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Abstract

Starting from J. B. Long & Plosser (1983), multi-sector DSGE models have challenged the
notion of aggregate technology shocks as the main driver of business cycle fluctuations, and
provided a strong evidential basis for the relevance of independent sectoral shocks amplified
by asymmetric production networks. More recently, with Comin & Gertler (2006) short-run
conceptions of the business cycle were challenged, and medium-run cycles are modelled in
terms of endogenous technology mechanisms. This dissertation presents a pioneering attempt
to reach a synthesis between these different strands of literature. It introduces a multi-sector
RBC economy in which each sector independently makes decisions to invest in R&D and adopt
new technologies. Sectors interact with each other in a productive network via intermediate
inputs, but are also affected by R&D and technology adoption spillovers transmitted from
upstream or downstream sectors in the value chain. Evidence is provided that this model is
capable of accounting for extended observed aggregate and sectoral fluctuations.
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1 Introduction

This master thesis proposes, builds and simulates of a new form of macroeconomic Dynamic
Stochastic General Equilibrium (DSGE) model which provides a rich and disaggregated account
of production in a multi-sector Real Business Cycle (RBC) economy. In contrast to other multi-
sector models describing input-output interactions in the economy such as J. B. Long & Plosser
(1983), Horvath (2000) or Atalay (2017), sectors in this model comprise not only of monopolisti-
cally competitive firms employing labor, capital and intermediate inputs in production, but also
of a set of technology adopters and technology innovators. Adopters and innovators each employ
skilled labor to adopt new technologies (i.e. convert an idea or technology into a production plan)
and invent new technologies, respectively. With a fully decentralized production and innovation
system in place in each sector, sectoral interactions in this model occur in terms of value chains in
intermediate inputs, but also in the form of sectoral spillovers in technology adoption and R&D.

The intentions behind this model are several. First, to provide a richer account of modern
production processes and study technology diffusion and R&D spillovers through the input-output
network. Secondly a model that is able to describe short-and medium-term fluctuations in ag-
gregate and sectoral outputs and productivities without excessive reliance on nominal frictions'
or exogenous technology, as is the predominant approach in the New-Keynesian DSGE literature.
Thirdly, the model cuts a bridge between two active but rather distinct literatures in macroe-
conomics: the literature on sectoral shocks and aggregate fluctuations with key contributions by
J. B. Long & Plosser (1983), Horvath (1998, 2000), Petrella & Santoro (2011), Acemoglu et al.
(2012, 2016), Bouakez et al. (2014), Stella (2015), and Atalay (2017) amongst others, and the
literature on medium-run fluctuations and the integration of growth and business cycles with key
contributions by Comin & Gertler (2006), Comin (2009), Bianchi et al. (2018) and Anzoategui
et al. (2017). The former literature attempts to model the multi-sector economy in intermediate
productive inputs and has focussed on the question to what degree independent and uncorrelated
sectoral shocks can generate, or are responsible for, aggregate business cycle volatility. Most of
the models constructed in this literature are simple Real Business Cycle (RBC) models that are
carefully calibrated for 20-40 sectors in the US economy (2-digit Standard Industrial Code (ISIC)
level). The results from this literature show a remarkable success in generating aggregate US
volatility from such a set-up without any nominal frictions - in stark contrast to the dominant
New-Keynesian approach that has relied on many such frictions to generate volatility in aggregate
data. The multi-sector literature has also determined under which conditions independent and
uncorrelated sectoral shocks can generate aggregate volatility. The second literature focuses on
modelling and explaining the "medium-run cycle" - a concept first introduced by Comin & Gertler
(2006) to denote the combination of high and medium-frequency components of (US) output and
productivity that fluctuate around a very smooth non-linear trend at frequencies of up to 200
quarters. The degree of aggregate volatility studied is thus much greater and much longer than
that captured in the traditional business cycle, defined by the frequencies up to 32 quarters. The
claim of Djego Comin and his co-authors, established through their models and supporting em-
pirical evidence, is that this medium-run cycle constitutes neither fluctuations in long-run growth
nor a completely separate phenomenon. Rather it interacts with, and is driven by, the classical
business cycle. According to Comin this interaction takes place in the form of pro-cyclical deci-
sion by firms and other economic agents to invest in R&D and adopt new technologies, which let
the business cycle have medium-run effects. Strategic decisions become the driving force behind
the medium-run cycle. The models developed by these authors to explain the medium-run cycle,
culminating in Anzoategui et al. (2017), are essentially New-Keynesian business cycle models with
many frictions which include an extended endogenous R&D and technology adoption mechanism.

Considering the results of these two literatures in macroeconomics, it is evident what the con-
tribution of the model I develop in this dissertation is: If the business cycle can be explained to
a significant degree by sectoral interactions, and if business cycle decisions to invest in R&D and
technology adoption translate into medium-run fluctuations in output and productivity that far
outlive the business cycle, then these decisions should also be explicable to a good extent in a
framework of sectoral interactions. In other words, sectoral interactions might be a major driv-

ISectoral frictions in prices, wages and investment adjustment costs may still be added to provide additional
realism, but are not implemented in the baseline model exhibited in this dissertation.



ing force behind both business and medium-run cycles. To investigate this possibility I create a
multi-sector RBC model that includes imperfect competition and a pro-cyclical and fully endoge-
nous production and innovation system in each sector - modelled after Anzoategui et al. (2017).
I then introduce several mechanisms by which sectoral interactions could give rise to aggregate
medium-run fluctuations. The first and most intuitive of these mechanisms operates by linking all
productive sectors through intermediate input (and demand) linkages, thereby allowing indepen-
dent sectoral shocks to transmit through the input-output network while generating pro-cyclical
responses in terms of R&D and technology adoption decisions in different sectors. The second
mechanism works via strategic complementarities in technology adoption inside productive value
chains: If downstream sectors adopt a new technology that allows them to produce greater vol-
umes more efficiently and more profitable, they will require greater volumes of intermediate inputs
from upstream suppliers. This will induce the upstream sectors to also increase their productive
efficiency by adopting new technologies. Likewise upstream sectors could adopt a new technol-
ogy enabling them to supply greater volumes of intermediate inputs more cheaply. With some
competitive pressure in downstream sectors, this will depress the price of downstream products
and increase demand - requiring also downstream sectors to adopt new technologies and produce
greater volumes. A third possibility, albeit a theoretically more ambiguous one, are spillovers in
the productivity of R&D across different sectors. It is conceivable for example that a technological
breakthrough in optics or nano-technology leads, with little delay, to a similar breakthrough in
consumer-electronics - a more rapid phase of new products being invented and making it to the
market. Likewise a breakthrough in consumer electronics - for example in electric cars, could in-
crease R&D in some upstream sectors i.e. firms working on batteries. In allowing for these adoption
and R&D spillovers, my aim is also to impose as little restrictions as possible on the kind of sec-
toral interactions allowed to take place - preferably letting the data speak in an estimation exercise.

These things being said, I have unfortunately to this point not been able to fulfil the aim of
my research: in the following I will construct, solve and succesfully simulate a model of the kind
just outlined, but due to limitations in the amount of time and the quality of data available to
me, I have not yet been able to evaluate the model or study its precise properties in an estima-
tion exercise. This failure to truly evaluate the model is largely due to the long time needed to
construct the model itself and problems encountered thereby, some of which still demand a more
satisfactory solution than presently implemented. Below I therefore spend some time laying out in
detail the construction of the model in a way that does justice to its complexity. I will do this in
two steps: First, I construct a multi-sector RBC model and study its properties in a simulation.
Then I will present a simple RBC model of endogenous technology, where I will implement the full
endogenous R&D and technology diffusion mechanism devised by Anzoategui et al. (2017), but in
a much simpler model than Anzoategui et al. (2017), and also study its properties by means of
a simulation. Having thus studied the two key ingredients - sectoral interaction in intermediate
inputs and endogenous R&D and technology adoption in a single sector - I will construct the full
model by integrating these two models into one-another. The properties of the full model will also
be studied by means of simulations. Finally I calibrate both the multi-sector RBC and the full
model to the 3-sector US economy in agriculture, industry and services, followed by an extended
calibration of the multi-sector RBC to the 10-sector US economy. The calibration results are then
compared with the results from a Structural VAR (SVAR). The purpose of this final calibration
exercise is to establish that the model is, at least in theory, capable of fitting the data - a task that
is to be taken further in a careful estimation of the model by Bayesian methods.

The remainder of this document is structured as follows: section 2 very briefly reviews the
literatures on sectoral shocks and aggregate fluctuations and on medium-run fluctuations and
endogenous-technology DSGE models. Section 3 introduces and simulates the basic multi-sector
RBC model and section 4 introduces and simulates the basic RBC model with endogenous R&D
and technology diffusion. Section 5 then integrates the two models to yield the model advocated
above and provides simulation results for a basic 2-sector set-up. Section 6 contains the calibration
exercise to the 3- and 10-sector US economy. Section 7 concludes.



2 Literature Review

The literature on multi-sector DSGE models is long and dates back principally to J. B. Long &
Plosser (1983). While multi-sector and multi-region DSGE models are becoming more frequent
in recent macroeconomic analysis as a means to allow for sectoral interactions and heterogenous
effects of policy, not all papers address, implicitly or explicitly, the objective set by J. B. Long
& Plosser (1983) and following papers, which is to study how aggregate fluctuations can be the
result of sectoral shocks in an economy where productive sectors are linked through input-output
interactions. It is this more-limited multi-sector DSGE literature that I will briefly review in
the following subsection. Likewise many models feature some form of endogenous technology
mechanism, but only a handful of papers study how decisions to invent and adopt new technologies,
informed by economic considerations of decentralized agents, translate into aggregate R&D and
technology diffusion and dynamics in aggregate economic variables.

2.1 Sectoral Shocks and Aggregate Fluctuations

In their landmark contribution, J. B. Long & Plosser (1983) showed, using a simple social-planner
RBC setup without frictions, government or money, how independent and serially uncorrelated
shocks, via their impact on consumer preferences, smoothing and love for variety, can translate
into persistence and co-movement of sectoral outputs, and the persistence of aggregate output. In
their calibration to the 6-sector US economy, they also establish a disproportionate share in aggre-
gate volatility of shocks to sectors with many productive uses, such as manufacturing and transport
services. Overall they were among the first to show that business cycle phenomena were consistent
with the principles of economic efficiency. J. B. Long & Plosser (1983) concluded that their model
provides a good benchmark to gauge the importance of nominal frictions and other factors believed
to drive business cycles. As an empirical companion to J. B. Long & Plosser (1983), B. J. B. Long
& Plosser (1987) empirically investigate the monthly output series of 13 US sectors and. By per-
forming factor analysis on the innovations from a seasonal VAR, they decompose the series into
an aggregate and sectoral components. They find that a factor model with up to two aggregate
factors accounts for at most 26% of the sectoral variation, and at most 47% of the variation on ag-
gregate economy output, indicating that independent sectoral shocks and propagating mechanisms
as introduced in J. B. Long & Plosser (1983) might be relevant in explaining aggregate US volatility.

The next seminal works are the papers by Horvath (1998) and Horvath (2000), intermediated
by Dupor (1999). In a nutshell, Horvath (1998) calibrates a multi-sector RBC model of the US
economy similar to J. B. Long & Plosser (1983), and establishes that sectoral shocks matter most
of there are many sparse rows in the input-use matrix, that is if some sectors supply more inputs to
more sectors than others. He shows that the 2-digit US input-use matrix is indeed sparse, and that
independent sectoral shocks could account for as much as 80% of aggregate US volatility. Dupor
(1999) critiques this results with a classical argument that, as the economy becomes more disag-
gregated, independent sectoral shocks shocks should cancel each other out and aggregate volatility
from sectoral shocks should decline with the law of large numbers - that is at the rate of y/n, where
n is the number of sectors. In response, Horvath (2000), using a calibrated 36-sector RBC model
of US economy, shows that limited interaction, characterized by a sparse input-output matrix,
reduces the substitution possibilities among intermediate inputs and strengthens the co-movement
in sectoral value-added (VA). This sparsity effect then leads to a postponement of the law of large
numbers in bringing down the variance of aggregate value-added, which was thought by Dupor
(1999) and others to thwart a determining influence if idiosyncratic sectoral shocks to aggregate
fluctuations. Horvath (2000) further shows that aggregate shocks of the required magnitude and
persistence are hard to observe in the data, and that his model is able to generate realistic US
business cycles without relying on such aggregate shocks, while at the same time capable of pro-
viding more precise policy prescriptions.

After Horvath (2000) and the sparsity result, a further key contribution was brought in by
Acemoglu et al. (2012), who theoretically showed that in the presence of inter-sectoral input-output
linkages, microeconomic idiosyncratic shocks may lead to aggregate fluctuations, but that the rate
at which aggregate volatility decays is determined by the structure of the network capturing such
linkages, and not the sparsity of the input-output matrix as such. They find that sizeable aggregate
volatility is obtained from sectoral shocks only if there exists significant asymmetries in the roles



sectors play as suppliers to others. The sparseness of the input-output matrix is thereby unrelated
to the nature of aggregate fluctuation. They support the mathematical results in their paper with
some nice illustrations, some if which I reproduce below in Figure (1).

Figure 1: Model Network Structures and the US 3-digit Network Structure

Figures taken from Acemoglu et al. (2012)

The results of Acemoglu et al. (2012) answer the debate among Dupor (1999) and Horvath
(2000) by establishing that sectoral shocks cancel out in the aggregate in economies where sectors
are either self-contained or equally important as suppliers of input. This is shown in the first two
network structures in Figure (1). Such shocks however propagate through the entire economy in
productive networks with a few key suppliers, as shown in the third network structure in Figure
(1). Below the 3 networks, Figure (1) show the US 3-digit production network. It most closely
resembles the third structure, with some sectors figuring significantly more important as suppliers
of inputs than others.

As a recent concerted effort, Atalay (2017) quantifies the contribution of sectoral shocks to
business cycle fluctuations in aggregate US output, using data on U.S. industries input prices and
input choices. His approach is a bit more rigorous than Horvath (2000): he also estimates the sec-
toral elasticities of substitution, and derives a model-filter from the state-space representation of



his DSGE model which he then applies to the data in order to filter out the volatility attributable
to sectoral shocks. He shows that goods produced by different industries are mainly complements
to one another as inputs in downstream industries production functions. These complementarities
indicate that industry-specific shocks are substantially more important than previously thought,
accounting for at least half of aggregate volatility (Atalay (2017)’s estimate is up to 80% of aggre-
gate US volatility).

