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Abstract

A model is proposed where economic growth is driven by innovation alongside the
diffusion and adoption of technology from the frontier. Innovation investments are
related to households savings, which generates multiple equilibria with low and high
levels of innovation and productivity. Low-level equilibria are unstable. Starting
from a position with low levels of investment and innovation, increasing investments
are associated with high but decreasing dependence on international technology dif-
fusion. A major objective of policy-making is to increase investment sufficiently in
the lower end to reach the high-level steady state. An economic rationale is provided
for the existence of productivity improving equilibria, where distance to the frontier
is reduced based on a tax and subsidy mechanism designed to boost innovation and
speed up catching-up.
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1 Introduction

The recent literature on innovation has reignited the debate about the relationship
between technology progress and economic growth over the long run. In particu-
lar, it has spurred controversy about: (a) the relative importance of technology
diffusion from abroad over (local) innovation in explaining convergence across
countries (Romer 1993; Barro and Sala-i-Martin 1997; Keller 2004; Acemoglu
et al. 2006; Aghion and Howitt 2006; OECD 2007); and (b) the merits of fiscal
policy mechanisms designed to boost innovation (Crespi 2012; Denes et al. 2020;
Chu and Wang 2022).

Indeed, in addition to be a frequent topic of empirical research (Reppy 1977;
Lichtenberg 1988; Lerner 1999; Pagés 2010; Nanda et al. 2015; Kerr and Nanda
2015; Howell 2017; Denes et al. 2020; Hu 2020), the theoretical reasoning that
justifies the use of fiscal instruments to boost innovation and long-run growth
has received considerable attention in growth literature (Romer 2000; Segerstrom
1998, 2000; Zeng and Zhang 2007; Chu and Wang 2022). In fact, the role of gov-
ernment in financing innovation-led growth has been popularized by Mazzucato
(2013) and Mazzucato and Penna (2015), among others.

This paper seeks to contribute to these strands of the literature. We explore
the long-run growth implication of innovation subsidies in a framework that dis-
tinguishes between local innovation and technology diffusion and adoption. In
particular, unlike models of catching-up where the key determinant of growth
in countries behind is the spread of technology from the frontier (Romer 1993;
Barro and Sala-i-Martin 1997), we construct a model where production depends
directly on local innovation and indirectly on the diffusion of technology from
abroad. Thus, in our model, the technological catch-up is endogenous to home
country investments in innovation.

Our distinction between technology diffusion and local innovation relies on
widespread acceptance of the latter as a local process of assimilation and entre-
preneurship (Schumpeter 1934; Baumol 1996; Nelson and Pack 1999; Jorgenson
2009) which allows countries behind to take advantage of the spread of R &D,
knowledge and inventions from the technology frontier.

In this framework, innovation is boosted by a fiscal strategy that we refer to
hereafter as a “tax and subsidy mechanism” designed to ensure a high level of
diffusion and innovation. Specifically, the government in our model sets a con-
sumption-tax on households income net of effective investments and uses the rev-
enue to grant innovation-subsidies under a balanced budget restriction.

In our approach, we assume that households and business are separate decision
units. The representative consumer maximizes the discounted sum of after tax con-
sumption subject to the dynamics of innovation and catching-up. The increase in
innovation investments after the introduction of the “tax and subsidy mechanism”
leads the economy to jump to a new balanced growth path and hence to an equilib-
rium with higher levels of investment and consumption. In particular, as investment
increases consumption and welfare first decrease in the short-run, but then increase
over the long-run. However, the latter crucially depends on the size of the discount.

@ Springer



Economic Change and Restructuring (2024) 57:60 Page3o0f24 60

The paper proceeds as follows. In Sect. 2, we provide a brief discussion of the
literature on technology and economic growth and the relationship between govern-
ment’s policy, business innovation and economic growth. In Sect. 3, we present the
setup of the model. In Sect. 4, we give formal intuition about the “fax and sub-
sidy mechanism” and its influence on innovation and economic growth over the
long-run. In Sect. 5, we discuss the optimization problem and the shifting nature of
steady-state trajectories induced by the tax and subsidy mechanism. Finally, Sect. 6
provides some concluding remarks.

2 Related literature

A key contribution of the model that we develop here is that it provides an ana-
lytical framework to investigate the role of fiscal incentives in influencing innova-
tion and catching-up alongside the diffusion of technology from abroad. Thus, ours
is a model of growth led by innovation which means that it emphasizes primarily
innovation and only indirectly technology diffusion and adoption. This leads to
policy insights on investment allocation among these activities that are very differ-
ent, indeed in contrast to most models of distance to the frontier that emphasize the
diffusion channel instead. Also different from the most standard approach where
investment is, implicitly, modeled to offset the reduction in consumption and budg-
etary issues are neglected, we develop our model in a context where there is a tight
balanced budget restriction and investment is subject to adjustment costs.

