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Abstract

In this paper, we extend the model firm dynamics of Garcia-Macia, Klenow, and
Hsieh (2016) (GHK) to include a description of the costs of innovative investments as in
the models of Klette and Kortum (2004), Luttmer (2007, 2011), and Atkeson and Burstein
(2010). In this model, aggregate productivity (TFP) grows as a result of innovative invest-
ment by incumbent and entering firms in improving continuing products and acquiring
new products to the firm. This model serves as a useful benchmark because it nests
both Quality-Ladders based Neo-Schumpeterian models and Expanding Varieties models
commonly used in the literature and, at the same time, it provides a rich model of firm
dynamics as described in GHK. We show how data on firm dynamics and firm value can
be used to infer the elasticities of aggregate productivity growth with respect to changes
in incumbent firms’ investments in improving their incumbent products, incumbent firms’
investments in acquiring products new to the firm, and entering firms’ investments in
acquiring new products. As discussed in Atkeson and Burstein (2015), these elasticities
are a crucial input in evaluating the extent to which it is possible to alter the medium
term growth path of the macroeconomy through policies aimed at stimulating innovative
investments by firms. Using these methods, we find elasticities that are moderately larger
than those possible in Neo-Schumpeterian models, corresponding to modest rates of so-
cial depreciation of innovation expenditures. Our estimates are sensitive to the extent of
business stealing, which is not well identified in our data.
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1 Introduction:

Garcia-Macia, Klenow, and Hsieh (2016) (henceforth GHK) present a tractable model that
captures many features of the data on firm dynamics. This model allows for aggregate produc-
tivity growth to arise through innovation by incumbent firms to improve their own products,
innovation by incumbent firms to obtain products new to the firm, and innovation by enter-
ing firms to obtain new products. Products that are new to a firm may be new to society or
“stolen” from other firms. The goal of their paper is to use data on firm dynamics to estimate
how much of the observed growth in aggregate productivity comes from these different types
of innovation by firms.

In this paper, we extend the GHK model of firm dynamics to include a description of the
costs of innovative investments that are left un-modelled in their paper. Our extended version
of the GHK model then conveniently nests both the canonical Expanding Varieties models
analyzed in Luttmer (2007), Luttmer (2011) and Atkeson and Burstein (2010) and the canonical
Quality-Ladders based Neo-Shumpeterian models analyzed in Klette and Kortum (2004) and
the many models based on that framework. As a result, it incorporates the increasing returns
due to increased variety as well as the intertemporal knowledge spillovers from one firm’s success
in innovation to the social payoffs to another firm’s innovative investment. We then use this
extended version of the GHK model to consider the question of how an economist who has
access to rich data on firm dynamics and firm value might identify the social returns to increased
innovative investment by firms.

We measure the social returns to innovative investment by firms in terms of the increased
growth of aggregate productivity (TFP) from one year to the next that would result from an
increase in the level of real innovative investment undertaken by firms in the economy. We
conduct our measurement using data on firm dynamics from the Business Dynamics Statistics
database and the Integrated Macroeconomic Accounts for the U.S. non-financial corporate
sector. Our measurement of firm value follows the work of Hall (2003), McGrattan and Prescott
(2005, 2010, Forthcoming), and others.

When we use the baseline specification of our model to conduct the measurement, we find
a moderate elasticity of aggregate TFP growth with respect to changes in aggregate innovative
investment in the range of 0.027. This elasticity implies that a permanent 10% increase in the
labor force devoted to innovative investment would produce a 27bp increase in the growth rate

of aggregate TFP on impact and an increase in the level of aggregate TFP in 20 years relative



to its baseline level of 2.9%.1

In our baseline specification of our model, we assume that there is no business stealing and,
as a result, our estimates of the elasticities of aggregate TFP growth with respect to changes in
aggregate innovative investment do not depend on how that additional innovative investment is
allocated across different categories of investment. Moreover, there are no gains in productivity
growth to be had by reallocating a given aggregate level of innovative investment across the
three categories of investment. This finding is thus quite sensitive to our assumptions about
the extent of business stealing. To illustrate this point, we consider alternative specifications of
our model in which the maximum level of business stealing consistent with the firm dynamics
data is assumed. Here we find that the elasticity of aggregate TFP growth with respect to a
change in aggregate innovative investment is unchanged relative to our baseline specification
of the model if that change in innovative investment in concentrated exclusively on an increase
investment by incumbent firms on improving their existing products. In contrast, the elasticity
of aggregate TFP growth with respect to changes in aggregate innovative investment concen-
trated on investment by incumbent and entering firms on acquiring products new to these firms
is much smaller that we found in our baseline. In addition, we find that there would be substan-
tial gains in productivity growth to be had by reallocating a given aggregate level of innovative
investment away from investment by entering firms and by incumbent firms in acquiring new
products and towards investment by incumbent firms in improving existing products. We thus
see our findings in the baseline specification of our model as a generous estimate of the produc-
tivity gains to be had from using general or untargeted policies to stimulate more innovative
investment by firms. Further research would be needed to make firm conclusions about the
possibilities for improving aggregate productivity through policies that reallocate a given level
of innovative investment.

Atkeson and Burstein (2015) show that if one imposes the assumption that there is no social
depreciation of innovative expenditures, as is done implicitly in Neo-Schumpeterian models
based on the Quality Ladders framework such as Klette and Kortum (2004) and also in GHK,
then the quantitative implications of the model for the elasticities of aggregate productivity
growth with respect to changes in innovative investments in economies with low baseline levels

of TFP growth are tightly restricted by that low baseline level of TFP growth (roughly 1.25% or

1 As discussed in Atkeson and Burstein (2015), to compute the dynamics of TFP growth beyond the first year,
we must specify the extent of intertemporal knowledge spillovers. Here we use the estimate of these spillovers
from Fernald and Jones (2014).



less than half of what we find in the baseline specification of our model) regardless of the fit of
the model to the data on firm dynamics and value. To conduct our measurement, we thus extend
the GHK model to allow for two simple forms of social depreciation of innovative expenditures:
we allow incumbent firms to lose products due to exogenous exit of products and we allow for
the productivity with which incumbent firms can produce products to deteriorate over time
in the absence of innovative investments by that firm. One implication of our measurement
findings is that social depreciation of innovative expenditures must exist and be larger than
roughly 50bp per year.

Now consider the logic of how we obtain these results. Our measurement of the model-
implied elasticity of aggregate TFP growth with respect to a change in the level of innovative
investment is based on two key implications of the model regarding the relationship, in equi-
librium, between innovative investment, product size, firm value, and aggregate TFP growth.

The first of these key implications of the model is that the marginal impact on aggregate TFP
growth of innovative investment by firms either to improve existing products, steal products
from other firms, and create new products is directly proportional to the marginal impact on
product size net of creative destruction that results from such investment, with the factor of
proportionality determined by the elasticity of substitution between products in production
of the final consumption good. To be specific, in the model, investments by firms either to
improve their own products or steal products from each other result in a net increase in the
size of the existing product being innovated on due to an increase in the productivity with
which it can be produced, while investments by firms to create new products result in the gross
addition of a new product of a given size which is determined by the productivity with which
that new product can be produced. Thus, to measure the elasticity of aggregate TFP growth
with respect to a change in innovative investment by firms, we must measure the impact, at
the margin, of each type of innovative investment on product size.

To measure the marginal impact of innovative investment on product size, we use the second
key implication of the model — its implication regarding the relationship between firm size
and firm value. In the equilibrium of the model, the value of a product to a firm is directly
proportional to its size. In the equilibrium of the model, if firms choose innovative investment to
maximize profits, the rate of return on innovative investments should be equal to the equilibrium
rate of return of the economy. Since the rate of return on each type of innovative investment

is directly proportional to the impact, at the margin, of that type of innovative investments



on product size, we can use this equilibrium condition of the model to measure that marginal
impact of investment on product size that we need to calculate the marginal impact of such
investments on aggregate TFP growth.

To be clear, we are not imposing that the private and social returns to innovative investment
by firms are equal. These returns differ due to markups, spillovers from successful innovation
by one firm on a product on the costs of benefits of innovative investment by other firms and
due to failure of firms to internalize the impact of business stealing on other firms. Instead,
we bring together data on firm dynamics and firm value interpreted through the equilibrium
conditions of the model to conduct a measurement of the elasticities of aggregate TFP growth
with respect to changes in aggregate innovative investment which we interpret as a measure
of the social return to such investments. We see one of the main contributions of our paper
to be the development of simple formulas relating data on firm dynamics, firm value, firms’
innovative investment expenditures, and the equilibrium rate of return to the elasticities of
aggregate TFP growth with respect to a change in aggregate innovative investment allocated
in any way across the three categories of innovative investment that we consider.

Our specification of the technologies for how innovative investments by firms translate into
improved productivities of products have three central implications that keep our extended
GHK model tractable and allow for aggregation of data on investment, size, and value across
firms. First, as in Klette and Kortum (2004), Atkeson and Burstein (2010), and many other
papers in the literature, the costs and benefits of innovative investment per existing product
scale with product size. This implies that, in equilibrium, innovative investments of each firm
are directly proportional to firm size. Second, as in many papers in the literature, our assump-
tions on innovation technologies imply that if innovative investments per existing product are
proportional to product size, then the dynamics of product size are consistent with a strong
form of Gibrat’s Law. With this strong form of Gibrat’s Law at the level of products, we can
characterize the growth rate of aggregate productivity as a simple function of aggregate real
innovative investment in each of the three categories of innovative investment, as in GHK.?
Third, our assumptions on spillovers impacting the costs and benefits of innovative investments
(which extend those in Luttmer (2007)) ensure that, on a balanced growth path with growth

in both the average productivity of products and in the total measure of products, aggregate

2 Akcigit and Kerr (2017) provide an alternative specification of the innovative investment technologies avail-
able to firms that imply that expenditures by firms on acquiring new products does not scale with firm size. It
is possible to extend our measurement methods to a variation of our model in which innovation investments by
incumbents firms to acquiring new products scale up with their number of products but not with firm size.
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innovative investment in each of the three categories we consider is constant over time.

This paper builds on our work in Atkeson and Burstein (2015). In that previous paper, using
a more general model, we showed how, under certain assumptions, the quantitative implications
of that model for the change in the dynamics in aggregate TFP that arise from a change in
expenditures on innovative investment can be summarized by two key statistics — the impact
elasticity of aggregate TFP growth from one year to the next with respect to a change in
aggregate innovative investments and the intertemporal spillovers of knowledge. We derived
an upper bound on the impact elasticity equal to the difference between the model’s calibrated
baseline TFP growth rate and the social depreciation of innovative investments. We showed how
these two key model statistics also shape the model’s implications for the change in welfare that
result from a change in aggregate innovative investment. Finally, we derived results regarding
the fiscal cost of subsidies required to boost the innovation intensity of the economy on a
balanced growth path.

The model we consider in this paper consolidates the five example economies that we con-
sidered in Atkeson and Burstein (2015). Under certain parameter restrictions, the model in
this paper satisfies the three main assumptions we use in Atkeson and Burstein (2015). Thus,
under these restrictions, our earlier results apply directly to the model we use in this paper.

Our primary contribution in this paper relative to our earlier work is to draw on the GHK
model’s implications for the relationship between product size and product value to measure the
impact elasticity of aggregate TFP growth from one year to the next with respect to a change
in aggregate innovative investment, and hence to provide a bound on the social depreciation of
innovative investments.

In section 2, we lay out the GHK model together with the technologies for innovative in-
vestment that we add in our extension of that model. We also describe the prominent existing
models that are nested by this new model. In section 3, we define the elasticities of aggregate
TFP growth with respect to changes in innovative investment that we seek to measure. In this
section, we also present our first proposition regarding our model’s implications for these elas-
ticities under the assumption of no social depreciation of innovative investment characteristic
of Neo-Schumpeterian models. In section 4, we present our model’s implications for firm dy-
namics and firm value. In section 5, we use those implications of our model to derive formulas
for the elasticities of aggregate TFP growth with respect to changes in aggregate innovative

investment. In section 6 we use these formulas to conduct our measurement and present our



results. We then conclude. Further details on the model and on our measurement procedure

are presented in the Appendix.

2 Model and Equilibrium Properties:

In this section, we first present our extension of the GHK model to include specifications of the
technologies for innovative investment by firms. We then derive the reduced-form equilibrium
relationship between the growth rate of aggregate TFP and the levels of real innovative invest-
ment in each of the three categories of investment that we consider: investment by incumbent
firms in improving their own products, investment by incumbent firms in acquiring products
that are new to that incumbent firm, and investment by entering firms in acquiring products
that are new to that entering firm. We finally discuss the set of models that are nested in our

extension of the GHK models.

2.1 Aggregate Output and Total Factor Productivity:

There is a final good, used for consumption and investment in physical capital, produced from

a continuum of intermediate products through a CES aggregator

p/(p—1)
Y, = Z yt(z)(p_l)/”Mt(z)]

where Y; denotes the output o the final consumption good and M;(z) is the measure of inter-
mediate products with index z at time ¢. The total measure of intermediate products at t is
given by M, =" M(z).

