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Abstract: 
Recent evidence suggests that R&D obsolescence rates have risen (Ando, Bessen, and Wang 
2025). How does rising obsolescence affect productivity growth? This paper presents a 
growth model where technological opportunities of varied quality arrive exogenously for 
both new products and replacement products. Researchers choose which opportunities are 
feasible to develop. We show that since expected rents are greater for replacement 
innovations than for new product innovations of comparable quality because of business 
stealing, the average replacement innovation has lower quality than the average new product 
innovation As a result, replacement innovations contribute less to aggregate productivity, 
and a shift toward more replacement (higher obsolescence) can reduce productivity growth 
substantially for a significant period. 
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Introduction 

Since 1980, real R&D spending in the US has risen 50% faster than GDP, more than 

quadrupling.1 Nevertheless, the rate of US productivity growth has not increased and 

appears to have declined somewhat.2 Several papers have argued that research productivity is 

declining and some argue that productivity growth is not increasing because “ideas are 

getting harder to find” (Bloom et al. 2020; Boeing and Hünermund 2020; Griliches 2009; S. 

Kortum 1993; Caballero and Jaffe 1993; Segerstrom 1998). 

However, a comprehensive analysis of US firms finds that since 1976, the output 

elasticity of R&D and the gross marginal returns to R&D have risen sharply, suggesting that 

for private firms, R&D has become more effective (Ando, Bessen, and Wang 2025). 

Moreover, rising returns to R&D are consistent with rising R&D spending, while declining 

research productivity seems at odds with greater spending. But rising gross marginal returns 

accompanied by stagnant aggregate productivity growth does pose a puzzle.  

This paper presents a mechanism that can reconcile growing R&D with stagnant 

aggregate productivity growth, at least for a period of time. This mechanism arises when 

R&D investment heightens technological rivalry between firms, leading to more rapid 

replacement of one innovation by another. A corollary of rising R&D effectiveness is rising 

effectiveness against rivals, leading to more rapid replacement. This change constitutes a 

shift in the direction of innovation that may have effects on productivity growth 

independently of the rate of innovation.  

More rapid replacement means that the obsolescence rate rises. Indeed, there is 

evidence of rising R&D obsolescence. In equilibrium, the gross marginal return to R&D 

should equal the user cost of the R&D capital stock. Ando, Bessen, and Wang (2025) look at 

the factors that affect the cost of R&D capital, including possible “wedges” such as 

monopsony or adjustment costs. They conclude that only rising obsolescence can explain 

the large increase in marginal returns. They estimate R&D obsolescence rates by measuring 

the impact of rivals’ R&D; their estimates show obsolescence rates may have doubled. 

 

1 BEA Series Y694RX. These figures do not include software developed for internal use which has risen even 
more sharply. 
2 University of Groningen and University of California, Davis, Total Factor Productivity at Constant National 
Prices for United States [RTFPNAUSA632NRUG], retrieved from FRED, Federal Reserve Bank of St. Louis; 
https://fred.stlouisfed.org/series/RTFPNAUSA632NRUG, February 11, 2025. From 1983 to 2001, total 
factor productivity for the US grew 0.8% per year; from 2002 to 2019 growth was 0.6% per annum. 
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Rising obsolescence means that relatively more R&D is directed toward replacing 

existing technologies, that is, the direction of R&D changes. The literature has long 

recognized differences in innovations between breakthrough and routine innovations, or 

between macro- and micro-innovations (Mokyr 1992), or between exploration and 

exploitation (March 1991). Our model makes a distinction between new products and 

replacement innovations: new products do not substitute for existing products while 

replacement improvements do. While this treatment is highly stylized—in reality new 

products have different degrees of substitutability with old ones—it highlights a key 

economic difference, namely that the incentives to develop replacement innovations differ 

from the incentives to develop new product innovations. At least since Arrow (1962), 

replacement has been understood to alter innovation incentives. Aghion and Howitt (1992) 

incorporate this difference in their growth model via “business stealing”; some or all of the 

quasi-rents formerly earned by an incumbent firm subsequently accrue to the firm with the 

replacement innovation. 

We develop a model that borrows from existing growth models but includes both 

new products (as in Romer 1990) and replacement products (as in Grossman and Helpman 

1991; Aghion and Howitt 1992). In each period, researchers are presented with technological 

opportunities for innovation, some for new products, and some for replacement products. 

These technological opportunities differ in quality where greater quality generates greater 

productivity and also greater quasi-rents for the researcher. The researchers endogenously 

choose to develop some of these opportunities—specifically, opportunities where the 

expected rents exceed the value of the researchers’ alternative opportunities in production. 

We assume that both types of opportunities are drawn from a common quality distribution. 

But because of business stealing, a replacement opportunity offers greater incentive to the 

researcher than does a new product opportunity of the same quality. This means that 

researchers face a lower feasibility threshold for replacement innovations and, hence, the set 

of replacement innovations that they choose to develop has lower average quality than the 

set of new product innovations. Lower average quality implies that replacement innovations 

contribute less to productivity growth on average and a rise in the replacement share of 

innovations (a rise in obsolescence) will reduce aggregate productivity growth. Although 

replacement innovations unambiguously increase the level of productivity, a rising 

replacement share reduces the rate of productivity growth, at least temporarily. We initially 
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obtain this result assuming an exogenous increase in the replacement share of innovations. 

We then explore long-term changes that might affect the relative technological opportunities 

for replacement and new product development, including “fishing out” and the emergence 

of new technology fields. 

Our paper takes a similar approach to Olsson (2005) in modeling technological 

opportunity in the long run, but we additionally consider the choice between new products 

and improvements. Several other papers also consider both improvements and new products 

(Howitt 1999; Jones and Williams 2000; Li 2000); our paper specifically considers the role of 

endogenous choice of technological opportunities. These papers, like ours, model the choice 

of individual researchers, abstracting away from the boundaries of the firm. Several other 

papers consider both replacement and new product innovations in the context of incumbent 

and entrant firms (Acemoglu et al. 2018; Akcigit and Kerr 2018; Garcia-Macia, Hsieh, and 

Klenow 2019). We abstract away from firm type to focus on differences that affect the rate 

of replacement.3 

A variety of other explanations have been offered for the productivity slowdown 

including interest rates (Liu, Mian, and Sufi 2022), IT (Aghion et al. 2023), intangibles 

generally (Ridder 2024), declining research productivity (Bloom et al. 2020). 