2.2 Medium-Run Fluctuations and Endogenous Technology

Whereas long-run growth and business cycles have traditionally, and continue to be, studied as
separate phenomena with dominions cleanly separated by the Hodrik-Prescott (HP) filter, it the
seminal work of Comin & Gertler (2006) that introduced the profession to the idea of the medium-
run cycle. In their paper, Comin & Gertler (2006) use a high-pass filter to separate out fluctuations
below 200 quarters (which amounts to subtracting a very smooth non-linear trend) in US output,
and characterize the remaining variation as a "medium-run cycle". They proceed to show that this
cycle is substantially more volatile and persistent than conventional business-cycle measures, and
features significant pro-cyclical movements in embodied and disembodied technological change,
R&D, and in the efficiency and intensity of resource utilization. Comin & Gertler (2006) then
present a NK-DSGE model of the medium-run cycle which incorporates decentralized endogenous
R&D and technology diffusion as well as resource under-utilization, and thus fully endogenizes the
movements in productivity that appear central to the persistence of these medium-run fluctuations.
The medium-run cycle of Comin & Gertler (2006) is shown in Figure (2). The fluctuations around
the medium-term component constitute the HP-business cycle traditionally studied.

Figure 2: Medium-Run Cycle in US Nonfarm Business Output per Person
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Figure taken from Comin & Gertler (2006)

Building on the work of Comin & Gertler (2006), Comin (2009) presents some empirical evidence
in R&D, technology diffusion and productivity patterns affirming the relevance of macro models
where endogenous technological change mechanisms are responsible both for long-run growth and
the propagation of low-persistence shocks. The paper also presents a simple model of endogenous
technological change and diffusion that is consistent with this evidence and easier to handle than
the model of Comin & Gertler (2006). Also building on Comin & Gertler (2006), Anzoategui et al.
(2017) present an even more advanced endogenous R&D and technology adoption model incorpo-
rating several types of nominal frictions. Anzoategui et al. (2017) use this model to examine the



hypothesis that the slowdown in productivity following the Great Recession? was to a significant

extent an endogenous response to the contraction in demand that induced the downturn. They
begin by presenting panel data evidence that technology diffusion is highly cyclical, and calibrate
the model with the endogenous TFP mechanism to the US economy. They show that the model’s
implied cyclicality of technology diffusion is consistent with the panel data evidence. Afterwards
they use the model to assess the sources of the productivity slowdown, and show that a significant
part of the fall in productivity following the Great Recession after the 2008 financial crisis was
endogenous.

In light of these efforts in the literature, the model introduced in this dissertation appears very
relevant and capable of generating further insights into the drivers of the medium-run cycle. It
is to my knowledge the first model of this kind, integrating endogenous technology creation and
adoption into a multi-sector DSGE framework.

3 A Simple Multi-Sector RBC Model

Consider a simple multi-sector RBC economy comprised of N sectors, referenced by ¢. In this
economy, aggregate consumption is a CES aggregate of consumption goods produced by N sectors,
and households supply differentiated labor to the different sectors

N =1 N =T
1 e—t1 1 w—1
Ct = [sz Cit" ] ; Iy = [Z SR ] ) (1)
i=1 i=1

where w; are time-invariant shares of each sectors goods in the consumers preferences, ¢; are
shares determining the allocation of labor to the different sectors, and € and v are elasticities of
substitution of the different sectors in the consumers consumption preferences and labor supply.
The corresponding consumer price index (CPI) and aggregate wage index are given by

N
=[St
i=1

3.1 Households

I in the following represent all households by a representative household that maximizes his or her
present discounted lifetime utility w.r.t. consumption and labor supply. This households present
discounted lifetime utility is given by

1—e 1—v

N
) Wy = [Z Ciwilt_y‘| . (2)

i th%_a ltl—HP
E ) B |7——
— -0 1+4¢

with /3 the inter-temporal discount factor, o the relative risk aversion coefficient, and ¢ the marginal
disutility from labor supply. Households also invest in an aggregate investment good that firms use
to replenish their capital stocks. The price index in Eq. (2) denotes the cost of capital investment
in each sector. Since little is known about depreciation rates in different sectors, I will assume
an equal depreciation rate § across all sectors, and perfect capital mobility equalizes the rental
rate of capital r; in all sectors. Assuming that the representative household own the firms, he
maximize this utility function subject to an inter-temporal budget constraint. In a model without
borrowing, his resource constraint stipulates that consumption and investment in each period need
to be financed by wage-income, capital income and dividends

: 3)

N
> (picit + priis — wirlix — repekic — mie) = 0. (4)

i=1
The law of motion for the aggregate capital stock is given by

kt+1 = (1 — 5)kt + ’it. (5)

2The economic downturn following the 2008/2009 global financial crisis.



Capital, investment and firm profits have simple linear aggregators

N N N
ky = E kig, iy = E lit, M= E T4t - (6)
i=1 i=1 i=1

Now following Herrendorf et al. (2014), since only the choice of investment involves inter-temporal
dynamics, the optimization problem laid down above can be broken down into one inter-temporal
choice problem and 2 allocation problems. Starting with the latter, taking the aggregate consump-
tion quantity as given, the representative household chooses ¢;; subject to a resource constraint
Zfil PitCit = pece. Simiarly, workers maximize their wage income Zil w;¢l;s subject to the CES
aggregator. The outcome of these problems is described in Dixit & Stiglitz (1977) and gives a
simple set of equations describing optimal consumption, and labor allocation®

i) wi \”
Cit = CtW; (pt) ; lig = L < t) . (7)
bt Wy

Using the aggregators and wage/price indices, the budget constraint in Eq. (4) can be aggregated

pe(cr +it) = wily + ripeke + . (8)
Substituting the capital accumulation rule into the budget constraint for ; yields
pect + pikiyr — pe(1 = 0)ke = wily + reprky + . 9)

The representative household then maximizes Eq. (3) subject to this budget constraint. The first-
order conditions (FOC’s) for consumption and capital yield the Euler- and labor supply equations

;7 =PBE [c; 7 (1 —6+re1)], (10)
1P = Y 11
L= (11)

The Euler equation describes the representative households optimal inter-temporal consumption
choice by equating the marginal utility (MU) of consumption today to the discounted MU of
consumption tomorrow. The labor supply equation provides the optimal intra-temporal choice
between consumption and labor by equating the relative allocation of consumption and labor to
the real wage (w¢/ps).

3.2 Firms

On the production side each sector i has a representative firm with a standard Copp-Douglas
production function of the form

Yir = apkS DML TP g (12)

with intermediate input composite

M = Zyﬁmﬁ? Vi (13)

The notation followed throughout this document is that m;; = Morigin—destiny denotes the inter-
mediate input quantity supplied by sector j to sector ¢. The shares ;; correspond to the input
shares of each sector, as obtained from a column-normalized input-output (I0) matrix, with 7;
the sector-specific elasticity of substitution between the different intermediate inputs. Each sector
further has an exogenous technology process of the form

logaiy = (1 — pi)loga; + p;loga;i—1 +wi +vi Vi, (14)

3] note that the specification of v instead of —v in the optimal allocation of labor was made as an ad-hoc adjust-
ment, since the problem in itself would minimize labor income just as consumption expenditure is minimized. This
adjustment was considered necessary since using leisure instead of labor dramatically complicates the optimization
problem, and moving beyond a CES structure for labor in a simple model like this was deemed inconvenient.



with u;; a sector-specific technology shock and v; an aggregate technology shock applying equally
to all sectors. In each period the representative firm in each sector chooses capital, labor and the
quantity of each intermediate input to buy in order to maximize profits

ni(1—o;—B4)

ni—

77L

1
max Tt = Dit@itkyy’ llt E %Z m — Wilye — Tepekir — E pitmyie  Vi. (15)
Lit,kie,myic i=1 Jj=1

It would be possible to take into account the consumers demand curve facing each sector given by
Eq. (7) to determine the monopoly price in each period, but for now I will assume that each sector
is actually populated by a continuum measure unity of perfectly competitive firms which take the
sectoral price of output and the sectoral wage as given, thus the representative firm acts as if it
had an infinitely small share of the sectoral output. The FOC’s are

Omit TPt Yit

= =a;— Vi 16
Ok Dit ki (16)
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= 0; Vi 17
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There are N2 of Eq. (18), one per intermediate input for each sector. Now one needs to find the
price of output in each sector, p;;. In perfect competition P = M C', so we need to find the MC of
each sector. The total cost is given by*

N
TCy = wiglys + Tipeki + ijtmjit = pitlYir Vi (19)
=1

Inserting Eq. (18) into Eq. (13) yields, after some manipulation

N T=n;
My = pie(1 — o = Bi)yae | Y vjipye ™
j=1
i (20)
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rewriting Eq. (19) as
TCit = piraukSilo ML P v, (21)
and inserting Equations (16), (17) and (20) into it gives
D\ @i oo\ B oo\ lmai—Bi
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Now setting p;y = MCy = 88Tyc” gives the ideal sectoral price of output in terms of each sectors

technology and production parameters, the sectoral wage, and (as captured by the price-index for
intermediate inputs pas¢) the prices of output of all other sectors, weighted by their shares in
sector i’s production and the elasticity of substitution

oy Bi 1—a;—pBi
1 (ripy Wit DMit )
L= L B Y. 23
bit ait(ai> (5i> (1—%—51‘) ' (23)

Attentive readers will notice that Eq. (23) describes a system of N equations in 2N unknowns, w;
and p;, which will provide some difficulty to solve later on. The model is closed by an equilibrium

4The second equality follows from the assumption of perfect competition i.e. no profits.
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condition for each sector of the form
N

Yir = Cit + it + Zmijt Vi. (24)

j=1
The following Table (1) summarizes the equations of the model.

Table 1: Simple N-Sector RBC Model

Equation Definition
;7 =BE [ef 5 (1 =0 +141)] Euler Equation
Y _ w

Iy = c;’fn B labor Supply
Cit = Cw; (%) Vi Optimal Consumption Choice

14
lie = lisi (?jf Vi Optimal labor Allocation
kiv1 = (1 —0)ke + it Capital Law of Motion
Yir = @ik lﬁ M,-[O”*ﬁi Vi Production Function Sector 4
M = [E;\f_l 'yj"; mj;;"' ] Vi Intermediate Inputs Sector i
ki = a2 i Demand for Capital Sector i
lip = B ¥kt Vi Demand for labor Sector i
y i ) .
Mjit = (ZL;) (1= = Bi)"ivyy My, ™ ViVj Demand for sector j, Sector 4
J
_1
Dt = {Zi\; wip,ﬂ‘s] B Ideal Price Index
2
wy = {Zf;l Ciwilt_u} - Average Wage
PMmit = [Zjvzl ’inp;;m} Ty Price of Intermediates Sector i
a; Bi ) 1—a;—B;

Pit = aLt (%) (M) (%) Vi Optimal Price Sector ¢
Yit = Cit + it + Zjvzl Mt Vi Equilibrium Condition Sector %
logaiy = (1 — pi)logaf + p;loga; 1 +uy +v; Vi Technology Shock Sector ¢
ki = Zfil kit Capital Aggregation
Q=30 it Investment Aggregation
Yt = vazl Yit Output Aggregation (Optional)

3.3 Steady State Solution

The steady state of the model is obtained by assuming that all variables in the model do not vary
over time, and then solving the models equations for the values that all variables must take for
this to be the case. I denote steady-state values by superscripting them with a * (x; — 7). In
computing the steady state I follow the widespread convention of setting af = 1 V<. The Euler
Equation gives )

r 3 (1-9). (25)
The next step is to determine the prices and wages. Since all prices and wages are related, and, in
a perfectly competitive equilibrium, obey Walras Law, I will apply a normalization by setting the
average wage w* = 1. With this normalization, the average wage index can be written as

1
T—v

N
1 .
1= Z%w;ﬁl_y = w;=|—-— Z g—J_w;l_” V. (26)
im1 Si oy Si

From the optimal sectoral prices, I yield

Qg ajt+Bi—1

* % k| A T*p* TP p* i N .
vt (GE) (i) o =

11



The pricing problem can now be solved numerically, either by taking Eq. (26) and Eq. (27) and
solving a system of 2N equations with 2N unknowns (w} and p}), or by plugging Eq. (26) into
Eq. (27), and Eq. (27) into the optimal sectoral price equation (23), and then solving a system of
N equations in p}, before using Eq. (27) to get the wages. With prices and wages determined, the
next step is to solve the system of equilibrium conditions to get the outputs y;. From the capital
law of motion (which can be disaggregated) and the demand for capital

Bi_ye i (28)

Combining the optimal consumption choice with the labor supply equation and the optimal labor
allocation yields

* 1 * —€ * 1 * —€ * -
* w 7 p; w7 D; l;
G = < Wil ok =\ ) Yl =
l#p P p p Si

Now inserting also the demand for labor gives

I\ N TE S\
() () DT e e
p p Si w; w

The FOC’s for the intermediate goods supplied by sector i to other sectors are

@ ve
o o

(Z) vi. (29)

. p;\"™ e e
mw<pi> (1*%*5]')”]%]'%”’]\4]» iV (31)

These FOC’s need to be re-expressed in terms of outputs and prices and then plugged into the
equilibrium conditions. Dividing two of the m;; yields

m*. ) *\ i . *\ i
ki _ Ok <P> I (Pi) ml; VkVivj, (32)

* .. * .. 19
my; Yij \Pg Yij \Pr

and plugging Eq. (32) into the intermediate goods composite yields

n;
1

N i n;—17] m5=T
Mj = [Z%ﬂijm (i) ] mi; ViVvj. (33)
k=1 Py

Now plugging this back into Eq. (31) yields

. L[N TN -t

* nj ngj L - .

mi; = p%(l —a; = Bi)vd | D g (p) yje ViVj. (34)
it k=1 k

Plugging Equations (28), (30) and (34) into the equilibrium conditions (24) gives a system of N
equations in the sectoral outputs y;, which also needs to be solved numerically. With outputs,
wages and prices determined, all other steady-state values in the model are easily determined.

3.4 Simulation

With the steady-state determined, I let dynare compute a 1st-order Taylor expansion of the model
around the steady-state, and then perform a stochastic simulation over 2000 periods (200 periods
burn-in) of a stylized symmetric 2-sector version of the model. The parameters used in this
simulation are largely taken from Costa (2016) and shown in Table (2).
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Table 2: Symmetric 2-Sector Parameterization

Parameter Value Parameter Value
o 2 ® 1.5
153 0.985 1) 0.025
€ 0.8 v 0.8
m 0.8 2 0.8
w1 0.5 W 0.5
Sl 0.5 G2 0.5
Qs 0.35 Qs 0.35
51 0.3 5o 0.3
Y11 0.5 Y21 0.5
12 0.5 Va2 0.5
ot 0.95 02 0.95

Figure (3) below shows the Impulse Response Functions (IRF’s) obtained from a 0.1 standard-
deviation productivity shock to sector 1. It is evident that the shock causes output to increase
equally in the two sectors®. Consumption also increases in both sectors, but is initially a lot higher
in sector 1 (initially relative consumption shifts to sector 1). The shock initially decreases the
capital stock in sector 1, but higher investment replenishes and increases it after 10 periods leading
to an increased use of capital in both sectors for an extended period of time. The behavior of
capital is mirrored by labor. The shock to productivity decreases the use of labor in sector 1, and
initially increases employment in sector 2, but after a while the use of labor in both sectors is
below it initial value - production has become more capital intensive. The movements in capital
and labor use are matched by the change in the rental rate of capital, which initially spikes by the
initial demand for capital coming triggered by the shock, but then decreases and remains below its
initial value for an extended period of time as the aggregate capital stock grows. Simultaneously,
the wage rate in both sectors increases and remains higher for a long time.