These intermediate products are produced at each date t according to production technolo-
gies

yi(2) = exp(2)ki(2) I (2)

where 2z indexes the position of the marginal cost curve for the producer of the intermediate
good with this index, and k;(z) and [, (z) denote the quantities of physical capital and labor
used in production of the intermediate good with index z at date ¢t. To simplify our notation,

we assume that the support of z is a countable grid with z, = nA for the integers n. *

3Under the assumption of a CES aggregator, productivity z can be reinterpreted as a measure of product
quality (so that firms innovate to improve the quality of products rather than to increase their productivity),
without changing the results in this paper.



We assume that, in equilibrium, producers of the these intermediate products sell their
output to producers of the final good at a constant markup g > 1 over their marginal cost.
This markup may be the monopoly markup p/(p—1) determined by the elasticity p in the CES
aggregator for final good production or a smaller markup determined by Bertrand competition
by the equilibrium producer of that intermediate product with a latent competitor with marginal
cost that is p times the marginal cost of the producer of the intermediate product.

Assuming constant markups g > 1 of prices over marginal costs across intermediate prod-

ucts, in equilibrium, aggregate output of the final good is given by
Y, = Z KL

where K, is the aggregate stock of physical capital, L, is the aggregate quantity of labor used
in production of this final good, and Z, is total factor productivity given by
1/(p—1)
Zy= | exp((p — 1)2) My(2) : (1)

2.1.1 Product Size:

In equilibrium we have that the shares of output and inputs accounted for by an intermediate

product with index z at time ¢ is given by

o) = EP =12 ) k() ()

Zf_l Y;ﬁ Kt Lpt '

Hence, we refer to s;(z) as the size of a product. In data, this can be measured in terms of
value added or profits or physical capital or production labor. This measure is also additive,

so we can use it to refer to the size of categories of products as we do below.

2.1.2 Contributions to TFP by firm and product categories:

As in Klette and Kortum (2004), firms in this economy produce a number of products n, where
n is a natural number. Entering firms enter with a single product, so n = 1. Firms exit when
the number of products that they produce drops to zero. We say that a firm is an incumbent
firm at t if it also produced products at ¢ — 1. Otherwise, firms at t are entering firms. We say
that a product is an ewxisting product at t if it was also produced at ¢t — 1. Otherwise, products
at t are new products. New products are new to society.

Not all products that are new to a firm at ¢ are new to society. Some products that are new

to a firm at t are existing products that were produced by some other firm at t — 1. We refer to



existing products that are produced by a different firm at ¢ than at ¢t — 1 as stolen products. We
refer to existing products at ¢ that are produced by the same firm at t as at t — 1 as continuing
products. Note that, by definition, continuing products are produced by incumbent firms.
With this terminology, we decompose aggregate productivity at ¢ into five components.
First, we define the contribution to aggregate productivity at ¢ from continuing products at

incumbent firms as
1/(p-1)

Zier = | Y exp((p — 1)2) Miar(2)

where M;.(z) is the measure of continuing products with index z produced by incumbent firms
at date . Second, we define the contribution to aggregate productivity at ¢ from new products
(for society) in incumbent firms, Z;,;, in the analogous manner, where M;,;(z) is the measure
of new products for society with index z produced by incumbent firms at date t. Third, Z;
is the contribution to aggregate productivity at ¢ from stolen products produced by incumbent
firms, with M4 (z) the corresponding measure of those products at ¢ by index z. Fourth, Z.,;
and M.,;(z) are the contribution to aggregate productivity at ¢ and the corresponding measure
by index z of new products (for society) produced by entering firms. Finally, fifth, Z. and
M, (2) are the contribution to aggregate productivity at ¢ and the corresponding measure by
index z of stolen products by entering firms.

These contributions of different product categories to aggregate productivity at ¢ are directly
proportional to the aggregate size of each of these product categories at t. Specifically, let
Siet = Zi’gl 1Zf ~! denote the aggregate size of continuing products at incumbent firms, and
likewise let Sint, Sist, Sent and Seg; denote the sizes of the other four product categories. Let
Simt = Sint + Sist denote the size of those products that are new to incumbent firms at ¢
(including both new products to society and products stolen from other incumbent firms) and
Set = Sent + Sest the size of those products that are new to entering firms at t.

In what follows, we also find it useful to develop notation for the fraction of products in each
of these product categories. To that end, let Fi; = M. /M; denote the fraction of products that
are continuing products at incumbent firms, and likewise let F},;, Fig, Fon: and F.g denote the
sizes of the other four product categories. Let F},,; = Fj,; + F;s denote the fraction of products
that are new to incumbent firms at ¢ (including both new products to society and products
stolen from other incumbent firms) and F,; = F,,; + F.s the fraction of products that are new
to entering firms at t.

We define the average size of products in a category to be the ratio S/F for any given



category. Given this definition, the average size of all products at each date ¢ is equal to one.
Hence, our measure of average size of products in a category is a measure of the average absolute

size of a category of products relative the average absolute size of all products.

2.2 Technology for Innovative Investment:

We assume that firms make three types of innovative investments: incumbent firms invest to
improve their continuing products, incumbent firms invest to acquire new products to the firm
either through the creation of a new product or acquisition of a stolen product, and entering
firms invest to acquire new products to the entering firm either through the creation of a new
product or acquisition of a stolen product.

Innovative investment is undertaken using a second final good, which we term the research

good, as an input. The aggregate amount of this research good produced at time ¢ is
Yoo = ApnZ{™ Lyt (2)

where L,, = L; — L, is the quantity of labor devoted to production of the research good
(the total quantity of labor L, grows at an exogenous rate gr), A,; is the level of exogenous
scientific progress (which grows at an exogenous rate ga, ), and the term Zf’ ! for ¢ < 1 reflects
intertemporal knowledge spillovers in the production of the research good as in the model of
Jones (2002). We let P,; denote the relative price of the research good and the final consumption
good at time .

In specifying the production function (2) for the research good, we are following Bloom
et al. (2017) in choosing units for the inputs into innovative investment such that it is possible
to maintain a constant growth rate of aggregate TFP by investing a constant real amount Y, of
the research good.* Using the language of that paper, L,; denotes the quantity of labor devoted
to “research” and Arth ~! denotes the productivity with which that research labor translates
into a real flow of “ideas” Y, available to be applied to the three categories of innovative
investment examined in our model. We have assumed that exogenous scientific progress in
terms of increasing A,., by itself, drives up research productivity over time. If we assume ¢ < 1,
then increases in the level of aggregate productivity reduce research productivity in the sense
that “ideas become harder to find”. As we discuss below, with ¢ < 1, the growth rate of our

model economy on a balanced growth path is driven by the growth of scientific progress and

40ur parameter ¢ corresponds to 1 — 3 in equation (17) of Bloom et al. (2017).



population growth consistent with production of a constant amount of the research good Y
when research labor L,; grows with the population.

We denote the aggregate quantity of the research good that incumbent firms invest at ¢ in
improving z for continuing products at ¢t + 1 by x;.;. We denote the aggregate quantity of the
research good that incumbent firms invest at ¢ in acquiring products new to that firm at ¢ + 1
by xint. We denote the aggregate quantity of the research good that entering firms invest at ¢
in acquiring products new to that firm at ¢t + 1 by z.;. The resource constraint for the research
good is

Tict + Timt + Ter = Yog. (3)

2.2.1 Overview of assumptions on the three innovative investment technologies

We now specify the three technologies available to firms for innovative investment. We begin
with a brief overview of the key assumptions used in our specification of these technologies and
then we provide the details of each of the three technologies.

We specify the technologies for innovative investment used by firms so that, in equilibrium,
the allocation of investment across firms satisfies three properties.

First, we follow Klette and Kortum (2004) and Atkeson and Burstein (2010) in choosing
innovative investment technologies for incumbent firms so that, in equilibrium, the innovation
intensity of each firm is directly proportional to firm size. Specifically, we assume as in Klette
and Kortum (2004), the research capacity of an incumbent firm for improving its products and
for acquiring new products is determined by the current number of products that it produces.
We extend the model of the firm’s research capacity used in that paper so that equilibrium
investment by incumbent firms either in improving each of their continuing products or in
obtaining new products is directly proportional to the size of the product for each product that
they produce.

Second, we extend the spillovers impacting the costs and benefits of innovative investments
assumed in Luttmer (2007) to ensure that, on a balanced growth path with growth in both the
average productivity of products Z7 ! /M; and in the total measure of products M;, aggregate
innovative investment in each of the three categories we consider is constant over time.

Third, as in Klette and Kortum (2004) and Atkeson and Burstein (2010) and many other
papers in the literature, we assume that innovative investments result in equilibrium dynamics
for the size of existing products consistent with a strong form of Gibrat’s Law. With this strong

form of Gibrat’s Law, we can characterize the growth rate of aggregate productivity as a simple
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function of aggregate real innovative investment in each of the three categories of investment.
We now describe in more detail the assumptions on the technologies for innovative invest-
ment at the firm level and the implied dynamics of the measures and contribution to aggregate

productivity of each product category.

2.2.2 Investment in Entry

An entrant at time t spends 1/M; units of the research good to launch a new firm at ¢ + 1
with one product.” With probability ¢ that product is stolen from an incumbent firm. With
probability 1 — ¢ that product is new to society.

We assume that the productivity index for stolen products in new firms is drawn in a manner
similar to that in Klette and Kortum (2004) and other standard Quality Ladders type models.
Specifically, we assume that stolen products in new firms at ¢t + 1 have a productivity index 2’
that is drawn from a distribution such that the expected value of the term exp((p—1)z’) is equal
to Eexp((p—1)2') = Ges 207" /M,.5 Recall that Z/~' /M, is the expected value of exp((p — 1)2)
across all products produced at t.

We assume that the productivity index for new products in new firms is drawn in a manner
similar to that in Luttmer (2007). Specifically, we assume that new products in new firms at
t + 1 have a productivity index z’ drawn from a distribution such that the expected value of
the term exp((p — 1)2') is equal to Eexp((p — 1)2') = fen Z0 " /M, with 7, > 0.

With these assumptions, if there are a total of M,; entering firms at time ¢, then they spend
in total xo,y = M, /M, units of the research good and acquire M, new products at ¢ + 1. Given

an assumed value of 9, we then have
Mesiyr = 0xet My, and  Mepey = (1 - 5)$CetMt-
Likewise we have
Zbwsr = TesZ{ '0xar, and  Zlpyy = fenZ{ (1 = 8)aar

These results imply that the contribution of all products produced in entering firms to aggregate

productivity at ¢t 4+ 1 is given by

p—1 _ p—1 p—1 - p-1
Zet+1 == Zest—H + Zent+1 - neZt )

50Qur results are unchanged if we introduce an additional parameter §. such that entry costs are given by
Je /My (we have imposed g, = 1).

6In standard Quality Ladder models, 7.5 = exp((p — 1)A;), where A, denotes the percentage improvement
in productivity of stolen products. We allow the step size to be stochastic and independent of the productivity
of the stolen product, as in GHK.
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where we define the parameter 7, as
Ne = 0Mes + (1 — 6)Ten.
2.2.3 Investment in New Products by Incumbent Firms

Associated with each product that an incumbent firm produces is a technology for acquiring
new products that depends on the productivity index z of that product. Specifically, if an
incumbent firm at ¢ invests x;,,,;(z) units of the research good into the technology for acquiring

new products associated with its current product with index z, then it has probability

h (ximt(Z)ﬁ)

of acquiring a new product (new to the firm) at ¢ + 1. Here, h(-) is a strictly increasing and
concave function with h(0) = 0 and h(z) < 1 for all z. Since we focus on local elasticities,
we do not make further assumptions on the shape of this function or the function ((-) defined
below.

With probability ¢, that product is stolen from an incumbent firm that was producing a
product with index z at ¢ and it has productivity index 2" at t+1 drawn from a distribution such
that the expected value of the term exp((p—1)z’) is equal to Eexp((p—1)2’) = s exp((p—1)z)."

With probability 1 — § that product is new to society. We assume that the productivity
index 2’ for new products in incumbent firms acquired using the research technology associated
with an existing product with index z is drawn from a distribution such that the expected value
of the term exp((p — 1)2’) is equal to Eexp((p — 1)2') = i exp((p — 1)2) with 7, > 0.