Our model relates to various strands of the literature on technology and economic
growth. The key feature of the received theory of endogenous growth is the assump-
tion that in less developed countries economic growth is driven primarily by the
diffusion of foreign technology which boost productivity and catching-up as long as
the economy behind meets some basic absorptive conditions. There are three main
approaches that can be distinguished in this literature: (i) accumulation of physical
and human capital, (ii) the innovation paradigm, and (iii) distance to the frontier.

The first approach, based on a mechanical association between increasing sav-
ings, accumulation (or more education) and higher growth gives little attention to
innovation itself (Romer 1986; Lucas 1988; Jorgenson 2009; Damsgaard and Kru-
sell 2010; Stokey 2015). Unlike the focus in this kind of models, our model relates
to the innovation paradigm which gives preeminence to local growth enhancing cre-
ative activities (Schumpeter 1934; Baumol 1996; Nelson and Pack 1999).

Models in the second approach are set to explore either the ability to increase
product variety, to improve product-quality, or simply to produce ideas (Romer
1990; Aghion and Howitt 1992; Howitt 1999; Peretto 1999; Jones 2005; Chu and
Wang 2022). These models, however, are not explicitly designed to explore the driv-
ing factors of convergence across countries.

Thus, in models within the second approach, the convergence property is implic-
itly developed in a class of models with catching-up properties that emphasize
backward advantages created by technology diffusion and imitation, rather than
innovation. Backward advantages arise as long as countries behind have the right
conditions— market institutions like competition, property rights, openness to trade,
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financial development—and sound macropolicies (Gerschenkron 1962; Barro and
Sala-i-Martin 1997; Edwards 1998; Lucas 2009; Acemoglu 2015).1 The trademark
of these models is the general belief that, depending on the economy’s absorptive
capacity, diffusion is the driving force behind catching-up. While technology diffu-
sion and absorptive capacities are important, in our model we consider the Schum-
peterian view of (local) innovation as the true engine of growth and catching-up.

Our model relates more closely to models in the third approach, which emphasize
distance to the frontier. Like other models of this kind, the model developed here
builds on the interplay between technology diffusion / adoption and innovation. Ace-
moglu et al., 2006 study this issue assuming a sequential process whereby countries
at low levels of development first follow an “investment strategy" to take advantage
of state-of-the-art technologies from abroad, and switch to an “innovation strategy"
as they approach the technology frontier. Aghion and Howitt (2006), and Lucas
(2009), follow a similar approach and suggest that laggard countries would grow
faster the far behind they are by implementation of technologies from the frontier,
but shift to innovation-based strategies as they get nearer the technological frontier.
Rather than advantage of backwardness (Gerschenkron 1962) and the implicit focus
on radical innovations present in these models, we emphasize a more general view
of innovation as the key growth enhancing activity behind the technology frontier.

Within the models of distance to the frontier, we identify a set of contributions
with main focus on micro-economic settings, which however easily extend to the
cross-country approach in our model. Benhabib et al. (2014, 2019), study the inter-
action between diffusion, adoption and innovation by endogenizing these decisions
in a context where, implicitly, all agents (firms, countries) are at the frontier and
optimally choose between falling back and catching-up (see also Stiglitz 2014a, b;
Sampson 2015). While our model relates mostly to this approach, the key differ-
ence is our macroeconomic approach. In addition, we explicitly analyze the implica-
tions of a real-world scenario where some agents are at the frontier while others fall
behind.

As mentioned, our paper relates also to the research on policy/institutional
mechanism, like taxes and subsidies, that influence investment and innovation. The
association between subsidies and innovation has been studied by, among many
others (Romer 1990; Grossman and Helpman 1991; Jones 1995, 2005; Segerstrom
1998, 2000; Zeng and Zhang 2007; Chu and Wang 2022). Unlike the most standard
approach in those models which take subsidies for granted, the “fax and subsidy
mechanism” in our approach builds on a simple general equilibrium setting with
net consumption taxes—net of effective investment—and a tight balanced budget
condition.

Although they are related, in our model we do not explicitly deal with financial
market imperfections that constraint innovation and growth and justify the use of fis-
cal instruments (Bernanke and Gertler 1990; Hall and Lerner 2010). We introduce
the “tax and subsidy mechanism" as an exogenous innovation-policy intended to get
the economy closer to the technology frontier.