5This is only the case by virtue of the symmetric parameterization. When the model is calibrated in section 6,
the responses of sectoral outputs to a shock in one sector are more heterogenous.
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Figure 3: Impulse Response Functions Following 0.1 sd Shock to Sector 1
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The use of intermediate inputs in production increases in both sectors following the shock, but
more in sector 2 than in sector 1. At the disaggregated level, we can see that sector 1 supplies
substantially more inputs to itself and sector 2, while sector 2 initially supplies less inputs to sector
1 and more to itself. This movement in inputs is triggered by a movement in relative prices as the
price of sector 1 initially decreases following the shock and the price of sector 2 increases.

Having thus introduced the basic multi-sector RBC model and studied its mechanics at a basic
level, T proceed to introduce a simple one-sector RBC model in which the production process is
now augmented to allow for endogenous technology creation and adoption. Since technology is
only privately created if there are profits, there now needs to be imperfect competition.

4 A Simple RBC Model with Endogenous R&D and Tech-
nology Diffusion

The model of production introduced in this section is adapted from Comin (2009) and Anzoategui
et al. (2017) and involves a fully decentralized production and innovation process involving 4 agents:
Perfectly competitive final goods (retail) firms, monopolistically competitive intermediate goods
(wholesale) firms, technology adopters and technology innovators. The latter two also reap the
benefits of imperfect competition in the wholesale sector by selling production plans and ideas,
respectively. The benefits to the consumer from technology creation and adoption will be in terms
of expanding variety, which will manifest itself in an expansion of the number of wholesale firms,
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each producing a single differentiated product. A distinction between technology creation and
adoption is made to allow for realistic lags in the adoption process. The optimization problems of
these 4 types of agents are described in turn.

4.1 Final Good (Retail) Firms

As in the textbook NK model, the final goods firm is perfectly competitive and aggregates inter-
mediate goods produced by a continuum measure a;, where a; is the stock of adopted technologies
and the number of wholesale firms, of wholesale firms (indexed by k) to a consumption bundle

purchased by the consumer
ar w1 o=
Y = (/ Yyt dk) . (35)
0

In Eq. (35) ¢ denotes the elasticity of substitution among wholesale goods from the perspective of
the consumer who purchases the consumption bundle. The retail firm maximizes revenues taking
aggregate and input prices as given

K
ar  p—1 D—1 at
maxr  p ( / Yui dk) - / Priyredk. (36)
Ykt 0 0

Taking the FOC w.r.t. any particular yx; yields the demand function for wholesale good k, which
is directly proportional to aggregate demand and inversely proportional to its relative price level

¥ _q
v v AR NTT g o1 sn
i\, Ypi dk Tyk/ —pre =0

1
at  p-—1 -1 =1
pe ( / Uil d/f) Ykl = Dre (37)
0

Yt =Yt | — .
Pt

Substituting the demand function back in the aggregator function yields the ideal price index,
which is the CPI of the consumers consumption bundle

at 1 Pp—1 %
Yt = ytp;p (/ <) dk)
0 Pt (38)
1
at T—%
P = ( / p,iﬂdk> .
0

Since in this model all wholesale firms are identical in their pricing behavior, the integral in Eq.
(38) can be solved and rewritten as

1

1 _1
-9

pr=a; "Pre O pr=a; ' py. (39)
The same is true for output, Eq. (35) can be solved and written as

b P

ye=a "y Or Y =a; "y (40)

4.2 Intermediate Good (Wholesale) Firms

The representative intermediate goods firm chooses capital kx; and unskilled labor [, x+ to produce
output by the following Copp-Douglas technology

Ykt = etk?tligta’ (41)

with 6; a stationary productivity shock to the intermediate goods sector. Wholesale firms then
choose inputs and the price of their output subject to the final good firms (consumers) demand
function derived in Eq. (37)

11—«
max Tkt = pktetkgtlukt — 1Pkt — Wurlukt (42)
kit lukt, Prt
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_1 -1

- al—a\ 5
Rewriting Eq. (37) yields the inverse demand function pg; = p; (%) v = Dy (%) ! , and
the problem becomes

1 Y
AT Ty = pry; (Ockful i) 7 — rapekne — Wutluke. (43)
kty Lkt

Assuming that each intermediate good firm is very small w.r.t. the whole of intermediate goods
firms, so that its choice of inputs does not impact the aggregate price or quantity, yields the FOC’s

aﬂ'kt 1 d} -1 = Yk 1/}
_ W 0,k 11— (9, kX T =0 Jkt _ 44
1Yy ——x “ t w TPt = Kt TPt
Ok PV T we ke Okl ) p PR T —1 < (44)
MC(k)
MR(k)
0Ty T -1 = Yt Y
= ey, 0:(1 — )k 12 (031 )7 —wyy =0 = 1—a) = —— wy .
By, PV 4 ( Vel Okl t Pie( )lukt P —1 =2
—_— MC(1)
MR(1)

Inserting these FOC’s back into the inverse demand function gives the optimal pricing choice of
the individual wholesale firm

1 -1 @ ~1 1—a\ ¥
Pkt = Peyy’ <9t (pmail;tt%) (pm(l - a)lﬁ%) >
vl Ykt K v—1/a \"[1-a\'"\"
Pri =Dt (yt) <9t " (Ttpt> ( o ) ) (46)
_ 0 1/1 -1 o o 11—« 11—« -1 B w 1 D@ Wt 11—«
=\ Wat _ﬁE(T) T—a)

MC

This result is well known since Dixit & Stiglitz (1977) and states that in a monopolistically compet-
itive equilibrium featuring a continuum of identical firms, the optimal price of output is a constant
markup over the marginal cost.

4.3 Technology Adopters

Wholesale products are first invented and then adopted, but following Anzoategui et al. (2017)
this subsection describes their adoption conditional on their invention, before describing their in-
vention in the next section. The adoption process considered here is pro-cyclical but takes time.
It is also decentralized e.g. aggregate patterns are described without taking account of individual
firm adoptions.

Assuming that in each period new technologies are created, only a fraction \; of these tech-
nologies become directly usable in the same period. Whether a specific technology becomes usable
is thereby modelled a random draw with success probably A;. Once a technology is usable, all
wholesale firms are able to employ it immediately, which is modelled by an expansion in the num-
ber of varieties a;. We will think of this expansion as the adopter selling the technology to a newly
created intermediate goods firm (a start-up). Pro-cyclical adoption behavior is then obtained by
endogenizing the probability A; that a new technology becomes usable and making it increasing in
the amount of resources devoted to adoption at the firm level. More formally, let z; be the stock of
invented technologies, then following Anzoategui et al. (2017), the probability 0 < A; < 1 is given
by a concave function

)\t = K(Ztlsat)pa7 (47)

where x and 0 < p, <1 (N >0, A < 0) are constants, and ls,; is the skilled labor investment
devoted to technology adoption in each period. The presence of z; accounts for the fact that the
adoption process becomes more efficient as the technological state of the economy improves. There
is also a technical need for this spillover in that it ensures a balanced growth path: As technolo-
gies grow, the number of new goods requiring adoption increases, but the supply of labor remains
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unchanged, so it needs to be scaled by z;. Following this description, if A is the steady state value
of A¢, then the average time it takes for a new technology be adopted is 1/A.

Once in usable form, the adopter sells the rights to the technology to a monopolistically com-
petitive wholesale firm, which earns a profit from employing the technology. The value to the
adopter of successfully bringing a new technology into use, v, is therefore given by the present
discounted value of the wholesale firms profits from operating the technology. Accordingly, given
that 7441 is the one period interest rate between ¢ + 1 and ¢, we can express, vy, as

Vt+1
vy = + QE ————, 48
t t+ OE: T+ (48)
where ¢ is the probability that the technology survives (i.e. does not become obsolete), which
works like a discount factor here. Iterating yields an expected discounted value. We can then
express the adopter’s maximization problem as choosing /,,; to maximize the value J; gained from
the acquisition of unadopted technologies, given by

Jt =mar  — Wetlsar + ¢Ef { (49)

sat

M1 + (1 — ) Jiqa }
T+re '

The first term in this Bellman equation reflects total adoption expenditures, while the second is
the discounted benefit: The probability weighted sum of the values of adopted and unadopted
technologies. In Eq. (49) ws; denotes the skilled wage paid to skilled labor engaged in adoption
and R&D, which is different from the unskilled wage w,; paid by wholesale firms. The FOC
describing optimal adoption investment is

Vir1 — Ji1 At Vir1 — Ji1
= aNgE, Jl A L A g U~ e | 50
Wey = 2N P t{ T } p lsat¢ t{ e (50)

Eq. (50) states that the marginal gain from adoption expenditures: the increase in the adoption
success probability \; times the discounted difference between the value of an adopted versus an
unadopted technology is equated to the marginal cost wgs;. The term vy — Jyy1 is pro-cyclical,
by virtue of the greater influence of near term profits on the value of adopted technologies relative
to unadopted ones. As a consequence, lg,; varies pro-cyclically, and hence the pace of adoption,
given by \;, will also vary pro-cyclically. The description of adoption is closed by the following law
of motion describing the evolution of adopted technologies

a1 = \edlze — at] + day, (51)

where z; — a; is the stock of technologies available for adoption in period t.

4.4 Technology Innovators

Analogous to the adoption sector, there is a continuum measure unity of innovators that use skilled
labor to create new ideas, which adopters can then buy and transform into production plans for
intermediate goods bought by wholesale firms. Let l4.; be skilled labor employed in R&D by the
representative innovator and let ©; be the marginal product of skilled labor producing a technology
in a given time-period

Yy = thtlpzfl. (52)

srt

In this equation [4; denotes the aggregate amount of skilled labor working on R&D, which an
individual innovator takes as given. Following Romer (1990), the presence of z; makes this a linear
growth model. It is assumed that 0 < p, < 1, implying that increased R&D in the aggregate
reduces the efficiency of R&D at the individual level. x; is an exogenous productivity shifter
following a stochastic process

log xt = (1 — py) log x™ + py log xe—1 + €. (53)

The representative innovator chooses [+ to maximize the expected value of the technology, as
given by Eq. (49), which is his/her compensation

lort Ve,
mar B,rttrirL

— Wetlgrt- 54
lsrt ]- + rtJ,»l t t ( )
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The FOC again equates the maginal discounted benefit of an additional unit of skilled labor in
innovation with its marginal cost

ViJiy1 B xezellzy T

_ — .. 55
T+r Yl ‘ (55)

Given that profits from intermediate goods are pro-cyclical, the value of an unadopted technology,
which depends on expected future profits, will also be pro-cyclical. Let ¢ again be the survival
rate for any given technology. Then, we can express the evolution of technologies as

241

241 = @z + Olgpe  oOF = ¢+ xull,. (56)

2t

4.5 Housholds

Households consume the consumption bundle sold by the retail firm at the CPI p;, and supply
skilled and unskilled labor with labor shares ¢,, ;. Their objective function is given by

00 o 1 1
E, Z Bt C% _ 1 luzﬂp . 1 lsjgo )
= 1= puSulte  pass 1+

(57)

Following Comin (2009), p, and us are preference-shifter shocks reflecting distortions in the labor
market such as labor market frictions, labor income taxes and the like. These shocks follow
stationary stochastic processes

108 ftut = P, 108 fut—1 + €y (58)
log ftst = pu, 10g fus,i—1 + €by. (59)

Households also invest in an aggregate investment good that wholesale firms use to replenish their
capital stocks. Their resource constraint, in the absence of borrowing, is therefore given by

pe(ce +it) = Wutlut + wselse + repeke + e (60)
The law of motion for the capital stock is again given by
kt+1 == (]. - (S)kt + ’L.t. (61)

Substituting the capital accumulation rule into the budget constraint for i, yields the households
inter-temporal budget constraint

pece + Dikir1 — De(1 — 0)ky = Warlur + werlsy + repeks + 7. (62)

Following the optimization, the equations describing optimal consumption, skilled and unskilled
and labor supply are given as

1%, = Sttt 63
ut — Sulu 7 py (63)
Wt
15 = Gopts—— 64
t K T ( )
¢; ° = PBE; [ct_fl (1-6+ rt+1)} . (65)

Finally, as shown above, skilled labor is divided into skilled labor devoted to technology adoption
and skilled labor devoted to R&D. Following Anzoategui et al. (2017), they are aggregated as
follows

lsg = (Zt - at)lsat + lsre- (66)

An equilibrium condition completes the description of the model

Yt = C¢ + it. (67)
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4.6 Aggregation

Before the model can be simulated, the relations concerning individual intermediate goods produc-
ers and technology adopters need to be aggregated. This is done with the aggregators for output
and prices in Equations (39) and (40), which I repeat below

P 1

Ye = a " Yy pr=a; " Pre, (68)

and the relations
ki = atkpe; lut = aglykt; T = Q4 Tt - (69)

Using Eq. (46) the intermediate goods firms price can be represented in terms of the marginal
cost. Performing this replacement and aggregating gives the aggregate price, and aggregate FOC’s
describing the behavior of the wholesale sector

= ¢
pt = atl P ﬁMCt (70)
1 MC
MC’ta% = TPt = kt = atliw QY ¢ (71)
kkt TPt
1 MC
MCy(1—a) 2 —wyy = lu=a 7 (1—a)y—2. (72)
ukt Wyt
The production function and the profit equation must also be aggregated®
1
ke = Okl = e =al  Ok{l " (73)
Tkt = pktetk?tli;f — Wytluks — TePtkpe = (74)
1
Iy = pral "0k ly * — Wurlur — Tepike (75)
= Pyt — Wutlut — TPtk (76)

For technology adopters and inventors, the values of adopted and unadopted technologies and the
corresponding FOC’s were solved at the individual adopter/innovator level. I define the aggregate
values of adopted and unadopted technologies as follows

vy = apvy; I =z ;. (77)

The relevant equations pertaining to adoption and innovation become

a v§+1at
vy =1 + oy ————— 78
t t ¢ tat+1(1+rt+1) ( )
Moty o=+ (1= M) 2
JZ == E at+1 Zt+1 - S lea 79
t t{ 1+7"t+1 Wstlsat 2t ( )
viys  Jin
wstlsat = pa>\t¢Et % (80)
t+
o
t JZ
tM — W (81)
1+7ri41

The model is now ready for simulations and summarized in Table (3).