In appendix A we show that in an equilibrium with constant markups and uniform subsidies
for investment in new products by incumbent firms, the scale of this investment per product

with index z is directly proportional to the size of the product. That is,

Tomi(2) = ximtw’

z0
where the factor of proportionality x;,, is also the aggregate amount of such investment at ¢
(>, Time(2)My(2)). With such investment by incumbents in acquiring new products directly

proportional to size, we have

Misi11 = 5h(Iz’mt)Mt, and Mipis1 = (1 - 5)h<xz’mt>Mt~

7Our results are unchanged if we allow for differences between entrants and incumbents in the fraction of new
products that are stolen, §, as in GHK (we consider this extension when we calibrate our model using GHK’s
estimated parameters).
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Likewise we have

Zlity = Mhs Y exp((p = 1)2)5h(im) My(2) = T35 Z0 ™ 6h(ime),

Ztviir = i Y exp((p = 1)2) (1 = O)h(@i) My(2) = Gin Z{ ™ (1 = O)(iur)-

These results imply that the contribution of all new products produced in incumbent firms to

aggregate productivity at ¢ + 1 is given by

Zbi = 20+ 20 = N 20

imit+1 ist+1 int+1

where we define

2.2.4 Investment in Continuing Products by Incumbent Firms

Incumbent firms producing M; products at ¢ lose those products for three reasons. A fraction
dp of those product exit exogenously. A fraction § M, /M; = dx of these products are lost due
to business stealing by entering firms. A fraction dh(x;,) of these products are lost due to
business stealing by incumbent firms. Thus the measure of continuing products in incumbent
firms is given by

Mo = (1 - 5Mt)Mt

where d,;; denotes the exit rate of incumbent products, given by
5Mt = 50 + (S (h(l‘lmt) + l’et) . (4)

Incumbent firms have research capacity associated with each product that they produce that
allows them to invest to improve the index z of that product. We follow Atkeson and Burstein
(2010) in describing the technology incumbent firms use to improve continuing products. We
assume that if an incumbent firm with a product with productivity z at ¢ spends x;.(2) of the
research good on improving that product, it draws a new productivity index 2/, conditional on

continuing, from a distribution such that the expectation of exp((p — 1)2’) is

Eexp((p—1)2') = (»’Eict(z)(m)iptp—_%

We assume that ((z) is a strictly increasing and concave function.

) expl(p — 1)2).
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In appendix A we show that in equilibrium with constant markups and uniform subsidies

for this category of innovative investment, each incumbent firm chooses the same investment

exp((p—1)2)
zP~1

in incumbent firms to aggregate productivity at ¢ + 1 is given by

per unit size Ty (2) = Tiqt . This implies that the contribution of continuing products

Zlty = (1= 0uy) (i) 20 (5)

We assume that 7., > ((2i) and 7;s > ((zi). These inequalities correspond to the
requirement that a product that is stolen from incumbent firms is, in expectation, produced
with a higher 2z’ at ¢ + 1 in its new firm than it would have had as a continuing product in the
firm that previously produced it. Equivalently, stolen products have larger average size than
continuing products in incumbent firms. This assumption is justified if the time period in the

model is short enough.®

2.3 Implied Dynamics of the number of products and aggregate TFP

These assumptions imply dynamics for the total measure of products given by

Myt
M,

= (1= 0nre) + P(@int) + Ter- (6)

These assumptions also imply dynamics for aggregate productivity

(Z;:l) ) = (1 — 50 - 5(h(ximt) + $et)) QT(Jil-Ct) + fllh(xzmt) + et (7)

2.4 Balanced growth path

We focus on balanced growth path (BGP), in which the division of labor between production and
research, production of the research good, and its division over the three forms of investments
are constant over time, Ep/ Ly, Y., Zic, Tim, and Z.. On a BGP, aggregate productivity, the

measure of products, and output per worker grow at constant (log) rates given by

:§L+§AT
1—0¢ ’

8Since s, corresponds to an exit rate per unit time of existing products in incumbent firms, we do require
that 0g, h(Zim:) and ze all shrink to zero in proportion to the length of a time period as the time interval
between periods t and ¢ + 1 shrinks to zero. Thus, if we choose a short enough time period, we do not have to

be concerned about the possibility that d,7¢ > 1. Likewise, since log(¢ (wc)) corresponds to the expected growth
rate of z for continuing products in incumbent firms, we require that log({(x;.)) converges to zero in proportion
to the length of a time period as the time interval between periods ¢ and ¢ + 1 shrinks to zero. On the other

hand, the expected increments to size, 7.5 and 7;, are both independent of the length of the time period.

9z
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_ _ 9z
gy/L —1—0/

g =1og (1 = 6o + (1 = 0)(A(Tim) + Tc)) -

2.5 Nested Models

This model nest five commonly used models in the literature: three types of Expanding Varieties
models and two types of Neo-Schumpeterian models.

If = 0, then there is no business stealing and hence all new products acquired by incumbent
and entering firms are new products for society, expanding the measure of products M;. This is
the assumption typically made in an Expanding Varieties model. Luttmer (2007) is an example
of an expanding varieties model in which there is only innovative investment in entry. (Note
that we do not consider the endogenous exit of products due to fixed operating costs featured in
that paper and in GHK). Atkeson and Burstein (2010) is an example of an expanding varieties
model in which there is innovative investment in entry and by incumbent firms in continuing
products. Luttmer (2011) is an example of an expanding varieties model in which there is
innovative investment in entry and in the acquisition of new products by incumbent firms.

Neo-Schumpeterian models based on the Quality-Ladders framework typically assume § = 1
and dy = 0. The simplest versions of these models do not accommodate growth in the measure
of varieties M;. Grossman and Helpman (1991) and Aghion and Howitt (1992) are examples
of Neo-Schumpeterian models in which there is only innovative investment in entry. Klette
and Kortum (2004) is an example of a Neo-Schumpeterian model in which there is innovative
investment in entry and by incumbent firms in acquiring new products (new to the firm, not

to society).

3 Elasticities of TFP growth with respect to innovative
investment

From equation (7), we can write the growth rate of TFP as a function of innovative investments

as
gzt = IOg(ZH_l) — log(Zt) = G($ict7 Timt, xet)

where

G(Tic, Tim, Te) = log ((1 — 80 — 6(h(Tim) + 2e)) C(Tic) + Tih(Tim) + ﬁexe)

p—1
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We now consider the elasticities of TFP growth with respect to the three types of innovative
investment. To do so, we evaluate derivatives of G at a point (Z;., Tim, T.) and Y, that satisfies
equation (3) — recall that x;., Timt, Tet, and Y, are all constant on a BGP. Then, to a first

order approximation, we have

QZ = Gicjictj:ict + Gim:fim:i'imt + Gejefiet (8)
where _ _
_ 1 (1 — 50 - 5(h(fim) + 7@)) C(fw) C/(iiC)i‘ic
Gicxic - — ~ (7 9
p—1 exp((p — 1)gz) ((Zic) ¥
) U (=0C(Zie) + 1) P(Zim) B (Z i) Tim
Gimxim = — 7 10
p=1  exnl(o=Dgz)  hlaw) 1)
and

1 (_5E(jlc) + 77]6) je (11)
p—1 exp((p—1)gz)
where for any variable in levels x, 2; denotes the log deviation from its BGP level, 2, =

Gei‘e =

log(z;) —log(z), and for any growth rate g, §; denotes the difference from the BGP growth rate,
gt =gt — G-

In general, the elasticity of the growth rate of aggregate TFP with respect to a change in
aggregate real innovative investment Y, depends on how that change in aggregate innovative

investment is allocated across the three different types of investment subject to

jic A :Eim ~ ie ~
- Lic <~ Lim T Let = Y;" . 12
v ¢+ + Y ¢+ v ¢ ¢ (12)

A

We consider two types of perturbations to innovative investment, Z;., Timt, Ter. The first

type is a proportional change in all categories of innovative investment
Tict = Timt = Ter = Yoo

so that the elasticity of TFP growth with respect to total innovative expenditure is equal to

the sum of three individual elasticities:
QZ = (Gicjic + szjzm + Geje) }Afrt-
The second type of perturbation is concentrated on a single form of innovative investment
Y o Y, Y, o

Tigt = —Yp4 O Tjppp = — Y,y O T = — Y.
ic Lim Le
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so that the elasticity of aggregate TFP growth with respect to changes in aggregate innovative

investment is given by

Y, Y, Y
Gicfic__ or szi'zm__ or Gel'e_—. (13)
ic m Te

In the event that G;. = G, = G, then these two different types of perturbations (and all
other feasible perturbations) deliver the same elasticity of aggregate TFP growth with respect
to a change in aggregate real innovative investment. We are interested in measuring the extent
to which this aggregate elasticity differs depending on the type of perturbation, so we aim to
measure the six terms G.Tic, GimTim, GeTe, and Y, /Tie, Yy /Zim, and Y, /T, separately.

In what follows, we show how one can use data on firm dynamics and firm value together
with the condition that firms’ innovative investments are optimally chosen to measure the
elasticities of aggregate TFP growth with respect to perturbations of aggregate innovative
investment allocated in various ways across the three categories of investment. Before doing so,
we first derive a bound on the elasticity of aggregate TFP growth with respect to a proportional
change in all three categories of innovative investment implied by our model once it is calibrated

to match a given TFP growth rate on the BGP, gz, that is independent of such data.

3.1 Bounding the elasticity with respect to a proportional change
in all innovative investment

Following Atkeson and Burstein (2015), we are able to bound the elasticity of TFP growth with

respect to a proportional change in all innovative investments as follows.

~

Proposition 1. If Z;y = Ty = Tet = Yye, then the elasticity of TFP growth with respect to
innovative investment is bounded by the difference between the baseline growth rate of TFP and

the counterfactual growth rate of TFP when all investment is zero, i.e.

iz < (37 — G(0,0,0)) Yy

Proof. The proof follows from the concavity of the function H(a) defined as
H(a) = G(aZic, Tim, aT.)

Specifically, if T;os = Tipt = Ter = f/,nt, then

9z = H'(1)Y;y.

The result follows from the fact that for concave functions H'(1) < H(1) — H(0). We prove

that H(a) as defined above is concave in appendix B, O
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We refer to the growth rate of TFP that would arise if all innovative investment were set to
zero, G(0,0,0), as the rate of social depreciation of innovative investments.

Note that the bound on the elasticity g/ Y, established in Proposition 1 is independent of
parameters outside of those that determine the model’s implications for gz and G(0,0,0). We
have shown above how one can calibrate our model’s implications for gz, given a population
growth rate g, by choosing the growth rate of scientific progress g4, and the parameter ¢
governing intertemporal knowledge spillovers.

In both Klette and Kortum (2004) and GHK, it is assumed that the rate of social de-
preciation of innovation G(0,0,0) = 0. As a result, the elasticity gz /Yr corresponding to a
proportional change in all three categories of innovative investment is bounded above by gz.
This proposition thus imposes a tight bound for advanced economies with low baseline gz in
the GHK model as specified in GHK.

In our implementation of the GHK model, we do not make this assumption that there is
no social depreciation of innovation. Because we allow for exogenous exit of existing varieties,
denoted by g, and for deterioration of the index z of continuing varieties in incumbent firms,

denoted by ((0) < 1, we have social depreciation of innovation given by

G(0,0,0) =

P log ((1 — 00)¢(0)) (14)

(recall that since h(z;,) denotes a rate at which incumbent firms acquire new products, we
impose that h(0) = 0). Thus, our version of the GHK model potentially allows for a higher
elasticity g/ Y, > gz if we allow for social depreciation by calibrating &y > 0 and/or ¢(0) < 1.

Once we allow for the possibility that G(0,0,0) < 0, the model admits for a large value of the
elasticity g/ Y, to proportional changes in innovative investment, even in an advanced economy.
Moreover, the elasticity of TFP growth with respect to changes in single forms of investment

will differ from that of a proportional change in all investment forms if the derivatives G;., Gin,

and G, defined in (9), (10), and (11) differ from each other.

4 Implications for Firm Dynamics and Firm Value

In this section, we discuss what data one can use to measure the terms needed to compute the
derivatives (9), (10), and (11) and the equilibrium allocation of innovative investment Z;./Y,
Tim/Y,, and 7./Y, needed to compute the elasticities in (13).

We first show how the values of Z., ((Zi.), h(Zim), e, and 7; can be inferred using data on
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product level dynamics. We then show that the baseline decomposition of investment Z;., Z;,
and Z. relative to total investment Y, can be inferred using the model’s implications on the
value of firms, and that the values of the derivatives ('(Z;.) and A'(Z,,) can be inferred using
the condition that firms choose investment to maximize their private value.

The parameters dy and § governing the share of products new to incumbent and entering
firms that are stolen from other incumbent firms are not pinned down on a BGP by the data on
firm dynamics or firm values without further structural assumptions such as those pursued in
GHK. Rather than attempt to identify these parameters, we put bounds on the terms we wish

to measure by considering the minimum and maximum permissible values of the parameter 9.

4.1 Implications of Data on Product Level Dynamics

We consider an economist who has data on the growth rate of the measure of products
gae = log(My 1 /M) as well as data on the fraction of products that are continuing products in
incumbent firms Fj. 1, the fraction of products that are new to incumbent firms measured as
the sum of those that are new to society and stolen Fj,;11, and the fraction of products that
are produced in entering firms measured as the sum of those that are new to society and stolen
Fett1.