Model 

Production 

There are three sectors consisting of 1) a final goods sector consisting of a single 

producer, 2) a measure 𝑁 of monopoly producers of intermediate goods, each producing a 

single good, and 3) 𝐿𝑛 researchers developing new designs; some designs are for new 

products, some are for improvements on existing products.  Each intermediate producer 

purchases an exclusive license to an infinitely lived patent for the design of their good from a 

researcher. Output, 𝑌, is produced from production labor, 𝐿𝑦, and intermediate goods of 

quantities 𝑥𝑖 and quality 𝑞𝑖 in an additively separable production function, 

 

3 Because we ignore the uncertainty of innovation, what we describe as a license between a researcher and an 
intermediate producer could equivalently be treated as a producer investing in its own R&D or contracting out 
R&D. 
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𝑌 = 𝐿𝑦
𝛼 ∫ 𝑞𝑖

𝛼𝑥𝑖
1−𝛼  𝑑𝑖

𝑁

0

,    0 < 𝛼 < 1. (1) 

Total labor, 𝐿 = 𝐿𝑦 + 𝐿𝑛, is fixed.  

The final goods producer chooses quantities 𝑥𝑖 based on the prices 𝑝𝑖 charged by the 

intermediate goods producers to maximize its profit 

𝜋𝑌 = max
𝑥𝑖

[𝐿𝑦
𝛼 ∫ 𝑞𝑖

𝛼𝑥𝑖
1−𝛼  𝑑𝑖

𝑁

0

− ∫ 𝑝𝑖𝑥𝑖 𝑑𝑖
𝑁

0

− 𝑤𝐿𝑦] . (2) 

The price of the final good is normalized to one. First order maximizing conditions give the 

demand curve and inverse demand function 

𝑥̂𝑖(𝑝) = (
1 − 𝛼

𝑝
)

1
𝛼

𝑞𝑖𝐿𝑦 ,       𝑝̂𝑖(𝑥𝑖) = (1 − 𝛼) (
𝑞𝑖𝐿𝑦

𝑥𝑖
)

𝛼

(3) 

Intermediate producers make profit 

𝜋𝑖
𝐼 = 𝑝𝑖𝑥̂𝑖(𝑝)𝑖 − 𝑐𝑥̂𝑖(𝑝𝑖) (4) 

where unit cost 𝑐 is the amount of final output needed to produce a unit of the intermediate 

good.  

Researchers 

Researchers develop new designs for both entirely new products and for 

improvements to existing products. The researchers license these patented designs to 

intermediate producers. That license contract is determined by bargaining between the 

intermediate producers and researchers and depends on the profit stream that intermediate 

producer can realize using the design. We assume the licenses take the form of a fixed fee. 

Consider first a new product. In this case, the researcher offers an exclusive license, 

giving the intermediate producer a monopoly.4 First order maximization of (4) by 

intermediate producers yields the monopoly price for the intermediate good as a markup 

over cost 

𝑝𝑀 =
𝑐

1 − 𝛼
, (5) 

and monopoly profits 

 

4 It can be readily shown that this is the researcher’s best licensing strategy. 
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𝜋𝑁 = 𝜋𝑀(𝑞𝑖) = 𝛼𝑞𝑖𝐿𝑦𝑧,      𝑧 ≡ (1 − 𝛼)1/𝛼 (
1 − 𝛼

𝑐
)

1
𝛼−1

. (6) 

Note that the profit is proportional to the quality of the product. The researcher who 

designs this new product can offer it to any prospective intermediate producer. Since the 

bidding for an exclusive license is competitive, we assume that the researcher extracts rent 

equal to the value of a stream of profits 𝜋𝑁 .  

Matters are different when a new version of product i is introduced that has higher 

quality than the version produced by the incumbent firm. Let firm 0 be the incumbent firm 

and let the new design have quality 𝑞𝑖1 = ∆𝑞𝑖 + 𝑞𝑖0 > 𝑞𝑖0. There are two different 

outcomes depending on the magnitude of the quality improvement, ∆𝑞𝑖 𝑞𝑖0⁄ . First, consider 

drastic improvements (see the Appendix for the conditions for the different outcomes). For 

the largest quality improvements, the entrant firm drives the incumbent out of the market 

and earns monopoly rents, 𝜋𝑀(𝑞𝑖1). The researcher extracts these rents as above. 

 If, instead, the quality improvement is somewhat smaller, the innovation is non-

drastic. In this case, the researcher could license the design to a firm that competes with the 

incumbent. Then the intermediate producer charges a limit price, 𝑝𝐿, earning profit of 𝜋𝐿 

(see Appendix); the incumbent earns zero and drops out of the market. But the researcher 

does not choose to license to a new competitor. Instead, the researcher licenses the 

innovation to the incumbent, and both parties make out better, hence this is their preferred 

choice. With this license, the incumbent charges the monopoly price, 𝑝𝑀, and earns profit 

𝜋𝑀(𝑞𝑖1) less the license fee. The joint profit is larger than 𝜋𝐿 , so there is bargaining surplus, 

and the limit pricing profit, 𝜋𝐿 , serves as the researcher’s “threat point” in the bilateral 

bargaining negotiation. Assuming researcher’s bargaining power is 𝐵, the Nash bargaining 

solution to the researcher’s profit stream is 

𝜋𝑅(𝑞𝑖0, 𝑞𝑖1) = 𝐵𝜋𝑀(𝑞𝑖1) + (1 − 𝐵)𝜋𝐿(𝑞𝑖0, 𝑞𝑖1). (7) 

Thus, there are three different payoffs to researchers: monopoly profits on new 

products, monopoly profits on drastic innovations, and a limit price bargain. In all of these 

cases, the intermediate producer charges the monopoly price and produces the monopoly 

level of each intermediate. Inserting this monopoly level in equation (1), aggregate output 

becomes 
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𝑌 = 𝐿𝑦
𝛼 ∫ 𝑞𝑖

𝛼𝑥̂(𝑝𝑀)1−𝛼  𝑑𝑖
𝑁

0

=
𝑄𝐿𝑦𝑧

1 − 𝛼
,       𝑄 ≡ ∫ 𝑞𝑖 𝑑𝑖

𝑁

0

. (8) 

Aggregate quality corresponds to aggregate productivity. 