61 replace m; by II; to make it very explicit that the aggregate value of adopted technologies depends on aggregate
profits earned in the intermediate goods sector.
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Table 3: A Simple RBC Model with Endogenous Technology

Equation

Definition

12 = Gupn i

lft = Csflhs ngr;f

¢; ° = PE; [ct_fl (1-6+ rt+1)}
kir1 = (11 — ks + iy
=T

a; " aftMCy = ripy

1

a; " (1 - oz)l%MC’t = Wyt
a l—«
MCt _ % (Ttpt) (wut>
1

a -«

atdj_lpt = wqﬁlMCt

Ay = H(Ztlsat)p“

I, = pea, " Htkto‘lit_a — 1yPrks — Wytlut

a _ U§L+1at
b = I + ¢Et at+zl(1+Tt+1) ;
J_F At1)f+1ﬁ+(l—kt)tff+lﬁ ]
t = I Trress — Wstlsat?t
v JZ
t+1 _ Tt41
_ at41 Ftgl
wstlsat - pa)\t¢Et T+7i41 }
at1 = M@lzr — ag] + pay
— Pz—
797& - thtlsrt

S Jin
E; ir,.tﬂ = Wst
Zip1 = Pz + Vylopy
lot = (Zt - at)lsat + lort
Yo = C + iy
log xt = (1 — py) log x* + py log xt—1 + €
log 0; = pglogO;_1 + €/
log put = pu, log fu,t—1 + 65,5
log pust = pu, 10g fise—1 + egt

Unskilled labor Supply
Skilled labor Supply

Euler Equation
Capital Law of Motion

Production Function
Demand for Capital

Demand for labor
Marginal Cost

(Optimal) Price Level
Adoption Success Probability

Intermediate Goods Aggregate Profit
Value of Adopted Technology

Value of Unadopted Technology

Optimal Adoption Investment

Evolution of Adopted Technology
Productivity of R&D

Optimal R&D Investment
Evolution of Technology
Skilled labor Aggregation
Equilibrium Condition

R&D Shock

Productivity Shock

Unskilled labor Supply Shock
Skilled labor Supply Shock

4.7 Steady State Solution

Following Costa (2016) I normalize the price level to 1 p* = 1, and of the shocks 0* = u¥ = p*
In addition I set the equilibrium number of wholesale firms / adopted technologies a* = 1, and
following Anzoategui et al. (2017) I set the adoption success probability A* = 0.05.

Starting off with the prices, from the Euler Equation it follows that

and the optimal price equation gives

From the marginal cost equation then

wk = (1—a)MC*T=

The demand for capital is

and similarly the demand for labor is

=1

(82)
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From the capital law of motion it follows that
MC*

i* =0k =da——y", (87)
and the unskilled labor supply equation gives
o = G = Gt (0w ME) s (59)
Now inserting Equations (87) and (88) in the equilibrium condition gives
Yy = (<uwZ)§ ((1 —a) M€*>i YT+ (504]\475* y*. (89)
u
Jo = (1 5a]\{f*)“’io <(1 a)]\i}0>i (cutins) 77 . (90)

This determines the equilibrium output y*, and from the above equations k*, [}, ¢* and ¢* are
easily determined. Turning now to the endogenous technology part of the model, the profit equation

gives

" =y* —r'k* —wil}, (91)
and the value of adopted technology is
1
L | (92)
1 -9
1+4+7r*
The evolution of adopted technology gives
1—
R Sl 93)

A* '
Inserting the optimal adoption investment into the value of unadopted technology yields

1- a
JEE = @* o* p¢

2 (94)
KT +1—pa9
The skilled labor supply gives
[3¢c*
wiy = —r 95
s Ss ( )

and the optimal adoption investment yields

b v — Jz:
I, = 2k ¢ o (96)
: ls7c*o  147r*
Combining the optimal R&D investment with the evolution of technology gives

/71—

.= . 97
T 5Pcero 1 4 ¥ (97)
The aggregation of skilled labor then determines the skilled labor stock
* * gspa)‘*(b v — Jz: CSJZ* 1- QS
ls= -1 £ = . 98
s= ) I5%c¢r0 14 1r* U59cro 1 4 > (98)
(Z**l)Cspa)\*QS (’UG*—J;**)+§SJZ*(17Q§) T+e
I = . (99)

C*U(l + T*)

With [? determined, from the above equations w}, [

¥, and (¥ are also determined. Now the
evolution of technology yields

* 1 _
P00
l*
ST
Finally, the parameter x and the value of x* are set to make the steady state consistent with the
model. The productivity of R&D yields

(100)

19*

X = S, (101)
and by the adoption success probability
K= N(2"l%,) " . (102)
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x10% Y

4.8 Simulation

Just as with the multi-sector RBC, I let dynare compute a 1st-order Taylor Expansion of the model
around the steady-state, and then perform a stochastic simulation over 2000 periods (200 periods
burn-in). The parameters used in this simulation fit the US economy and are shown in Table (4).

Table 4: Parameterization a la Anzoategui et al. (2017)

Parameter Value Parameter Value
o 2 %) 1.5

10} 0.98 P 3.8571
Su 0.5 Ss 0.5

« 0.3 é 0.02

53 0.985 K 0.0583
o 0.37 Pa 0.927
Px 0.95 0o 0.95
Pria 0.95 Pus 0.95

Figure (4) below shows the 500-Period IRF’s obtained from a 0.1 standard-deviation shock to the
productivity of R&D (x). The shock initially shifts skilled labor into R&D, which comes at a slight
decrease in output and investment. The shock also has permanent effects on the productivity of
R%D (vartheta) and the stock of technologies Z, which is a consequence of the linear growth
specification. After the initial jump, skilled labor in R&D quickly returns back to normal (even
decreases a bit), and then the shock permanently increases output, investment, consumption and
profits (pi). With a further delay, the capital stock also permanently increases and the real interest
rate (R) decreases. Wages of unskilled labor (W) and skilled labor (Ws) increase permanently,
and overall employment (lu and Is) decreases. The stock of adopted technologies (A), which is the
number of wholesale firms, increases, consumers experience a gain from increased variety. At the
same time, during the initial boom the values of adopted and unadopted technologies (V and J)
decrease, but recover and increase after about 100 periods. The adoption success probability A

Figure 4: Impulse Response Functions Following 0.1 sd R&D Shock ()
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is permanently lower following the R&D shock. In short, a shock to the productivity of R&D
in this model has little immediate impact on the economy, but prolonged effects with an extended
period of increased output, consumption and technology creation and adoption following the initial
boom. The peak impact of this shock is reached after 100-periods, and its effect has not died out
after 500 periods. The overall response pattern resembles that of skill-biased technological change
with greater consumption and gains from variety for the consumer, more capital-intensive produc-
tion, higher wages for the employed, but disruptions in the labor market and an extended period
of greater unemployment following the shock.

Analogous, Figure (5) below shows the 500-Period IRF’s obtained from a 0.1 standard-deviation
productivity shock (6). It is immediately clear that compared to the R&D shock this shock is much
more short-lived. It triggers direct increases in output, investment, consumption, capital and
profits. labor input also decreases while the wage goes up, the price of output and the marginal
cost decrease. On the technology side it seems like this shock decreases the stock of adopted and
unadopted technologies A and Z relative to their trends.The adoption success probability A and
the productivity of R&D also decrease. In summary, the productivity shock only impacts the
production side of the economy, where it leads to increases in output, consumption, investment
and the capital stock, while decreasing the use of labor - similar as in the multi-sector RBC model
considered in section 2. The decreased use of labor also affects skilled labor, and via skilled labor
leads to a decrease in the rates of adoption and invention of new technologies. Overall this seems to
be just the opposite of the pro-cyclical response of R&D and adoption expected when constructing
the model. This conclusion however is erroneous, since strictly speaking in this model there should
not be a productivity shock that operates independently from technology creation and adoption.
For precisely this reason Comin (2009) introduces the labor supply shock as a substitute for the
productivity shock. Before considering the impulse responses to this shock however I note that the
responses to the productivity shock are typically a factor 10 larger than the responses to the R&D
shock - thus while the R&D shock has extended positive effects, its impact is much smaller than
the direct impact of the productivity shock.

Figure 5: Impulse Response Functions Following 0.1 sd Productivity Shock (8)

Figure (6) shows the 500-period IRF’s following a skilled labor supply shock. The IRF’s are
similar to those from the R&D shock, but the effect in output, investment, profits and skilled
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wages is lower than that of the R&D shock. It is key to realize that, in contrast to the productivity
shock, we here observe the pro-cyclical R&D and adoption behavior. Both the stock of adopted
technologies and the stock of invented technologies and their values increase. The adoption success
probability (\;) increases and after a while the productivity of R&D (¥;) concurs. I do not report
the responses for the unskilled labor supply shock, but they are very similar to those from the
productivity shock i.e. the effect is much more short-lived.

Figure 6: Impulse Response Functions Following 0.1 sd Skilled Labor Supply Shock (ps)
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5 Multi-Sector RBC with Endogenous R&D and Technology
Diffusion

Having introduced and simulated both the N-sector RBC and the endogenous technology model,
this section introduces an integrated N-sector RBC economy in which each sector has its own
retailers, wholesale firms, technology adopters and technology innovators. While the construction of
the model will involve a bit of repetition in the algebra already introduced, the novelty of the model
comes in the form of very deep sectoral integration at 3 different levels: There will be intermediate
inputs in wholesale firms, technology adoption spillovers which are able to propagate through the
value chain from either upstream or downstream sectors, and spillovers in the productivity of R&D,
which can also propagate from upstream or downstream sectors in the value chain.

5.1 Final Good (Retail) Firms

Each sector ¢ has perfectly competitive final goods firms that aggregate intermediate goods pro-
duced by a continuum (measure a;;) of wholesale firms

ajr  Pi—1 wj)i1
Yir = ( / st dki) Vi (103)
0

1; is the sector-specific elasticity of substitution among wholesale goods from the perspective of
the consumer who purchases the consumption bundle. The retail firm maximizes revenues taking
aggregate sector and input prices as given

it 1/) z/;j)iil it
maxr P (/ y,m’ dki) —/ PritYrirdki V1. (104)
0 0

Ykit

Taking the FOC w.r.t. any particular y;; yields the demand function for wholesale good ki, which
is directly proportional to aggregate demand and inversely proportional to its relative price level

Dit Vi
Ykit = Yit ( : > Vi. (105)

Prit

Substituting the demand function back in the aggregator function yields the ideal sectoral price

index
Qit 1 1—711/;1
pit = ( / pkn“”dki> Vi. (106)
0

Since in this model all wholesale firms are identical in their pricing behavior, the integrals for the
aggregator and price index can again be solved to yield

by 1

Vit = a;y Yk and  pg =a; Cpra Vi (107)

5.2 Intermediate Goods (Wholesale) Firms

The representative intermediate goods firm in sector ¢ chooses capital ky;:, unskilled labor [,,1;; and
intermediate goods from other sectors (j) My to produce output by the following Copp-Douglas
technology

Yrit = aztkk{tlg;liinm . Vi, (108)

with intermediate inputs composite:

ni—1

My = Z%’; m, Vi (109)

The notation is m; = Morigin—destiny- Vit i a stationary productivity shock to all wholesale firms
in sector ¢
log 01 = pe, log ;41 + € +€ Vi, (110)
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where eft is a sector-specific technology shock and e¢; is an aggregate technology shock. The

representative wholesale firm in each sector chooses inputs and the price to maximize profits in
each period, subject to the final good firms (consumers) demand function

ni(1—o;—B;)
n;—1

L mic
max Tkit = pklteltkkzt ukit 2 :’VJ’L jkzt
lukit,Kkit Mjkit,Pkit = (111)
N
— Waitlukit — TePekric — E DjtMjkit Vi
Jj=1

The individual firm is again assumed small, so that the unskilled wage w,;;, the real interest rate
r, the aggregate price index (CPI) p;, and price of sector j’s goods pj; are unaffected by the
particular firms demand for inputs. Rewriting the final good firms demand function for firm k’s
produce yields the inverse demand function

-1
1 -1
o a; 1Bi 1 ;=i\ ¥i
Ykat | ¥ Ot ks lukeis Mis ;
Dkit = Dit ( > = pit Ut Vi. (112)
Yit Yit
Inserting for pg;¢, the problem becomes
w1
ni(1—a;—B4) Wy
4 71 i —
= pay Y fe&i i
max Tkit = DitY;¢ Zt kit ulczt ’Y]l Jkit
lukit kit Mjkit (113)
N
— Wyitlukit — TePekit — E DjtMjkit V1.
j=1

The small size of the firm also guarantees that its input choices do not impact the aggregate sectoral
price or quantity, yields the FOC’s

O kit w1 Ykt T Ykit Yi ,
Dy PVt O Wiy e PritQig — = g7 Ip, Vi (114)
%/—’MR(k) MC(k)
O kit =i =1 Ykt w Yhit ) )
alukit PitY;y wl B’L lukit Yrit uit pkztﬂz lukzt ¢l 1 wit ( )
MR MC(ly)
1*%‘%‘*1"1'1%
mn;—
oy _ =1 T ks 5
om 'lj:’t = plty;jf) Zﬁ (1 - Qi — ﬁl)vjnz Jnkzteitkkztlukzt Z fy]l ]k:]it ykd;t — Dt = 0
jki %
(116)
i\
= prie(l —a; — Bi) (m_Jk_t> y;mM,m = P Pjt Vi. (117)
1 1 ~—~
d MC(m;)
MR(m;)

There are ), a; N 2 of Eq. (117), one per intermediate input for each wholesale firm in each sector.
Now one needs to find the price for each firm pg;s. Inserting these FOC’s back into the inverse
demand function gives the optimal pricing choice of the individual wholesale firm

—1
i Bi 2
N ki . — 1] @ ki i —1 — i —B; .
Prit = DitYsy <9it (pkitaiy it Yi DritBi Uit Y M;iitab b Vi. (118)

ripe Ui Wuit Vi

A problem here is that Eq. (117) depends on both My;; and Mjkit, and all quantities need to be
removed from this pricing equation. Therefore rewriting Eq. (117) yields

1

e Prit Vi — 1
mii. = 1-—
jkit Dt wl (
i <pkit P — 1

mL =
kit
/ Pt Wi

1-mn;

ﬁl)WJz yk:thkzt Vi

(119)
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thus
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Inserting this in Eq. (118) yields

1 o Bi 1—a;i—B:\ ?;
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(121)

The result is again familiar from Dixit & Stiglitz (1977), in a monopolistically competitive equi-
librium the optimal price of each firm is a constant mark-up over its marginal cost.

