-by-doing (investing):

Knowledge grows proportionally with firm’s capital stock

Knowledge spillovers are perfect across firms

(all firms benefit from each firm’s learning)

These assumptions imply:

Ai(t) = BK (t)
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ROMER (1986): KNOWLEDGE SPILLOVERS

Combining prior two equations:

Yi(t) = F (Ki(t),BK (t)Li(t))

Suppose further that all firms are identical:

Y (t) = F (K (t),BK (t)L(t))

If F is homogeneous of degree one, we have

Y (t) = F (1,BL(t))K (t)

This model therefore yields a production function of the Y = AK form
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GROWTH AND KNOWLEDGE SPILLOVERS

Romer (1986) model yields endogenous growth

But arguably makes unrealistic assumptions:

Assumes very large amounts of learning-by-doing

Doesn’t work if knowledge grows less than proportionally with K

Lucas (1988) builds similar model with human capital externalities.

Arguably also makes unrealistic assumptions

(see Jones 22, section 2.2)

Doesn’t seem to capture what is “special” about knowledge
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WHY IS KNOWLEDGE SPECIAL?

Knowledge is non-rival

This is the fundamental difference versus capital

Implies that knowledge can be a source of long-run growth
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IDEAS VS. OBJECTS

Ideas: a design, a blueprint, or a set of instructions

How to make fire using sticks, calculus, the design of the incandescent

light bulb, oral rehydration therapy, Beethoven’s 3th symphony, etc.

Objects: Goods, capital, labor, land, highways, barrels of oil, etc.

A particular incandescent light bulb, a particular oral rehydration pill, etc.
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IDEAS VS. OBJECTS

Objects are rival:

If I use a particular lawn mower, you can’t use that same

lawn mower at the same time

Ideas are non-rival:

My use of calculus, does not negatively affect your ability

to use calculus at the same time

Once invented, calculus can be used by any number of people

simultaneously (ideas are “infinitely usable”)
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NON-RIVALRY AND RETURNS TO SCALE

Consider production function

Y = F (A,X )

A is index of the stock of knowledge

X is all rival inputs (vector)

Replication implies constant returns to objects:

λY = F (A, λX )

This argument implicitly uses non-rivalry of ideas

We can use same A to build second factory as first factory.

Implies that if we increase A as well we get increasing returns:

F (λA, λX ) > F (A, λX ) = λY
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NON-RIVALRY AND GROWTH

Since ideas are non-rival, per capita output depends on the overall

stock of knowledge, NOT knowledge per capita

Y (t) = A(t)σK (t)αL(t)1−α

y(t) = A(t)σk(t)α

Output per person depends on:

Total stock of knowledge (A(t)σ)

Capital per capita (k(t)α)

Solow model: Capital per capita can’t grow forever (if A is constant)

If stock of knowledge can grow forever, y(t) can growth forever
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ROMER (1990)

Romer (1990) is the paper that crystallized these ideas

See Jones (2019) for role of this paper in relation to earlier and

subsequent literature

But Romer (1990) made some extreme assumptions that

we will want to move away from
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KNOWLEDGE PRODUCTION

Key new feature: Knowledge is produced

Workers do one of two things:

Produce goods and services

Produce knowledge (R&D)

Key choice: How are workers allocated between these activities?

Simplifying assumption: A fraction s of workers work on R&D

Similar to Solow assumption about savings rate

Workers choose optimally in Romer (1990)

We will consider a model where workers choose optimally later on

For now:
LA(t) = sL(t) LY (t) = (1 − s)L(t)
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KNOWLEDGE PRODUCTION IN ROMER (1990)

Knowledge production function in Romer (1990):

Ȧ(t) = θLA(t)A(t)

Knowledge production depends on two inputs:

Research effort: LA(t) denotes labor devoted to research

Existing knowledge: A(t)

Importantly, exponent on A(t) is one

Implies that

gA(t) =
Ȧ(t)
A(t)

= θLA(t)
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KNOWLEDGE PRODUCTION IN ROMER (1990)

Suppose for simplicity that LA(t) = LA (i.e., a constant)

Then growth rate of knowledge is constant

gA =
Ȧ(t)
A(t)

= θLA

Suppose for simplicity that goods production function is

Y (t) = A(t)σLY => y(t) = A(t)σ(1 − s)

where 1 − s is (constant) share of pop. working on goods production,

σ is importance of ideas for production (degree of increasing returns)

This implies

gy = σgA = σθLA
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KNOWLEDGE PRODUCTION

But why would knowledge production be linear in A(t) and L(t)?

More generally:

Ȧ(t) = θLA(t)λA(t)ϕ

Not necessarily constant returns to objects (λ = 1):

Twice as much research effort may not generate twice as much knowledge

There may be congestion / duplication / diminishing returns

This would yield λ < 1

We assume however that λ > 0

Steinsson Ideas and Growth 19 / 63



KNOWLEDGE PRODUCTION

Ȧ(t) = θLA(t)λA(t)ϕ

Not necessarily constant returns to existing knowledge (ϕ = 1)

ϕ > 0: Standing on the shoulders of giants

Having more knowledge lets a researcher create knowledge faster

E.g., printed books, internet, computers, microscopes, etc.