! On the empirical approach see Coe and Helpman (1995), Hall and Jones (1999), Keller (2002), Keller
(2004) and Caselli (2005).
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3 Model setup

Consider a framework where productivity differences between country “7” and the
frontier are proportional to differences in technology.

yi(0/3(1) = A1) /A1)

where y,(¢) = Y,(t)/L,(t), and ¥(t) = Y(¢)/L(z). We think of the frontier technology,
A(1), in terms of high-tech developments that are common to all countries. Local
innovation, A,(#), combines the frontier technology with indigenous ideas leading
to new goods, shifts in production techniques, marketing strategies and forms of
business organization. This distinction between frontier and local innovation, and
the view that the latter evolves alongside the spread of developments in the most
advanced countries is ubiquitous. The models of distance to the frontier discussed
above, and models that emphasize general purpose technologies (Helpman 1998;
Jovanovic and Rousseau 2005; Bresnahan 2010) belong to this line of research. The
extent of international technology diffusion and innovation has been investigated
empirically by Coe and Helpman (1995), Keller (2004) and Acemoglu et al. (2006).
Our broad definition of local innovation in terms of commercial applications, pro-
duction methods, market strategies and organization processes is more controversial.
Romer (1993) stresses the idea of innovation diffusion from the frontier. Nelson and
Pack (1999) instead put forward the importance of local assimilation, entrepreneur-
ship and innovation to take advantage of the process of technology diffusion. Our
modeling approach is more consistent with the latter view.

Thus, from the viewpoint of country “i", A(¢) is exogenous whereas A;(?) is
endogenous, determined by the ability to find new uses for the received technology.’
Country i’s final output relies on the following production function

Yi(t) = fF{AD), L(n)}

where L is labor, which equals the country’s population. This feature frees us from
discussing differences in productivity and welfare considerations. Furthermore, for
simplicity, we assume that all the population works and all workers are allocated to
the production of final output. Finally, we assume linearity in L. Thus, production
per-worker is

yi() =f{A0} (1

where f{0} =0, f >0, f' <0. Final output is denoted in per-worker units, and
innovation is defined in levels which implies that productivity depends on the abso-
lute stock of technology and is subject to decreasing returns (Jones 2005; Seger-
strom 1998). Notice that frontier technology, A, does not show up in Eq. (1) as we
assume that it influences the production of final output only indirectly through its
impact on the dynamics of innovation—explained below.

2 We assume that there are no absorptive constraints in terms of human capital, institutional infrastruc-
ture or political conditions.
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3.1 The problem of the representative agent

Consider a representative agent in the private sector who wants to maximize the
value of some utility function U(C). In an economy without government and with
balanced trade, the real value of consumption is given by the value of gross income
minus total savings (hereafter, we suppress subscripts to avoid over-notation).

cCt=y-5§ 2)

where Y = yL, CP*' = ¢P'L and S = sL describe the aggregate levels of output, pre-tax
consumption and savings, and “y", } }cP'e and “s" are per-worker quantities.

We assume that investment is subject to adjustment costs (Turnovsky 1996). In
particular, consider the cost function S = b{I} with properties b{0} =0, ¥’ > 0, and
b" > 0, which implies that the marginal cost of innovation is positive and increases
with the investment intensity. The following so-called convex adjustment investment

cost function satisfies the above conditions:
S=1+«kI’L™", 0<k 3)

we refer to the first term on the right-hand side as “effective investments” and the
second term is the adjustment, e.g., installation costs, which we measure per-worker.

In per-worker terms savings, s = S/L, and investments, I =1/L. Hence the
investment adjustment constraint may be written in per-worker terms as

s=b{I} =1+ «D, 0<«k 4
Writing also Eq. (2) per-worker, and using Egs. (1) and (4) yields

P=y—s

5

= f{A} - (I+«D) ©)
Technology diffusion is described by a logistic function that combines the dynamic
interaction between the level of investment, (local) innovation and foreign technol-
ogy (Barro and Sala-i-Martin 1997; Stokey 2015; Benhabib et al. 2014; Luttmer
2015; Perla et al. 2015),

ipt pt\?
%:1[1_(%)]—5—@ 0<0vd,p<l1 (6)

where AP is used to denote the level of pre-tax and subsidy innovation, v, 5 and ¢
capture the rate of technology diffusion from abroad, the rate of obsolescence and
the expansion of the technology frontier, respectively. By assumption all these are
positive constants. The dynamics of innovation is determined by I and A. Technol-
ogy diffusion is modulated by the parameter v, the closer it is to 1 (0), the slower
(higher) the spread of technology—i.e., frontier technology does not fully nor
instantly spread to other countries. Notice that Eq. (6) is negative whenever AP' = A.
If 0 < APt < A, AP heads asymptotically toward A.
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3.2 The role of government