Innovation 

The difference between the value of new product licenses and product improvement 

licenses affects the set of ideas that researchers choose to develop. We show that, compared 

to new product innovations, researchers will choose to develop relatively more low-quality 

improvement innovations, and, on average, improvement innovations deliver less quality 

than do new products. 

Each period, there is an exogenous, fixed flow of 𝑀 technological opportunities—

possible ideas that can be developed. Researchers must decide which of these technological 

opportunities are worthwhile expending resources to develop. To do this, they examine the 

quality of the resulting product. The quality of each technological opportunity, 𝑞𝑖 for a new 

product or ∆𝑞𝑖 for an improvement, is a random draw from a common distribution with a 

minimum support 𝑞𝑖 ≥ 𝑞𝑚 . Each improvement opportunity is randomly assigned to one of 

the existing products with quality 𝑞𝑖0. We assume that the distribution of qualities is 

stationary and is the same for new products as for improvements—technologically speaking, 

an improvement could be a new product, just that it substitutes for an already existing 

product. To be concrete, it is helpful to assume that the 𝑞𝑖 are drawn from a Pareto 

distribution with minimum value 𝑞𝑚 and tail parameter 𝛽 > 1. The cumulative distribution 

function for the upper tail is Prob[𝑞 ≥ 𝑞𝑖] = 𝐺(𝑞𝑖) = (
𝑞𝑀

𝑞𝑖
)

𝛽
.5 The Pareto distribution 

provides the long tail of returns to R&D that is observed in the empirical literature. It also 

corresponds to an “innovation possibilities frontier” with a constant elasticity, as is also 

common in the empirical literature, and it is used as well in theoretical work (e.g., S. S. 

Kortum 1997). 

Researchers choose to develop only feasible opportunities, that is, opportunities where 

the researcher’s expected profit rate is at least as large as the alternative that the researcher 

 

5 The standard CDF for the lower tail Pareto distribution is Prob[𝑞 ≤ 𝑞𝑖] = 1 − 𝐺(𝑞𝑖). 
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could earn as a production worker, namely, the wage 𝑤. We ignore “racing;” only one 

researcher develops each feasible idea. 

The researcher’s profit rate is the license fee the researcher earns times the rate at 

which an idea is developed. Following Romer (1990), let the rate of development equal 𝛿𝐴, 

where 𝛿 represents research productivity and 𝐴 is the stock of existing ideas/designs. 

Because ideas are non-rival, researchers can draw on existing knowledge so that a larger 

stock of ideas facilitates the development of new designs. Given discount rate 𝑟 and 

obsolescence rate, 𝑑, the feasibility conditions for an innovation are then6 

𝜋𝑘(𝑞𝑖)

𝑟 + 𝑑
𝛿𝐴 ≥ 𝑤,     𝑘 = 𝑁, 𝑅. (9) 

Because profits are an increasing function of quality, this feasibility condition can be used to 

derive the minimum quality needed for an idea to be feasible. For a new product innovation, 

equations (6) and (9) imply 𝑞𝑖𝛼𝐿𝑦𝑧
𝛿𝐴

𝑟+𝑑
≥ 𝑤 so that the minimally feasible quality is 

𝑞𝑖 ≥ 𝑞𝑁 ≡ 𝑤
𝑟 + 𝑑

𝛼𝐿𝑦𝑧𝛿𝐴
. (10) 

This feasibility condition is equivalent to the “labor arbitrage” condition in other growth 

models, but it is only binding on the researchers developing marginally feasible 

opportunities; other researchers earn more than the wage. 

The feasibility threshold for replacement opportunities is a bit more complicated 

because it depends on the quality of the improvement and also the quality of the 

incumbent’s product. First, it is helpful to impose a modest assumption: assume that at the 

threshold, ∆𝑞𝑖 ≤ 𝑞𝑖0, that is, the minimally feasible quality improvement is (much) less than 

the quality of the incumbent technology. Then we can show (see Appendix) that the 

minimally feasible improvement is non-drastic and that under this condition 

𝜋𝑅(𝑞𝑖0, 𝑞𝑖1) ≈ ∆𝑞𝑖𝛼𝐿𝑦𝑧 + 𝐵𝑞𝑖0𝛼𝐿𝑦𝑧 = ∆𝑞𝑖𝛼𝐿𝑦𝑧 + 𝐵𝜋𝑀(𝑞𝑖0). (11) 

The second term represents “business stealing”—a portion of rents that were previously 

earned by incumbents now goes to the researcher. Note that this term highlights an 

unrealistic aspect of the model: the limit price bargain means that an innovator with a trivial 

 

6 We assume a continuum of infinitely lived consumers, with identical intertemporally additive preferences 

defined over lifetime consumption, so that there is a constant interest rate, 𝑟 > 0. Also, since a drastic 
improvement must be large (Appendix), under reasonable conditions the feasibility condition for an 
improvement will be in the non-drastic zone. 
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improvement can lay claim to a significant part of the incumbent’s rents. That is, it permits 

“patent trolling.” We can modify the model so that incumbents faced with a patent troll can 

“invent around” trivial improvement innovations, limiting troll behavior. For simplicity, we 

proceed with equation (11), but we present an extension to handle patent trolls below.  

Given (11), the feasibility condition for a given 𝑞𝑖0 can be written, subject to the 

constraint that ∆𝑞𝑖 ≥ 𝑞𝑚, 

∆𝑞𝑖 ≥ ∆𝑞𝑅(𝑞𝑖0) ≡ max [𝑤
𝑟 + 𝑑

𝛼𝐿𝑦𝑧𝛿𝐴
− 𝐵𝑞𝑖0, 𝑞𝑚] = max [𝑞𝑁 − 𝐵𝑞𝑖0, 𝑞𝑚] . (12) 

This implies that ∆𝑞𝑅(𝑞𝑖0)<𝑞𝑁 for 𝐵 > 0. This property is important for our analysis. It 

means that feasible improvement innovations include relatively more lower quality 

innovations. And this implies that the mean improvement innovation is of lower quality than 

the mean new product innovation.  