We also assume that this economist has data on the growth rate of aggregate TFP gz =
log(Z11/Z;) and data on the aggregate size of continuing products in incumbent firms S;.. 1,
the aggregate size of products that are new to incumbent firms measured as the sum of those
that are new products and those that are stolen S;,,;+1, and the aggregate size of products that
are new to entering firms measured as the sum of those that are new products and those that
are stolen Seppi1-

Data on the dynamics of the measure of products allow one to identify the values of the

following parameters on a balanced growth path (variables in a BGP are denoted with a bar):

(1 —6un) = Ficexp(gnr)

T, = F,exp(gu).

Data on size and aggregate TFP growth, together with the data on the measures of products

discussed above, allow one to identify the following model parameters. The parameters 7. and 7;
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are identified from data on the average size of products that are new to entering and incumbent

firms on a balanced growth path,

__ Seexp((p—1)gz) and 7 = Sim exp((p — 1)3z)
© F. exp(gm) " Fo exp(gu)

The value of {(z;.) is identified from data on the average size of continuing products in incum-

bent firms ~
- Sic ex —1)g
Fie  exp(gur)

We can thus re-write the derivatives in equations (9), (10), and (11) as

_ 1 o 6,(_1'0)5710
Gicxic Szc = 15
1% @) 15)
_ o 1 & gic = h/(jzm)jzm
Gt =5 (S = ) S5 "
and B

_ 1 o Sic =

Gexe = m (Se - 5EFE> . (17)

These formulas indicate that if we do not make the assumption that social depreciation of
innovative investment is zero (G(0,0,0) = 0), then data on product-level dynamics alone do
not place a tight bound on the elasticities of aggregate TFP growth with respect to changes in
aggregate innovative investment.

Consider, for example, the elasticity of aggregate TFP growth with respect to a change
in aggregate innovative investment allocated entirely to increased investment in entry. From
equation (17), this is given by

G r - 1 (5; - 5§—F) L

Le pP— 1 ic je

Here the term S, — (5%5 F. is the contribution of entry to product size at ¢ + 1 net of business

stealing of existing products and z,/Y, is the fraction of innovative investment undertaken by
entering firms. In a pure expanding varieties model in which there is no business stealing (so
d = 0), this elasticity is then given by 1/(p — 1) times the ratio of the share of employment
(and production and physical capital) in entering firms to the share of innovative investment
undertaken by entering firms. Thus, if the ratio of the share of employment (and production
and physical capital) in entering firms to the share of innovative investment undertaken by

entering firms were close to one, then, with a standard value of p = 4, this elasticity would
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be close to 1/3, which is much larger than the level of TFP growth gz observed in advanced
economies.
Likewise, equation (15) implies

Yr 1 O }_/;’ ! 7ic 7ic

GicjicT - —Szc__w
Lic pP— 1 Tic C(xzc)

v,

where the term gici,—_ is the ratio of the size of continuing products in incumbent firms to

the share of innovative investment carried out by incumbents aimed at improving continuing
products, and the term CE.%—C)Q;C“ is a measure of the concavity of their innovative investment

technology. Again, if the ratio of the size of continuing products in incumbent firms to the share
of innovative investment carried out by incumbents aimed at improving continuing products is
close to one and the investment technology is not too concave, then this elasticity of aggregate
TFP growth with respect to a change in aggregate innovative investment concentrated on
continuing products might be quite large.

Accordingly, we turn below to the question of how we might use data on firm value and the
condition that firms choose innovative investment to maximize firm value to measure innovative

investment shares Zi./Y,, Tim/Y, and Z./Y, and the derivatives

C (_xic)xic and h (xzm)xzm

The parameter o governing the extent of business stealing also has an important impact on

(18)

the magnitude of the elasticities (16) and (17). We are not able to identify this parameter using
the data on firm dynamics and firm value that we consider. We are able, however, to place

bounds on this parameter as we next discuss.

4.1.1 Bounds on ¢, and §

With data on firm dynamics, we have only identified the exit rate of exiting products indexed
by 0y as defined in equation (4) and the average size of products that are new to incumbent and
entering firms indexed by 7; and 7, defined in equation (7). While our data on firm dynamics
does not identify the parameters §y and ¢ individually, our model does impose bounds on these
parameters as follows.

Both of these parameters o, and 6 must be non-negative. Moreover, we must have dy <
Sar = 1 — Fy.exp(gas) since 6 > 0.

We must also have ¢ below the minimum of four upper bounds. The first of these is 6 < 1.

The second of these corresponds to the value of § implied by equation (4) with §y = 0 (since
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dp cannot be negative) and the data on the exit rate of incumbent products and the fraction of

new products in incumbent and entering firms. Specifically

5 < Oar _ 1— Feexp(gu)

T h(Zim) + 7. (1= Fie) exp(gu)

This bound is lower than 1 if the measure of products grows over time (i.e. gy > 0 ). The
third and fourth bound correspond to the requirement that new products (new to society)
have non-negative average size (7, > 0 and 7, > 0), combined with the restriction above
that, in expectation, stolen products be larger than those that they replace (7, > () and
Nen > C(75.)). Using the definitions of %; and 7, above, we have

5 < — 7?@ _ ‘gzm/i
C(xzc) m F1ic

and B o
5< e _ Se /S
a C(jzc) Fe Fic

The minimum of these bounds binds when new products in incumbent or entering firms are

smaller than continuing products on average in the data.
We now turn to our model’s implications for the relationship between firm value and firm

innovative investments.

4.2 Firm Value and Innovative Investment

We assume that in addition to the data on firm dynamics discussed above, the economist has
data on the share of output Y; paid to owners of incumbent firms as profits over and above rental
payments for physical capital, the share of output that incumbent firms spend on innovative
investments and the rate of return at which owners of firms discount profits. We first discuss
how we use these data to infer the value of the intangible capital of incumbent firms and the
share of output that entering firms spend on innovative investment. We then discuss how we put
bounds on the division of incumbent firms’ innovative investments into investment in continuing
products and investment in acquiring new products and how we measure the derivatives (18).
We conclude this section with a proposition summarizing our results.

To simplify the presentation, we assume that there are no taxes or subsidies in the observed
equilibrium. In the Appendix and in the quantitative analysis we take into account the impact
of corporate profit taxes, dividend distribution taxes, and R&D subsidies on measures of firm

value and on the optimality conditions for innovative investments.
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4.2.1 The value of incumbent firms

In our model, the value of incumbent firms is equal to the value of the physical capital owned
by the firm plus the expected discounted present value of dividends to innovative investment
earned by incumbent firms. The aggregate flow of dividends paid to owners of incumbent firms
as compensation for their innovative investments is equal to the profits earned by incumbent

firms in excess of their costs of innovative investments

—1
th - |:IUT - irt:| Y;f (19)

Here (u — 1)/uY; is the flow of profits earned by incumbent firms in excess of the rental cost
of their physical capital and the term Sy = Pry(%iet + Time)/Y: is the innovative investment
undertaken by these firms relative to output of the final consumption good. We denote the
innovation intensity of the economy inclusive of innovative investment by entrants by S,; =
P,.Y,;/Y;, which is equal to S + Prer/ Yot

We now consider our model’s value of the intangible capital of an individual incumbent firm.
The intangible capital of each incumbent firm at time ¢ is indexed by the number of products
it has, n, and the productivity indices for those products, z; for £ = 1,...,n (both of which
vary across firms). Define the size of the firm at t as

n

R e exp((p— Dz
St = ; si(zr) = Z thfl

k=1

Given the assumptions we have made about the technologies for innovative investment, the
size of an incumbent firm is a summary statistic of its intangible capital. The owners of an
incumbent firm of size s at time t collect a dividend as compensation for their innovative
investments of D,;s composed of the difference between the variable profits earned by the firm
[(u—1)/p] Yis less expenditures PoZins and P.&i,s on innovative investment in improving
its own products and in acquiring new products for the firm respectively.

Because the risk of gaining losing a product is idiosyncratic and since the increment to
size for continuing products is also idiosyncratic, we can value future dividends according to

expected size. In expectation, this incumbent firm will have size s’ at ¢ + 1 given by

p—1

Eq [s']s] = [(1 = Oare) C(ict) + P (@ime)] s. (20)

Zt
p—1
t+1

We then have that the intangible capital value an incumbent firm of size s at time ¢ (including
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its profits earned at t) satisfies the following recursion

1 _ _ p!
Vis = Dys + TRtVtH [(1 — Onre) C(ier) + nih(ximtﬂ ﬁsa

where R; denotes the consumption interest rate between ¢ and t + 1.
Using the notation v; = %, dy = DTT’ gyt = log(YtTtl) and our expressions for ;1 and

Simt+1 above, we have

exp(g
v = dy + %}2)%“ (Sict+1 + Simt+1) - (21)
Hence, on a BGP, the value of firms’ intangible capital is
b 1o SR gy B d,, (22)
1+ R
where d, is the share of compensation to intangible capital in output and
|- SRV g B (23)
1+ R ‘

is the multiple at which this compensation of intangible capital is valued.

Equation (22) is equivalent to

Sy = “T_l - [1 - e’liil]’;)(l - Se)} . (24)

We now use this equation together with the zero profit condition for entering firms to infer the

research intensity of the economy on the BGP, S,.

4.2.2 The value of a new firm

The zero proft condition for entering firms is given by

P, 1 VA
e /A (25)
M, 1+ R, M, z{
Multiplying this equation by x.M; and dividing by Y; gives
Prizer  exp(gye)
= Seti1-
Y, 1+ R, Vt10et+1
In a BGP, this equation becomes
e _ eXP(9Y) o (26)
Y 1+ R
Equations (24) and (26) together imply that S, can be inferred using
_ ~1 g
SR P 0] (27)
7 1+ R
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4.2.3 Implications for the allocation of innovative investment by incumbents

We are not able to precisely identify the division of incumbent firms’ innovative investments on
the BGP, S;,, into the two separate categories P@ic/ Y and P.Z, / Y. We are, however, able to
establish bounds on those investment levels as follows.

The contribution of investment in acquiring products each period to firm value must be
non-negative. That is, on a BGP, we must have v at least as large as the value that the firm
would obtain if it were to set investment into acquiring new products equal to zero in every

period. Given the assumption that h(0) = 0, this alternative value of incumbent firms on a

BGP is given by B
5= 11— eXp(gY)Sv - m—= 1 o Pr?ic .
1+ R Ju Y

The requirement that v > v implies that

11— 5,)] {u—l_Pmc] - {u—l_ S }

exp(gy) & Y
[1_ 1p+£g Sic} .

or, equivalently, we have that the research expenditures of incumbents on improving continuing

products relative to value added must lie between the bounds

D — exp(gy) exp(gy) &
5—'4 > PTEEZ'C > 1-— 1}:_9]%/ Szc < 1P+g}%/ S,L n— 1 (28)
Yo m1-epeda-g,) " 1-2ia-g,) p

We now summarize the model’s implications for the division of innovative investment into
components B B
rfic Pri‘im Pri'e
e orom oy T
Y Y Y

The innovation expenditure share of entrants is given by equation (26). We are not able to

S, =

precisely identify the division of expenditures ;. between £ =2 and E w2 Qur calibration of
&% however is constrained by the bounds (28).

We now turn to the final step of our measurement procedure in which we measure the deriva-
tives in (18) using the first-order conditions characterizing firms’ optimal choices of innovative

investment.
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4.2.4 The implications of optimal investment

When an incumbent firm chooses investment z;4(z) > 0 optimally to innovate on one of its

products with index z at ¢, its choice satisfies the first order condition

1 zr!

P,= Vo1 (1 = 0ppe)C (@ier) ——, 29
t 1+ R, t—|—1( Mt)C (m t)th+11 ( )
which, on a BGP is equivalent to
P EE' _ /l_)eXp(glj) Slcg_lg_ic>j16’
Y 1+ R C(Zic)
or B - B
C/(_j‘ic)i‘ic _ eXp(g}_/) S'ic Prjz_c/Y . (30)
C(LEw) 1 + R v

Likewise, when an incumbent firm chooses investment z;,(z) > 0 optimally, its choice

satisfies the first order condition

1 Zr1
P = Verafiih! (Time) 5=
¢S T, el (@imt) ol

which, in a BGP is equivalent to

or

(31)

5 Measured Elasticities

We now are able to measure the implications of our model for the elasticities of aggregate TFP
growth with respect to changes in aggregate innovative investment as follows. Recall that we
assume that the economist has access to data on the markup g and the ratio of incumbent
firms’ innovative investments to value added S;, (or equivalently, to data on S;, and the share
of value added paid to intangible capital, % — S;), data on the ratio of the BGP growth rate
to the consumption interest rate exp(gy)/(1+ R), and to the data on firm dynamics in step 1 of
our measurement procedure. The parameter determining the extent of business stealing, §, and
the division of innovation expenditures, S;,, between P,Z;. / Y and P.Zjn, / Y cannot be directly
inferred from these data and hence must be assigned by the economist, subject to the bounds
defined in Section 4.1.1 and equation (28), respectively. The elasticities are summarized in the

following proposition.