We assume an environment where households and business sectors are separated
entities. In this context, the government sets taxes and uses the revenue to grant sub-
sidies that boost business innovation. The government budget position (Gj,) is made
of taxes minus government expenditures (G ) minus subsidy payments (7R)

Gp,=T-G.—TR

Let’s assume that the government sets a flat, time invariant, ad-valorem tax rate (7)
on income allowing for the exemption of savings associated to effective investments,
e.g., S — kI?’L~! =1 (the adjustment cost is unknown to all parties and, therefore,
not exempted from taxation). Let us write the tax bill as

T=2y-I, 0<z<I ©

For simplicity, we assume that the government balances subsidy payments with tax
revenues, TR = T and G = 0. Thus, a net balanced budget prevails

0=T-1TR (8)

From the household and the business sector view point, the tax-and-subsidy mecha-
nism above influences consumption and investment decisions in two ways. First, it
reduces the value of consumption as households now pay taxes

C=Y-S-T 9)
Using Egs. (3) and (7) and rearranging terms, we get
C=Y-S—-%#Y-1
=Y-I-kPPL"' 7Y -1) (10)
=1 =Y -=D—-«I*L"!

Writing the last equation in per-worker terms and using Eqs. (1) and (4) we obtain
c==D(f1a) 1) =« (11)

Taxation redefines the maximization problem as households are set to maximizing
the utility of what is left for consumption after taxes and savings, i.e., investment
costs, are subtracted (notice that setting T = 0, we obtain ¢ = ¢, e.g., Egs. (11) and
(5) are the same).

The second way the government influences private agents decision making is by
increasing their resources for innovation. In the next section we analyze the likely
implications of this policy approach.
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4 The subsidy mechanism

A noteworthy feature of the tax and subsidy mechanism in our model is that it is a
discretionary policy aimed to boost business innovation. We assume away arbitrage
opportunities. While households pay taxes and firms receive subsidies, in practice
they are distinct entities and, therefore, at least partially unable of fully assessing
the cost and benefits of fiscal management policies. This may be true in a context of
agents with bounded rationality or whenever one allows for surprise fiscal policies
to boost innovation.

We assume that the government’s policy is to fully grant the tax revenues as sub-
sidies to support innovation in the private sector.

T=1TR
(Y -1 = Ir,, 0<7 <1
where 7, denotes the subsidy rate:

Y = 1)
TA = f

This subsidy rate may be written in per worker terms as

=7 <£>_1—1 (12)
4 y

where (I/y)~! denotes the inverse of the investment output ratio. Notice that only
effective investments are considered for the subsidy.

For empirically reasonable rates of investment to output such that I/y < 1/2, the
subsidy rate is proportionally larger than the tax rate and depends positively (nega-
tively) on the income (investment) behavior. That is, dz, /dy > 0, and dz, /I < 0.

Under the fax and subsidy environment, investment resources per-worker are

-1
I(1+TA)=I<1+‘E <!> —1>>
y (13)

=I+7y-D

Where the first part of Eq. (13) is the business effective investment and the second
part is the subsidy. Using this result to modify Eq. (6) we have

A A\’
T =10+ [1—<i>]—5—(p

= <I+f(y—1)>[l—<é> ] —-60—@, 0<0,6,p,7<1
A

3 With 7 = 10% and I/y = 20%, 7, = 40%. But with the same tax rate and I/y = 30%, 7, = 23%, which
is explained because increasing investments narrows the tax base.

(14)
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Notice that Egs. (6) and (14) are the same provided 7 = 7, = 0.

There are three points worth mentioning when analyzing the macroeconomic impli-
cations of Eq. (14). Firstly, as we have noticed earlier, from the point of view of inves-
tors, the tax and subsidy mechanism is exogenously given. This is a key assumption.
If investors are aware that they are entitled to an innovation investment subsidy on the
basis of the households tax bill, they would probably adjust their consumption/savings
behavior accordingly leaving investments, hence innovation, unchanged. The exogene-
ity of the subsidy mechanism, and the assumption that households and business are sep-
arated entities, precludes this kind of arbitrage.

Secondly, the tax and subsidy mechanism implicitly reflects the normative idea that
the government is interested to boost a process of innovation-based growth. This is in
contrast to cases where taxation precludes innovation and growth (Parente and Prescott
1999, 2002).