We can translate this difference in feasibility thresholds to a difference in the mean 

quality of different types of innovations. Generally, the mean of a distribution truncated 

from below will be higher if the truncation cutoff is higher. The mean of a Pareto 

distribution truncated below at x is 𝐸[𝑞 | 𝑞 > 𝑥] =
𝑥𝛽

𝛽−1
 so, the mean quality of feasible new 

product innovations is 𝑞̅𝑁 =
𝛽𝑞𝑁

𝛽−1
. For improvement innovations, the mean quality is more 

difficult to calculate because the threshold depends on the distribution of 𝑞𝑖0. Because the 

quality of all products must be at least as great as an unimproved product, 𝑞𝑖0 ≥ 𝑞𝑁 and 

from (12) it follows that7  

𝛽𝑞𝑁(1 − 𝐵)

𝛽 − 1
≥ ∆𝑞

𝑅
>

𝛽𝑞𝑚

𝛽 − 1
. 

Our analysis is not sensitive to the exact level of ∆𝑞̅̅̅̅
𝑅, so, to keep things simple, we assume it 

takes the largest value, ∆𝑞̅̅̅̅
𝑅 =

𝛽𝑞𝑁(1−𝐵)

𝛽−1
= 𝑞̅𝑁(1 − 𝐵); with this choice, productivity growth 

will diminish the least when obsolescence increases. 

The feasibility thresholds also determine the number and mix of researchers 

developing technological opportunities. Given a flow of 𝑀 technological opportunities, let 

 

7 Here,  ∆𝑞𝑅(𝑞𝑖0) = max [𝑞𝑁 − 𝐵𝑞𝑖0, 𝑞𝑚] implies (1 − 𝐵)𝑞𝑁  ≥ ∆𝑞𝑅(𝑞𝑖0) = 𝑞𝑚. 
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the share of these opportunities that are from improvement innovations be 𝜓. For the 

moment we treat 𝜓 as exogenous but will consider endogenous possibilities below. Then, 

the total number of researchers consists of researchers developing new technologies and 

improvement technologies, as follows: 

𝐿𝑛(𝑞𝑁) = (1 − 𝜓)𝑀𝐺 (𝑞𝑁) + 𝜓𝑀𝐺 (𝑞𝑁(1 − 𝐵)) (13) 

where 𝐺 (𝑞𝑁) and 𝐺 (𝑞𝑁(1 − 𝐵)) are the fractions of feasible innovations among the flow 

of new technological opportunities and improvement technological opportunities, 

respectively.8 We define the share of improvement innovations, as follows: 

𝜙 =
𝜓𝑀𝐺 (𝑞𝑁(1 − 𝐵))

𝐿𝑛(𝑞𝑁)
=

1

1 +
1 − 𝜓

𝜓
(1 − 𝐵)𝛽

 

As can be seen, the replacement share of ideas that are developed, 𝜙, is a function of three 

parameters (𝜓, 𝐵, 𝛽). It is increasing in the share of improvement innovation opportunities 

(𝜓), the bargaining power of researchers (𝐵), and the tail parameter of the Pareto 

distribution (𝛽). Given 𝜙, the growth of new products is defined as 𝑁̇ = (1 − 𝜙)𝐴̇, where 

the flow of all new feasible ideas is given by 𝐴̇ = 𝛿𝐴𝐿𝑛(𝑞𝑁). 

These equations allow us to calculate the obsolescence rate. The share of incumbent 

products that are replaced is 
𝜙𝐴̇

𝑁
. The loss to the incumbent (i.e., a decrease in its monopoly 

profits due to replacement innovation) depends on whether the innovation is drastic or not 

and on the magnitude of 𝑞1 𝑞0⁄ . The smallest reduction, of 𝐵𝜋𝑀(𝑞0), occurs at the 

feasibility threshold;9 the largest reduction—100%—occurs with drastic innovation.  Let the 

expected loss over the range of feasible improvements be 𝐵 < 𝑠 < 1. Then the expected 

profit stream for the next period is 𝐸[𝜋1] = (1 −
𝜙𝐴̇

𝑁
) 𝜋0 +

𝜙𝐴̇

𝑁
(1 − 𝑠)𝜋0 = (1 − 𝑠

𝜙𝐴̇

𝑁
) 𝜋0, 

so the effective obsolescence rate is  

 

8 Here, we assume that researchers dispose of non-feasible ideas and draw new ideas immediately. We do not 
allow researchers to dispose of feasible ideas and wait for higher-quality ideas to be drawn. 
9 The incumbent’s profit in this case is 𝜋𝐼 = 𝜋𝑀(𝑞1) − 𝜋𝑅 = 𝜋𝑀(𝑞1) − (𝜋𝑀(𝑞1) − 𝜋𝑀(𝑞0) + 𝐵𝜋𝑀(𝑞0)) =
(1 − 𝐵)𝜋𝑀(𝑞0). 
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𝑑(𝐿𝑛) = 𝑠
𝜙𝐴̇

𝑁
=

𝑠𝜙𝛿𝐴𝐿𝑛

𝑁
. (14) 

We close the system by setting the wage equal to the marginal productivity of 

production labor in equation (1), 

𝑤 =
𝜕𝑌

𝜕𝐿𝑦
= 𝛼

𝑌

𝐿𝑦
=

𝛼𝑄𝑧

1 − 𝛼
. 

