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Abstract

We provide a framework in which monetary policy affects firms’ automation decisions (i.e.
how intensively capital and labor are used in production). This new feature has far-reaching
consequences for monetary policy. Monetary expansions can increase output by inducing firms
to invest and automate more, while having little impact on inflation and employment. A pro-
tracted period of weak demand might translate into less investment and de-automation, rather
than into deflation and involuntary unemployment. Running the economy hot, through expan-
sionary monetary and fiscal policies, may have a positive long run impact on labor productivity
and wages. Technological advances that increase the scope for automation may give rise to per-

sistent unemployment, unless they are accompanied by expansionary macroeconomic policies.
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1 Introduction

Technological progress often takes the form of automation, that is capital replacing labor in per-
forming production tasks. What are the implications of this phenomenon for monetary policy?
This question is attracting a growing attention from economic commentators and policymakers. In
a recent book, for instance, Sandbu (2020) argues that maintaining a high pressure economy is nec-
essary to exploit the gains from automation. In absence of expansionary macroeconomic policies,
the reason is, the process of replacing labor with capital may cause chronically high unemployment.
A related debate is surrounding Biden’s fiscal stimulus. Some argue that the Fed should react to
the stimulus by tightening monetary policy, to prevent overheating on the labor market and the
emergence of a wage-price spiral (Summers, 2021). Others suggest that maintaining monetary pol-
icy accommodative - and so running the economy hot - will induce firms to invest in labor-saving
technologies, ultimately leading to higher productivity (Konczal and Mason, 2021). In spite of the
importance of these debates, however, we still lack a framework connecting monetary policy and
automation.!

This paper provides a model to study monetary policy in the age of automation. The key
novelty of our theory is that monetary policy affects firms’ technological decisions, in particular
about how intensively capital and labor are used in production. As we will see, this feature has
drastic implications for the impact of monetary policy actions on the economy. For instance,
in our model monetary expansions can lead to increases in output even if the economy is already
operating at full employment, by inducing firms to invest and automate more. A protracted period
of weak demand may translate into less investment and de-automation, while having little impact
on employment and inflation. Running the economy hot, through expansionary monetary and fiscal
policies, may have a positive long run impact on productivity and wages. Moreover, technological
advances that increase the scope for automation might give rise to persistent unemployment, unless
they are accompanied by expansionary macroeconomic policies.

The backbone of our framework is a simplified version of the Acemoglu and Restrepo (2018)
model of automation. In this framework, capital and labor are highly substitutable in performing
some production tasks. This feature implies that movements in factor prices affect how production
tasks are allocated between capital and labor. To study the implications of automation for mon-
etary policy, we modify the Acemoglu and Restrepo (2018) framework in two dimensions. First,
we introduce nominal wage rigidities. The presence of wage rigidities implies that monetary policy
has real effects, and that output can deviate from its potential level. Second, in our framework
agents derive utility from holding wealth. This feature allows us to think about cases in which the

long-run capital supply is upward sloping in the real interest rate.?

! Another policy debate touching on the relationship between monetary policy and automation is the one sur-
rounding the so-called UK productivity puzzle. Pessoa and Van Reenen (2014) suggest that insufficient demand,
rather than manifesting itself into high unemployment, might induce firms to disinvest and de-automate production.
In their view, this effect explains why the recovery from the 2008 financial crisis in the UK was characterized by a
dramatic drop in firms’ investment and productivity growth.

2A growing literature is exploring the implications of wealth in utility in Keynesian models (Michaillat and Saez,
2021; Michau, 2018; Mian et al., 2021). Moll et al. (2021) study automation in a framework in which the long run



The distinguishing feature of our framework is the presence of two - contrasting - channels
through which monetary policy affects firms’ labor demand and employment. Consider a monetary
expansion, leading to a drop in the real interest rate. On the one hand, a lower interest rate
stimulates demand for consumption and investment. In turn, firms react to higher demand for
their products by increasing labor demand. On the other hand, a lower interest rate reduces the
cost of capital, making it profitable for firms to replace labor with capital in performing some
production tasks. Depending on the circumstances, either effect can dominate the other. Hence, a
monetary expansion may either increase or decrease labor demand and employment. This contrasts
with the standard New Keynesian framework, in which monetary easings - by fostering aggregate
demand - unambiguously lead to higher employment. In our framework, instead, the relationship
between the policy rate and firms’ labor demand (i.e. the labor demand curve) may very well be
non-monotonic.