5.3 Technology Adopters

Each sector is now populated by a continuum measure unity of technology adopters which buy
ideas from the technology innovators, and convert them into production plans bought by wholesale
firms. The probability that an idea can be successfully converted into a production plan in the
present-period is sector specific and given by \;. As before, the probability 0 < \;; < 1 is given by
a concave function

N N PMai

Ait = Ki | Wadi Z VjiGjt + Waui Z'Yijajt (zitlsait)P* Vi, (122)
j=1 j=1

where k, 0 < pprq < 1 and 0 < p, < 1 are constants (N > 0, X < 0). The first term reflects
adoption learning spillovers in the sector from itself and other sectors, where the first sum reflects
adoption pressures resulting from downstream sectors in the value chain (i.e. sectors that supply
inputs to sector i), and the second sum reflects adoption pressures from the upstream sectors (i.e.
sectors that buy sector i’s output). These spillovers reflect the input-output-mix in the wholesale
sector, and their intensity is regulated by ppsqq, and the weights wyq; and wg,; reflecting the relative
importance of downstream and upstream pressures. [, is the skilled labor investment devoted to
technology adoption in each period. The presence of the sector-specific technology stock z;; again
accounts for the fact that the adoption process becomes more efficient as the technological state
of the economy improves.
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Apart from Eq. (122) everything is as in the one-sector model: Adopters sell the production
plan to a monopolistically competitive wholesale firm, thus the value of such a production plan is
the present-discounted value of the profits of a wholesale firm

Vi t+1 .
Vig = Mgit + G By ——— Vi, 123
t kit ¢ t 1 + i1 ( )

where ¢; is the sector-specific probability that the technology survives (i.e. does not become
obsolete), which works like a discount factor. The adopter again chooses ls4;; to maximize the
value J;; gained from the acquisition of unadopted technologies, given by

i =maz — weilsair + 6: {A”vi’tﬂ ;jiﬂ;:‘”umﬂ } Vi. (124)
The FOC describing optimal adoption investment is
Wiy = ZigNjy i By {W} = pailjﬁ(biEt {m} Vi, (125)
and the evolution of adopted technologies is
Qi1 = NiePizit — Qir] + Piaie Vi, (126)

where z;; — a;; is the stock of sector-specific technologies available for adoption.

5.4 Technology Innovators

Each sector also has a continuum measure unity of innovators that use skilled labor to create new
intermediate goods. Let [,.;; be skilled labor employed in R&D by the representative innovator
in sector ¢ and let ¥;; be the marginal product of skilled labor producing a technology in a given
time-period
PMri
Vie = XitZit | Wrdi Z%‘izjt + Wrui Z%‘jzjt 170 i (127)
J#i JFi

lsrit here represents the aggregate amount of skilled labor working on R&D, which an individual
innovator takes as given, and 0 < p,; < 1, implying that increased R&D in the aggregate reduces
the efficiency of R&D at the individual level. Also ppr; < 1, so that there are diminishing returns to
upstream or downstream innovation for the sectors own innovation process. x;: is a sector-specific
exogenous productivity shifter following a stochastic process

log xit = (1 — py,) log Xj + py; log Xi—1 + € Vi. (128)

The representative innovator chooses [l to maximize the expected value of the technology, as
given by Eq. (124)
lsritﬁitJi t+1 .
By————————= —wgylsrr Vi 129
77:2? t 1 ¥ rt+1 Wsitlsrit ? ( )
The FOC again equates the maginal discounted benefit of an additional unit if skilled labor in
innovation with its marginal cost

Vie i t41

= wgy Vi. 130
t 1+ 7ea Wsit 7 ( )

Given that profits from intermediate goods are pro-cyclical, the value of an unadopted technology,

which depends on expected future profits, will be also be pro-cyclical. Let ¢; again be the survival
rate for any given technology. Then, we can express the evolution of technologies as

Zijgr1 = Gizig + Viglgrsr V. (131)
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5.5 Housholds

Households consume the consumption bundle sold by the representative retail firm in each sector
at the CPI p;;, and supply skilled and unskilled labor to each sector. Households also invest in an
aggregate investment good that wholesale firms of all sectors use to replenish their capital stocks.
Aggregate consumption is a CES aggregate of consumption goods produced by N sectors, skilled
labor [4 and unskilled labor I,,; are CES aggregates of sectoral skilled and unskilled labor stocks

N 1 e—1
cy = E WS Ce
i=1

N 1 vy —1

§ Vu ] vu
Sui luit

i=1

e

—1
] ) lt = lut + lsta (132)

u
—1
Vu 1 ve—1

N ey
i=1

Skilled labor in each sector is again divided into skilled labor used for technology adoption and
skilled labor used for R&D. Following Anzoategui et al. (2017), this allocation is endogenously
determined, by the adoption gap z;; — a;;

lut =

lsit - (Zit - ait)lsait + lsrit Vi. (134)

I will assume again that all CES-shares are time-invariant. A representative household again
maximizes lifetime utility w.r.t. consumption and labor supply, given by

E iﬁt RS S A Sl VP (135)
— — 7,’
t U 1= pusulte pass 1+

where f3 is the intertemporal discount factor, o is the relative risk aversion coefficient, and ¢ is the
marginal disutility w.r.t. labor supply. Assuming that households own the firms, they maximize
this utility function subject to the intertemporal budget constraint. Following Comin (2009), with
tyt and pge preference shifter shocks are introduced to shock the labor supply. These shocks
can also be interpreted as capturing frictions in the labor market and taxes. The shocks follow
stationary stochastic processes

IOg Hut = Pu, IOg Hut—1 + 65“7 (136)

log ptst = pp, log ps s—1 + €. (137)

The price index is
1
1—e

N
p— [z wip;;] | (138)
=1

and denotes the cost of capital investment in each sector. Since capital is fully mobile between
sectors, there is one real interest rate r;. In a model without borrowing, households resource
constraint therefore stipulates that consumption and investment in each period need to be financed
by wage-income, capital income and dividends

N

Z(pitcit + priit — Wuitluit + Weitlsie — repeksy — i) = 0. (139)
=1

The law of motion for the aggregate capital stock is given by
kt+1 = (1 - (S)kt + it. (140)

Since capital is fully mobile, there is also one economy-wide depreciation rate . Capital, investment
and firm profits have simple linear aggregators

N N N
ky szm it Zzim T =Z7m. (141)
i—1 i—1 i—1

Following again Herrendorf et al. (2014), the optimization problem can be broken down into one
intertemporal choice problem and 3 allocation problems. Starting with the latter, taking the
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aggregate consumption quantity as given, the representative household chooses ¢;; subject to a
resource constraint Zfil PitCit = prce. Similarly, skilled and unskilled workers maximize their wage

income from skilled wage Zfil Wg;tlsi¢ and unskilled wage vazl Wyitlyir Subject to the aggregators.
The outcomes of these problems give a simple set of equations describing optimal consumption,
skilled and unskilled labor allocation”

—€ Uy, Vs
Dit Wit Wsit

Cit = CtWj (2> 5 luit = lutgui ( “ > ; lsit = lstgsi < = ) ) (142)
Pt Wyt Wst

with optimal wage indices:

1 J
N 1—vy N 1-vs
1—v. 1—vg
Wyt = [g SuiW,y ¢ u‘| ; Wst = [ g SsiWgiq ‘| . (143)
=1 i=1

Using the aggregators and wage/price indices, the budget constraint in Eq. (139) can be aggregated

pe(ce +it) = Wutlut + wselse + repeks + . (144)
Substituting the capital accumulation rule into the budget constraint for i, yields
pect + Dk — pe(1 — 8)ky = Wurlut + Weelst + repeks + 4. (145)

Maximizing Eq. (135) subject to this budget constraint yields the following equations describing
optimal aggregate behavior

Wyt

1% = — 146

ut — Sulu 7 py (146)

lft = gsﬂs? (147)
C

;7 =PBE [ (1 =6 +re1)]. (148)

The model is closed with a set of equilibrium conditions, one for each sector

N

Yir = Cit + it + Zmijt Vi (149)
j=1

5.6 Aggregation

Before the model can be simulated, the relations concerning individual intermediate goods pro-
ducers and technology adopters in each sector again need to be aggregated. This is done with the
aggregators for output and prices in Eq. (107)

Ko 1

Vit =y kit pit = a;y ' prie Vi, (150)

and the relations
kit = aitkpit; Luit = aitlukit; Mjit = QitMjkit; Mt = a;t My Tit = Qi Thie- (151)

Using Eq. (121) the intermediate goods firms price can further be represented in terms of the
marginal cost. Doing this replacement and aggregating gives the aggregate FOC’s describing the
behavior of the wholesale sectors

i e MC; )
Mcitai& =rpe = k= ailt Yy — vy (152)
Erit TtPt
7 171 : MC’L .
MCuBi L — sy = Ly = al 7 By —2 Vi (153)
lukit Wit
Vii 711 1—my
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i - (MC; i .
Mjit = ailt—w,, (]_ — o — ﬂz)my?tl ( ) ")/jZlef i V1.
pjt
(155)

7Again for the labor allocation problems, I replaced —v by v to get the right behaviour — the sector with the
relatively higher wage gets supplied more labor.
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The production function and the profit equation must also be aggregated

1
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i=1

(156)

(157)

(158)

(159)

For technology adopters and inventors, the values of adopted and unadopted technologies and the
corresponding FOC’s were solved at the individual adopter/innovator level. I define the aggregate

sectoral values of adopted and unadopted technologies as follows

a . [ )
Vip = GitVit; Ji=zadie Vi

The equations then become
Vi1 Git
aitr1(1+7e41)
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The model is now completed and summarized in Table (5).
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Table 5: N-Sector RBC Model with Endogenous R&D and Technology Diffusion

Definition

Equation
le =l + 1t
l@ g“u“c pf
l“" Sshs cw;’;t
= BEi[c, (1
Cit = Crw; (’;;:)76 Vi

Vu
— Wy
luit - lutgui (wf:)

— 0+ 7eg1)]

Vi

Vs
lsit = lstSsi (ws“) Vi

Wst

N 1—v, | 1=vu
Wyt = I:Zz 1 SuiWou¢ u:|

T—vs

Wsp = {Ziv 1 gszw;ztys}
k‘t+1 = (1 — (S)]{Jt + Zt
1

yzt—a“ ‘g, kazlﬂt Ml a;—Bi

it “uit

1 mi—t

_ N n4 g
M = |:Zj—1 Vi Mejit
1

1=y CMCyy

kit = a; " iy Ttp:
T=9; l/’ MC;e

lyir = a’7t Bzyzt wui;

Myt = al

1
N _e| T=€
bt = [Zizl wip%t 6}

B0 0y A

1

Vi
U
n;—1
|77
Vi
Vi

1
N 1—n; 4 .
pMit = |:Z_] 1 ’Yﬂp]t i :| VZ

S Bi
MCi = Tt ( (géit) ( 5?) (1 Oéz
1

T=9; i
Pit = Gy Pi—1 Mczt

Vi

M071
Djt

i .
) ’sz’Milt_m ViVvj

N N PMai
Ait = Ky (wadi D jm1 Vit + Waui i %‘j&jt) (zitlsqit)P*

1Lt = pitYir — Wuitluit

’U,(-1 1@t .
vl = Tat + $iBr gt Vi

ta; t+1(1+7“t+1)

J7

i+ (1= Ni) I

N .
— 1ypikis — ijl PjtMjit Vi

K2

itvf t+1a; t
+1
t — =L {

wsitlsait = Pai )\thsz Et

Qi 41 = NiePiZit — Qit] + Pias

1+ria

1+7ri4a

Vi

Zit
t+1%; 401 .
~htil } - wsitlsaitzit Vi

a z
Vit+1l  Tit41
a4l Fit4l

Vi

PMri
— pzi—1 .
Vit = XitZit (wrdi D i ViiZit t Wrui D25y %‘jzjt) e Vi

/,9v

E Sy et
1+7i41

Zig41 = Gizit + Viglorit

= Wsit V1

Vi

l%t - (Zzt azt)lsalt + lem’t V'L
Yit = Cit + Zzt + Z =1 mzyt Vi
log xit = (1 — py;) log X; + oy log Xi—1 + €y Vi

log 0 = pe, log 0 11 + Ezet + €

log put = pp,, 108 fru,t—1

w
+ €

log pist = pp,log psi—1 + €

N
ky = Zﬁ:l kit
it - 21':1 iit
N
Yt = Zizl Yit

V1

Vi

labor Aggregation (Optional)

Unskilled labor Supply
Skilled labor Supply
Euler Equation

Optimal Consumption Choice
Optimal Unskilled labor Allocation
Optimal Skilled labor Allocation

Average Unskilled Wage Rate

Average Skilled Wage Rate

Capital Law of Motion

Production Function Sector ¢
Intermediate Inputs Sector i

Demand for Kapital Sector 4
Demand for labor Sector 4

Demand for sector j, Sector ¢

Ideal Price Index

Price of Intermediates Sector

Marginal Cost Sector i

(Optimal) Price Level Sector ¢

Adoption Success Probability Sector i
Intermediate Goods Aggregate Profit Sector 4
Value of Adopted Technology Sector 4

Value of Unadopted Technology Sector i

Optimal Adoption Investment Sector ¢

Evolution of Adopted Technology Sector ¢
Productivity of R&D sector i

Optimal R&D Investment Sector 7

Evolution of Technology Sector ¢
Skilled labor Aggregation Sector i

Equilibrium Condition Sector 4

R&D Shock Sector 4

Productivity Shock Sector i
Unskilled labor Supply Shock
Skilled labor Supply Shock

Capital Aggregation

Investment Aggregation
Output Aggregation (Optional)
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5.7 Steady State Solution

To solve for the steady state I normalize the steady state level of adopted technology (firms)
in each sector a = 1 Vi, but I will keep these a} in the steady-state equations in case asym-
metric stocks of adopted technology are beneficial for calibrations of the model. For the shocks
0F = ) = p¥ =1Vi, while x; needs to be calibrated for each sector. Following Anzoategui et al.
(2017) further the adoption success probability A} is set to a value in each sector. In the simulation
I will assume A} = 0.05 V.