ϕ < 0: No more low hanging fruit

Suppose you are fishing in a pond with 100 fish

As you catch more, harder to catch the rest

Nothing particularly natural about ϕ = 1
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SIMPLE ENDOGENOUS GROWTH MODEL

1. Goods production: Y (t) = A(t)σLY (t)

2. Ideas production: Ȧ(t) = θLA(t)λA(t)ϕ

3. Allocation: LA(t) = sL(t)

4. Resource constraint: L(t) = LA(t) + LY (t)

5. Population growth: L(t) = L(0)ent
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SIMPLE ENDOGENOUS GROWTH MODEL

Notable features:

Constant fraction of labor force s conducts research

Simple short cut

Similar to constant savings rate in Solow model

We will endogenize later

Constant population growth at rate n

σ captures degree to which increase in knowledge
increases productivity in production of goods and services

How much does 1% increase in knowledge increase productivity?

But what is a 1% increase in knowledge? How is this measured?
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BALANCED GROWTH IN SIMPLE MODEL

Combining (1), (3) and (4) and dividing by L(t) we get:

y(t) = A(t)σ(1 − s)

Taking logs and time derivatives yields

gy (t) = σgA(t)

Suppose there is a balanced growth path with constant growth:

gy (t) = gy and gA(t) = gA

Then we have

gy = σgA
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BALANCED GROWTH IN SIMPLE MODEL

Combining (2) and (3) and dividing by A(t):

gA(t) = θsλL(t)λA(t)ϕ−1

Taking logs and time derivatives yields

0 = λgL + (ϕ− 1)gA

where we use gA(t) = gA on BGP

Rearranging and using gL = n we get

gy = σgA =
σλ

1 − ϕ
n
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OUTPUT GROWTH AND POPULATION GROWTH

gy = σgA =
σλ

1 − ϕ
n

Long-run growth proportional to population growth rate

If LA(t) were constant at LA (which implies n = 0):

Ȧ(t)
A(t)

= θLλ
AA(t)ϕ−1 =

θLλ
A

A(t)1−ϕ

If 1 − ϕ > 0, or equivalently ϕ < 1:

gA(t) =
Ȧ(t)
A(t)

→ 0

Growth can’t keep up with the level and thus goes to zero
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RESEARCH EFFORT MUST GROW EXPONENTIALLY

gy = σgA =
σλ

1 − ϕ
n

With ϕ < 1, research effort must grow exponentially for

knowledge to grow exponentially

Exponential population growth and constant share of labor force

working on research (s) does the trick
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SOMETHING MUST HAVE LINEAR DIFFERENTIAL EQ.

Three ways to get sustained growth:

1. AK Model: Capital accumulation linear differential eq.

K̇ (t) = sAK (t)− δK (t) => K̇ (t) = (sA − δ)K (t)

2. Romer (1990) / ϕ = 1: Knowledge prod. linear differential eq.

Ȧ(t) = θLA(t)A(t)

“Fully-endogenous” growth model

Also true of Aghion-Howitt 92, Grossman-Helpman 91

3. Jones (1995) / ϕ < 1: Pop. growth linear differential eq.

Ȧ(t) = θLA(t)A(t)ϕ L̇(t) = nL(t)

“Semi-endogenous” growth model
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EVOLUTION OF GROWTH IN SIMPLE MODEL

Growth of knowledge is generally (even outside BGP):

gA(t) = θsλL(t)λA(t)ϕ−1

Taking logs and differentiating by time yields

ġA(t)
gA(t)

= λn − (1 − ϕ)gA(t)

Multiplying through by gA(t) yields

ġA(t) = λngA(t)− (1 − ϕ)gA(t)2
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EVOLUTION OF GROWTH IN SIMPLE MODEL

gA(t) = θsλL(t)λA(t)ϕ−1 (1)

ġA(t) = λngA(t)− (1 − ϕ)gA(t)2 (2)

Equation (1) determines initial level of gA(t)

Depends, e.g., on s (and therefore innovation policy)

Equation (2) determines subsequent evolution of gA(t)

Independent of s

With ϕ < 1 a change in s only has a “level effect”, not a “growth effect”
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3.2 The Model without Capital 103 

9A 

FIGURE 3.1 The dynamics of the growth rate of knowledge when <1 

We therefore focus on the dynamics of A, which are given by (3.6). This 

equation implies that the growth rate of A, denoted ga, is 

At) gaCt) = 
At) (3.7) 
Ba L(t)A(tY"-1, 

Taking logs of both sides of (3.7) and differentiating the two sides with 
respect to time gives us an expression for the growth rate of ga (that is, for 
the growth rate of the growth rate of A): 

= yn +(0- 1)ga(t). 
gACt) 

(3.8) 

Multiplying both sides of this expression by galt) yields 

GACt) = ynga(t) + (0 - 1Mga(t)P. (3.9) 
The initial values of L and A and the parameters of the model determine the 
initial value of ga (by [3.7). Equation (3.9) then determines the subsequent 
behavior of gA. 

To describe further how the growth rate of A behaves (and thus to char 
acterize the behavior of output per worker), we must distinguish among 
the cases 6< 1,6> 1, and 6 = 1. We discuss each in turn. 

Case 1: 0 <1 

Figure 3.1 shows the phase diagram for ga when 6 is less than 1. That is, it 
plots Ga as a function of A for this case. Because the production function for 
knowledge, (3.6), implies that gA is always positive, the diagram considers 
only positive values of gA. As the diagram shows, equation (3.9) implies 

Source: Romer (2019). In Romer’s notation θ < 1 is what I have called ϕ < 1.
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104 Chapter 3 ENDOGENOUS GROWTH 

**** 

9A 

FIGURE 3.2 The effects of an increase in aL when 6<1 

that for the case of 4 less than 1, GA is positive for small positive values 
of ga and negative for large values. We will use g to denote the unique 
positive value of ga that implies that ga is zero. From (3.9), gA is defined by 
yn +(0 1)9A = 0. Solving this for g· yields 

9 n. (3.10) 

This analysis implies that regardless of the economy's initial conditions, 
gA Converges to g. If the parameter values and the initial values of L and A 
imply ga(0) < gA, for example, ýa is positive; that is, ga is rising. It continues 
to rise until it reaches ga. Similarly, if ga(0) > gA, then ga falls until it reaches 
g. Once ga reaches g, both A and Y/L grow steadily at rate g. Thus the 
economy is on a balanced growth path. 