Finally, welfare effects matter. The effectiveness of the fax and subsidy mechanism
hinges on its potential to increase the present net value of after tax consumption more
than proportionately compared to the no tax and no subsidy scenario. Formally, one
would need to show that

J e (1=2)(ra) —1) = kPl o as

Jy e Ay 1= xPy, __y|a

> 1 (15)

Providing this condition is fulfilled, resources available for consumption and invest-
ment are at least as high in the new scenario as they were in the old one. Unfortu-
nately, we will not be able to evaluate the integrals numerically. However, we will
indicate conditions under which the condition (15) holds.

5 Solving the optimization problem
The objective of the representative agent is to maximize the discounted sum of Eq. (11)

subject to the dynamics of innovation established in Eq. (14). To simplify matters, we
assume v = l and @ = 0. Using Eq. (1), the law of motion of innovation is

%=<I+f<f{A}—I>>[l—%]—5, 0<s8,7<1 (14)

@ Springer



60 Page 10 of 24 Economic Change and Restructuring (2024) 57:60

The optimization problem, in per-worker terms and with future values discounted at

rate r, is*
max/ore-”[@ - %)(f{A} - 1) _ KIz]dt

. A
.z = I+7 -1 1-2| -
st A A( +T<f{A} )>[ A] SA
A{0) = A, >0, I{0}=1,>0, 0<6&z<l

Assuming k = 1/2, the current value Hamiltonian H, is

H.(LA,2) = (1 - f)(f{A} - I) - g + A<A<I+ f(f{A} - 1)) [1 - %] - 5A>

Investment influences the objective function twice, directly, through its own value
in the objective function, and, indirectly, through its impact on the evolution of the
state equation. The state variable (A) evolves according to the logistic diffusion
mechanism. The technology of the frontier, A influences the objective only indirectly
through the state equation. Finally, the exogeneity of the tax and subsidy mecha-
nism, I(1 +7,) = I+ 7(y — I), implies that the optimizing agent has no choices to
make about optimal taxation/subsidy policy.

We aim to find an expression that reflects the dynamics of investments in innova-
tion. The first-order conditions (FOC) for optimization are Eq. (14’) and

Mo j1-oaf1-4 1-5-1 = 0
5 -9 < _Z>_( -n-1 = (16)
. 0H. _ A
h=ri=-— —A[—<I+r(f{A}—I)><1—K>
A
I+7 -1))=
+< +r<f{A} >>A+5 (17)

A
—-ifA[1-= )| - =1
ra(1-4)|-a-a
plus the usual transversality conditions, assuming 7 — oo

Lim e_”ﬂ(t) > O, Lim €_rt/1(t)A(l‘) =0

t—>+00 t—+00

* This formulation is based on the Stigler-Ozga model of diffusion in advertising theory (see Gould
(1976) and Kamien and Schwartz (1991) Section 11.9).
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Equation (16) equates the marginal increase in innovation with the current increase
in the investment cost. Equation (17) determines the shadow value of innovation.’
By log-transforming Eq. (16), we have

In(1 —1"+I)=ln(/1)+ln(A)+ln<1 —%) (16")

Differencing this equation with respect to time yields

1 . i A A
- j=Z24i2__2
741 A A i-a (18)
After some algebra, we obtain®
1 . A 1-7+17, A
—I=r+6= - All-=
—z+1 A-A 1—%+If < A> (19

Over a BGP, with I = 0, we find that

(wéﬁ)(l —i+1) = (1 —1"+If)f’A<l —%‘>

The last expression may be written as

(oot st mrs(s-4) )72

Solving for I, we obtain

) [f’A(l - %) - <r+5ﬁ>] (1 —'E)

(20)
<r+ 5/&) —f’A(l - §>f
From the state Eq. (14’), an equilibrium path satisfying A = 0 implies
< 6
A=Al - ——F— 1)

I+%<f{A}—I>

5 Second order conditions for optimality are satisfied also; sufficiency is established by checking that the
conditions of the Mangasarian’s theorem are fulfilled (Kamien and Schwartz (1991) pp. 221 ff). Notice
that the production function has properties f* > 0, f* < 0 and, from Eq. (16) we have
0°H, |
o

Note, also from Eq. (16), that A > 0. Hence, the Hamiltonian is concave in A and I.