A first consequence of the non-monotonic labor demand curve is that in our economy there may
be two stable steady states consistent with full employment.? In the first one, the interest rate is
high and aggregate demand is weak. Both forces induce firms to keep investment and automation
low. Full employment is reached through depressed wages, so that firms are willing to employ all
the labor force in spite of weak demand for their products. In the second full employment steady
state, the interest rate is low and aggregate demand is strong. Due to the low interest rate - and the
associated low cost of capital - firms’ use of automation in production is high. High automation, in
turn, translates into high labor productivity and high wages. Full employment is achieved through
strong aggregate demand, which sustains firms’ labor demand.?

The two full employment steady states feature the same level of employment and inflation.
Therefore, the central bank may need to deviate from the traditional focus on labor market indi-
cators and inflation to pin down a unique long run equilibrium. If monetary policy replicates the
natural allocation - by maintaining the economy always at full employment - temporary shocks
may have permanent effects. For instance, large temporary recessions may permanently depress
labor productivity and wages, by shifting the economy from the high to the low automation steady
state. Hence, to determine the long run behavior of the economy the central bank should take into
account a broader set of macro indicators, such as investment and real wages.

The model also offers new insights on the macroeconomic impact of monetary interventions. To
make an example, consider an economy starting from the full employment low automation steady
state. Now imagine that the central bank lowers the policy rate. Since all the labor force is already

fully employed, one could guess that a monetary expansion would primarily lead to high inflation,

supply of capital is upward sloped.

3Throughout the paper, we say that the economy operates at full employment when equilibrium employment is
equal to households’ labor supply (assumed to be fixed). In our framework full employment also corresponds to the
natural allocation, i.e. the allocation that would prevail under flexible wages. So when the economy operates at full
employment the output gap is equal to zero and output is equal to its potential level.

4Caballero et al. (2006) also study a framework in which two steady states, one with low capital and high interest
rate and one with high capital and low interest rate, are possible. However, in their model steady state multiplicity
does not depend on the possibility that some production tasks may be automated, which instead plays a crucial role
in our framework.



while having little impact on output. But this logic does not take into account the fact that firms
can react to the monetary stimulus by investing in automation. This is precisely what happens if
the monetary stimulus is persistent and strong enough. In this case, running the economy hot -
by maintaining an expansionary monetary policy - increases automation and labor productivity,
while having little impact on employment and inflation. A monetary expansion may even trigger
a transition from the low to the high automation steady state. When this occurs, a period of
accommodative monetary policy and overheating is followed by a permanent rise in productivity.

We next consider the impact of a persistent slowdown in demand, perhaps as a consequence of a
severe financial crisis or of the factors studied by the secular stagnation literature (Eggertsson et al.,
2019). If demand is sufficiently weak, the high automation full employment steady state becomes
unattainable, because the associated interest rate would violate the effective lower bound on the
policy rate. Monetary policy might then face a trade off between employment and automation. It
could either maintain automation high, by ensuring a low cost of capital, but at the cost of some
chronic unemployment. Otherwise, it could sustain employment by making capital expensive.
A high cost of capital, in fact, pushes firms to de-automate and use labor more intensively in
production. But then full employment would be associated with low labor productivity and low
wages.

Against a background of weak demand, fiscal policy may help reconcile full employment with
high automation. As highlighted by the Keynesian literature, indeed, fiscal expansions sustain
aggregate demand and the equilibrium interest rate. The novel implication of our framework, how-
ever, is that fiscal expansions may primarily induce increases in automation and labor productivity,
while having little impact on inflation and employment. Once again, this happens because firms
may react to the rise in demand mainly by increasing the use of automation in production.

In the final part of the paper, we consider the impact of technological advances that increase
the scope for automation. Imagine a scenario in which the range of tasks in which capital can
substitute labor increases. For given aggregate demand, this rise in automation might result in
higher unemployment. This happens if it is profitable for firms to exploit these new automation
possibilities by increasing the amount of tasks performed by capital. In this case, as suggested
by Sandbu (2020), sustaining aggregate demand through expansionary macroeconomic policies is
needed to ensure that the rise in automation does not translate into higher unemployment.