This model is our first example of a model of endogenous growrh. In this 
model, in contrast to the Solow, Ramsey, and Diamond models, the long-run 
growth rate of output per worker is determined within the model rather 
than by an exogenous rate of technological progress. 

The model implies that the long-run growth rate of output per worker 
9. is an increasing function of the rate of population growth, n. Indeed, 
positive population growth is necessary for sustained growth of output peer 
worker. This may seem troubling; for example, the growth rate of output 
per worker is not on average higher in countries with faster population 
growth. We will return to this issue after we consider the other cases of the 
model. 

Equation (3.10) also implies that the fraction of the labor force engaged 
in R&D does not affect long run growth. This too may seem surprising: since 
growth is driven by technological progress and technological progress is en-
dogenous, it is natural to expect an increase in the fraction of the ec 

Source: Romer (2019). In Romer’s notation θ < 1 is what I have called ϕ < 1 and aL is what I have called s
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3.2 The Model without Capital 105 

In A 

o 

FIGURE 3.3 The impact of an increase in a on the path of A when 6< 1 

resources devoted to technological progress to increase long-run growth. To 
see why it does not, suppose there is a permanent increase in aL starting 
from a situation where A is growing at rate gA. This change is analyzed 
in Figure 3.2. aL does not enter expression (3.9) for ýA: JA(t) = ynga(t) + 
(0- 1)[#A(t)]E. Thus the rise in aL does not affect the curve showing jA 
as a function of ga. But aL does enter expression (3.7) for ga: ga(t) = Ba{ L(¢)Y 
A(t)- The increase in az therefore causes an immediate increase in ga but 
no change in ja as a function of ga. This is shown by the dotted arrow in 

Figure 3.2. 
As the phase diagram shows, the increase in the growth rate of knowl-

edge is not sustained. When ga is above gA, GA is negative. gA therefore 
returns gradually to ga and then remains there. This is shown by the solid 
arrows in the figure. Intuitively, the fact that 6 is less than 1 means that the 
contribution of additional knowledge to the production of new knowledge 
is not strong enough to be self-sustaining. 

This analysis implies that, paralleling the impact of a rise in the saving 
rate on the path of output in the Solow model, the increase in a results in 
a rise in ga followed by a gradual return to its initial level. That is, it has a 

level effect but not a growth effect on the path of A. This information is 

summarized in Figure 3.3. 

See Problem 3.1 for an analysis of how the change in a; affects the path of output. 

Source: Romer (2019). In Romer’s notation θ < 1 is what I have called ϕ < 1 and aL is what I have called s
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EFFECT OF s ON GROWTH

gA(t) =
Ȧ(t)
A(t)

= θLλ
AA(t)ϕ−1 =

θsλL(t)λ

A(t)1−ϕ

Models with ϕ = 1: s affects long run growth rate

gA(t) =
Ȧ(t)
A(t)

= θsλL(t)λ

Models with ϕ < 1: s does not affect long run growth rate

gy = σgA =
σλ

1 − ϕ
n
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SCALE EFFECTS

Models with ϕ = 1 have “strong” scale effects

Growth rate is increasing in level of population:

gA(t) =
Ȧ(t)
A(t)

= θsλL(t)λ

Models with ϕ < 1 have “weak” scale effects

Growth rate is increasing in growth rate of population:

gy = σgA =
σλ

1 − ϕ
n

These are interesting testable implications of these model classes
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DO SCALE EFFECTS APPLY AT COUNTRY LEVEL?

One reading of scale effects is that large countries or countries with

fast population growth should have high TFP growth

Obviously counterfactual (Luxembourg, Iceland, Singapore)

But ideas flow between countries

Scale effects likely to operate largely at the world level

(although flow of ideas is not perfect or instantaneous)
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STRONG SCALE EFFECTS

There is arguably very strong evidence against strong scale effects:

Frontier growth has been quite stable for a long time

Research effort has increased very substantially

With strong scale effects, increased research effort should

increase TFP growth at frontier
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 FIGURE I

 Per Capita GDP in the United States, 1880-1987 (Natural logarithm)

 Source. The data are from Maddison [1982, 1989] as compiled by Bernard
 [1991]. The solid trend line represents the time trend calculated using data only
 from 1880 to 1929. The dashed line is the trend for the entire sample.

 rather than underestimates it, indicating that the average growth
 rate between 1880 and 1929 (1.81 percent annually) was actually
 slightly larger than that between 1929 and 1987 (1.75 percent
 annually). From 1950 to 1987, which corrects somewhat for the
 effects of the Great Depression and World War II, the average
 growth rate was 1.91 percent, but the difference from the earlier
 period is statistically insignificant.