Substituting 𝑤 into the minimum feasible quality in equation (10), we 

obtain

𝑞𝑁 =
𝑟+𝑑(𝑞𝑁)

(1−𝛼)𝛿𝐿𝑦(𝑞𝑁)
∙

𝑄

𝐴
. (15) 

Growth 

We can write the change in aggregate quality 

𝑄̇ = 𝑞̅𝑁𝑁̇ + ∆𝑞̅̅̅̅
𝑅(𝐴̇ − 𝑁̇) = 𝑞̅𝑁𝐴̇(1 − 𝜙𝐵) 

and the growth rate, dividing by 𝑄 and using (15), 

𝑔𝑄 =
𝑄̇

𝑄
= 𝑣

𝐴̇

𝐴
,      𝑣 ≡

𝛽
𝛽 − 1

(𝑟 + 𝑑(𝐿𝑛))(1 − 𝜙𝐵)

(1 − 𝛼)𝛿(𝐿 − 𝐿𝑛)
. (16) 

In general, the growth in productivity does not equal the growth in innovations. On the 

balanced growth path, they are equal, however. 

We impose balanced growth by assuming that aggregate intermediates, 𝑋 =

∫ 𝑥̂(𝑝𝑀)𝑑𝑖 = 𝑁𝑥̂(𝑝𝑀)
𝑁

0
 grows at a constant rate, 𝑔𝑋 = 𝑋̇/𝑋 = 𝑁̇/𝑁 = 𝑐𝑜𝑛𝑠𝑡. But 𝑁̇ =

(1 − 𝜙)𝐴̇, so 𝑔𝑁 = 𝑔𝐴 = 𝑐𝑜𝑛𝑠𝑡. From this we can infer that along the balanced growth 

path, 𝑁 𝐴⁄ = 1 − 𝜙. Note also that since 𝑔𝐴 = 𝛿𝐿𝑛(𝑞𝑁), 𝑞𝑁 and 𝐿𝑛 must also be constants 

as well as ∆𝑞𝑅 and 𝐿𝑦 along the balanced growth path. Inspecting equation (15), if 𝑞𝑁 is 

constant, then 𝑄/𝐴 must also be constant, implying that 𝑔𝑄 = 𝑞𝐴 . Finally, since 𝐿𝑦 is 

constant along the balanced growth path, equation (8) implies 

𝑔𝑌 = 𝑔𝑄 = 𝑔𝑁 = 𝑔𝑋 = 𝑔𝐴 = 𝛿𝐿𝑛 (𝑞𝑁) . (17) 

This corresponds to Romer’s 1990 model. Note also that 𝑔𝑄 = 𝑞𝐴 implies that 𝑣 = 1 on the 

balanced growth path. Using 𝑁 𝐴⁄ = 1 − 𝜙 on the balanced growth path, we solve this to 

get 𝐿𝑛 = 𝐿̃𝑛 (see Appendix). A solution exists as long as 𝐿 is sufficiently large.  
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Rising replacement 

Declining growth 

What happens when an exogenous increase in the replacement share, 𝜙, disturbs this 

steady state? The steady state growth rate declines. It is straightforward to show (see 

Appendix), that  

𝜕𝐿̃𝑛

𝜕𝜙
< 0  

for sufficiently large L. The intuition behind this result is that a rising replacement rate 

corresponds to a rising obsolescence rate (14). Higher obsolescence reduces the returns to 

R&D, all else equal, reducing research labor which, in turn, reduces the balanced path 

growth rate. 

This analysis implies that in the long run, a rise in the replacement rate reduces the 

growth rate and the level of research along the balanced growth path. But the secular rise in 

the obsolescence rates over the last 30 years is not consistent with balanced growth (Ando, 

Bessen, and Wang 2025). To explore the short-term effect of rising replacement, it is helpful 

to see what happens to equation (16) when, starting on the balanced growth path, the 

replacement rate, 𝜙, rises. There are two effects: 1) greater 𝜙 directly decreases 𝑣, and 2) 

greater 𝜙 increases the obsolescence rate, decreasing 𝐿𝑛. However, the latter effect is 

counterfactual. As noted above investment in R&D has not decreased. This could be 

because the rise in replacement has been accompanied by a rise in research productivity, 𝛿, 

so that the number of researchers has not declined. To simplify the exercise, let us assume 

that research productivity increases just enough to leave 𝐿𝑛(𝑞𝑁) unchanged. To the extent 

that rising obsolescence further decreases the number of researchers, the drop in 

productivity growth will be larger. 

Given this assumption, we can calculate the short-term effect of rising replacement 

from the change in (1 − 𝜙𝐵)—this is the only component of 𝑣 that changes. Assuming that 

the economy was on the balanced growth path in 1995, we compare 

(1 − 𝜙𝑡𝐵) (1 − 𝜙1995𝐵)⁄  over time. We estimate 𝜙 by calculating the share of net to gross 

R&D investment. Using estimated obsolescence rates (smoothed) from Ando, Bessen, and 

Wang (2025), we apply these to real R&D for the US private nonfarm business sector from 
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the BEA, and we calculate the net R&D capital stocks and net R&D investment. The 

variable 𝜙 represents the share of innovations that replace older products. We assume that 

this is roughly equivalent to the share of R&D investment that replaces obsolete R&D or, 

alternatively, 𝜙 = 1 −
𝑛𝑒𝑡 𝑅&𝐷

𝑔𝑟𝑜𝑠𝑠 𝑅&𝐷
 (see Table 1). Setting 𝐵 = 0.5, we then use these estimates  

to calculate the relative effect on productivity growth (Table 1 and Figure 1), which is as 

large as a 40 percent drop. This exercise demonstrates that rising obsolescence could have a 

considerable impact on productivity growth, even with rising research productivity, for some 

time.  

Moreover, this temporary slowdown could last decades. Following a one-time jump 

in 𝜙, the economy converges back to the balanced growth path as 𝑁/𝐴 converges to 1 − 𝜙. 

If we assume that 𝑔𝐴 = .013, the BLS productivity growth rate from 1960 to 1980, then the 

half-life of the productivity decline (the time for the difference between 𝑁/𝐴 and 1 − 𝜙 to 

fall by half) is 53 years.10 While this numerical exercise is hardly definitive, it suggests that 

rising obsolescence could be a substantial contributor to the productivity slowdown. 