Our paper is connected to the literature on the macroeconomic impact of automation. In
particular, we build on the framework proposed by Acemoglu and Restrepo (2018). As in Moll
et al. (2021), we consider an environment in which the long run capital supply curve is upward
sloped. Other examples of this literature are Acemoglu and Restrepo (2019), Aghion et al. (2017),
Jaimovich et al. (2020), Korinek and Trammel (2020), Martin and Rey (2006), Restrepo (2015)
and Zeira (1998). All these works focus on economies in which monetary policy is neutral and
output is always equal to its potential (or natural) level. Instead, we consider an environment in
which monetary policy has real effects, and in which movements in aggregate demand may induce

deviations of output from potential, either by causing Keynesian unemployment or overheating.



These features allow us to study the implications of automation for monetary policy, a topic which
has not been considered by the literature before.

Our paper is also related to the recent Keynesian growth literature studying the impact of
monetary policy and aggregate demand on firms’ investment in innovation and productivity (Be-
nigno and Fornaro, 2018; Fornaro and Wolf, 2020; Garga and Singh, 2020; Moran and Queralto,
2018).° In our framework too, monetary policy can affect firms’ technological choices and produc-
tivity. However, this happens because firms endogenously choose how to allocate production tasks
between capital and labor (instead, we abstract from the impact of monetary policy on investment
in innovation). As we argued in the introduction, this new feature opens the door to a whole new
set of results, such as the existence of a non-monotonic relationship between the policy rate and
labor demand, the existence of multiple full employment steady states, and the possibility that
monetary and fiscal expansions may mainly lead to increases in productivity and wages, with little
impact on employment and inflation.

Moreover, our paper is linked to theories in which weak aggregate demand gives rise to long
periods of depressed economic activity (Acharya et al., 2021; Benigno and Fornaro, 2018; Caballero
and Farhi, 2018; Eggertsson et al., 2019; Schmitt-Grohé and Uribe, 2017). In all these works, de-
pressed economic activity is associated with high unemployment. In our framework, instead, weak
aggregate demand may persistently depress output by inducing firms to de-automate production.
In this case, low aggregate demand causes low labor productivity, rather than high unemployment.

Finally, some recent empirical works have explored the connection between macroeconomic
policies, aggregate demand and productivity. Jorda et al. (2020) and Ilzetzki (2021) provide evi-
dence in favor of a positive impact of respectively monetary and fiscal expansions on productivity.
The empirical works of Bertolotti et al. (2021) and Furlanetto et al. (2021) point toward a pos-
itive impact of increases in aggregate demand on productivity. Our model provides a possible
explanation for these empirical findings.

The rest of the paper is composed of seven sections. Section 2 describes the baseline model.
Section 3 derives the labor demand curve and discusses the conditions under which multiple full
employment steady states are possible. Section 4 studies the impact of monetary interventions.
Section 5 considers the implications of long periods of weak demand. Section 6 studies the econ-
omy’s response to a rise in automation technology. Section 7 concludes. The appendix provides

all the mathematical proofs, as well as some derivations and model extensions.

2 Baseline model

This section lays down our baseline model. The economy has two key elements. First, as in
Acemoglu and Restrepo (2018), firms can choose whether to automate some production tasks. This
decision determines the intensity with which labor and capital are used in production. Second, the

presence of nominal rigidities implies that output can deviate from its potential level. In order to

®See Cerra et al. (2021) for an excellent review of this literature.



illustrate transparently our key results, the framework in this section is kept voluntarily simple.

Throughout the paper, however, we will extend this baseline framework in several directions.
Consider an infinite-horizon closed economy. Time is discrete and indexed by t € {0,1,2,...}.

The economy is inhabited by households, firms, and by a government that sets monetary policy.

For simplicity, we assume perfect foresight.

2.1 Households

There is a continuum of measure one of identical households deriving utility from consumption of

a homogeneous “final” good. The lifetime utility of the representative household is

> 8 <logCt +¢ <B;:1 + Kt+1>> 7 (1)

t=0

where C} denotes consumption and 0 < 8 < 1 is the subjective discount factor. Each household
is endowed with L units of labor and there is no disutility from working. However, due to the
presence of nominal wage rigidities to be described below, a household might be able to sell only
L; < L units of labor on the market.