 As is clear from the figure, a simple linear trend fits per capita
 GDP (in logs) extremely well. The magnitude of the permanent
 increases in growth rates since 1880 is sufficiently small that the
 level of output is fit well by a growth process with a constant mean.
 This casual observation is confirmed rigorously by several empiri-
 cal methods reported in Table I. A time trend test, an augmented
 Dickey-Fuller (ADF) [1979] test, testing for a single endogenously
 chosen mean shift, and a simple difference in means test omitting
 the Great Depression all support the hypothesis that U. S. growth
 rates are well described by a process with a constant mean and very

This content downloaded from 
�������������128.32.10.230 on Thu, 21 Jul 2022 16:05:59 UTC������������� 

All use subject to https://about.jstor.org/terms

Source: Jones (1995).
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 FIGURE IV

 Scientists and Engineers Engaged in R&D (lOgOs)

 Source. NSF Science and Engineering Indicators 1989 and Bureau of the
 Census (various).

 instance, the number of scientists and engineers engaged in R&D

 in the United States has grown from less than 200,000 to almost

 one million, a more than five-fold increase. For Japan the growth
 has been even more striking: from about 120,000 in 1965 to over

 400,000 by 1987, an increase of more than 300 percent in just over

 two decades. If instead the resources devoted to R&D are measured

 as real R&D expenditure, the figure looks very similar.
 Figure V completes the analysis of the R&D equation by

 plotting total factor productivity growth rates for France, Ger-

 many, Japan, and the United States. Negative trends are visible for

 TFP growth in France and Japan, while no distinct trend is evident

This content downloaded from 
�������������128.32.10.230 on Thu, 21 Jul 2022 16:05:59 UTC������������� 

All use subject to https://about.jstor.org/terms

Source: Jones (1995).

Steinsson Ideas and Growth 38 / 63



 518 QUARTERLY JOURNAL OF ECONOMICS

 France Germany

 0~~~~~~~~~~~~~~~~~
 go go

 6 6

 1960 1964 1968 1972 1976 1980 1984 1988 I 1960 1964 1968 1972 1976 1980 1984 1988

 Japan U.S.

 q q

 m1 1 a64 ia68 1972 1976 198 1a84 i 1a8 196 1a64 ia68 1972 1976 198 1a84 ia8

 FIGURE V

 Aggregate Total Factor Productivity Growth

 Source. OECD Department of Economics and Statistics Analytic Database.
 Data provided by Steven Englander.

 for TFP growth in Germany and in the United States.21 The R&D
 equation central to the models of Romer/GH/AH, then, violates
 the time series test proposed earlier: TFP growth exhibits little or
 no persistent increase, and even has a negative trend for some
 countries, while the measures of LA exhibit strong exponential
 growth. It should be obvious that these results can be supported
 more rigorously.22

 21. The point estimates of time trend coefficients for TFP growth are
 uniformly negative, though only significant for France and Japan.

 22. For example, a regression of TFP growth on the LA variable, either with or
 without lags, yields either a negative or zero long run response, depending on the
 specification.

This content downloaded from 
�������������128.32.10.230 on Thu, 21 Jul 2022 16:05:59 UTC������������� 

All use subject to https://about.jstor.org/terms

Source: Jones (1995).
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1092 C.I. Jones

This stylized fact represents an important benchmark that any growth model must
match. Whatever the engine driving long run growth, it must (a) be able to produce
relatively stable growth rates for a century or more, and (b) must not predict that growth
rates in the United States over this period of time should depart from such a pattern. To
see this force of this argument, consider first a theory likeLucas (1988)that predicts
that investment in human capital is the key to growth. In this model, the growth rate of
the economy is proportional to the investment rate in human capital. But if investment
rates in human capital have risen significantly in the 20th century in the United States,
as data on educational attainment suggests, this is a problem for the theory. It could
be rescued if investment rates in human capital in the form of on-the-job training have
fallen to offset the rise in formal education, but there is little evidence suggesting that
this is the case.

This stylized fact is even more problematic for the first-generation idea-based growth
models ofRomer (1990),Aghion and Howitt (1992)andGrossman and Helpman (1991)
(R/AH/GH). These models predict that growth is an increasing function of research
effort, but research effort has apparently grown tremendously over time. As one example
of this fact, considerFigure 2. This figure plots an index of the number of scientists and
engineers engaged in research in the G-5 countries. Between 1950 and 1993, this index
of research effort rose by more than a factor of eight. In part this is because of the
general growth in employment in these countries, but as the figure shows, it also reflects
a large increase in the fraction of employment devoted to research. A similar fact can be

Figure 2. Researchers and employment in the G-5 countries (index).Note. From calculations inJones
(2002b). Data on researchers before 1950 in countries other than the United States is backcasted using the
1965 research share of employment. The G-5 countries are France, Germany, Japan, the United Kingdom and

the United States.

Source: Jones (2005).
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EVIDENCE AGAINST STRONG SCALE EFFECTS

gA(t) =
Ȧ(t)
A(t)

= θsL(t)

Research effort has risen by a factor of 8

Models with ϕ = 1 imply that growth should have

increased by a factor of 8

Clearly way off!
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IDEAS HARDER TO FIND

This evidence suggests that ideas are harder to find

By ideas, we mean “proportional increases in productivity”

Research productivity is falling. It takes more research effort

to produce the same growth rate

This means ϕ < 1 (β > 0 using Jones (2022) notation)

But by how much?

If ϕ = 0.95 growth effects of change in s on transition path

would last for a long time
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BLOOM, JONES, VAN REENEN, WEBB (2020)

Estimate extent to which ideas are getting harder to find

at both macro and micro level

Ideas production function

Ȧ(t)
A(t)

= αA(t)−βS(t)

S(t) denotes “scientists” (i.e., research effort in units of people)

Notice that β = 1 − ϕ

If gA is constant:

β =
gS

gA

Define:

Research Productivity =
Ȧ(t)/A(t)

S(t)
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BLOOM, JONES, VAN REENEN, WEBB, (2020)

Consider the “lab equipment” model of research

Ȧt = αRt

Rt denotes research expenditures (labor and capital/equipment)

Divide through by At and multiply-divide by wt (wage):

Ȧt

At
=

αwt

At︸︷︷︸
Research Prod.