This analysis stands in contrast to Bloom et al. (2020) who use an equation like (17) 

to argue that research productivity can be measured as 𝛿 = 𝑔𝑄 𝐿𝑛⁄ . They observe that 

productivity growth, 𝑔𝑄 , has not increased while the number of researchers, 𝐿𝑛, has grown 

substantially, so they conclude that research productivity, 𝛿, must have declined. But 

equation (17) holds only along the balanced growth path. Several decades of secularly rising 

obsolescence rates is simply not consistent with balanced growth, hence the relevance of this 

equation is questionable. Our analysis of equation (16) suggests that productivity might 

decline with stable or rising research effort for long periods off the balanced growth path. 

And an increase in obsolescence will move the growth path to one of lower productivity 

growth in the long run. The direction of innovation matters as well as the intensity of R&D 

investment. 

The model suggests that policy can moderate the negative effect of rising 

replacement on growth. In equation (16), the impact of 𝜙 on the growth rate of productivity 

depends on parameter 𝐵, the researcher’s bargaining power over a non-drastic improvement 

 

10  𝑁0 𝐴0⁄ = 1 − 𝜙0 at 𝑡 = 0. Then let the replacement rate change to 𝜙1. Solving the differential equations 

for 𝐴̇ and 𝑁̇, dividing, and normalizing the integration constants 𝑁𝑡 𝐴𝑡⁄ = 1 − 𝜙1 + (𝜙1 − 𝜙0)𝑒−𝑔𝐴𝑡 . Half of 

the transition is realized at time 𝑡ℎ𝑎𝑙𝑓 = ln 2 𝑔𝐴⁄ . When 𝑔𝐴 = .013, then the half-life is 53 years. 
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in the vicinity of the feasibility threshold. Less availability of patents for trivial inventions 

would shift the bargaining over non-drastic innovations to a lower value of 𝐵, thus raising 

the minimum feasible quality of replacement innovations. Patent law screens patents so that 

they meet a minimum “inventive step” or a non-obviousness requirement (Meurer and 

Strandburg 2008). Raising that standard reduces 𝐵. Also, reducing the enforceability of 

patents on marginal inventions has a similar effect. 

The rise of replacement 

Why has the replacement share of innovation risen? Most likely a variety of factors 

have contributed to the trend over the last several decades. New technology may have 

reduced the cost of developing minor improvements; for instance, it has been argued that 

software plays this role (Bessen 2022). Nearly half of R&D expenditure in the US is for 

software development (Moris 2019). Technology might also have become more complex, 

with relatively more opportunities for sequential improvement. Also, patent policy may have 

shifted to provide stronger rights for minor inventions, raising the business stealing effect. 

Patent scholars have contended that changes in the Federal courts have made it easier to 

obtain patents on trivial inventions and have strengthened the enforcement of these patents. 

(Jaffe and Lerner 2004; Bessen and Meurer 2008). Indeed, some evidence suggests that the 

share of patents for incremental innovations has increased sharply relative to the share of 

radical or breakthrough patents (Park, Leahey, and Funk 2023; Kalyani 2022). 

Another possibility is raised by Olsson (2005) who hypothesizes that waves of new, 

unintentionally-developed fundamental technologies give rise to a changing balance of 

technological opportunities between incremental and radical innovations. It is helpful to 

consider technological opportunities arising in a product space—a space where each 

location, defined by a set of product characteristics, represents a distinct product that could 

conceivably be developed using current technology or which has already been developed. 

Let the product space have Z locations. Technological opportunities arise when researchers 

realize possible innovations to improve one of the existing N products or to create a new 

product at one of the 𝑍 − 𝑁 undeveloped locations. If we assume that these opportunities 

arise randomly across the Z locations, then the share of replacement opportunities is 
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𝜓 =
𝑁

𝑍
,    𝜙 =

1

1 + (
𝑍
𝑁 − 1) (1 − 𝐵)𝛽

. (18) 

Then, given a fixed Z, the replacement rate rises as the number of products, N, 

grows. This provides a kind of “fishing out” story where the replacement share rises as the 

number of undeveloped new product opportunities dwindles. 

However, there is no particular reason to assume that Z is constant. As new 

technologies emerge, new product possibilities arise, expanding the product space. CRISPR 

or Large Language Models create all sorts of new product possibilities that were not 

conceivable in any detail one hundred years ago. Economic historians have seen whole eras 

of innovation arising from major advances in science and technology such as electricity or 

chemistry (see, for instance, Gordon 2017; Kelly et al. 2021). Some see these advances 

arising from new General Purpose Technologies that open up product possibilities in a wide 

range of new applications (Bresnahan and Trajtenberg 1995). This view of major advances 

suggests that the number of conceivable products might grow episodically, alternating 

between periods of rapid growth and periods of stagnation. If so, the replacement rate may 

fall and rise over time, and, with it, the rate of productivity growth. 

Inventing around extension 

As noted above, the limit price bargain is subject to a “patent troll” problem: it 

implies that a researcher with only a trivial improvement can lay claim to over half of the 

incumbent’s profits. To make the model more realistic, let incumbent firms “invent around” 

a troll patent at some cost for R&D and legal expenses. Let the cost of inventing around be 

proportional to the improvement, 𝐹 = 𝑘∆𝑞𝑖, where 𝑘 denotes the proportional cost of 

inventing around and is constant. If the incumbent can make more by inventing around, 

then the researcher’s best plan is to offer a license fee of 𝑉𝑇(∆𝑞𝑖) = 𝐵𝐹, where 𝐵 is the 

researcher’s bargaining power.11 Importantly, we don’t want the cost of inventing around to 

be so low that incumbents can credibly threaten to invent around major improvement 

innovations. Evidence suggests that the patent troll model applies mainly to minor 

inventions and that licensees get relatively little benefit from them (Lemley and Feldman 

 

11 The bargaining surplus is 𝐹 and the researcher’s alternative is 0.  
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2016).12 In the Appendix we show that there is a threshold, 𝑇, where inventing around is 

credible for the incumbent if  ∆𝑞/𝑞0 < 𝑇(𝑘) and not for larger improvements. The 

threshold is decreasing in 𝑘, the cost of inventing around. Figure 2 shows the level of invent-

around cost (scaled) required for a given threshold 𝑇.13 For example, for the invent-around 

zone to cover 20% improvements or smaller, the scaled value of 𝑘 needs to be 3 or 4. 