6 See Appendix A for details on the derivation of Eq. (19).
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A A

Fig. 1 A values go from 0 to 100. The arrows of motion show that the leftmost side equilibrium is unsta-
ble and that on the rightmost side is saddlepoint stable. Note that here 7 = 7, = 0. We use f{A} = A*
with a=1/3, r=0.15, 6=0.2

Notice that Eq. (21) may be solved as well for I which yields

Ad _ _\—1
I (A—A rf{A}>(1 7) (22)
Equations (20) and (22) describe the stationary lines of the dynamic system. These
lines are drawn in Fig. 1 together with the arrows of motion. The steady state E,,
drawn for the absence of taxes and subsidies, is reached via a downward sloping
saddlepoint stable trajectory. The low-level steady state is unstable, as we explain
below.
Notice that, everything else constant, increasing taxation increases innovation invest-
ments by shifting up the stationary line represented by Eq. (20) in Fig. 2 compared to
Fig. 1. As we explain in more detail in Section 5.2.
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Fig.2 A values go from 0 to A=100. Equilibrium at E, and the corresponding stationary (dotted) lines
assume 7, = 7=0. Equilibrium at £, and the corresponding stationary (solid) lines assumes 7, > 7=0.05.
We use f{A} = A* with a=1/3, r=0.15, 6=0.2

(23)

[<r+5ﬁ> —f’A(l - %)fr

Likewise, according to Eq. (22), increasing 7 leads to lower I for every given A.
Hence, the A = 0 isocline for positive taxes must be below the one for zero taxes.

</% —ff{A}> — (1-2)f{A)
= > <0
A=0 (1-7)

ol

2} 24)
FE

With Eq. (20) shifting up and Eq. (22) shifting down after an increase in taxation,
we get a new steady state at a higher level of innovation in Fig. 2 implying catching-
up to be closer to the frontier A.

In general terms we find that, under the tax and subsidy mechanism, the econ-
omy could experience an increase of investments, an increase of innovation and,
therefore, an increase in economic growth. Of course, the increase in taxation
cannot be too large to depress consumption in current value terms. The recur-
sive nature of this process involving taxation, investment, further innovation and
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economic growth is analyzed in detail in order to determining the equilibrium
properties of the system.

5.1 Baseline scenario (T = 0,7, = 0)

To illustrate the main implications of our model in terms of the tax and subsidy
mechanism on economic growth and general well being, we first analyze the base-
line scenario without taxes nor subsidies.

Notice, from Eq. (12), that under a T = 0 scenario, 7, = 0. In this case, the tem-
porary objective function of the agent is f{A} —I— kI’ and the state equation
A= IA(l —-A /A) — 6A. The optimal solution in Eq. (20) becomes

raf1-4)
[= ——F— (25)
r+ 5m
Likewise, Eq. (22) becomes
Ab

The vector field determined by Eqs. (25), (26) are plotted in the I-A plane in Fig. 1.
From Eq. (25), the I = 0 locus determines a bell-shape curve. This curve is increas-
ing for small values of A and decreasing for large values. Innovation investments rise
for points above the I = 0 locus and fall for points below it. The vertical arrows of
motion illustrate this behavior.

From Eq. (26), the A = 0 curve is an increasing function that, asymptotically,
approaches A. This curve has an intercept on the vertical axis when A—0Q atI = 8. A
is increasing (decreasing) above (below) the A = 0 locus as is shown by the horizon-
tal arrows of motion.

There are two equilibria in Fig. 1. The leftmost equilibrium is featured by low
values of innovation and investment. This is an unstable locus that oscillates and
moves away from the equilibrium unless A(0) = A, and I(0) = I;. The rightmost
equilibrium, is saddlepoint stable. From the information provided in the Jacobian
matrix, we deduce that the innovation trajectory is stable while the investment tra-
jectory is unstable.” So sufficiently large disturbances on the investment dynamics
will take the system away from the equilibrium.

Equation (25) suggests that investment is a declining function of the rate of return
while the effect of the depreciation rate on investment is ambiguous. A higher rate
of depreciation leads to lower investments through Eq. (25), but higher investments
through Eq. (26). The relationship between investment and innovation, on the other
side, is quite cumbersome.

Numerical calculations in Table 1 allow us to make sense of the above interre-
lationships between the variables in the system and the way they are affected by

7 See Appendix B.
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changes in key parameters. In particular, notice that under the v = 0 scenario, both
investment and innovation decrease as the rate of return increases from low (r = 5%)
to high values (r = 20%). On the other hand, a high rate of depreciation leads to
higher values of investments and decreasing levels of innovation (as when this
parameter is increased from 5 to 10% in the table). Finally, using f{A} = A%, and
letting a to increase from 1/3 to 2/3 leads to both, higher levels of innovation and
higher levels of investment.