× Rt

wt︸︷︷︸
Scientists

In Romer-type model Rt/wt and wt/At are constant

Measure research effort (in units of “scientists”) by Rt/wt
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AGGREGATE EVIDENCE 1111BLOOM ET AL.: ARE IDEAS GETTING HARDER TO FIND?VOL. 110 NO. 4

elsewhere. It is for this reason that the literature, and this paper, turns to the micro 
side of economic growth.

II.  Refining the Conceptual Framework

In this section, we further develop the conceptual framework. First, we explain 
why the aggregate evidence just presented can be misleading, motivating our focus 
on microdata. Second, we consider the measurement of research productivity when 

Figure 1. Aggregate Data on Growth and Research Effort

Notes: The idea output measure is TFP growth, by decade (and for 2000–2014 for the latest observation). For the 
years since 1950, this measure is the Bureau of Labor Statistics (2017) Private Business Sector multifactor produc-
tivity growth series, adding back in the contributions from R&D and IPP. For the 1930s and 1940s, we use the mea-
sure from Gordon (2016). The idea input measure, Effective number of researchers, is gross domestic investment 
in intellectual property products from the National Income and Product Accounts (Bureau of Economic Analysis 
2017), deflated by a measure of the nominal wage for high-skilled workers.

Figure 2. Aggregate Evidence on Research Productivity

Notes: Research productivity is the ratio of idea output, measured as TFP growth, to the effective number of 
researchers. See Notes to Figure 1 and the online Appendix. Both research productivity and research effort are 
normalized to the value of 1 in the 1930s.
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main firms by the nominal wage of high-skilled workers, as discussed above. Our 
semiconductor R&D series includes research spending by Intel, Fairchild, National 
Semiconductor, Motorola, Texas Instruments, Samsung, and more than two dozen 
other semiconductor firms and equipment manufacturers. More details are provided 
in the notes to Table 1 and in the online Appendix.

The striking fact, shown in Figure 4, is that research effort has risen by a factor 
of 18 since 1971. This increase occurs while the growth rate of chip density is more 
or less stable: the constant exponential growth implied by Moore’s Law has been 
achieved only by a massive increase in the amount of resources devoted to pushing 
the frontier forward.

Assuming a constant growth rate for Moore’s Law, the implication is that research 
productivity has fallen by this same factor of 18, an average rate of 6.8  percent 
per year. If the null hypothesis of constant research productivity were correct, the 
growth rate underlying Moore’s Law should have increased by a factor of 18 as well. 
Instead, it was remarkably stable. Put differently, because of declining research 
productivity, it is around 18 times harder today to generate the exponential growth 
behind Moore’s Law than it was in 1971.

The top panel of Table 1 reports the robustness of this result to various assump-
tions about which R&D expenditures should be counted. No matter how we measure 
R&D spending, we see a large increase in effective research and a corresponding 
large decline in research productivity. Even by the most conservative measure in the 
table, research productivity falls by a factor of 8 between 1971 and 2014.

The bottom panel of Table  1 considers an alternative to Moore’s Law as the 
“idea output” measure, focusing instead on TFP growth in the “semiconductor 
and related device manufacturing” industry (NAICS 334413) from the  

Figure 3. The Steady Exponential Growth of Moore’s Law

Source: Wikipedia (2017)
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science may lead to a new idea that improves computer chips. Such positive spill-
overs are not a problem for our analysis; instead, they are one possible factor that 
our research productivity measure captures. Of course, other things equal, positive 
spillovers would show up as an increase in research productivity rather than as the 
declines that we document in this paper. Alternatively, if such spillovers were larger 
at the start of our time period than at the end, then this would be one possible story 
for why research productivity has declined.13

A type of measurement error that could cause our findings to be misleading is if 
we systematically understate R&D in early years and this bias gets corrected over 
time. In the case of Moore’s Law, we are careful to include research spending by 
firms that are no longer household names, like Fairchild Camera and Instrument 
(later Fairchild Semiconductor) and National Semiconductor so as to minimize this 
bias: for example, in 1971, Intel’s R&D was just 0.4 percent of our estimate for total 
semiconductor R&D in that year. Throughout the paper, we try to be as careful as 
we can with measurement issues, but this type of problem must be acknowledged.

IV.  Agricultural Crop Yields

Our next application for measuring research productivity is agriculture. Due partly 
to the sector’s historical importance, crop yields and agricultural R&D spending are 
relatively well measured. We begin in Figure 5 by showing research productivity for 
the agriculture sector as a whole. As our “idea output” measure, we use (a smoothed 

13 Lucking, Bloom, and Van Reenen (2017) provides an analysis of R&D spillovers using US firm-level data 
over the last three decades. They find evidence that knowledge spillovers are substantial, but have been broadly 
stable over time.