Households can trade in one-period, non-state contingent bonds B;. Bonds are denominated
in units of currency and pay the nominal interest rate i;. Households can also invest in physical
capital Ky, which pays a real return rf and depreciates at rate §. Byy1/P;+ K¢4+1 denotes the stock
of wealth, in real terms, held by the household at the end of the period. The parameter £ > 0 thus
determines the utility that households derive from holding wealth. As we will see, the presence of
wealth in the utility function gives rise to a steady state relationship between consumption demand
and the real interest rate (i.e. a long-run IS curve), or equivalently, to an upward sloped long run
supply of capital (Moll et al., 2021).° This useful property allows us to derive many results in
closed form, using steady state analyses.”

The problem of the representative household consists in choosing Cy, By11 and K¢y1 to maxi-

mize expected utility, subject to a no-Ponzi constraint and the budget constraint

B
P.Cy + 1 _t:z. + K411 = Wiy + Po(rF +1 - 0)K; + By,
¢

where P; is the nominal price of the final good, Biyi is the stock of bonds purchased by the
household in period ¢, and B, is the payment received from its past investment in bonds. K41 is
the stock of capital held by the household at the end of period ¢, and used in production in period

t + 1. W, denotes the nominal wage, so that W;L, is the household’s labor income.

5In absence of wealth in utility, instead, steady state consumption would be perfectly elastic to changes in the
interest rate. The households’ discount factor would then be the only determinant of the equilibrium interest rate
in the long run.

"A growing literature is exploring the implications of agents’ deriving utility from wealth in Keynesian models
(Michaillat and Saez, 2021; Michau, 2018; Mian et al., 2021). An upward sloped long run capital supply curve also
arises in other widely-used environments, such as overlapping generations of finitely-lived agents (Eggertsson et al.,
2019), or economies in which agents face uninsurable idiosyncratic risk (Aiyagari, 1994).



Households have two decisions to make. First, their optimal saving decision is described by

1 B +id) &
— + = 2
G PG B @

This is just a standard Euler equation, except for the additional incentive to save caused by the
presence of wealth in utility, captured by the last term on the right-hand side. Second, households
need to allocate their savings between bonds and capital. No arbitrage between these two assets

implies
14+ 4P,
P

Finally, households’ optimal saving behavior obeys the transversality condition®

lim §7 Birry1/Pryryr + Keyrn 0 (3)
T—o0 Ct+T ’

2.2 Final good production

The final good is produced by competitive firms using a continuum of measure one of intermediate
inputs, or tasks, y;+, indexed by j € [0,1]. Denoting by Y; the output of the final good, the

production function is
1
logV; = / log y;dj.
0

Profit maximization implies the demand functions

PitYir = Y,

where p;; is the price of intermediate input j in terms of the final good.

2.3 Intermediate inputs production

Intermediate inputs are produced by competitive firms, and are heterogeneous in their production
technologies. Following Acemoglu and Restrepo (2018), we model technological constraints on
automation by assuming that production tasks indexed by j > J" can be performed only with
labor, while the remaining tasks j < J" may be performed with capital. An increase in J” thus
captures technological progress expanding the potential for automation in the production process.
As we will see, however, technology is not the only determinant of how intensively automation is
used in production.

More precisely, the production function of a generic intermediate input j is

Yjt = ’Yfkj,t + 'Y]l'lj,h

8Since < 1, the transversality condition implies that in the long run the wealth to consumption ratio does not
tend to infinity. This optimality condition follows from the fact that the marginal utility from consuming tends to
infinity as consumption tends to zero, while the marginal utility from holding wealth is constant.



where k;; is the capital used to perform task j, [;; denotes labor employed in task j, and 7;“ and
7} denote respectively the productivity of capital and labor in task j.

Intermediates indexed by j < J! are characterized by ’y;? =~*F > 0 and ’yjl- = 0, and thus can
be produced with capital only. These intermediate inputs should be thought as those production
tasks in which capital is vastly more productive than labor. Intermediates indexed by j > J" can
instead be produced with labor only, and are characterized by fyf = 0 and %l_ =~ > 0. These
are the production tasks for which automation is not available due to technological constraints.
The remaining intermediates J! < j < J" can be produced with capital or labor, and they are
characterized by 7]’? = ~* and 'yé. = ~!. This assumption captures the idea that some production
tasks can be performed either by capital or labor.”