5.2 The tax and subsidy mechanism (0 < 7 < 7,)

The core argument of the model in this paper is that it captures an essential fact in
the objectives of the innovation policy: setting a flat tax rate on consumption and
using the revenues to fund additional innovation investment should lead to increas-
ing innovation and, therefore, economic growth at the economy wide level.

In Fig. 2, we plot the original scenario T =7, = 0 jointly with a plot of the
alternative scenario 0 < 7 < 7,. We focus on the right-hand region saddlepoint
equilibria.

Assume that we start from the equilibrium without policy, Ey|z, = 0, the invest-
ment subsidy granted under the tax and subsidy mechanism causes the economy
to suddenly jump up to a high value of investment for given A at Ey|z, > 0. Then
a new equilibrium trajectory takes over eventually reaching a new steady state at
E, |z, > 0. Below, we provide a more formal analysis of the system dynamics.

We pointed out, from Eqgs. (23) and (24), that the investment loci shifts up and the
innovation loci shifts down as the tax rate increases. Formally, the shift of the i=0
locus is obtained from Eq. (23) where

oL
o7

>0
i=0

in turn, the shift of the A = 0 is obtained from Eq. (24)

ol

— <0
ot

A=0

Thus, the dynamical process triggered by the fax and subsidy mechanism involves
changing linear combinations of investment and innovation until they reach equilib-
rium trajectories that finally are joined in the new saddlepoint at E, |z, > 0.

From our graphical approach, the transition to the new equilibrium seems to
be consistent with an increase in innovation, hence output. However, the behavior
of investment in the new equilibrium is not clear. Intuitively, the tax and subsidy
mechanism should lead to a higher level of investment under the new steady state
E,|z, > O relative to the origin at E,. The numerical solutions provided in Table 1
for various parameters values show higher total investment I+ (including the sub-
sidy value) in spite of lower privately paid investment I (excluding the subsidy).

The dynamic system outlined above is one way to illustrate how public sub-
sidies, alongside many other policy mechanisms in this direction, may be
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Table2 Output, consumption and investment values for high level steady states with alternative tax and
interest rates

Tax)\ Return r=0.05 r=0.10 r=0.20

cI+f{A} cI+f{A} cI+f{A}

a=1/3, 6=5%, A=100

7=0.00 4.025 0.240 4.294 4.014 0.217 4.254 3.966 0.179 4.161
7=0.01 4.036 0.243 4.300 4.024 0.221 4.262 3.980 0.182 4.173
7=0.02 4.045 0.247 4.306 4.034 0.226 4.271 3.992 0.187 4.185
7=0.05 4.063 0.262 4.327 4.054 0.240 4.294 4.019 0.202 4.222

We rely on the steady state values from Table 1 and use f{A} = A”. Total investment (I+) includes the
subsidy. Consumption values are generated using Eq. (11): ¢ = (1 — z")(f{A} — I) -«

self-sustainable strategies to boost a virtual cycle of innovation and growth.
In fact, as mentioned earlier, the tax and subsidy mechanism formalized in our
model has been actual-and often controversial-practice in the innovation policy
followed by both countries at the frontier and successful catching-up countries.
Examples include the strategies put in place to ease catching-up by develop-
mental Asian states (Nelson and Pack 1999; Hu 2020), initiatives like the Small
Business Investment Company (SBIC) and Small Business Innovation Research
(SBIR) in the US, and essentially similar program in other advanced economies
(see Lichtenberg 1988; Lerner 1999; Hall and Lerner 2010; Howell 2017; Denes
et al. 2020).

A final step, for the overall assessment of this mechanism, regards its potential
to improve social welfare.

5.3 Welfare effects

A further implication in the shift of the equilibrium point from Ej|z, =0 to
E, |z, > 0 in Fig. 2 is that, in the first instance, consumption, hence social wel-
fare, declines. But then, along the new optimal path, consumption increases along
with investment given the higher values of productivity in the new scenario.

More specifically, as investment increases at the jump between E,|z, = 0 and
Eylz4 > 0, consumption declines via taxes. However, as the economy moves from
Eylz, > 0 to the new equilibrium E| |z, > 0, it exhibits a larger amount of pro-
ductivity, and hence a larger amount of output. Following from Eq. (15) and the
A-values in Table 1, we verify the condition that consumption (and investment)
are higher under the tax and subsidy mechanism than otherwise, as may be seen
from the result presented in Table 2.

From Egs. (11) and (26), the baseline scenario 7, = 7 = 0 implies,
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c|, o =f1A} =1 «I?