Figure 4. Data on Moore’s Law

Notes: The effective number of researchers is measured by deflating the nominal semiconductor R&D expenditures 
of key firms by the average wage of high-skilled workers and is normalized to 1 in 1970. The R&D data include 
research by Intel, Fairchild, National Semiconductor, Texas Instruments, Motorola, and more than two dozen other 
semiconductor firms and equipment manufacturers; see Table 1 for more details.
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and maintenance, which includes the development of herbicides and pesticides. The 
effective number of researchers has grown sharply since 1969, rising by a factor that 
ranges from 3 to more than 25, depending on the crop and the research measure.14

It is immediately evident from Figure  6 that research productivity has fallen 
sharply for agricultural yields: yield growth is relatively stable or even declining, 
while the effective research that has driven this yield growth has risen tremendously. 
Research productivity is simply the ratio of average yield growth divided by the 
number of researchers.

Table 2 summarizes the research productivity calculation for seed yields. As 
already noted, the effective number of researchers working to improve seed yields 
rose enormously between 1969 and 2009. For example, the increase was more than 
a factor of 23 for both corn and soybeans when research is limited to seed effi-
ciency. If yield growth were constant (which is not a bad approximation across 
the four crops as shown in Figure 6), then research productivity would on average 

14 Our measure of R&D inputs consists of the sum of R&D spending by the public and private sectors in the 
United States. Data on private sector biological efficiency and crop protection R&D expenditures are from an 
updated USDA series based on Fuglie et al. (2011), with the distribution of expenditure by crop taken from Perrin, 
Kunnings, and Ihnen (1983); Fernandez-Cornejo et al. (2004); Traxler et al. (2005); Huffman and Evenson (2006); 
and Centre for Industry Education Collaboration (2016). Data on US public sector R&D expenditure by crop are 
from the US Department of Agriculture National Institute of Food and Agriculture Current Research Information 
System (2016) and Huffman and Evenson (2006), with the distribution of expenditure by research focus taken from 
Huffman and Evenson (2006).

Figure 6. Yield Growth and Research Effort by Crop

Notes: The blue line is the annual growth rate of the smoothed crop yields over the following 5 years; national real-
ized yields for each crop are taken from the US Department of Agriculture National Agricultural Statistics Service 
(2016). The two green lines report effective research: the solid line is based on R&D targeting seed efficiency only; 
the dashed lower line additionally includes research on crop protection. Both are normalized to 1 in 1969. R&D 
expenditures are deflated by a measure of the nominal wage for high-skilled workers. See the online Appendix for 
more details.
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quantify the magnitude of the declines in research productivity by reporting the 
half-life in each case. Taking the aggregate economy number as a representative 
example, research productivity declines at an average rate of 5.3 percent per year, 
meaning that it takes around 13 years for research productivity to fall by half. Or put 
another way, the economy has to double its research efforts every 13 years just to 
maintain the same overall rate of economic growth.

A natural question is whether these empirical patterns can be reproduced in a gen-
eral equilibrium model of growth. One class of models that is broadly consistent 
with this evidence is the semi-endogenous growth approach of Jones  (1995), 
Kortum  (1997), and Segerstrom (1998).24 These models propose that the idea 
production function takes the form

(17)	 ​​ ​​A ˙ ​​t​​ _ ​A​  t​​
 ​  = ​ (α ​A​ t​ 

−β​)​ ⋅ ​S​  t​​​ .

24 Jones (2005) provides an overview of this class of models. Atkeson and Burstein (2019); Atkeson, Burstein, 
and Chatzikonstantinou (2019); and Buera and Oberfield (2019) are recent examples.

Table 7—Summary of the Evidence on Research Productivity

Scope Time period
Average annual 
growth rate (%)

Half-life 
(years)

Dynamic diminishing 
returns, ​β​

Aggregate economy 1930–2015 −5.1 14 3.1
Moore’s Law 1971–2014 −6.8 10 0.2
Semiconductor TFP growth 1975–2011 −5.6 12 0.4

Agriculture, US R&D 1970–2007 −3.7 19 2.2
Agriculture, global R&D 1980–2010 −5.5 13 3.3
Corn, version 1 1969–2009 −9.9 7 7.2
Corn, version 2 1969–2009 −6.2 11 4.5
Soybeans, version 1 1969–2009 −7.3 9 6.3
Soybeans, version 2 1969–2009 −4.4 16 3.8
Cotton, version 1 1969–2009 −3.4 21 2.5
Cotton, version 2 1969–2009 +1.3 −55 −0.9
Wheat, version 1 1969–2009 −6.1 11 6.8
Wheat, version 2 1969–2009 −3.3 21 3.7

New molecular entities 1970–2015 −3.5 20 …
Cancer (all), publications 1975–2006 −0.6 116 …
Cancer (all), trials 1975–2006 −5.7 12 …
Breast cancer, publications 1975–2006 −6.1 11 …
Breast cancer, trials 1975–2006 −10.1 7 …
Heart disease, publications 1968–2011 −3.7 19 …
Heart disease, trials 1968–2011 −7.2 10 …

Compustat, sales 3 decades −11.1 6 1.1
Compustat, market cap 3 decades −9.2 8 0.9
Compustat, employment 3 decades −14.5 5 1.8
Compustat, sales/employment 3 decades −4.5 15 1.1
Census of Manufacturing 1992–2012 −7.8 9 …

Notes: The growth rates of research productivity are taken from other tables in this paper. The half-life is the num-
ber of years it takes for research productivity to fall in half at this growth rate. The last column reports the extent 
of dynamic diminishing returns in producing exponential growth, according to equation (17). This measure is only 
reported for cases in which the idea output measure is an exponential growth rate (i.e., not for the health technolo-
gies, where units would matter). 