26



Proposition 2. Our model’s implications for the relationship between firm value and firm

innovative investments give that the elasticities (9) - (13) can be measured as

— 1 eXp(gY) - Prfic/}_/
N al 2
GZCI’LC p _ 1 { 1 + R @ (3 )
_ }/7’ o 1 eXp(QY) - S’r
Gy =1 |22 12 3
_ 1 eXp(gY) Sic Sim prj:zm/y
imLim — = — 0= = — 4
—1 = = =
Gz =~ [SRED |y 5% [om | |5 (3
Lim P — 1 1+R Ec Fzm v
-1 r = = _ 5
G, = L | DRy 55 [ 5] | B/ (36)
p—1| 1+R e/ F. v
and _ L _ _ _
G = L [eR@)) S [Se] [5 (37)
z. p—1| 1+R | F,./ F. v

where the value v is given in equation (22). The results imply that the elasticity of aggregate

TFP growth with respect to a proportional change in all three categories of innovative investment

s given by
Gicfic + szfzm + Gefe = (38)
1 Jexp(gy)] ‘1 5 5Sic PZim/Y N Pz, )Y
p—1| 1+R o\ L Sem S

The values of §, P.z;./Y , and P.ZT;,/Y are constrained by bounds defined in Section 4.1.1 and
expression (28).

Proof. Equation (32) follows directly from equations (15) and (30). We have

Y, .Y
L R
Q_:ic Pr«fic

With equation (32), we then have the result (33). Equation (34) follows from equations (16)
and (31). Equations (35) and (37) follow from the derived allocation of investment. O

To develop intuition for the economics of these elasticity formulas (32) - (37), it is useful
to consider a second approach to deriving the same results that emphasizes the role of the
marginal impact of investment on product size in shaping both the social products of innovative

investment Gj;., G;,, and G, and the private returns to such investment.
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To start, consider the impact at the margin of a change in the level of investment at ¢
by a single incumbent firm in improving an existing product with index z and size s; at t on
aggregate TFP at ¢t + 1 From equations (1) and (5), this derivative is given by

1 (1=0m)l ()27 1 )

—1 -

log(Zi1) = (Z>]E EASIENE

0Tt (2)

where the second equality follows from (20). Thus, we have that the marginal contribution
to the logarithm of aggregate productivity at ¢ + 1 of an incumbent firms’ investment at ¢
in improving one of its products is directly proportional to the marginal contribution of that
investment to the expected size of the product at ¢ + 1, with the factor of proportionality given
by 1/(p —1).

Now we have also seen that firms earn the market rate of return in equilibrium on their
investments in increasing the expected size of their continuing products. This observation allows
us to identify the marginal contribution of an incumbent firm’s investment in a continuing
product on the expected size of that product. Specifically, from equation (29), we have that, if

this level of investment is chosen optimally, then

0 (1 - 5Mt)c_/($ict)thil Py
Oria(e) 115 . Uy
These equations then give us that
a P'rt
—log(Z =——(1+R
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Our assumptions that the costs of firms’ investments in continuing products and the incentives
to invest are both proportional to product size together with our imposition of a strong form
of Gibrat’s Law at the product level give us the result that these derivatives are independent
of z and hence

B ! P,
Gt = — log(Z =—(1+R
Al 0g(Zi41) e 1( + t)V;H-l

Multiplying and dividing this equation by Y;y;/Y;, multiplying both sides by x;., and imposing

that we are on the balanced growth path then gives equation (32).

To be clear, we are not imposing that the private and social returns to innovative investment
by incumbent firms in continuing products are equal. Instead, we rely on the structure of the
model with its CES aggregator to measure the marginal social returns to such investment as
1/(p — 1) times the marginal impact of such investment on the size of continuing products in

incumbent firms. We then use the implication of the model that firm value is proportional to
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size to argue that, when innovative investment in continuing products by incumbent firms is
chosen optimally, the marginal impact of such investment on the size of continuing products is
equal to (14 R;)P,;/V;+1, where V;44 is the factor of proportionality between private firm value
and firm size.

In the event that there is no business stealing, so § equals zero, this line of argument we

used to derive the derivative G;. gives the following corollary of Proposition 2:

Corollary 3. If there is no business stealing, so 6 = 0, then all three partial derivatives of G
are equal to each other, G = Gy, = Ge. This implies that the elasticity of aggregate TFP
growth with respect to a change in aggregate innovative investment Y, is independent of how that
change in aggregate innovative investment is allocated across the three categories of investment

and is given by Gz

gz _ 1 [exp(gy) TS,
Y, p—1[1+R v

Proof. The partial derivatives of G are obtained from equations (32), (34), and (36) with § =0
after dividing each expression by the corresponding level of investment. The overall elasticity

is obtained from equation (38) with § = 0. O

Now consider the derivation of the elasticities (34) and (36) when there is business stealing,
so 0 > 0. These elasticities can be derived in a similar manner as with (32) except that one
must adjust for the impact of business stealing in these calculations. Specifically, investment
by incumbent and entering firms in acquiring new products has a marginal contribution to
the logarithm of aggregate productivity at ¢t + 1 that depends on the net contribution of such
investment to the size of products at ¢ + 1 (net of business stealing) while it has a contribution
to firm value that depends on the gross contribution of such investment to the size of products

produced by the firm at t + 1. The terms

Sic Szm Sic S’e
poor/re] wa [oo/F]

in equations (34) and (36) denote the ratio of the net contribution of these innovative invest-

ments to the size of products at ¢t + 1 to the gross contribution of these investments to the size
of products produced by the firm at ¢ + 1.
This consideration of business stealing allows us to rank the elasticities considered above as

follows.
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Corollary 4. The elasticities (33), (35), and (37) can be ranked as

Y, Y,
S Gz‘cjic -

im ic

Gim'f m

Y, Y,
Geje,_ S Gic‘fic,— .

(& c

In the event that the average size of new products in incumbent and entering firms is the same,

that is Sim/Fym = S./ F,, then B
Y,
Gimjim,_ - Geje

IR

Proof. The first inequality follows from the observation that

/]
Fic/ Fim

and the second from the observation that

-0 ] <1

The final equality follows directly from the assumption on the equality of the average size of

new products in incumbent and entering firms. O

5.1 Relationship to Atkeson and Burstein (2015)

In our previous paper, Atkeson and Burstein (2015), we showed that, under certain assumptions,
the quantitative implications of that model for the change in the dynamics in aggregate TFP
that arise from a change in expenditures on innovative investment can be summarized by two
key statistics — the impact elasticity of aggregate TFP growth from one year to the next with
respect to a change in aggregate innovative investments and the intertemporal spillovers of
knowledge.

The model we consider in this paper consolidates the five example economies that we con-
sidered in Atkeson and Burstein (2015). Under certain parameter restrictions, the model in
this paper satisfies the three main assumptions we use in Atkeson and Burstein (2015). These
parameter restrictions are as follows.

We use Assumption 1 in Atkeson and Burstein (2015) to develop the bound on the elasticity
of aggregate TFP growth with respect to a proportional change in all categories of innovative

investment that we apply in Proposition 1. For our model here to satisfy assumption 1 in
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Atkeson and Burstein (2015), it is sufficient for the functions ((z) and h(x) to be concave. The
proof of this point is given in Appendix B.

We use Assumption 2 in Atkeson and Burstein (2015) to give conditions under which the
impact elasticity of aggregate TFP growth with respect to a change in aggregate innovative
investment does not depend on how that change in investment is allocated across categories
of investment. In Corollary 3 we show that this assumption 2 holds in our current model if
there is no business stealing. In Corollary 4 we show that this assumption 2 also holds in our
current model if there is business stealing, but if there is no investment by incumbent firms in
continuing products (z;. = 0) and if the average size of new products in incumbent and entering
firms is the same.

We use Assumption 3 in Atkeson and Burstein (2015) to derive the dynamic implications
of a change in innovation expenditure for the path of aggregate TFP. Given that aggregate
TFP growth in this current model can be written as a simple function of three aggregate
categories of innovative investment without any further dependence on time, G(Z;ct, Time, Tet),
this assumption 3 holds whenever assumption 2 is satisfied. Assumption 3 also holds if the
perturbations to categories of innovative investment are done in the same proportions across

time periods, i.e. /Y, is constant across time and likewise for /Y and Ze /Y.

6 Quantitative analysis

We use our model to measure the elasticities of aggregate TFP growth with respect to changes
in aggregate innovative investment given several alternative calibrations of our model. In these
various calibrations of our model, we consider alternative measures of the share of innovative
investment by incumbent firms in output S;,, alternative measures of product-level dynamics,
and alternative specifications of the business stealing parameter 6. We focus here on giving an
overview of the sources used to calibrate the parameters of the model. A detailed presentation
of the calibration is given in the appendix.

Throughout, we set the time period in the model to one year. We set the elasticity of
substitution p = 4 in the CES aggregator in equation (1) defining aggregate TFP. Note that
this assumption fixes the term 1/(p — 1) that enters into all of our elasticity formulas. Holding
the equilibrium markup p fixed, changes in this parameter p have no impact on any other
implication of our model for the elasticities of aggregate TFP growth with respect to changes

in aggregate innovative investment other than through this term. Hence, it is clear that our
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measured elasticities will be larger if we choose a value of 1 < p < 4 and smaller if we choose a
value of p > 4.

We fix a BGP consumption interest rate of R = 4.5%. This rate of return is close to
that estimated by Poterba (1998) (5.1%), Hall (2003) (4.46%), and by McGrattan and Prescott
(2005) (4.1% for 1990-2001). We consider the implications of alternative choices for this interest
rate at the end of our quantitative analysis. We set the growth rate of the labor force g, = 0.008
corresponding to the annual growth rate of employment in the non-financial corporate sector
over the period 1990-2014.

Output and Innovative Investment by Incumbent Firms To measure the share of
innovative investment by incumbent firms in the output of these firms, we use data from the
Integrated Macroeconomic Accounts and Fixed Assets Tables for the US non-financial corporate
sector derived from the U.S. National Income and Product Accounts (NIPA). We use averages
of the data for the period 1990-2014 to calibrate our model’s BGP.

Since 2013, the NIPA data that we use include investments in intellectual property products
in measured value added. We map these data on gross value added of the non-financial corporate
sector and the expenditures on innovative investments by incumbent firms in this sector to
variables in our model as follows. In our model, total expenditures on innovative investments
correspond to output of the research good P,;Y,; and to the compensation of research labor
Wi L,;. We presume that what is measured in the data is the innovative investment expenditures
of incumbent firms P (Zie + Time). We describe below how we infer the innovative investment
expenditures of entering firms P,;x., since we assume that entrants are not in the non-financial
corporate sector when they make these expenditures. Hence, in mapping measures of output
and labor compensation in the data to variables in our model, we must make the several
adjustments to the data. We do so as follows.

We consider two measures of aggregate innovative investment by incumbent firms in the
data corresponding to the model quantity P, (Z;. + Ziy,). We consider first a broad measure
of such investment corresponding to measured investment by non-financial corporations in all
intellectual property products. These intellectual property products include research and devel-
opment, software, and artistic and literary originals. We next consider a narrow measure of such
investment corresponding to measured investment by non-financial corporations in research and
development alone. When we use this narrow measure, we treat investment in software and

artistic and literary originals as standard investment in physical capital as is currently done in
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the NIPA.

Using either of these measures of innovative investment expenditures by incumbent firms,
aggregate output of the final consumption good Y; in our model corresponds to measured Gross
Value Added of the non-financial corporate sector less indirect business taxes and either the
broad or narrow measure of innovative investment expenditures by incumbent firms. Likewise,
compensation of production labor W;L,, corresponds to compensation of employees in the non-
financial corporate sector less either the broad or narrow measure of innovative investment
expenditures by incumbent firms.

With these adjustments, we arrive at measures of S;. = 0.06 or 0.03 using our broad and
narrow measures of innovative investment expenditures by incumbent firms respectively. The
corresponding BGP growth rate of output of the final consumption good is gy = 0.025 in both
cases.

We report on our measures of incumbent firms’ innovation expenditures relative to output
in Table 1.

Payments to Physical Capital and Profits In the data, Gross Value Added of the
non-financial corporate sector is decomposed into indirect business taxes, compensation of em-
ployees, and gross operating surplus. In our model, a portion of this gross operating surplus is
paid as rental payments to physical capital and a portion is paid to owners of firms as variable
profits. To measure variable profits, we impute rental payments to physical capital using a stan-
dard user cost formula relating the implicit rental rate to the return required by investors 1+ R,
the corporate profits tax rate, the depreciation rate, and the expected revaluation of physical
capital. We use data from the Integrated Macroeconomic Accounts to do this imputation as
described in appendix D. In doing so, we remove intellectual property products from the mea-
sures of the replacement value of physical capital and consumption of fixed capital in the data
when we use our broad measure of innovative investment. Likewise, we remove research and
development from these measures of the replacement value of physical capital and consumption
of fixed capital in the data when we use our narrow measure of innovative investment.