Perfect competition implies that the price of intermediate inputs is equal to their marginal cost,

so that

k
% if j < J!
k
Pj = { min (Tk %) if Jl<j<Jh
“ if j > J",

where wy = W;/P;. The interesting implication is that to produce intermediates J b < 1< J b firms
employ the cheapest (productivity-adjusted) factor of production. Factor prices thus play a key
role in determining the intensity with which capital and labor are used in production.

To see this point more clearly, define J; < J" such that all the intermediate inputs with j < .J;
are produced with capital, while the rest are produced with labor. There are three possible cases
to consider. First, suppose that r,’f /fyk > wy /fyl . In this case capital is expensive compared to
labor, and so firms employ capital only to perform production tasks for which it is essential, so
that J; = J!. This corresponds to a low automation equilibrium. A second possibility is that
¥ /4% = w; /4. In this case firms producing intermediates are indifferent between using labor or
capital, and the economy is in a partial automation equilibrium with J! < Ji < J". Finally, if
rf /7k < wy /’yl capital is cheap compared to labor. Firms thus exploit automation as much as
possible, and so the economy is in a high automation equilibrium with J; = J k. Summing up, Ji

is such that

=J if rF /4% > we /A
T eI =y (4)
= Jh if 7 ok < wy /At

9This production function, which is a simplified version of the one posited by Acemoglu and Restrepo (2018), has
the virtue of being tractable and allowing the derivation of many insights analytically. In Appendix D, we study a
version of the model in which, as in Acemoglu and Restrepo (2018), the productivity of labor varies smoothly across
different production tasks.



2.4 Aggregate production function

A useful property of this model is that aggregate output can be written as

k Ji l 1-Jf
VK v Ly
Y, =Z .
' (J) (1—J:> ©)

This is a standard Cobb-Douglas production function in capital and labor, with a twist. The twist

is that the intensity with which labor and capital are used in production is endogenous and depends
on firms’ decisions, as encapsulated by the term J;. That said, the model preserves all the usual

properties of Cobb-Douglas production functions. Hence, equilibrium prices satisfy the condition

RONON
vk 7

Moreover, the capital and labor share are respectively given by

k
Ty Kt *
= ™
tht
=1-J
=1 0

Hence, factors’ shares are endogenous and depend on the intensity with which automation is used
in production. A higher use of automation, that is a higher J;, is associated with a higher capital

share.

2.5 Wages, prices and monetary policy

We consider an economy with frictions in the adjustment of nominal wages.!® The presence of
nominal wage rigidities plays two roles in the model. First, it creates the possibility that em-
ployment may deviate from households’ labor supply. Second, it opens the door to real effects of
monetary policy interventions.

In the baseline model, we simply assume that the nominal wage is constant, so that Wy, = W
for all t. To clear the labor market, we then assume that households satisfy firms’ labor demand.
The assumption of a constant nominal wage simplifies the analysis, making it more transparent.
But our results do not rely on this extreme form of wage stickiness, and would hold also if wages
were partially reacting to the labor market. In fact, we will explore this alternative later on.

Monetary policy controls the nominal rate i;. Because of wage stickiness, movements in the

nominal rate affect the real interest rate and other real variables. To see this point, notice that

10A growing body of evidence emphasizes how nominal wage rigidities represent an important transmission channel
through which monetary policy affects the real economy. For instance, this conclusion is reached by Olivei and
Tenreyro (2007), who show that monetary policy shocks in the US have a bigger impact on output in the aftermath
of the season in which wages are adjusted. Micro-level evidence on the importance of nominal wage rigidities is
provided by Fehr and Goette (2005), Gottschalk (2005), Barattieri et al. (2014) and Gertler et al. (2020).



the nominal price of the final good can be written as
J*

E\ T W
T Yt
Y Y

This expression implies that the nominal wage rigidity is partly inherited by the price of the final

good. Now remember that the no arbitrage condition between capital and bonds implies

. P
(14— = o 41—
Py
Combining the two equation above gives
k ;*
Ty 1-Jyf
, (7"> k
(1+1r) o = et 0. (9)

This expression shows that movements in the policy rate have real effects, either by influencing
the return to capital, or the intensity with which capital is used in production. Throughout the

paper, we will consider different assumptions about how monetary policy is set.