Source: Bloom, Jones, Van Reenen, Webb (2020).
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MEASURING INNOVATION USING PATENTS

Large literature that uses numbers of patents to measure innovation

But most patents are not very innovative

Refinements:

Patent citations

Market value of patents

Kelly, Papanikolaou, Seru, Taddy (2021):

Use text similarity of patents

Important patents are different from previous patents (novel) and

similar to subsequent patents (impactful)
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A. Definition

We measure a patent’s novelty as its dissimilarity with the existing patent stock 
at the time it was filed. We start from a measure of “backward similarity,” defined as

(8)	 ​B​S​ j​ τ​  = ​  ∑ 
i∈​​j,τ​​

​ 
 
 ​​​ ρ​j,i​​,​

where ​​ρ​i, j​​​ is the pairwise similarity of patents ​i​ and ​j​ defined in equation (7) and ​​​j,τ​​​ 
denotes the set of “prior” patents filed in the ​τ​ calendar years prior to ​j​’s filing. Patents 
with low backward similarity are dissimilar to the existing patent stock. They devi-
ate from the state of the art and are therefore novel. We consider a backward-looking 
window of ​τ  =  5​ years in our baseline importance measure—henceforth denoted 
by ​B​S​j​​​.
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Figure 2. Examples of Similarity Networks

Notes: Figure displays the similarity networks for four patents: the patent for the first sewing machine (panel A), 
one of the earlier patents for moving pictures (panel B), one of the early patents that led to the telephone (panel C), 
and a randomly chosen patent from the 1800s (panel D). In plotting the similarity links, we restrict attention to pat-
ent pairs led at most five years apart and with a cosine similarity greater than 50 percent.

Source: Kelly, Papanikolaou, Seru, Taddy (2022).
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Constructing an innovation index has proven challenging in the past. In one 
approach, Shea (1999) constructs an index of per capita patent counts, which is 
plotted in panel B. Patents per capita is essentially flat from 1870–1930, dips from 
1930–1980, and displays a significant spike post-1980. There are reasons to be skep-
tical that such an index indeed measures the degree of underlying progress, since it 
implicitly assumes that all patents are equally valuable. One common adjustment to 
simple patent counts is to weigh patents by their forward citations. Panel C (black 
line) plots the resulting time series when our index methodology is instead con-
structed from ten-year forward citations. Due to the limitations of citation data, 
this series essentially identifies no innovation prior to 1940s. Only when citations 
are measured over the entire sample (blue line) does the index take nonzero values 
in the pre-WWII period, but even then the levels dwarf the values of the index 

Panel B. Total patent count, per capita 
Panel A. Breakthrough patents
(top 10 percent in terms of signi�cance) per capita
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Figure 4. Technological Innovation over the Long Run: New versus Existing Indicators

Notes: Panel A plots the number of breakthrough patents per capita. Breakthrough patents are those that fall in the 
top 10 percent of the unconditional distribution of our importance measure, where importance is defined as the ratio 
of the 10-year forward to the 5-year backward similarity, net of year fixed effects. Panel B plots the total number of 
patents, scaled by population. In panel C we plot, in black (blue), the number of patents that fall in the top 10 per-
cent of the unconditional distribution of forward citations—measured over the next 10 years (entire sample), net of 
year fixed effects—again scaled by US population, while panel D plots the KPSS index (the sum of the estimated 
market value of patents scaled by the total capitalization of the stock market).

Source: Kelly, Papanikolaou, Seru, Taddy (2022).
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synthetic plastic. This innovation opened the floodgates to a torrent of now-familiar 
synthetic plastics, including the invention in the 1930s of PVC by Waldo Semon 
(patents 1,929,453 and 2,188,396) and nylon by Wallace H.  Carothers (patent 
2,071,250), all of which score in the top 5 percent. Other important chemistry pat-
ents in the 1950s include drugs such as Nystatin (2,797,183); improvements in the 
production of penicillin (2,442,141 and 2,443,989); Enovid, the first oral contra-
ceptive (2,691,028); and Tetracyline, one of the most prescribed broad-spectrum 
antibiotics (2,699,054).

The 1950s are marked by the harnessing of nuclear energy for civilian purposes. 
Enrico Fermi’s patents on the development of the nuclear reactor all score highly.5 
Subsequent to the 1950s, a large fraction of the important patents identified by 

5 Patents 2,206,634; 2,836,554; 2,524,379; 2,852,461; 2,708,656; 2,768,134; 2,780,595; 2,798,847; 2,807,581; 
2,807,727; 2,813,070; 2,837,477; and 2,931,762.
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Figure 5. Breakthrough Innovation across Industries

Notes: We plot the per capita number of breakthrough patents across industries. Industries are defined based on 
NAICS codes. Breakthrough patents are those that fall in the top 10 percent of our baseline importance measure 
(defined as the ratio of the 10-year forward to the 5-year backward similarity) net of issue year fixed effects. We 
construct industry indices using the CPC4 to NAICS crosswalk constructed by Goldschlag, Lybbert, and Zolas 
(2016).

Source: Kelly, Papanikolaou, Seru, Taddy (2022).
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GROWTH IN THE PAST AND FUTURE

Semi-endogenous growth model imply that long-run growth is

governed by population growth

Many other factors have “level effects”

(e.g., increases in education, R&D share, misallocation)

But level effects can be large

How much of recent growth is due to such level effects?