With these adjustments, we arrive at measures of profit shares of (¢ —1)/u = 0.112 or 0.074
using our broad and narrow measures of innovative investment expenditures by incumbent firms
respectively.

With these profit shares, we measure dividends to intangible capital relative to output after

corporate profits taxes and subsidies for innovative investment of d,; = 0.052 and 0.042 using
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Table 1: Innovation Intensity, Profits, Dividends, and Value

Calibration S;,  profit share "T_l dividends d, valuev S,

Broad 5i£? LBD Dynamics | 0.06 0.112 0.052 1.4 0.092
Narrow_Sir, LBD Dynamics | 0.03 0.074 0.042 1.0 0.057
Broad S;,, GHK Dynamics | 0.06 0.112 0.052 1.1 0.093

our our broad and narrow measures of innovative investment expenditures by incumbent firms,
respectively.

With our imputed share of rental payments to physical capital in production costs (a =
0.266 or av = 0.283 corresponding to our broad and narrow measures of innovative investment
expenditures by incumbents, respectively), we construct estimates of the BGP growth rate of
total factor productivity gz = 0.0123 and 0.0125 corresponding to each of the two measures of
innovative investment expenditures.

We report on our measures of profits and dividends to intangible capital in Table 1.

Product level dynamics:

To measure product-level firm dynamics gar, Sic, Sim, Se, Fic, Fim, F., we consider two
data sources. First we use data from the Longitudinal Business Database on the dynamics of
establishments and firms. Second we use estimates of product level dynamics from GHK.

Consider first the data from the Longitudinal Business Database (LBD). This data set
reports on the number and employment of business establishments in the United States. These
establishments are matched to the firms that own them. We make the identifying assumption
that an establishment in the LBD data corresponds to an intermediate good in the model. We
assume that the growth rate in the number of products corresponds to the growth rate in the
number of establishments. The fraction of new products in entering firms in the model, F,
corresponds to the fraction of establishments in the data that are new and are owned by new
firms. The fraction of new products in incumbent firms in the model, F},,, corresponds to the
fraction of establishments that are new and are owned by firms that are not new. The fraction
of products that are continuing products in incumbent firms in the model, Fj., corresponds to
the fraction of establishments are are not new. We make the same mapping between model and
data for product (establishment) size measured as the share of employment in establishments
in each of the three categories Se, Sim, and S;.. If we assume time periods that are longer
than one year, entrants represent a higher share in the total number of establishments and in

employment (see appendix E).
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Table 2: Product Level Dynamics

H Statistic LBD Data GHK Estimates H
Sie 0.948 0.956
Sim 0.025 0.016
S, 0.027 0.028
F, 0.900 0.956
Fin 0.023 0.020
F, 0.078 0.024
Oim 0.33 (upper bound) 0.58
e 0.33 (upper bound) 0.94

With S, = 0.027, in the LBD data, from equation (23), we then have that the value of
intangible capital to output v is equal to a multiple of 22 times the ratio of dividends to
intangible capital to output d,. With our broad measure of innovative investment, we measure
v = 1.4, and S, = 0.092. With our narrow measure of innovative investment, we measure

=1 and S, = 0.057. The model’s implied Tobin’s ¢ (the ratio of the market value of firms

]|

— including intangible and physical capital— relative to the value of the replacement cost of
physical capital) is 1.29 with our broad measure of innovative investment and 1.23 with our
narrow measure.

We also consider the estimates of product level dynamics from GHK. In that paper, the
authors estimate product level dynamics over a five-year time horizon. In appendix E we
describe how we map their estimates to our model. We use their estimates for the 2003-2013
time period in Table 4 of that paper, with innovation rates annualized. With these estimates
of product level dynamics, we measure o = 1.1 and S, = 0.093.

We present our measures of product-level firm dynamics in Table 4. We report on our
measures of firm value and the total innovation intensity of the economy in Table 1.

Business Stealing

We are not able the split of new products to firms between those that are new to society and
those that are stolen from other firms, indexed in our model by §. The fraction ¢ is bounded
below by zero and above as describe in Section 4.1.1. We consider specifications of our model
with ¢ set to its minimum value of zero and its maximum value of 0.329. Note that the LBD

data on firm dynamics has the average size of products ordered by
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Hence, our maximum value of d,,4x satisfies

Se S;
7 = Owaxg (39)

and, hence, from equation (37), the elasticity of aggregate TFP growth with respect to a change
in investment in entry is equal to zero. At this maximum level of 9, the products stolen by
entrants are the same size that they would have been had they not been stolen (7., = ((Zs.))
and new products created by entrants have zero size (7, = 0).

We also consider the values of ¢ implied by the estimates in GHK (they infer this parameter
using firm-level data and further structural assumptions). These authors allow for different
values of ¢ for incumbent firms and for entering firms. We show in Table 3 that GHK’s estimates
also imply elasticities with respect to changes in investment in entry that are close to zero.

We present our measures of the parameters § governing the extent of business stealing in
Table 4.

Decomposition of incumbents’ innovative investments

To measure the elasticities (32), (34), and (38), we must divide incumbent’s innovative in-
vestments into those aimed at improving continuing products and those aimed at acquiring new
products. As discussed in section 4.2.3, we cannot measure precisely the division of incumbents’
innovation expenditures into these two categories. The share P,z;./Y is bounded above by S,
and below as indicated in equation (28). In our baseline calibration, we use the middle point
between these two bounds.

Note that the elasticities of aggregate TFP growth with respect to a change in aggregate
innovative investment concentrated entirely in any of the three categories of innovative in-
vestment as given in (33), (35), and (37) do not depend on the assumptions we make about
the division of innovative investment by incumbents S;, into categories P,Z;. /Y and P.Z;,/Y.

Instead, they depend only on the total innovation intensity of the economy S,.

6.1 Model Implied Elasticities

We consider the following alternative specifications of our model.

Baseline Specification 0: We consider our broad measure of innovative investments, use
use product-level dynamics estimated from the LBD, and we set the business stealing parameter
0 equal to zero, so that there is no business stealing. We treat this specification as a baseline

against which we compare the alternatives below
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Alternative Specification 1: We consider our narrow measure of innovative investments,
use use product-level dynamics estimated from the LBD, and we set the business stealing
parameter 0 equal to zero.

Alternative Specification 2: We consider our broad measure of innovative investments,
use use product-level dynamics estimated from the LBD, and we set the business stealing
parameter 0 equal to its maximum value.

Alternative Specification 3: We consider our broad measure of innovative investments,
and use product-level dynamics estimated from GHK including their estimated business stealing
parameters.

We present the model implied elasticities of aggregate TFP growth with respect to a change
in aggregate innovative investment concentrated on investment by incumbents in continuing
products, (33), investment by incumbents in new products, (35), and investment by entrants,
(37), as well as this elasticity with the change in investment allocated proportionally across all
three categories of investment, (38) in Table 3. We present results for our baseline specification
0 and the three alternative specifications.

Consider first, the implications of our model in the baseline specification 0 reported in the
first row in Table 3. In that table we see that all four reported elasticities are identical. Since
the business stealing parameter 6 = 0, from Proposition 2 and Corollary 3, we have that all
four elasticities listed in the table are equal to

1 {exp(gy)} - &
p—1| 1+R v
Note that these elasticities all substantially exceed the bound gz from Proposition 1 that

would obtain if we had assumed no social depreciation of innovative investments as is done
in Neo-Schumpeterian specifications of our model. Below, we use our measurement of these
elasticities to infer an upper bound on the growth rate of aggregate TFP that would obtain in
the absence of all innovative investments G(0,0,0) implied by this proposition. This bound is
implied by the result that the ratio of innovative investment S, to the value of the dividends
paid to this investment v is too high to be consistent with a model in which incumbent firms
could have kept the same productivity index z on their continuing products with no investment
at all.

Compare the results for our baseline specification to those in our alternative specification 1
listed in the second row in Table 3. Since we also assume that there is no business stealing, we

again have that all four entries in this second row are equal to each other. But now they are
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lower than those for our baseline specification 0. This result follows simply from the fact that
we have used a narrow measure of innovative investment. In particular, we have that the ratio
of innovative investment S, to the value of the dividends paid to this investment v is lower
in this specification and this accounts for the lower elasticities found in this first alternative
specification.

Now compare the results for our baseline specification to those in our alternative specification
2 listed in the third row in Table 3. In this alternative specification 2, we again use the broad
measure of innovative investment, but we now assume the maximum level of business stealing
permitted in the model.

In this alternative specification 2, we find that the elasticity of aggregate TFP growth
with respect to a change in aggregate innovative investment concentrated on incumbent firms’
investment in continuing products listed in the third column of the table (GiZi.(Y,/Ti) =
0.027) is the same as in our baseline specification. This is because consideration of business
stealing does not impact our measurement of the terms for innovative investment S, and firm
intangible value v that enter into equation (33). But now we find that the other elasticities are
lower than in the baseline specification due to business stealing. In particular, the elasticity
with respect to entry only is equal to zero. At the maximum level of business stealing, at
the margin, entry makes no contribution to aggregate TFP growth given that equation (39)
holds at this maximum value of §. The elasticity of aggregate TFP growth with respect to a
change in innovative investment concentrated on investment by incumbent firms in acquiring
new products is slightly positive because in our firm level data, the average size of new products
in incumbent firms is slightly larger than the average size of new products in new firms.

The overall elasticity of aggregate TFP growth with respect to a proportional change in
all three categories of innovative investment is similar to that in the other alternative speci-
fications. It is certainly the case that it would be possible to increase aggregate productivity
growth substantially in this specification if it were possible to find a policy that would reallo-
cate innovative investment away from entry and the acquisition of new products and towards
incumbent firm investment in continuing products.

Finally, consider the results for our alternative specification 3 listed in the fourth row of
Table 3. In this alternative specification 3, we again use the broad measure of innovative
investment, but we now use the estimates of product-level dynamics from GHK and we use

their estimates of business stealing.
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Table 3: Elasticities of aggregate TFP growth

H Specification xe only x;, only ;. only Proportional change H
0. Broad Inv, LBD Dyn, § =0 0.027 0.027 0.027 0.027
1. Narrow Inv, LBD Dyn, § =0 0.019 0.019 0.019 0.019
2. Broad Inv, LBD Dyn, max ¢ 0.000 0.018 0.027 0.016
3. Broad Invest., GHK Dyn and 6 | 0.005 0.008 0.028 0.018

In this alternative specification 3, we find that the elasticity of aggregate TFP growth
with respect to a change in aggregate innovative investment concentrated on incumbent firms’
investment in continuing products listed in the third column of the table (G;Zi(Y; /%) =
0.028) is the similar to that in our baseline specification (0.027) because the ratio S,/v is
similar across the two specifications. Because these authors estimate that business stealing
is a large part of firms’ acquisition of new products, the elasticities of aggregate productivity
growth with respect to changes in aggregate innovative investment concentrated on entry or on
the acquisition of new products by incumbent firms are both small. In sum, consideration of
the product-level dynamics estimates from GHK do not yield substantially different elasticities
than those we found with the LBD data and high levels of business stealing in alternative
specification 2.

We also consider the sensitivity of our estimates of these elasticities to our assumed equi-
librium rate of return on the BGP R. We have chosen R = 0.045 as our baseline.

If we choose a larger value of the equilibrium rate of return, we obtain larger measures of the
elasticities in Table 3. For example, if we choose R = 0.055, in our baseline specification, the
elasticities in the first row of the table rise from 0.027 to 0.052. A larger value of R impacts our
measurement in that it raises our estimate of the share of capital paid to tangible capital (from
.236 to .262 and hence lowers our estimate of the share of profits paid to intangible capital in
output (u—1)/p from .11 to .086. This thus lowers our measure of the dividends to intangible
capital d, from 0.52 to 0.026. With these changes, our measurement of S, /v rises from 0.081
to 0.155.

With a lower value of the equilibrium rate of return, we obtain smaller elasticities. With
R = 0.035, we obtain elasticities of 0.018 in the baseline specification of the model in the first
row of Table 3.
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6.2 Implications for social depreciation of innovation expenditures

Now consider the implications of our measured elasticities in Table 3 for the social depreciation
rate of innovative investments implied by the baseline and alternative specifications of our
model. From Proposition 1, we have the following upper bound on the value of G(0,0,0)
consistent with the data on product level dynamics and firm value to which the model has been
calibrated:

G(0,0,0) < gz — (GicZic + GimTim + GeTe)

Thus, in our baseline specification of the model, we have G(0,0,0) < 0.0123—0.0268 = —0.0144,
and G(0,0,0) bounded above by —0.0062, —0.0041, and —0.0058 in the three alternative spec-
ifications of our model.

As indicated in equation (14), the rate of social depreciation of innovation expenditures
is determined by parameters p, &y, and ((0). In each of the specifications of the model we
have presented, we have calibrated values of p and . We are not able to identify ¢(0), which
corresponds to the growth rate of continuing products in incumbent firms in the absence of any

investment by these firms in these products.