Starting off with the prices, from the Euler Equation it follows that

r* = 1 (1-19). (165)
g
The next step is to determine the prices and wages. Since all prices and wages are related, and, in
a perfectly competitive equilibrium obey Walras Law, I will again apply a normalization by setting
the average unskilled wage w;, = 1. With this normalization, the average unskilled wage can be
written as

N
1 .
1= ™ = w= | — =Y Myl Vi. (166)
=1

Inserting the optimal sectoral price into the marginal cost equation for M C} yields

L o a;+B8,—1

1), B rrp*\ A 3 SR
* x 1=, 1/)1 * ’ rp ‘ pM’L ' -
8, (pral " 0 — vi. 167
w; B (pzazt P —1 1) ( Q; ) (1061'51') ' ( )

The pricing problem can now be solved numerically, either by taking Eq. (166) and Eq. (167)
and solving a system of 2N equations with 2N unknowns (w} and p}), or by plugging Eq. (167)
into the optimal sectoral price equation, solving a system of IV equations in p; and then using Eq.
(167) to get the wages. With prices and wages determined, the next step is to solve the system of
equilibrium conditions to get the outputs y;. The demand for capital is

1

ST G MO
=t e (168)
r'p

and similarly the demand for labor

*T=o 11/

—y %

@; I,BiMC,Lv
w*

yr Vi (169)

* j—
lui -

From the capital law of motion, which can be disaggregated, it follows that
N .
. o MCY :
[ e ek B ] (170)
Y

Combining the optimal consumption choice with the unskilled labor supply equation and the
optimal unskilled labor allocation yields

£\ % o\ —€ BN NN E L
w. o * w o * . o w*. =
up p p p Sui wk

Now inserting also the demand for labor gives

1 © vy
wi\ ° N\ ek B MCFN T (wi 7 -2 ;
¢ = (Cu*u> ws <pi> <ai1 #1& *z> <7:Z> y;" T Vi (172)
p p Sui Wy, Wy,

The FOC’s for the intermediate Goods supplied by sector ¢ to other sectors are

=4 o (MCj\" —n, .
mige = a;, " (1—aj — B;) Myl <pt”> VM"YV, (173)
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with

i
=17 m;—1
My = [zw e ] Vi 74

These FOC’s need to be rewritten in terms of outputs and prices and then inserted into the
equilibrium conditions. Dividing two of the my; yields

nj nj
M1 i ;
kljt _ Vk1j (le) Mitge = Yk1j (kat) muzge Vi VE. (175)
mr2;t Vk25 \ Pklt Yk25 \Pkit

letting k1 = k and k2 = ¢ and plugging Eq. (175) into Eq. (174) yields

1= ’71 i n;—1 %
Jt - [Z 716]71] (Zt> ] Myt Vj Vi (176)

Now plugging this back into Eq. (173) yields

nj(1—nj)
nj - n;—1 nj—1
= MCjy Dit 1—n;
Mmijr = a;t Vi (1 — Q5 — ﬂj)m yjt ( p't] > Yij lz 'Wcj'%J <p;t mijtm (177)
K3
v S (" -
Mije = Qjy (1—a; - ﬁ;)y;ﬂw Z Ve 13 (pk:&) VjVi. (178)

Plugging Equations (170), (172) and (178) into the equilibrium condition gives a system of N
equations in the sectoral outputs y;, which also needs to be solved numerically

N
yi=ci i+ Y ml Vil (179)
j=1

With outputs, wages and prices determined, ¢, ¢, k7, mj; and [}, are also determined by the
above equations. Now the profit equation gives

N
I = ply; —rp'k} —wili; — D _pjm}; Vi, (180)

and the value of adopted technology is

1
v =II; ——— Vi (181)
1— %
1+4r*
The evolution of adopted technology gives
1—¢; .
* = 1)af Vi 182
K (Awi+>% Z .
Inserting the optimal adoption investment into the value of unadopted technology gives
% 1= paithi

JZ* — ll

’L

ai 3¥ +1 = paii

Inserting the skilled labor supply into the optimal unskilled labor allocation gives

1 1
I\ 15\ recre 15\ 7 copt e

,w;:( st ) we = ( st ) Cc p < ) cp I US-HP’ (]_84)
lzgsi l:gsi Ss Ssi Ss

vs

lZg ."H] T (185)

with
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The optimal adoption investment yields

a* Z*
i i

. —
R Paii $i af zF

= 186
sai w; 14+ ( )
Combining the optimal R&D investment with the evolution of technology gives
JF 1 — ¢
O (187)

sri T * *
wi 1+7

Now inserting Eq. (185) into Eq. (184), Eq. (184) into Equations (186) and (187), and Equations
(186) and (187) into the aggregation of skilled labor

i = (2 = a)lgas + Uris (188)

gives a system of N equations with /N unknowns, which can be solved numerically for the {¥,. With
%, determined, w};, I%,, and [}, are also determined. Now the evolution of technology yields

sty “sai

(1 — ¢
gy = 2 %) (z* %) (189)
and the productivity of R&D yields
—PMri
% 79* * * *1—pi
Xi = Zi Wrdi g’yjizj + Wrui g%‘jzj [ (190)
J7FT JF

Finally, the parameter x is determined by the adoption success probability to make the steady
state consistent with the model®

—PMai

N N
ki = A} | wadi Z’ina; + Waui Z%ja; (271%,,) 7Pt (191)
j=1 j=1

5.8 Simulation

With a stylized 2-sector version of the model, I let dynare compute a 1st-order Taylor Expansion
of the model around the steady-state, and then perform a stochastic simulation over 2000 periods
(200 periods burn-in). The parameters used in this simulation are:

8If all a; =1, the adoption spillover term disappears.
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Table 6: Parameterization a la Anzoategui et al. (2017)

Parameter Value Parameter Value
o 2 ® 1.5
153 0.985 1) 0.02
aq 0.35 Qs 0.35
51 0.3 Bo 0.3

€ 0.8

Uy 0.8 Vg 0.8

m 0.8 M2 0.8
w1 0.5 Wo 0.5
Waul 0.5 Wau?2 0.5
Wadl 0.5 Wad2 0.5
Wrul 0.5 Wru2 0.5
Wrdl 0.5 Wrd2 0.5
Su 0.5 Ss 0.5
Sul 0.5 Su2 0.5
Ssl 0.5 Ss2 0.5
711 0.5 Va1 0.5
Y12 0.5 Y22 0.5
o1 0.98 b2 0.98
1 3.8571 o 3.8571
Pal 0.927 Pa2 0.927
P21 0.37 022 0.37
PMal 0 PMa2 0
PMrl 0 PMr2 0

Prr 0.95 Pxa 0.95
P, 0.95 P60 0.95
P 0.95 Pps 0.95
K1 0.082 Ko 0.082

Note that in this parameterization ppre; = pari = 0 Vi, so adoption and R&D spillovers are
initially disabled. Figure (7) below shows the 500-Period Impulse Response Functions (IRF’s)
obtained from a 0.1 standard-deviation shock to the productivity of R&D in sector 1 (x1). The
shock increases the productivity of R&D in sector 1, and the stocks of invented and asopted
technologies in sector 1. As in the one-sector model, during the adoption boom the adoption
success probability in sector 1 decreases. Sector 2 displays the opposite response: The stocks of
invented and adopted technology decrease vis-a-vis their previous trend, and the productivity of
R&D also decreases after some curious oscillation. On the nominal side of things, the price of
output in sector one initially decreases, but starts increasing after about 100 periods, while the
price in sector 2 immediately goes up. The skilled and unskilled wages un both sectors increase,
which is mirrored by an overall decline in the use of labor. In sector 1 the skilled wage immediately
reponds to the shock, triggered by a spike in the use of skilled labor for R&D at the time of the
shock. Up to this point the pattern observed in the IRF’s is what could reasonably be expected
from a combination of the two models previously considered. On the real side of the economy, the
aggregate variables also respond to the shock in the same way as in the one-sector model, but there
are some surprises concerning the relative response of the two sectors. It is curious that sector 2
seems to reap overall more benefits in terms of output, investment, capital accumulation and profits
than sector 1. Only the consumption benefits of sector 1 are greater than in sector 2. Following
the shock, sector 1 initially uses less intermediate inputs, and overall the supply of inputs from
sector 1 to sector 2 increases asymmetrically. These results suggest the following interpretation: In
a two sector set-up, the R&D shock to sector 1 lets this sector concentrate on R&D and adoption,
while initially neglecting the real economy and shifting economic activity to sector 2. Overall the
economy benefits from the shock, its effects on the real economy are beneficial for both sectors,
and the pattern is one of skill-biased technological change as in the one-sector model, but the only
immediate gain from the shock realized in sector 1 is an increase in consumption and variety. For
future research, it would be interesting to see whether the introduction of frictions such as price-
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Figure 7: Impulse Response Functions Following 0.1 sd R&D Shock (x1)
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and wage stickiness or investment adjustment costs would change the observed sectoral re-
sponses and the distribution of gains from the shock in some critical respect.

In Figure (8), I repeat the R&D shock, but now allow for some R&D spillovers pas; = 0.2 V4,
and some slight adoption spillovers ppsq; = 0.1 Vi°. It is evident that the model is now on the
verge of non-stationarity. The spillovers in R&D and adoption induce prolonged effects on output,
incestment, consumption, profits and the stocks of adopted and unadopted technologies. The over-
all reponse pattern however is similar as in Figure (7). Notable differences to Figure (7) are the
productivity of R&D in sector 2, which also permanently increased thanks to the spillover from
sector 1, and the responses of prices and profits, which now permanently decreased in both sectors
(for which I have no good explanation).

For the sake of completeness, in Figure (9) I show the IRF’s from a 1 sd productivity shock to
sector 1. As expected the effect is larger but dies out much quicker compared to the R&D shock.
Just like in the one-sector model, the shock shifts resources out of R&D and adoption and into
the production-side of the economy. Again however this shock is not really interesting because it
occurs independently from any movements in R&D and technology adoption, which is unrealistic.

91 would like to have greater adoption than R&D spillovers, but it turns out that this leads to stability problems
with the model which I was unable to solve in short time.
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Figure 8: Impulse Response Functions Following 0.1 sd R&D Shock (1) + Spillovers
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Figure 9: Impulse Response Functions Following 0.1 sd Productivity Shock (1)
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6 Calibration and Evaluation Against SVAR

After having succesfully built and simulated the model, I end by calibrating the multi-sector
RBC and the full model for the US and comparing the results to that of the Structural Vector-
Autoregression (SVAR). As mentioned in the introduction, I resort to calibration because I ran into
presently insurmountable stochastic singularity or under-identification problems doing Bayesian es-
timation with the data currently at my disposal'®.

I will start this exercise by calibrating the models to the US economy divided into 3-sectors:
Agriculture (AGR), industry (IND) and services (SER). I will also start calibrating the multi-sector
RBC model to gain a benchmark against which the calibration of the full model can be evaluated.

6.1 US 3-Sector RBC vs. SVAR

Starting off with the basic 3-Sector RBC, I calibrate consumption (w;) and labor (g;) shares us-
ing the 10-Sector data provided by the Groningen Growth and Development Centre (GGDC)
(M. Timmer et al., 2015), which I aggregate to 3-sectors and take the average sectoral shares over
the period 1950-2012. The column-normalized input-output (I0) matrix is obtained by aggregat-
ing the World-Input-Output Database by M. P. Timmer et al. (2015) to 3-sectors and considering
only the US domestic IO matrix, averaged over the available years 2000-2014.

Table 7: US Matrix of Input Shares (Columns), 2000-2014 Average

AGR IND SER

AGR 0.242 0.019  0.009
IND 0.714  0.599  0.198
SER  0.043 0.383 0.793

Regarding the elasticities in the model, Herrendorf et al. (2013) estimate e for the US 3-sector
economy by considering long-run changes in broad sectors relative prices and final consumption
expenditure shares, and come up with a benchmark estimate of 0.9. An extensive literature has
estimated the Frisch labor supply elasticity and come up with values between 0.5 and 3, so I will
keep ¢ = 1.5 (Chetty et al., 2011). I will also keep the stylized values of 0 = 2, = 0.985
and & = 0.025, which are broadly in line with the values estimated in the literature. Atalay
(2017) estimates the elasticities of substitution among intermediate inputs 7; for 30 US sectors,
and consistently finds values less than 0.2. Since Inputs from 3 broad sectors should be less
substitutable than in a 30-sector setup, I will set all 7; to 0.1. Lastly, there is the elasticity of
substitution v among sectoral labor stocks. Horvath (2000) estimates an elasticity of 1 here.

Table 8 USA 3-Sector Parameterization

Parameter Value Parameter Value
o 2 ® 1.5

8 0.985 6 0.025
€ 0.9 v 1
WAGR 0.03 SAGR 0.03
WIND 0.28 SIND 0.25
WSER 0.69 SSER 0.71
QAGR 0.3 Bacr 0.3
QOIND 0.18 BIND 0.2
AOSER 0.08 BSER 0.66
TAGR 0.1 PAGR 0.95
NIND 0.1 PIND 0.95
NSER 0.1 PSER 0.95

10The stochastic singularity problems I encountered were not cause by some perfect linear relationship of observed
variables in my equations - I have tried introducing additional shocks and measurement errors to prevent that - but,
it seems, by the very nature of the model and the data.
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With these parameters in place, I simulate a log-linear 1st-order approximation of the model
over 100,000 periods, with equal-sized idiosyncratic shocks of standard deviation 0.1 to all sectors.
The autocorrelations of and shock decompositions of Value-Added (VA) are shown in Table (9).
The table shows that the presistence of the simulated series is roughly similar to that of the actual
ones, taken from the GGDC.

Table 9: USA 3-Sector Autocorrelation Functions of Simulated and Observed Variables

Variable 1 2 3 4 5

ysimul 0.9311 0.8673 0.8078 0.7518 0.6994
y;%”D“l 0.9435 0.8904 0.8401 0.7926 0.7477
yeimul 0.9468 0.8966 0.8488 0.8032 0.7597

YAS R 0930 0.888 0.832 0.776  0.730
Y% 0.955 0913 0.861 0.806 0.751
y&iR 0934 0.883 0.827 0.769  0.714

Table (10) below shows the simulated variance decomposition. It shows that agricultural pro-
ductivity shocks only impact agriculture, while agriculture itself is equally impacted by shocks to
Industry and to a lesser extent service sector shocks. Industrial output therewhile is driven to 92%
by itself, and the service sector is driven to 68% by itself, while also responding with a 30% share
to industrial shocks.

Table 10: USA 3-Sector Variance Decomposition Simulating one Shock at a Time (in %)

Variable easqgr ernp esgr Total

YAGR 37.65 37.05 24.79 99.49
YIND 0.03 9243 6.95 9941
YSER 0.53  30.60 67.69 98.82

This result from the model can be compared to the results of a Structural VAR (SVAR) esti-
mated on the 3-sector VA data in log-levels. Diagnostic criteria such as the Schwartz-BIC suggest
that in a VAR including a time-trend and a constant, 1 lag is enough to give serially uncorrelated

errors. I also run the SVAR in growth rates, but the results are so similar that I only report the
log-level SVAR. The SVAR is of the form

Ay, = C(1)y;_; + Bey, (192)

where B = I3 is assumed diagonal, and the contemporaneous impact matrix A is replaced by the
IO matrix shown in Table (7) but this time row-normalized (i.e. output shares are taken as more
closely associated with the impact coefficients than input shares) and with 1’s along the diagonal.
The Forecast Error Variance Decomposition (FEVD) from this SVAR is shown in Figure (10). The
FEVD after 10-periods is very closely in line with Table (10) except for agriculture, where services
make up 55% of the variance and industry only 15% instead of 37% industry and 15% services as
suggested by Table (10).
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Figure 10: Forecast Error Variance Decomposition from SVAR
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A final point of comparison are the Impulse-Response Functions (IRF’s) from the model and
the SVAR, shown in Figure (11). I note that both are on different time-scales (the SVAR has
10-period IRF’s whereas the model reports 100-periods), and the shocks have different magnitudes
(in the model the shock magnitude is 0.1 sd compared to 1 sd in the SVAR). Apart from these
differences, the IRF’s for industry and services are broadly similar (except for the response of
SVAR: SER to IND which is non-stationary, but this effect disappears if the SVAR is run using
growth rates of output instead of log-levels with trend, i.e. with growth rates the responses of
SVAR: SER look very much like the responses of Model: SER). For agriculture however the IRF’s
differ between the model and the SVAR: In the model, agriculture responds positively to industry
and negatively to services while in the SVAR this pattern is reversed. This pattern is the same

whether the SVAR is run in log-levels + trend or in growth rates.