What does this suggest about the future of growth?
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GROWTH ACCOUNTING

Goods production:

Yt = Kα
t (ZthtLYt)

1−α

ht is human capital per person

Productivity:

Zt = AtMt

At is knowledge

Mt is misallocation

Some manipulation:

yt =

(
Kt

Yt

)α/(1−α)

AtMtht lt(1 − st)
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GROWTH ACCOUNTING

Ideas Production function:

Ȧ(t) = θLA(t)λA(t)ϕ

Ȧ(t)
A(t)

= θs(t)λL(t)λA(t)ϕ−1

With constant growth of A(t):

0 = λgs + λgL − (1 − ϕ)gA

gA =
λ

1 − ϕ
(gs + gL)

Jones (2022) assumes λ/(1 − ϕ) = λ/β = γ = 1/3

(Results that follow are sensitive to this!)

Steinsson Ideas and Growth 56 / 63



GROWTH ACCOUNTING

14 CHARLES I. JONES

tensity have changed over time, these changes can contribute to growth over any given

historical period. The point that we develop now is that as a historical matter, such

level effects account for something like 80 percent of U.S. economic growth.

To see this more formally, take logs and differences of these two equations to get:

d log yt︸ ︷︷ ︸
GDP per person

=
α

1− α
d log

Kt

Yt︸ ︷︷ ︸
Capital-Output ratio

+ d log ht︸ ︷︷ ︸
Educational att.

+ d log ℓt︸ ︷︷ ︸
Emp-Pop ratio

+ d log(1− st)︸ ︷︷ ︸
Goods intensity

+ d logMt + d logAt︸ ︷︷ ︸
TFP growth

(15)

where

TFP growth ≡ d logMt︸ ︷︷ ︸
Misallocation

+ d logAt︸ ︷︷ ︸
Ideas

= d logMt︸ ︷︷ ︸
Misallocation

+ γ d log st︸ ︷︷ ︸
Research intensity

+ γ d logLt︸ ︷︷ ︸
LF growth

(16)

Jones (2002) uses equations just like these to conduct a growth accounting exercise

for the U.S. for the period 1953 to 1993, while Fernald and Jones (2014) update the

calculation through 2007. Because of the global financial crisis and in the interest of

saving space, I will not update the accounting exercise to an even later year. However,

both of those papers ignored changing misallocation. So instead, I present a “back-of-

the-envelope” version of the accounting here that includes a rough estimate of gains

from changing misallocation. Also, for more details on the facts that are discussed in

the remainder of this section, see Jones (2016).

To begin, consider the pie chart on the left side of Figure 2. Growth in GDP per

person, y, has averaged something like 2% per year since 1950, and this pie chart uses

equation (15) to decompose this 2% growth into its components. First, the capital-

output ratio has been remarkably steady over time, essentially contributing nothing to

growth. Second, the 1 − st term contributes essentially nothing as well: measures of st

are so small, that 1− st ≈ 1 over time. We now turn to the non-zero components of the

equation.

Human capital and labor force participation. This brings us to educational attain-

ment. A wonderful stylized fact documented by Goldin and Katz (2008) is that edu-

Source: Jones (2022).
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Figure 2: Historical Growth Accounting
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in GDP per Person
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Note: The figure shows a growth accounting exercise for the United States since the 1950s using
equations (15) and (16). See the main text for details.

cational attainment throughout the 20th century rose by slightly under one year per

decade, e.g. from 4 years in 1900 to 13 years by the end of the century. A standard Min-

cerian return to education is 5% or 7%. This means that rising educational attainment

increased GDP per worker by something like 5% each decade, or about 0.5% each year.

This is a large number: something like 0.5% of our 2% per year growth in the 20th cen-

tury was due to rising educational attainment! If life expectancy has an upper bound,

then educational attainment cannot continue to rise forever. And in fact, in the last

two decades, we’ve seen educational attainment for each cohort flatten out: roughly

85% of kids graduate from high school, roughly 1/3 graduate from 4-year colleges, and

these numbers have levelled off since the 1990s. This nicely illustrates both sides of our

main point: historically, rising educational attainment has contributed a large amount

to growth, but in the long run, educational attainment per person seems likely to level

off and contribution nothing to growth.

Another similar demographic change is rising labor force participation due to the

entry of women. Since 1950, the employment-population ratio has risen from around

55% to around 62%, or by around 0.2% per year.

Source: Jones (2022).
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GROWTH IN PAST AND FUTURE

In the long run:

All terms are zero except population growth

100% of growth due to population growth

Historically:

80% of growth due to other factors

Only 20% of growth due to population growth

(Sensitive to assumption on γ.)
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WILL GROWTH SLOW?

Many sources of growth are temporary:

Increased education

Higher Emp-Pop ratio

Falling misallocation

Rising research intensity

But some of these might continue for a very long time

(e.g., increased research intensity)

Population growth is slowing

(Population likely to start shrinking soon!)
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26 CHARLES I. JONES

Figure 4: Population Growth around the World
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Note: Average annual rates of population growth for countries classified according to their 2018
World Bank income grouping. Each data point corresponds to a five-year period. Source: United
Nations (2019).

Figure 5: The Total Fertility Rate around the World
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Note: The total fertility rate is the average number of live births a hypothetical cohort of women
would have over their reproductive life if they were subject during their whole lives to the fertility
rates of a given period and if they were not subject to mortality. Each data point corresponds to the
five-year period 2015–2020. Source: United Nations (2019).

Source: Jones (2022).
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Source: Jones (2022).
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MIGHT GROWTH SPEED UP?

Finding Einsteins

Traditionally most people not able to reach their potential

as producers of ideas/knowledge

Extreme poverty, cast/class restrictions, discrimination

How many Einsteins and Doudnas have we missed

Automation and Artificial Intelligence

Interesting discussion in Jones (2022, sec. 6)

Automation of ideas production could even imply a “singularity”

(explosive growth driven by AGI)
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