6.3 Dynamics of aggregate productivity

In Table 3, we summarize the implications of our model for the elasticity of aggregate TFP
growth over a one year horizon with respect to changes in aggregate innovative investment,
either allocated entirely to one of the three categories of innovative investment, Z;., T, and Z.
or proportionally to all three categories of investment. We now briefly consider the implications
of our results for TFP growth over a medium-term horizon.

It is not typically possible to measure real aggregate innovative investment Y,;. Instead, in
the data, it is possible to measure expenditures on innovation by incumbents S;.; (and infer
the innovation intensity of the economy S,;) as we have done above, or the allocation of labor
between production and research L, and L,.." Here, we focus on the cumulative impact on
aggregate TFP over a 20 year horizon of a permanent change in the allocation of labor away
from production and into research such that L, = log(Ly) — log(L,). We envision that this
change in the allocation of labor between production and research is induced by changes in

policies so that the research technologies that we consider remain unchanged.

9The innovation intensity of the economy, S,, is related to the share of labor employed in research, L, /L4,
through the equilibrium equation L,;/Ly; = /(1 — &) Sye.
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By equation (8), the logarithm of aggregate TFP (relative to the initial BGP) at time ¢ 41,
Zt+1: is

Zt+1 - Zt + (Gicjicxict + szfzmxzmt + Gejel‘et) s

where changes in aggregate investment of each type, ., Time, and ., must satisfy the aggregate
constraint
j:ic A *Tim A 5

Te . A
77“%'@: + ?ximt + ert =L+ (¢ —1)Z:. (40)

Recall that if ¢ < 1, increases over time in aggregate productivity reduce the productivity
of research labor. Fernald and Jones (2014) and Bloom et al. (2017) discuss aggregate and
industry-level data that suggest that ¢ is significantly less than one. We set ¢ = —1.6 based on
estimates in Fernald and Jones (2014), and we show that the change in aggregate productivity
at twenty year horizons is not very sensitive to our choice of ¢.

We consider a permanent 0.1 increase in the logarithm of the fraction of total labor employed
in research relative to it’s BGP level (L,, = 0.1). Using our broad measure of innovative
investments, this implies that L,;/ L, rises from 0.127 to 0.14, and that the innovation intensity of
the economy S, rises from 0.092 to 0.117. Using our narrow measure of innovative investments,
this implies that L,;/L; rises from 0.081 to 0.089, and that S,; rises from 0.057 to 0.069.

We assume that any change in the aggregate resources available for innovation (relative to
the BGP level) are either split proportionally between the three types of innovative investment
or fully allocated to investments by incumbents on their own products.

We first consider the specification of our model without business stealing (§ = 0). Recall
that, according to Corollary 3, the change in aggregate productivity is independent of how the
research good is allocated between the three forms of innovative investment. Table 4 displays
the log of aggregate TFP relative to its BGP level, one year and twenty years after the increase in
research labor. In the first row of this table, we report on results using our baseline specification
of the model. Using our broad measure of innovative investments, the logarithm of aggregate
TFP rises in the first year by 0.003 relative to BGP (this corresponds to the elasticity reported
in Table 3 multiplied by L, = 0.1). After 20 years, the cumulative rise in the logarithm of
aggregate TFP relative to BGP is 0.029.1°

In the second row of Table 4 we report on the results using our first alternative specification

of the model. Using our narrow measure of innovative investment but with no business stealing,

107 ¢ = 0.99, very close the the upper bound of 1, the increase in the logarithm of aggregate TFP after 20
years is only slightly higher, 0.053.
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the rise in the logarithm of aggregate TFP is 0.002 and 0.024, after one and twenty years,
respectively.

In the third row of Table 4 we report on the results using our second alternative specification
of the model. In this specification of the model with the maximum amount of business stealing,
the change in aggregate productivity is equal to the one in the specification without business
stealing if the change in aggregate innovative investment is fully allocated to investments by
incumbents on their own products (0.003 after one year and 0.029 after 20 years). In contrast,
the rise in the logarithm of aggregate productivity is smaller in the case of proportional changes
in the three types of innovative investment, since Gy, < G;. and G, < Gy (0.002 after one year
and 0.022 after 20 years).

Finally, we calculate the gains from reallocating all innovative investments towards own-
product innovation by incumbents, while assuming that the allocation of labor between research
and production remains unchanged. Specifically, we set TimiTimt = —Tim, Tetler = —Te and
TictTict = Tim + Te + f@(aﬁ — 1)Zt. From Corollary 3, without business stealing, aggregate TFP
remains unchanged. In contrast, at the maximum level of business stealing, from Corollary
4, since Gy, < G and G, < Gy, the logarithm of aggregate TFP increases substantially
relative to BGP: 0.01 after one year, and 0.113 after 20 years. Thus, in this specification of
our model, there is considerable room for improving aggregate productivity by reallocating
innovative expenditure from the acquisition of new products by entering and incumbent firms
towards the improvement of existing varieties by incumbent firms. Of course, if it was possible
to achieve this reallocation of innovative investment, firm dynamics would change considerably.
The entry of new firms and creation of new products would stop and thus the range of existing

products and number of existing firms would both stop growing.

7 Conclusion

In this paper, we have extended the model of Garcia-Macia et al. (2016) so that it nests
some of the canonical models of firms’ innovative investments, firm dynamics, and aggregate
productivity growth. We have shown how to use data on firm dynamics and firm value together
with the equilibrium conditions of the model to measure the elasticities of aggregate TFP growth
with respect to changes in aggregate innovative investment allocated either to investment in
improving existing varieties within an incumbent firm or to the acquisition of new varieties by

incumbent and entering firms. We found elasticities modestly larger than would be consistent
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Table 4: Change in aggregate TFP over time

Specification 10% increase in L,  10% increase in L,  No change in L,
Proportional change Zie only Reallocation to ;.
0. Broad Inv, LBD Dyn, § =0
Year 1 0.003 0.003 0
Year 20 0.029 0.029 0
1. Narrow Inv, LBD Dyn, 6 =0
Year 1 0.002 0.002 0
Year 20 0.024 0.024 0
2. Broad Inv, LBD Dyn, max ¢
Year 1 0.002 0.003 0.010
Year 20 0.022 0.029 0.113

with those implied by a model with no social depreciation of innovative investments. Our
results thus imply modest levels of social depreciation of these investments. In the specification
of our model with the maximum amount of business stealing, we find large potential gains from
reallocating innovative investment away from investments by incumbent and entering firms
in acquiring new products and towards investments by incumbent firms in improving their
existing products. It is clear that it is important in future research to find methods to improve

measurement of the extent of business stealing.
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Appendix A Value functions

Conjecture that the equilibrium value of a product with productivity index z at time ¢ is
Vi(z) = Visi(z), where s;(z) was defined above as the size of a product with productivity

exp(z). Vi(z) must satisfy

Vi) = NYisi(2) = (omi(2) + iee(2)) (1 — Turp) Pt

REOTY {C (xict(z)) i (wimt(z)>:| Zf_lst(z),

1+ R M 5¢(2) s¢(2) z0]

where 7,zp denotes the subsidy rate on innovative spending. Taking the first order conditions

with respect to x;; and x;,;, it is evident that %S) and %tz()z) are each common across z.

This also verifies our conjecture that V;(z) = V;s(z).

Appendix B Concavity of H function

Define

H(a) = 1%#))
where

H(a) = (1 — 6 — 6 (h(aZim) + az.)) ¢ (aZic) + Qih (aZim) + HeaZe
A sufficient condition for H” (1) < 0 is that H” (1) < 0 (since the logarithm function is concave).
We have:

H' (a) = ¢ (aZie) (1 — 60 — 6 (h (aZgn) + aZe)) Tie—0 (Timh (aZim) + Te) € (aZic) FTiTimh’ (T im)+TeTe
and
H" (a) = (" (aZe) (1 = 0 — 6 (h(aZim) + aZe)) T3, = ¢ (aTic) 6 (W (aTim) Tim + T) T
=8 (Zimh" (aZin) Tim) € (aZic) — 0 (Tl (aZim) + Te) ¢ (aTie) Tic + TiZimh" (aZim) Tim,
Evaluated at a =1,
H" (1) = ¢" (@ie) (1 = 6 = 6 (h(Tim) + 7)) T = ' (Tie) & (W (Tom) Tim + T) T
—0 (Zimh' (Tim) + Te) ¢ (Tie) Tie + (0 — 0C (Tie)) " (Tim) T3,

Given our assumptions that h'(Z;,) > 0, ' (Zi) > 0, (" (Zie) < 0, B (Ty) < 0, and 7; >

6¢ (%), all terms are negative so H” (1) < 0. This implies that H(a) is also concave.
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Appendix C Adding taxes and subsidies

In this section we extend the analysis in McGrattan and Prescott (2005) to consider the impact
of taxes and subsidies on the formulas derived from our model. We consider the following taxes
and subsidies: a tax on corporate distributions to households (through the income tax system)
Taist, & tax on corporate profits 7.,,, a subsidy for physical investment 7, and a subsidy for
investment in innovation (which, for simplicity, is equal to incumbent and entering firms) 7sgp.

We assume that firms manage their tangible capital k; and intangible capital separately.
That is, they rent their tangible capital either to themselves or to other firms. This gives
us that the value of a particular firm at time ¢ is the sum of two components: the value of
its physical capital gi:k; equal to the discounted present value of the after-tax value of the
corporate distributions to households due to rentals of physical capital, and the value of the
firm’s intangible capital ¢4s; equal to the discounted present value of the after-tax value of the
corporate distributions to households due to earnings on intangible capital.

We now compute the model’s implications for the impact of these taxes and subsidies on the
formulas in our model. We augment the model to include a changing relative price of physical

capital and consumption goods.

Physical capital value of firms

As in McGrattan and Prescott (2005) equation (4), the contribution of physical capital to the

firms’ pre-tax payouts is
Dkt = (1 - Tcorp)rth - (1 - Tsk)Pk:txkt + 7_corp(slcpklf[(?f

where 7., is the effective tax rate on corporate profits, 7, is the subsidy rate on tangible
investment, r; is the rental rate on physical capital, xy, is the firms’ investment in physical
capital, Py, is the relative price of physical investment goods and consumption goods, and 9, is
the depreciation rate on physical capital. The firm’s stock of physical capital evolves according
to (their equation (5))

Kin = (1= 0p) Ky + 2y

These two equations give us that
Dkt = (1 - Tcorp>Tth - (1 - Tsk>Pk:th+1 + (1 - Tsk)(l - 5k)Pkth + Tcorp(skpkth =
(]— - Tcorp) (rt - 5kPkt)Kt + Tskz(skpkth - (1 - Tsk)Pkt(Kt+l - Kt)
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The valuation of physical capital in an incumbent firm in the stock market (ex-dividend) relative

to consumption is given by (their equation 5 for physical capital)

Gt Pt Ky = Z ]ﬂﬂ - Tdist>Dkt+j

= P

where 744 is the tax rate on corporate distributions to households and p; are the intertemporal
consumption prices.
The first order condition for consumers trading claims to the physical capital in incumbent

firms is
Dt (1 — Taist) Ditt1 + Q1 Prr1 Ko

Di+1 Qi Pre Iy
The first order condition for incumbent firms managing their capital stock (raising z; and

cutting ;41 to keep k42 unchanged or, equivalently, simply changing k1) is

( Dt > _ (1 = Teorp) (1141 — 06 Pris1) + TekOr Prrs1 + (1 — Tor) (Prtg1 — Prat)

— -1
DPt+1 (1 - Tsk)Pkt

(41)

This first order condition for capital implies that

p
(1 = Teorp) (Tt41 — Ok Prty1) + TekOk Proyr + (1 — Top) Prryr = (1 — TSk)p P
t+1

Hence

p
Dkt+1 = (1 - Tsk>_thtkt+1 - (1 - Tsk:>Pkt+1kt+2
DPi+1

This equation, together with the first order condition for consumers, implies that

Gt Prekr = (1 — Taist) (1 — T ) Pet K1 — ]% (1 = Taist) (1 — 7o) Pray1 Ko — @1 Prer1 K1)
¢

The solution to this equation (that satisfies that the value of physical capital equals the

discounted present value of dividends) is given by
Gt Protky = (1 - Tdist)<1 - Tsk)Pktkt+1-

On a balanced growth path, this equation gives

q P KK
Y

exp(gy) P K

PP Y (42)

- (]- - Tdist)(l - Tsk)

Note that as we shrink the time period (for example to a quarterly model) then we have in the
limit,
Qe P K
Y

P.K

= (1 — 7aist) (1 — Tsk)T- (43)
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We use this equation (43) in measuring the portion of firm market value attributable to physical
capital.