2.6 Market clearing and definition of equilibrium

Since households are identical, equilibrium on the bonds market requires By = 0. Market clearing

for the final good then implies
Vi=Ci+ Kip1— (1 —0)K,. (10)

The output of the final good is thus either consumed or invested in capital.

Turning to the labor market, in absence of nominal rigidities equilibrium employment would
satisfy L; = L. Hence, we can think of L as the natural level of employment. For future reference,
we say that when L; = L the economy is operating at full employment. In presence of involuntary
unemployment, i.e. when L; < L, we say that the economy operates below potential and features
a negative output gap.

We are now ready to define an equilibrium of the baseline model

Definition 1 An equilibrium of the baseline model is a path of real allocations {Cy, Ly, K41, Y:, J;
and prices {wy,rF}s, satisfying (2)-(10) and Ly < L, given a path for the policy rate {i;}; and an
initial value for the capital stock Ko > 0.



3 Monetary policy, automation and employment

A distinctive feature of our framework is that monetary policy affects firms’ technological decisions,
in particular about how intensively labor and capital are used in production. This feature implies
that the impact of monetary policy interventions on employment can be quite different compared
to standard frameworks, such as the New Keynesian model (Gali, 2009). This also means that
employment - or even inflation - might not be a good guidance for the conduct of monetary policy.

To make these points, in this section we start by deriving firms’ labor demand as a function of
the policy rate. We then show that guaranteeing that the economy operates at full employment,
or even that an inflation target is achieved, may not uniquely pin down the equilibrium. Later
on, in Section 4, we will explore the impact of monetary interventions on employment and labor

productivity.

3.1 The labor demand curve

In our framework, monetary policy interventions trigger two contrasting effects on firms’ labor
demand and employment. Consider a monetary expansion implemented through a drop in the
policy rate. The monetary expansion increases aggregate demand. Facing higher demand, firms
react by employing more capital and more labor. This effect, which points toward a positive
impact of monetary expansions on employment, is the one usually emphasized by the literature
on monetary economics. However, here there is a second - contrasting - effect. A lower interest
rate induces firms to increase automation, that is to substitute labor for capital in production.
This substitution effect points toward a negative impact of monetary expansions on employment.
Depending on which effect dominates, a monetary expansion can therefore lead to an increase or
a drop in employment.

Let us start by illustrating how these two effects operate in the steady state of the economy.

We streamline the analysis by placing some restrictions on the parameters.

Assumption 1 The parameters and the policy rate i satisfy

—6(1—Jh)<z'<l—1 (11)
B
11— Jh

33 (1_Jh)(2_Jh)<5<7k' (12)

Intuitively, condition (11) guarantees that steady state consumption and investment are positive
and finite. The role of condition (12), instead, will become clear later on.
To understand how monetary policy affects aggregate demand, consider that in steady state

households’ demand for consumption is given by

_1-B(1+1)

C
é— )

(13)

10



where condition (11) implies that C' > 0. According to this expression, a drop in the steady state
interest rate translates into higher consumption demand by households.!! To satisfy this higher
demand, firms employ more capital and labor in production. Through this channel, a monetary
expansion leads to higher labor demand.

Next, consider that in steady state the no arbitrage condition between bonds and capital implies
i=1rF—04. (14)

This expression ties the interest rate to the return to capital. A lower interest rate, for instance,
is associated with a lower cost of capital, inducing firms to substitute labor with capital. This
substitution effect points toward a negative impact of monetary expansions on firms’ labor demand
and employment.

The presence of these two contrasting effects implies that the relationship between the steady
state interest rate and firms’ labor demand is non-monotonic. That is, depending on the starting
point, a drop in the interest rate can either lead firms to increase or to decrease their labor demand.
To derive this result, it is useful to trace firms’ labor demand as a function of the steady state
interest rate ¢. There are three cases to consider.

Low automation. Let us start by considering a case in which the steady state is associated
with low automation (J* = J!). This happens if capital is expensive compared to labor, i.e. if
7® /4% > w/~t. Using equations (6) and (9), one can see that this is the case if the interest rate is
sufficiently high, precisely if

i>yF—6=1. (15)

The reason is that a high interest rate is associated with a high cost of capital, and thus with a

low use of automation in production. The production function then takes a Co