With this treatment, the feasibility threshold becomes 

𝑉𝑇(∆𝑞𝑖)𝛿𝐴 ≥ 𝑤 

or 

∆𝑞𝑖 ≥ ∆𝑞𝑅 ≡
𝑤

𝐵𝑘𝛿𝐴
=

𝑞𝑁

𝐾
,    𝐾 ≡

𝐵𝑘(𝑟 + 𝑑)

𝛼𝐿𝑦𝑧
. 

Note that 𝐾 > 1 so that ∆𝑞𝑅 < 𝑞𝑁 as long as the invent-around zone is limited to relatively 

small improvements, e.g., 𝑇 < 1. This property is the same as presented above for the limit 

price bargain, and the other features of the model follow similarly. 

Conclusion 

Aggregate productivity growth depends on not just the level of R&D, but also the 

direction of R&D between replacement and new product development. While 

Schumpeterian replacement unambiguously raises productivity, a rising share of replacement 

means relatively more low-productivity innovations, relatively more incremental innovations 

compared to breakthrough innovations. And this sort of shift can reduce aggregate 

productivity growth. One cannot infer that stagnant or declining productivity growth implies 

declining research productivity; it may, instead, reflect change in the kind of innovations 

researchers choose to develop. 

Our analysis cautions against assuming that recent stagnation in productivity growth 

portends a permanent decline. Some observers see current performance as evidence of 

“fishing out”—perhaps productivity is stagnant because we have harvested all the “low 

hanging” technological opportunities. But even if we accept Gordon’s assertion (2017) that 

information technology does not deliver the same productivity benefit of past waves of 

 

12 Many patent trolls may also benefit from improperly granted patents that are not real inventions. 
13 The y-axis is scaled by 𝐵(𝑟 + 𝑑) 𝛼𝐿𝑦𝑧⁄ . 
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technology, that does not mean the next waves, some of which may already have begun, 

might not deliver more. 

Generally, the model highlights the importance of increasing the range of 

technological opportunities for new products, increasing the size of the product space. And 

the way to do this likely involves greater effort into science and basic research. With a new 

wave of technological opportunities, the replacement share of innovation will decline, the 

new product share will rise, and with it, productivity growth will rise both in the long and 

short term. Furthermore, policies that discourage trivial innovations or limit the enforcement 

of patents on minor innovations may help shift the direction of research to new products 

and to more fundamental advances. 

 

Appendix 

Bargaining solution zones for improvement innovations 

First, we obtain 𝑝𝐿 by considering prices when the final goods producer will be 

indifferent between the two products. From (2) and (3), the final goods producer’s profit on 

product i at the profit maximizing quantity is 

𝜋𝑖(𝑥̂𝑖) = 𝐿𝑦
𝛼 𝑞𝑖

𝛼𝑥̂𝑖
1−𝛼 − 𝑝𝑖 𝑥̂𝑖 = 𝑞𝑖𝐿𝑦𝛼 (

1 − 𝛼

𝑝𝑖
)

1−𝛼
 𝛼

 

From this we can see that the final goods producer is indifferent between two products of 

different quality if 

𝑞0

𝛼
1−𝛼

𝑝0
=

𝑞1

𝛼
1−𝛼

𝑝1
. 

At the limit price, firm 0 can only charge c or less, so the limit price is 

𝑝𝐿 = 𝑐 (
𝑞1

𝑞0
)

𝛼
1−𝛼

. 

If 𝑝𝐿 < 𝑝𝑀, the incumbent can make positive profits when the entrant charges the 

monopoly price. This gives rise to non-drastic innovation—the firms compete Bertrand-style 
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until at price 𝑝𝐿 the incumbent is driven out of the market. Thus, non-drastic innovation 

occurs when  

𝑞1 𝑞0⁄ < (1 − 𝛼)1−
1
𝛼 . 

Small improvements will be non-drastic; larger ones are drastic. In particular, we assume that 

marginally feasible improvements are non-drastic. 

Using the expression for the limit price,  

𝜋𝐿 = (𝑝𝐿 − 𝑐)𝑥̂(𝑝𝐿) = 𝑞0𝐿𝑦𝑧 (1 − (
𝑞0

𝑞1
)

𝛼
1−𝛼

) 

so that we can write 

𝜋𝑅(𝑞𝑖0, 𝑞𝑖1) = 𝐵𝜋𝑀(𝑞𝑖1) + (1 − 𝐵)𝜋𝐿(𝑞𝑖0, 𝑞𝑖1) 

= ∆𝑞𝑖𝛼𝐿𝑦𝑧 + 𝑏𝑞𝑖0𝛼𝐿𝑦𝑧, 

𝑏 ≡ [1 − (1 − 𝐵)
𝑞𝑖1

𝑞𝑖0
+

1 − 𝐵

𝛼
 (1 − (

𝑞0

𝑞1
)

𝛼
1−𝛼

)]. 

Using the Taylor series expansion around 𝑞1 𝑞0⁄ ≈ 1, we get 𝑏 ≈ 𝐵 and 

𝜋𝑅(𝑞𝑖0, 𝑞𝑖1) ≈ ∆𝑞𝑖𝛼𝐿𝑦𝑧 + 𝐵𝑞𝑖0𝛼𝐿𝑦𝑧 = ∆𝑞𝑖𝛼𝐿𝑦𝑧 + 𝐵𝜋𝑀(𝑞𝑖0) 

in the vicinity of the feasibility threshold. 

Solution for 𝑳𝒏 

Solving 𝑣 = 1 for 𝐿𝑛 

𝐿̃𝑛 =
(1 − 𝜙)((1 − 𝛼)(𝛽 − 1)𝛿𝐿 − 𝛽(1 − 𝐵𝜙)𝑟)

𝛿((𝛽 − 1)(1 − 𝛼 − 𝜙 + 𝛼𝜙) + 𝛽𝑠𝜙(1 − 𝐵𝜙))
. 

𝐿̃𝑛 > 0 if 

𝐿 >
𝛽(1 − 𝐵𝜙)𝑟

(1 − 𝛼)(𝛽 − 1)𝛿
. 