Note that the standard equation for the evolution of the capital stock above gives us the
following formula for the decomposition of the change in the balance sheet measure of the

replacement value of physical capital from ¢ to ¢ + 1 into components as follows
Pry1 K1 — PuKy = (Prygr — Pr) K1 + P (K — Ky) =

(Prtr1 — Prit) K1 — 01 Pt Kt + Pryye,

where (Pyy1 — Pii) K11 is the revaluation of capital (relative to consumption goods), g P K
is the consumption of fixed capital, and Pz is gross fixed capital formation. (We ignore
disaster losses in this formula. In the data, we include these in consumption of fixed capital.)
When we compute the share of compensation of intangible capital in Gross Value Added, we
will need to impute a rental rate for physical capital r;,; to impute rental payments to physical

capital 41 K;/Y;11. We do so using equation (41). That equation implies

p
—t(l — Toke) Pt K1 = (1 — Teorp) (7141 — 0k Prt1) K1 + Tkt O Prrr1 ki1 + (1 — Top) Pra1 K

DPi+1

or

Tt41 (1 - Tsk) (1 - Tsk) (Pkt—‘rl - Pk:t) (1 — Teorp — Tsk)
(Pkt—H) (1 - Tcorp) ! (]- - Tcorp)( t) Pkt+1 (1 - TCOTP) * ( )

where 7441/ P41 is the rental rate on physical capital measured in units of consumption, and

()
Pi+1

is the net real rate of return in units of consumption on household’s holdings of the corporate

sector between ¢t and ¢ + 1.

Intangible capital value of firms

The current dividend paid by a firm of size s at time ¢ (the analog of equation 19 in the model

without taxes) is

-1
ths == (1 - Tcorp)/LTY;SS - (1 - TsRD) (Prtxict + Prtximt) S,

where 7,zp is the subsidy rate for investments by incumbent firms into intangible capital. Note

that we have assumed here that these investments are not deducted from profits for the purposes
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of corporate taxes. This is based on our use of measured spending on research and development
as a measure of investment in intangible capital.
The intangible capital value of the incumbent firm of size s at time ¢ including its profits

earned at t satisfies the following recursion

pw—1
Vis=(1- cor —VYis—(1- s P, ic P, m Vi ]-_Se .
is = ( Teorp) i s — ( Tsrp) (Priict + Pre t)3+1+Rt i ( t+1)8
On a balanced growth path,
vV 1 w—1 _
V= ? = 1 exp(gy)(l_S> (1—TCOTP)T — (1_TSRD>SZ"F (45)

A firm of size s looking to choose ;. and x;,, to maximize V; has optimality conditions

(1 - TsRD)PrtS P Vt+1 0 E, [St—i-l‘st] = ! V;H-l Zp 1( - 5Mt)§ (-Tzct)
0Tt 1+R Tz}
Thus B
Puxi 1 Y Vi C(@iet)Tict

1_7_8 — ic =
( #p) Y, 1+ R, Yy Yo Y (i)

and, hence, on a BGP we have

_rjic exp(gy) o —EI(jiC)j;iC
1 — g - = Sic = 46
R Y (N o
A similar argument gives that the optimal choice of x;,, satisfies on a BGP
p’/‘jim exp(gy) o h (i‘zm)i‘zm
1—7, = SimU————— 47

We have to make an assumption as to whether expenditure by entrants is eligible for research

subsidies. To keep the formulas simpler, we will say yes. That gives us free entry condition

Pz eXP(th)
1—7, = Se
( TRD) Y, 1+ R, Vt4+1Pet+1

On a BGP, this equation becomes

rle eXp(gY) 65’6‘ (48)

\% 1+ R

(1 —7srD)

Given these relationships between firm value and firm innovative investments, the elasticities
(9) - (13) are given by expressions (32) - (37) in Proposition 2 where the right hand side is
multiplied by (1 — 75gp).
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The value of a firm of size s, ex-dividend, denoted by ¢,;s is given by

qutS = (1 - Tdist) Z MDkaEt [8t+k|5]
k=1 1t

This is the price that the household pays for the firm. For the consumer purchasing the firm,

we must have for all s,

p
QutS = ;—H [(1 = Taist) Dutyr + querr] By [5441]s] -
t

The valuation of all incumbent firms (s = 1) is

Gut = 1% [(1 - sz’st)th+1 + %t+l] (1 - Set+1)
t

where we used the fact that E; [s¢y1]s = 1] = Sicte1 + Simt+1 = (1 — Sery1). On a BGP, we then

have ) ~
Qv leJr%/ (1 - Se) Dv
Yy (1= Taist) o) VY (49)
— —xr (1 =5
exp(éy)u S )
D e m— 1 —
(1 - Tdist) e i — (1 — Teor )— - (1 - 7—sRD) ir
exp(gy) P
- (1=5)
Total firm market value
Total firm market value on a BGP is
aPK Gy exp(gy) P K
P (1 ) (1 ) o TR
D AUy e ¢
eXp(ny)(l - S,) 1 _
(1 - Tdist) LR ( - Tcorp)u - (1 - TSRD>S7LT-

(@) (] _ g
—Thr (-5

‘a3 : tn? : : : gr P K qv PK
The model’s implied Tobin’s ¢ is given by the ratio of %A= + L& to =&,

Appendix D Calibration: Additional details

We measure aggregate innovative investment by incumbent firms, (z;¢ + x;m) P,, in two ways.
The narrow measure is given by “gross fixed investment, nonresidential research and develop-
ment, non-financial corporate business” (identifier FA105013043.A in the Integrated macroeco-
nomic accounts). The broad measure is given by the sum of the narrow measure, “gross fixed

investment, nonresidential software, non-financial corporate business” (FA105013033.A), and
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“oross fixed investment, nonresidential entertainment, literary, and artistic originals”
(FA105013053.A).

We measure aggregate output of the final consumption good Y;, as gross value added of the
non-financial corporate sector (FA106902501.A) less indirect taxes (taxes on production and
imports less subsidies) of the non-financial corporate business (FA106240101) less aggregate
innovative investment by incumbent firms (one of the two measured defined above).

In order to measure the growth rate of real output, gy, we deflate Y; by the “Implicit Price
deflator of the non-financial corporations sector” (identifier PRS88003143 on FRED, Federal
Reserve Bank of St. Louis). In order to measure the growth rate of the labor force, g, we use
“Employment by the Nonfinancial Corporations Sector” (PRS88003013 on FRED).

We measure compensation of production labor, W;L,;, as “Compensation of employees paid
by the non-financial corporate business” (FA106025005.A) less aggregate innovative investment,
by incumbent firms (one of the two measured defined above). We must then separate Y —
WiL,: (equal to, using the definitions above, to gross value added less indirect taxes less total
compensation of employees) into rental payments to physical capital and profits.

For a given rental rate to physical capital in units of consumption, r;/Py;, we impute pay-
ments to physical capital as (;—;) P K;. We measure the replacement value of physical capital,
P K, as “Nonfinancial assets, non-financial corporate business” (FL102010005.A) minus the
replacement value of intangible capital. We measure the replacement value of intangible cap-
ital as either “Nonresidential intellectual property products, non-financial corporate business,
current cost basis” (FL105013765.A) when we use the broad measure of innovative investments
or as “Nonresidential research and development, non-financial corporate business, current cost
basis” (FL105013465.A) when we use the narrow measure of innovative investments.

In order to infer the rental rate to physical capital, we use equation (44). We set the net
real rate of return R, = 0.045 and, following McGrattan and Prescott (2005), the subsidy

rate to physical capital investment 74 = 0. We set the revaluation rate of physical capital

(Prty1—Prt)

Pormy = —0.005. This revaluation rate is the dollar value of

relative to consumption,
revaluations of produced assets recorded in the Integrated Macroeconomic Accounts for the
non-financial corporate sector over the replacement value of the end of period capital stock
all deflated by the change in the personal consumption expenditure deflator. This updates
the figure for revaluations of close to —0.01 used in Hall (2003). We measure the corporate

profits tax rate, T.op, as the ratio of “Current taxes on income, wealth, etc. paid, non-financial
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corporate business” (FA106220001.A) to “Operating surplus, net, nonfinancial corporate busi-
ness” (FA106402101.A). We measure the depreciation rate dy, as the ratio of [“Consumption of
fixed capital, structures, equipment, and intellectual property products, including equity REIT
residential structures, non-financial corporate business” (FA106300083) minus consumption of
intangible capital] to Py K;. In order to measure consumption of intangible capital we multiply
the replacement value of intangible capital (described above) by the depreciation rate of all
intellectual property products (when we use the broad measure of innovative investments) or
for research and development (when we use the narrow measure of innovative investments). We
construct measures of depreciation of intellectual property products and research and develop-
ment using Tables 2.1 and 2.4 of the BEA’s Fixed Asset Tables.

We assume a subsidy rate on innovative investments of 7,zp = 0.03, obtained from Tyson
and Linden (2012) (Table 7 in that paper reports estimates of corporate R&D tax credit claims
relative to R&D business spending in the U.S.). When calculating the model’s implied Tobin
q, we follow McGrattan and Prescott (2005) and set the tax rate on corporate distributions to
households equal to 744 = 0.17.

Equipped with these measures, we calculate between 1990 and 2014, dividends to intangible
capital relative to output after corporate profits taxes and subsidies for innovative investment

_ —1 _
d, = (1 - 7-corp)u— - (1 - TSRD)SiT'

Appendix E GHK Calibration

In this Appendix we describe how we can use the parameter values in the model of GHK to
obtain alternative measures of Gz, Gar, Se, Sim, Fo, Fim (and hence S;e =1—-S., -8, and
F.=1-F, — Em) for our model calibration. We then compare the elasticities implied from
our calibration to those implied by the calibration of GFK.

We start by summarizing the parameters in the GHK model. ¢y is the fraction of products
that exit due to selection in the presence of per-period fixed costs (as opposed to the exogenous
exit in our model). Given that Jy is close to zero in their paper, we set it to zero throughout.
A; is the fraction of continuing products in a given period that receive an own innovation.
b = 9;(1 — \;) is the fraction of products in a given period that receive an innovation by an
incumbent firm, and 8, = d.(1—8;)(1— ;) is the fraction of products that receive an innovation

by an entering firm. k. and k; are the rate (per existing product) at which new products to the

society are created by entering and incumbent firms, respectively. s, is the the average value of
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exp((p—1)2)/ZP" for products that are new to society in period ¢ (GHK denote the elasticity
of substitution by o, but we use p to be consistent with our notation). sg’*l is the average
value of exp((p — 1)2')/Z~" for products that receive an innovation, whether as a continuing
product, as a product stolen by an incumbent firm, or a product stolen by an entering firm.
These parameters lead to the following formulas for the BGP growth rate of the number of

products and BGP shares of products in our five categories:

exp(gar) = (1 4 Ke + K4)

_ K
Fen - i
exp(gum)
_ Oe
Fes = _
exp(gum)
_ K;
En = —
exp(gm)
_ o
Fis = —
exp(gum)
_ o 1=6,-6
Ficzl_Fen_Fes_En_Es:#
exp(gum)

Note F, = F,, + F., and F,,, = F;, + F;; can be measured directly in the data given our
assumptions linking products to establishments. In our model, § is equivalent to F,,/F, and
F;/Fi,. GHK do not impose the same value for these ratios. So we can define 6, = F,,/F,
and 6; = Fj, / F;,,, and use their model implied values of these product shares to compute their
model implied values of ¢ in our setting.

Similarly, their parameters lead to the following growth rate of productivity and size shares

of five categories of products

exp((p — 1)gz) = 14 sulkic + i) + (* 1 = DA + (71 = 1)(bc + 03)

~

— SR

Sen = il —
exp((p — 1)gz)

S’es = Sgilge
exp((p — 1)gz)

— SkR;

Sin - i —
exp((p —1)gz)

Sis = Sgilgi

exp((p — 1)gz)
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1+ (s~ = 1)\ — b — &
exp((p —1)gz)
Note that we define S, = S,,, + Ses and S, = S, + S;s, which we observe directly in data. The

contribution to growth from improvements in continuing products by incumbents, one of the

key variables of interest in GHK, is given by

(s* ' = DA _ exp((p — 1)92)Sic — exp(gar) Fiec
exp((p—1)gz) — 1 exp((p—1)gz) — 1

Based on the parameter values reported in GHK (they assume 5-year periods) we obtain for

the period 1976-86: F, = 0.179, F;,,, = 0.195, F;. = 0.626, S, = 0.201, S;,,, = 0.097, S;. = 0.702,
gu = 0.126, gz = 0.0512, §, = 1 and &; = 0.394, and for the period 2003-2013: F, = 0.124,
F,, = 0.103, F,, = 0.774, S, = 0.125, S;;,, = 0.072, S;. = 0.803, gas = 0.046, g, = 0.072,
de = 0.969 and ¢; = 0.60.

These can be compared with our 5-year moments based on the LBD between 1977 and 2014:
F, falls from 0.389 in the first 5-year-period to 0.218 in the last 5-year period, F},, rises from
0.638 to 0.0751, Fj. rises from 0.547 to 0.706, S falls from 0.176 to 0.092, S;,, falls from 0.105
to 0.087, and S, rises from 0.718 to 0.821.
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