Figure 11: Impulse Response Function, Model vs. SVAR
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Overall one can however conclude that the calibrated multi-sector RBC model already does a

decent job in accounting for US broad-sectoral persistence and co-movement.
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6.2 US 3-Sector RBC with Endogenous Technology

I proceed by calibrating the full model to the 3-sector US set-up. Apart from the parameters
in the RBC, in the full model labor needs to be divided between skilled labor for R&D and
adoption and unskilled labor. The World Bank Development indicators report that on average
3.8% of the American population work in R&D. Since the labor force only makes up around 60%
of the population, and there is also labor devoted to technology adoption about which there is no
information, I will assume that 2% of the US labor force is in R&D and adoption, thus ¢, = 0.98
and ¢; = 0.02. Unskilled labor is again divided over the three sectors using the same shares
as in the RBC. Skilled labor must also be divided over the tree sectors, and here there is also
unfortunately little information available!!. It is clear that with the little share of agriculture in
overall employment there is also little skilled labor devoted to R&D and adoption in agriculture.
But since Agriculture in the US is very technology intensive, I will assume that the same share
of 3% in skilled labor as in unskilled labor goes to Agriculture. For industry and services the
weights however need to be changed, as most R&D is in industry, and I also expect the industry
to be quicker in adopting new technologies. I will assume that 20% of the skilled labor is in
services, and the remaining 77% in industry. For unskilled labor, I will assume the same elasticity
of substitution v, = 1 as in the RBC. Skilled labor however is much less substitutable, because
it is more specialized. Therefore I set vs = 0.1. For the labor share in adoption, Anzoategui et
al. (2017) estimate an adoption elasticity of p, = 0.927 for the entire US economy. I will set the
same adoption elasticity in all sectors because not much is known about their technology adoption
behavior. The same holds for R&D, Anzoategui et al. (2017) estimate p, = 0.376 for the elasticity
of new technologies w.r.t. R&D, which I also apply to all 3 sectors. Initially I will disable spillovers,
i.e. para, = par, = 0 Vi. Table (11) shows the autocorrelated functions of the simulated series. I
include skilled and unskilled labor in the simulations because the IRF’s show interesting patterns
which I will discuss below. The simulated output series in Table (11) are a bit more persistent
than the actual series shown in Table (9). The same holds true for the observed employment series
(not reported), where the autocorrelation at lag 5 is typically down to 0.6.

Table 11: Autocorrelation Functions of Simulated Variables - Full Model

Variable 1 2 3 4 5

YAGR 0.955 0912 0.870 0.831 0.793
YIND 0.962 0.926 0.891 0.857 0.824
YSER 0.957 0916 0.876 0.838 0.802
luacr 0.959 0919 0.881 0.845 0.810
luiND 0.956 0914 0.872 0.833 0.795
luser 0.980 0.960 0.942 0.924 0.907
lsacr 0.951 0904 0.858 0.815 0.773
lsiND 0946 0.894 0.845 0.798 0.753
lssEr 0.944 0.891 0.840 0.792 0.746

Table (12) shows the variance decomposition from all shocks. It shows that the R&D shocks in
industry and services make up must of the variance, which indicates that a R&D shock of 0.1 sd is
probably too large. So I reduce The shock magnitude of the R&D shock to 0.01 sd, and report the
variance decomposition again in Table (13). Table (13) suggests that 70% of the variance in US
output, skilled and unskilled labor is accounted for by R&D and productivity shocks in industry,
and by skilled labor supply shocks. But again of course I have not estimated the variances of
these shocks, so Tables (12) and Table (13) can at best give hints about the relative importance of
different shocks - under the assumptions that the model is correctly specified and parameterized.

11 The OECD publishes sectoral R&D statistics, but the sectors to not correspond or can easily be mapped to the
three broad sectors considered here
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Table 12: Variance Decomposition Simulating one Shock at a Time (in %) following 0.1 sd shocks
- Full Model

Variable e,, e, €9AGR €0IND €9SER ©€xAGR ©€xIND €xser Jlotal

YAGR 0.11 0.73 0.19 0.60 0.01 0.03 67.90 2727  96.85
YIND 0.11 0.72 0.19 0.63 0.01 0.03 67.63 2731  96.65
YSER 0.11 0.71 0.18 0.61 0.02 0.03 67.56  27.34  96.56
luaGR 0.11 073 0.19 0.61 0.01 0.03 67.74 2730  96.72
lurnD 0.11 0.73 0.19 0.61 0.01 0.03 67.90 2727  96.86
lusER 0.10 0.66 0.17 0.64 0.01 0.03 66.53  27.50  95.66
lsagr 0.11 0.72 0.19 0.59 0.01 0.03 68.00 2726  96.92
lsinD 0.11 0.71 0.19 0.61 0.01 0.03 68.07 2723 96.95
lssER 0.11 070 0.19 0.61 0.02 0.03 68.07 2723  96.94

Table 13: Variance Decomposition Simulating one Shock at a Time (in %) following 0.1 sd shocks
to p and 6 and 0.01 sd shocks to x - Full Model

Variable e, e, €9AGR €9IND €9SER ©xAGR ©xIND €xser JTotal

YAGR 408 26.82 6.96  21.96 041 001 2487 999  95.11
YIND 4.09 2611 6.77 2284 042 001 2443 986  94.54
YSER 3.8 2593 6.74 2232 077 001 2480 10.04 94.49
luacr 404 2647 6.88 2227 038 0.0l 2469 9.95  94.70
lunp 412 2672 6.93 2223 047 0.0l 2476 995  95.19
luspr  3.67 2403 625 2338 037 00l 2418 999  91.88
loacr 407 2674 691 2198 046 0.0l 2513  10.07  95.39
lanvp 401 2625 7.00 2246 054 0.0l 2523 10.09  95.58
lisER 3.99 26.00 6.99 2254 056 001 2535 10.14  95.58

In Figure (12) I show the IRF’s from passing 0.1 sd shocks to all exogenous variables!?. As
is evident from the figure, the shocks differ in terms of magnitude and duration of the effect
they produce. Productivity shocks (6;) have a large immediate impact, but only last for 50-80
periods, while R&D shocks (y;) have no immediate impact, develop their maximum impact after
100 periods, and last for more than 400 periods i.e. they have permanent growth effects. Shocks to
the aggregate skilled and unskilled labor stocks (i, and us) are in-between R&D and productivity
shocks in terms of both magnitude and duration, with skilled labor supply shocks having more
permanent effects than unskilled labor supply shocks.

12Note that Figure (12) is different from Figure (11) in that the shocks now make up the panels and the response
variables are coloured. This was done because the effects of different shocks are different in magnitudes.
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Figure 12: Impulse Response Functions to 0.1 sd Shocks (x100) - Full Model

(IRF’s from 1st order log-linear approximation, model simulated over 100,000 periods)
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Regarding the direction of shock impacts, productivity shocks are broadly in line with R&D
shocks. Agricultural productivity of R&D shocks increase agricultural output and services output,
but decrease industrial output. This is broadly in-line with the SVAR. Industrial shocks increase
industrial and agricultural output, but slightly decrease output in services. This is congruent to the
RBC model but not to the SVAR, where industrial shocks also decrease agricultural output. Service
sector shocks therewhile increase services and industrial output, but decrease agricultural output.
This is not in-line with the RBC and SVAR results where service-sector shocks decrease industrial
output. Concerning labor, skilled labor stocks in all sectors always co-move. Industry and service
sector shocks increase the skilled labor stocks, but agricultural shocks decrease it. The response of
unkilled labor is more heterogenous as stocks initially tend to co-move with outputs, while later
the response might reverse. The model thus suggests that R&D shocks can have structural change
effects, although the direction and magnitude of the change is not always reasonabl.

6.3 US 10-Sector RBC vs. SVAR

In subsection 6.1, I established that the multi-sector RBC model did not fare too bad in accounting
for the impulse responses and variance decompositions of the three sectors, assuming of course that
the SVAR is correctly identified. Now I want to take the model-evaluation a step further with the
full 10-sector GGDC data of the US economy. The data is summarized in Figure (13). It shows only
a slight pattern of structural change driven by a decline in agriculture, mining and manufacturing
and an expansion of finance and the government. The dendrogram below shows the correlation
structure of the 10 series - agriculture and mining and utilities and government co-move, and the
remaining sectors also co-move with one-another: Manufacturing, trade and transport are closely
correlated and community services, construction and finance covary to a lesser degree.
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Figure 13: GGDC Data, United States 1950-2012
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The corresponding 10-sector IO matrix is computed by aggregating the WIOD of M. P. Timmer
et al. (2015) and shown (with normalized columns) in Table (14). It is only available for the years
2000-2014, and the average change in input-shares over this period is 0.025, with an average
autocorrelation of 0.7 and and average time-correlation of 0.6. This gives hope that changes in the
IO matrix at the 10-sector-level, on which the identification of the SVAR depends, are driven by
the slow pattern of structural change observed in the data, and might not have completely changed
since 1950.
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Table 14: USA 2014 Column-Normalized Input-Output (I0) Matrix

AGR MIN MAN PU CON WRT TRA FIRE GOV OTH
AGR | 0.370 0.001 0.078 0 0.003  0.006 0 0.001 0.001 0.002
MIN | 0.008 0.211 0.105 0.173 0.017 0.001 0.005 0.002 0.008 0.003
MAN | 0.299 0.237 0469 0.218 0475 0.162 0.246 0.071 0.226 0.171
PU | 0.016 0.030 0.021 0.063 0.008 0.018 0.017 0.024 0.031 0.038
CON | 0.011 0.031 0.005 0.029 0 0.005 0.008 0.038 0.035 0.011 .
WRT | 0.112 0.059 0.101 0.077 0.279 0.100 0.082 0.065 0.083 0.087
TRA | 0.058 0.082 0.051 0.130 0.052 0.120 0.244 0.058 0.065 0.055
FIRE | 0.104 0.328 0.152 0.265 0.146 0.520 0.334 0.685 0.461 0.520
GOV | 0.017 0.019 0.014 0.034 0.012 0.047 0.038 0.035 0.066 0.046
OTH | 0.004 0.004 0.004 0.012 0.008 0.021 0.026 0.022 0.023 0.067

I parameterize the model with the average value added (w;) and employment (s;) shares, and
the column-normalized IO matrix (7;;). All other parameters are as in the 3-sector set-up. Now by
virtue of the larger disaggregation, providing an IO matrix with more zero or near-zero entries, a
more sophisticated identification strategy can be followed for the SVAR. Again I will only run the
VAR with log value added (VA) data since adding employment would make identification much
more difficult and there are also only 60 years of joint data to estimate on. With 64 years of VA
data and 10 variables, I experiment with lag lengths 1-4, including a constant and a linear trend
in each equation. Among the information criteria, the Schwartz BIC suggest 1 as the optimal lag
length, while AIC, FPE and HQIC suggest 4 as the optimal lag length. Diagnostic tests show
that a VAR with one lag already produces serially incorrelated errors, jointly and on every series.
Therefore to preserve degrees of freedom I adopt a VAR with one lag as my preferred specification,
but I also report a VAR in growth rates of VA where all information criteria suggest an optimal
lag-length of 1. The structural model again is:

Ay, =C(1)y,; +Bes. (193)

To reach identification I assume that B is a 10 x 10 identity matrix. This means that 10(10—1)/2 =
45 restrictions need to be imposed on A. Since A captures the contemporaneous relationships
between sectoral VA, I will impose restrictions on A by placing a number of zeros informed by
the input-output matrix. Now a problem is that the IO matrix represents a dynamic system of
production in which the rows describe the product-sale destinations (outputs) and the columns
describe the gross value-added expenses (inputs) for each sector, while the matrix A contains in
each row the contemporaneous impact coefficients of a shock to all other sectors on that sector.
In the IO matrix this shock can come from two different directions, it could be a product-sale
(demand) shock or an expenditure (supply) shock. To be able to place appropriate zeros, I take
both channels into account by creating a potential impact matrix A*, computed as the output
shares (normalized rows), to which I add the corresponding input shares (normalized columns), so
that in each row i of A*, each entry j corresponds to the sum of the input and output shares of

sector (column) j in sector (row) i’s production’®.

AGR MIN MAN PU CON WRT TRA FIRE GOV OTH
AGR 1 0.008 0.905 0.014 0.013 0.124 0.053 0.099 0.022 0.005
MIN | 0.005 1 0.900 0.080 0.041 0.050 0.076 0.282 0.047 0.005
MAN | 0.084 0.097 1 0.026 0.063 0.146 0.095 0.186 0.132 0.017
PU | 0.013 0.164 0.414 1 0.037 0.153 0.156 0.481 0.229 0.046
CON | 0.014 0.037 0.478 0.026 1 0.271 0.072 0.644 0.306 0.020 .
WRT | 0.029 0.009 0.429 0.027 0.110 1 0.168 0.669 0.179 0.041
TRA | 0.014 0.018 0.385 0.035 0.030 0.240 1 0.483 0.157 0.039
FIRE | 0.005 0.013 0.162 0.031 0.049 0.206 0.106 1 0.206  0.050
GOV | 0.011 0.015 0.316 0.040 0.045 0.233 0.130 0.683 1 0.052
OTH | 0.006 0.006 0.228 0.044 0.028 0.230 0.150 0.822 0.260 1
(194)
A is then obtained from A* by assuming that all coefficients in A* smaller than 0.044 are 0, i.e.
sectors j whose overall input-and output interaction with sector 4 amounts to less than 5% of sector

A*

13The input and outpute shares added in A* take into account the rest of the World, that is they do not sum to
1.
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i’s VA are assumed to have a negligible direct impact on sector i’s production. This assumption,
together with the 1’s along the diagonal, gives exactly the 45 restrictions necessary:

AGR MIN MAN PU CON WRT TRA FIRE GOV OTH

AGR 1 0 X 0 0 X X X 0 0
MIN 0 1 X X 0 X X X X 0
MAN X X 1 0 X X X X X 0
PU 0 X X 1 0 X X X X X
A = CON 0 0 X 0 1 X X X X 0
WRT 0 0 X 0 X 1 X X X 0
TRA 0 0 X 0 0 X 1 X X 0
FIRE 0 0 X 0 X X X 1 X X
GOV 0 0 X 0 X X X X 1 X
OTH 0 0 X 0 0 X X X X 1

The estimated impact matrix is:

AGR MIN MAN PU CON WRT TRA FIRE GOV OTH
AGR 1 0 0.089 0 0 0.106 0.106 0.106 0 0
MIN 0 1 0.094 0.100 0 0.106 0.106 0.111 0.106 0
MAN | 0.109 0.099 1 0 0.097 0.097 0.100 0.100 0.102 0
R PU 0 0.098 0.106 1 0 0.107 0.098 0.106 0.107 0.107
A = CON 0 0 0.101 0 1 0.097 0.109 0.096 0.096 0
WRT 0 0 0.101 0 0.097 1 0.096 0.100 0.101 0
TRA 0 0 0.102 0 0 0.098 1 0.085 0.101 0
FIRE 0 0 0.098 0 0.098 0.098 0.096 1 0.101  0.098
GOV 0 0 0.099 0 0.100 0.099 0.084 0.101 1 0.099
OTH 0 0 0.101 0 0 0.105 0.107 0.079 0.099 1

(196)
The estimated coefficients look surprizingly homogeneous, but it turns out that plugging in the
row-normalized IO matrix instead of A only slightly changes the IRF’s and FEVD’s in the first
two periods (the 0’s are key for identification). A problem with just using the IO matrix as in
the 3-sector set-up would be that it is ad-hoc and does not take into account demand elasticities
and elasticities of substitution between different productive inputs, which the estimation should
uncover. Therefore I only report the results with A, noting that the results with the IO matrix
(i.e. full calibration) are quite similar. Starting the comparison again with the autocorrelations or
simulated and observed variables, Figure (15) shows that the model is able to generate series of
about the same persistence as the log-levels of the data.