𝜕𝐿̃𝑛

𝜕𝜙
=

𝛽 [
(1 − 𝛼)𝐵(𝛽 − 1)𝛿𝐿(2 − 𝜙)𝜙𝑠 + 𝐵2𝛽𝜙2𝑟𝑠 − ((1 − 𝛼)(𝛽 − 1)𝛿𝐿 + 𝛽𝑟)𝑠

−𝐵𝑟((1 − 𝜙)2 (1 + 𝛼(𝛽 − 1)) + 𝛽(1 + 𝜙2 − 2𝜙(1 + 𝑠))
]

((𝛽 − 1)(1 − 𝛼 − 𝜙 + 𝛼𝜙) + 𝛽𝑠𝜙(1 − 𝐵𝜙))
2  

It is straightforward to show that 
𝜕𝐿̃𝑛

𝜕𝜙
< 0 for sufficiently large 𝐿. 
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Inventing around zone 

In the case of bargaining where the limit price is the alternative, following the text, 

the incumbent expects present value  

𝑊𝑅 =
(1 − 𝐵)𝜋𝑀 − 𝐵𝜋𝐿

(𝑟 + 𝑑)
 

so that 

𝑊𝑅 =
𝐿𝑦𝑧

(𝑟 + 𝑑)
 [𝛼(1 − 𝐵)𝑞1 − 𝑞0𝐵 (1 − (

𝑞0

𝑞1
)

𝛼
1−𝛼

)]. 

In the case where inventing around is the alternative, the value to the incumbent is 

𝑊𝑇 =
𝜋𝑀

𝑟 + 𝑑
− 𝐵𝐹 =

𝛼𝑞1𝐿𝑦𝑧

𝑟 + 𝑑
− 𝐵𝑘(𝑞1 − 𝑞0). 

The incumbent will be indifferent between the invent-around bargain and the limit price 

bargain when 𝑊𝑇 = 𝑊𝑅. Figure 2 shows indifference curves for different values of 

𝑇 = ∆𝑞 𝑞0⁄  showing 𝐾 ≡ 𝑘
𝐵(𝑟+𝑑)

𝛼𝐿𝑦𝑧
 on the y-axis. 𝑇 represents the upper limit of the invent-

around zone. The incumbent prefers inventing around to the left of this point and it prefers 

the limit price bargain to the right. 
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Figures & Table 

Figure 1. Estimated decrease in productivity growth (see text and Table 1) 
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Figure 2. Breakeven between the invent-around bargain and the limit price bargain 

 

Indifference curves for two values of 𝛼 with 𝐵 = 0.5, 𝑟 + 𝑑 = 0.2, 𝐿𝑦𝑧 = 1 calculated for 𝑊𝑇 = 𝑊𝑅, using 

the expressions in the Appendix. 
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Table 1. Estimating Effect of Obsolescence on Productivity Growth 

 

Private fixed 
investment in 
R&D, $2017 B 

Smoothed 
obsolescence 

rate 
R&D 
Stock 

net 
r&d 

net/ 
gross 

(1 − 𝜙𝑡𝐵)⁄  

(1 − 𝜙1995𝐵) 

1976 66.5 0.09 536.4 20.0 30% 0.909 
1977 70.1 0.09 558.3 21.9 31% 0.916 
1978 75.3 0.09 583.4 25.1 33% 0.931 
1979 81.2 0.09 612.1 28.7 35% 0.946 
1980 86.5 0.09 643.5 31.5 36% 0.953 
1981 92.1 0.09 677.7 34.2 37% 0.958 
1982 96.9 0.09 713.6 35.9 37% 0.958 
1983 102.3 0.0885 752.8 39.1 38% 0.966 
1984 112.8 0.0869 800.1 47.4 42% 0.992 
1985 122.4 0.0854 854.2 54.1 44% 1.007 
1986 127.4 0.0838 910.0 55.8 44% 1.005 
1987 129.8 0.0823 964.9 54.9 42% 0.994 
1988 136.9 0.0808 1023.8 58.9 43% 1.000 
1989 146.2 0.0792 1088.9 65.1 45% 1.010 
1990 155.5 0.0777 1159.8 70.9 46% 1.017 
1991 166.7 0.0762 1238.2 78.4 47% 1.027 
1992 169.9 0.0746 1315.7 77.5 46% 1.017 
1993 169.2 0.0731 1388.7 73.1 43% 1.000 
1994 170.2 0.0715 1459.6 70.8 42% 0.990 
1995 179.6 0.07 1537.0 77.5 43% 1.000 
1996 196.6 0.08 1610.7 73.7 37% 0.960 
1997 210.2 0.09 1675.9 65.2 31% 0.915 
1998 224.4 0.1 1732.7 56.8 25% 0.876 
1999 242.2 0.11 1784.4 51.6 21% 0.848 
2000 261.8 0.12 1832.1 47.7 18% 0.826 
2001 267.4 0.13 1861.3 29.2 11% 0.775 
2002 260.5 0.14 1861.2 -0.1 0% 0.698 
2003 262.6 0.151 1842.8 -18.4 -7% 0.650 
2004 264.7 0.162 1809.0 -33.8 -13% 0.609 
2005 279.2 0.173 1775.2 -33.7 -12% 0.614 
2006 298.4 0.184 1747.0 -28.2 -9% 0.633 
2007 316.0 0.195 1722.3 -24.7 -8% 0.644 
2008 325.3 0.206 1692.8 -29.5 -9% 0.635 
2009 317.3 0.217 1642.8 -50.0 -16% 0.589 
2010 318.5 0.228 1586.7 -56.1 -18% 0.576 
2011 331.8 0.239 1539.3 -47.4 -14% 0.599 
2012 334.4 0.25 1488.9 -50.4 -15% 0.593 
2013 357.8 0.25 1474.5 -14.5 -4% 0.670 
2014 377.0 0.25 1482.8 8.4 2% 0.714 
2015 390.2 0.25 1502.4 19.5 5% 0.734 
2016 424.5 0.25 1551.3 48.9 12% 0.779 
2017 437.5 0.25 1601.0 49.7 11% 0.778 
2018 464.3 0.25 1665.0 64.0 14% 0.795 

Sources: BEA NIPA; (Ando, Bessen, and Wang 2025). B=0.5. 
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