Table 15: Autocorrelation Functions of Simulated and Observed Variables

Lag AGR MIN MAN PU CON WRT TRA FIRE GOV OTH

096 095 096 097 095 096 096 096 096 0.96
092 09 092 094 09 092 092 093 092 0.92
08 08 089 091 08 0.8 089 089 0.88 0.88
084 082 08 08 082 08 08 08 084 0.85
08 078 082 08 078 082 0.8 083 0.8 0381

096 095 096 096 096 096 096 096 096 0.96
092 09 092 091 091 093 092 0091 0.92  0.92
0.8 08 087 087 087 088 0.88 087 0.87 0.88
084 079 083 083 082 084 084 083 083 0.84
080 074 079 079 O0v7 08 0.8 078 0.78 0.80
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With the 10-sector model I have also compared the correlations of simulated and observed
variables, although this is not straightforward since the log-levels of the data are very highly
correlated due to the common trend, while the stationary series generated by the model are less
correlated. I have therefore done the comparison with the correlation matrix of the growth rates of
the observed series and also with the correlation matrix of the HP-filtered log-levels of the observed
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series. A summary statistic for the similarity of empirical and simulated correlations was generated
by transforming all 3 correlation matrices (from the model, growth rates and HP-cycles of the data)
into vectors (omitting the diagonal) and computed the correlation between these vectors i.e. the
correlation between the correlation coefficients coming from the model and the data. The result is
shown in Table (16).

Table 16: Correlation of Correlations of Simulated and Observed Variables

Model  Growth  HP-Cycle

Model 1 0.080 0.138
Growth 0.080 1 0.786
HP-Cycle 0.138 0.786 1

It is evident from Table (16) that the model is able to generate a small part of the correlations
between the variables, but by no means all of the joint variation. This result is confirmed by
comparing the IRF’s from the model with those of the SVAR and of the SVAR in first-differences
(i.e. growth rates since the data are in log-levels) shown in Figure (14).

Figure 14: IRF’s from 10-Sector SVAR’s (1 lag) in VA vs. Model
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Figure (14) is hardly readable but shows that the IRF’s coming from the model are quite dif-
ferent than the IRF’s coming from the SVAR’s. Again I summarize this comparison by calculating
the cumulative impacts from each of the IRF’s and correlating them, overall and by sector. Table
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(17) shows the results of this exercise. In overall terms, there is no sizeable correlation between
the cumulative impact multipliers coming from the model and from the two SVARS. The mul-
tipliers from the two SVAR’s (SVARs) are also not positively correlated. This suggests that all
the IRF’s from the SVAR’s are spurious or ill-identified. Disaggregating the impact multipliers
by response-sector however shows some alignment of the model and the SVAR in FD among the
responses of a number of sectors (FIRE, GOV, MAN, MIN, OTH and PU) to the different shocks.
Disaggregating by shock-sector does not yield any alignment between the model and any of the
the SVAR’s, but the two SVAR’s do produce similar responses to the same shocks.

Table 17: Correlation of Cumulative Shock Impacts from Model with SVAR’s

Overall SVAR : —0.06 SVAR in FD: 0.05 SVARs: —0.10
By Shock By Response

SVAR SVARin FD  SVARs SVAR SVAR in FD  SVARs
AGR 0.02 -0.29 0.70 -0.70 0.02 0.23
CON 0.22 0.81 0.28 -0.47 -0.001 -0.35
FIRE -0.15 -0.33 0.67 -0.69 0.56 -0.07
GOV -0.24 -0.57 0.52 -0.68 0.62 -0.44
MAN -0.02 -0.002 -0.12 -0.18 0.40 0.46
MIN 0.13 -0.03 0.67 -0.48 0.64 0.05
OTH -0.07 0.30 0.44 -0.79 0.60 -0.34
PU -0.07 -0.03 0.75 -0.41 0.49 -0.85
TRA 0.22 0.40 -0.33 -0.55 -0.15 -0.34
WRT -0.22 0.11 0.75 0.63 -0.26 —0.16
Within -0.08 0.02 0.34 -0.06 0.05 —0.10

Up to this point it may be concluded that in a 10-sector setup the model is able to produce
sectoral VA series that are similarly persistent as the observed series, but not much of the correlation
structure between the variables. Before accepting the latter I will however also compare the
variance decompositions, shown in Figure (15)'*. Here the two SVAR’s are much more aligned
with one-another than in the IRF’s, and also the model variance decomposition seems to have
some similarity with that of the SVAR’s - particularly for construction, government and other
services. A curiosity is the large shares of finance and government in the variance decomposition
of the model, which is much smaller in the SVAR’s. Again I will break down the similarity of these
variance decompositions to a number by correlating the shares. For the variance decompositions
coming from the SVAR’s, I consider both the average of the shares over the 10-periods, and the
shares in the final (10th) period. The result is presented in Table (18), and indicates that there
is some sizeable correlation between the variance shares of the different sectors coming from the
model and the SVAR’s, particularly the SVAR in log-levels. With a correlation of 0.7, the average
FEVD’s coming from the two SVAR’s are also much more closely aligned.

Table 18: Correlation of Variance Decomposition Shares from Model and SVAR’s

Model SVAR avg. SVAR final. SVAR in FD avg. SVAR in FD final

Model 1 0.47 0.45 0.14 0.15
SVAR avg. 0.47 1 0.75 0.70 0.70
SVAR final 0.45 0.75 1 0.22 0.27

SVAR in FD avg.  0.14 0.70 0.22 1 0.99
SVAR in FD final  0.15 0.70 0.27 0.99 1

1476 ease interpretation I have created a figure instead of a table from the variance decomposition of the model.
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Figure 15: 10-Sector SVAR (1 lag) in VA, United States 1950-2012
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This lets me conclude this exercise by suggesting that even if the multi-sector RBC model
does not preform very well in this case, there is scope for improvement in matching the data via
better calibration, i.e. by estimating also elasticities of substitution between the different inputs
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for all sectors, or via successful Bayesian estimation on better (monthly or quarterly) data. An
important caveat in this evaluation was that the SVAR’s did not seem well identified - as evidenced
by the more-or-less spurious IRF’s. The strong interdependence of productive sectors in the US,
the dominance of some sectors such as finance as suppliers of inputs, and the different volatilities of
the sectoral VA series evident from Figure (13) could all have contributed to identification problems
in the SVAR.

7 Summary & Conclusion

I began this dissertation by reviewing facts about the business cycle and longer-term fluctuations in
US economic activity, brought to light be two very relevant but so far distinct literatures in macroe-
conomics. The literature in sectoral shocks and aggregate fluctuations, starting with J. B. Long &
Plosser (1983), has provided convincing evidence that up to 80% of US aggregate business-cycle
fluctuations in output and productivity are generated by sectoral shocks cascading through the
input-output network. The structure of the productive network is key in moderating the amplifi-
cation of idiosyncratic sectoral shocks. Aggregate technology shocks, as found in many one-sector
DSGE models, represent a significant abstraction with little resonance in the data. Meanwhile the
literature on medium-run fluctuations and endogenous technological change, birthed with Comin
& Gertler (2006), has challenged classical ways of viewing and modelling the business cycle and
pointed out the more intricate and longer-lived nature of economic fluctuations. This literature has
introduced the concept of the medium-run cycle comprising of all economic fluctuations above 200
quarters in period, and shown that this cycle can succesfully be accounted for - at least in the US
- by DSGE models including endogenous mechanisms involving decentralized decisions to invest in
R&D and technology adoption. The literature has further established that these investment and
adoption decisions are taken pro-cyclically with the classical business cycle.

Against the backdrop of these recent developments in business-cycle macroeconomics, I moti-
vated my project by suggesting the construction of a model that would be able to account for these
extended fluctuations in output and productvity on the basis of decentralized sectoral decisions
to invent and adopt new technologies, and sectoral interactions. I proceeded to construct such a
model featuring endogenous R&D and technology adoption decisions in a multi-sector RBC econ-
omy, and introduced three levels of plausible interaction into it: (1) linkages in intermediate inputs,
allowing for sectoral economic shocks to transmit through the input-output network influencing
R&D and technology adoption decisions in other sectors, (2) spillovers in technology adoption,
resulting from competitive pressures triggered by technology adoption by upstream or downstream
sectors in the value chain, and (3) R&D spillovers, resulting from technological breakthroughs and
increased R&D in either upstream or downstream sectors of the value chain. In the construction of
the model I started off in section 3 with the simplest possible RBC model featuring heterogenous
wages and prices and full interactions in intermediate productive inputs. A stylized calibration and
simulation of this model showed that it is capable of delivering the expected dynamics in terms
of relative wages, prices, consumption and intermediate inputs supplied following an indiosyn-
chratic sectoral shock. Then, in section 4 I built the simplest possible RBC model encompassing
the full endogenous R&D and technology adoption mechanism initially introduced by Comin &
Gertler (2006) and enhanced in Anzoategui et al. (2017). A stylized calibration and simulation of
this model showed that shocks to R&D and skilled labor supply have little immediate impact on
the economy but produce extended increases in output, consumption, productivity, invented and
adopted technology with gains from variety for the consumer, but also extended periods of higher
unemployment. The impact of these shocks thus resembles a period of skill-biased technological
change, which slowly phases-in and dies out even more slowly - just the behavior required to explain
the long-waves in US output (coined the 'medium-term component’ by Comin & Gertler (2006)).

Having built and analyzed separately the two key components of the model, I integrated in
section 5 the two parts, yielding a complex multi-sector RBC economy with intermediate inputs
in production, independent endogenous R&D and adoption decisions in each sector, and sectoral
spillovers of R&D and technology adoption transmitted through the value chain. There remain
some unsolved problems with this model, especially in terms of stability and dealing with non-
stationarity, but a stylized calibration and simulation of the model showed that it in principle
works in the intended way: sectoral R&D shocks transmit through the input-output network, in-
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crease sectoral outputs and trigger sectoral reallocations of productive investment, but also bring
economic benefits to consumers in all sectors. Allowing for R&D and adoption spillovers magnifies
the diffusion of technology, the increase in output, and the persistence of the shock, and generates
additional benefits for consumers, but also additional unemployment. The simulation, however,
also showed some additional caveats of the model in its current form, most notably in a friction-
less set-up, R&D shocks to one sector produce such large reallocations and decline in capital and
investment in that sector that the sector not experiencing the R&D shock actually reaps more of
the economic benefits (in terms of investment and profits).

After bringing the model into existence and studying its basic properties via stylized calibration
and simulation, it was my intention to perform a Bayesian estimation of the model on annual US
10-sectoral data in VA and employment since 1950, provided by (M. Timmer et al., 2015). Such
an estimation and auxiliary procedures such as DSGE-VAR would have allowed me to evaluate
the overall fit of the model to the US data and provided me with estimates of some parameters
of the model that have not yet been estimated in the literature and that are very difficult to cal-
ibrate (particularly the parameters relating to sectoral R&D and technology adoption decisions
and sectoral technology spillovers). My efforts to estimate the model have unfortunately drowned
in insurmountable stochastic singularity problems, suggesting most likely the use of more detailed
monthly or quarterly data and possibly some changes to the model structure as the way forward.
In order to still present some sort of empirical exercise, I crudely calibrated the RBC and the
full model to 3 US sectors - agriculture, industry and services, and the RBC also for 10-sectors,
and compared the results with those from SVAR’s estimated on the VA data of M. Timmer et al.
(2015). The exercise comparing the RBC and the SVAR suggested that in a simple 3-sector set-up
the simple calibrated RBC is roughly able to account for broad patterns of sectoral persistence and
co-movement. In the 10-sector set-up the RBC is able to generate sectoral persistence but only
little sectoral co-movement. However these results may also stongly be called into question by the
evident idenification issues with the SVAR. The full model calibrated for 3 US sectors produced
VA series that were a bit more persistent than the actual series, and showed that sectoral R&D
shocks trigger extended increases in VA in broad US sector with a co-movement of skilled and
unskilled labor. The IRF’s were broadly in agreement with the response patterns in the simulation
exercise of section 5, and, due to the persistence of the effect, additionally suggest that this model
could also be interesting for understanding patterns of structural change.

If the efforts presented in this dissertation have established anything at this point, then I hope
it is that they have provided some evidence for the relevance and potential of a disaggregated
equilibrium model of production featuring endogenous R&D and technology adoption decisions
- however inadequate it may be at this point - to account for broad patterns of extended real
fluctuations at the aggregate and sectoral levels, at least in advanced economies similar to the US.
There are many ways in which this line of research and the model constructed in this dissertation
can be enhanced / extended. A first step would certainly be to get a Bayesian estimation of
the model running on better - monthly or quarterly - sectoral data, and obtain estimates of the
overall fir of the model to the data, and the importance of the various endogenous R&D and
spillover channels - informed by the parameter estimates and standard errors. Afterwards, a next
step would be to research how the fit of the model to the data can be improved. This could be
achieved for example by means of introducing a limited number of frictions, such as investment
adjustment costs, in key places, which might be capable of dramatically improving the models fit
to the data. Potentially even the endogenous technology mechanism and the specification of the
model itself may be adapted. The process of improving the model and its fit to the data could
be informed by several steps. The first would be a detailed empirical investigation of sectoral
data on VA, R&D and productivity which might stipulate alterations to the models specification.
Second, the literature on multi-sector DSGE models and endogenous technology models may be
studied more closely w.r.t. the details of estimation. The model of (Anzoategui et al., 2017) for
example, which fits the aggregate US data remarkably well, incorporates many frictions (sticky
wages, prices, investment adjustment costs and a few others). It would be useful to find out
which of the frictions in Anzoategui et al. (2017) most improves the fit of their model and to
consider implementing it in this model. Regarding the estimation of multi-sector DSGE model
there are also many further references to consult, for example the guide by Dixon & Kara (2012).
When the optimal specification of the model is found, the properties of the model in terms of
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accounting for aggregate and sectoral output patterns and patterns of structural change could also
be investigated. Possibly the model specification could even be altered to allow for an alternative
mechanism generating structural change as shown in Herrendorf et al. (2014), that is separate from
R&D and technology decisions. Incorporating such a mechanism accounting for classical demand-
and supply side factors driving structural change could dramatically improve the fit of the model
when estimated on sectoral data. Thus, there remain many points of further improvement of the
work presented here, and many new research avenues to be explored with this model.
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