_ - 2
As As 27
=f{A)} — -
A - T K(A—A)

where I is expressed in terms of A-values when going from the first to the second
line. Notice, from Eq. (27), that consumption increases in A — A as f(A) increases
and private investment I falls, according to Table 1.

By relying, in the new steady state, on the tax and subsidy mechanism, using
the steady state property established in Eq. (22), we obtain

C|TA>0 =(1 - ﬂ(f{A} - I) — I

=1 - 7)|f1A} - (—f% _ff{A}> - K(—f% _ff{A}>2
1-7 1-7 28)

2

=14} - <

1-7

As <%—ff{A}>
— K
A

Using again « = 1/2, and deriving Eq. (28) with respect to 7, we obtain the follow-
ing steady state result

—fIAY1 = 7) + <%—ff{A}>

(1-7)>

ac

flAY - 2%
(1-17)

which implies that consumption is a positive and increasing function of 7.

Whether the welfare benefits of increasing consumption in the future are
worth the sacrifice incurred by reducing consumption in the earlier phase, after
the introduction of the policy, may be evaluated from the steady state values that
clearly are higher in the equilibrium—and a bit earlier— under the tax and subsidy
mechanism. Based on a subset of the steady state values calculated in Tables 1
and 2 shows higher consumption values under the tax/subsidy policy.

An important implication of this analysis is that implementing the tax and sub-
sidy mechanism gives rise to an early phase with reduced consumption and util-
ity and a later phase with increased consumption and utility. Discounting rates
which give weights to these phases matter. A high discount rate means that the
later positive phase gets a low weight. If the discount is high enough, the negative
impact on consumption and utility of the initial phase dominates. Conversely, if
the discount is sufficiently close to zero, the increased consumption of the later
phase dominates because it lasts until infinity.
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Summing up, in our view, the model that we have developed here captures an
essential aspect in the use of fiscal instruments to increase the availability of invest-
able resources to promote innovation, hence economic growth and catching-up.
Economies that have a low discount rate will benefit from a policy that brings them
closer to the technological frontier. Economies with a high discount rate stay more
behind.

As we mentioned earlier, taxing current consumption and using the unconsumed
resources to grant subsidies in order to boost economic growth is a policy arrange-
ment that has been actually implemented, to some extent, in many countries. A
notable and well documented exception seems to occur in a selected group of LAC
(Crespi 2012). The limited application/understanding and relative lack of success of
innovation-based growth policy mechanisms in this case is a testimony of the need
to improve our current understanding on the rewarding benefits of a well-designed
fiscal program using tax incentives to support innovation.

6 Concluding remarks

Studying the interaction between the adoption of foreign technology and the process
of local innovation is crucial for the research on the ability of backward countries to
catching-up, and for the design and implementation of innovation policy. We have
set up a model where innovation, alongside technology trajectories that are associ-
ated with state-of-the-art inventions and working practices that are common to all
countries, leads to a higher level of productivity closer to the frontier countries.

The key feature of the model that we have developed above is that it provides a
formal framework for the analysis of the government when it seeks to manipulate
policy instruments to obtain more favorable outcomes in knowledge leading to inno-
vation. In particular, we have suggested that countries with high discount rates will
not be willing to accept the taxation and the temporary consumption loss implied by
the innovation policy under the tax and subsidy mechanism. But countries with low
discount rates will be more likely willing to do so. But this is ultimately an empirical
question for future research.

More generally, while the case for a tax and subsidy mechanism has been a lim-
ited practice, particularly in less developed countries, and this sort of mechanisms
has been a subject of mostly empirical academic research for a longtime, we hope
that the theoretical framework presented here shall become a basis for further theo-
retical and empirical work on the crucial relationship between technology diffusion,
innovation and the process of catching-up; and a technical basis for the modern dis-
cussion on the design, implementation and evaluation of public policies spurring
innovation.

Appendix A

To go from Egs. (18) to (19), note that from Eq. (17)
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%:r— <I+f<f{A}—I)><1—%> +5

+ <I+f(f{A} 4))%‘ —%f’A(l - %‘) Gl AP

A

A } A _, A\ -=1f
_r—Z+<I+T<f{A}—I>>Z—rfA<1—K>—T

From Eq. (14°)

% - <I+1‘-(f{A} 4))% —5%

Inserting these expressions into Eq. (18), and collecting terms, yields

1. A A\ _d-9f
—I=r+6—-7fAll-= ) - ——— ’
s L e of < A) 7 (18")
Thus, from Eq. (16)
G = 1—T+IA
(1—T)A<1—Z)
Using this expression in Eq. (18’), we obtain
. 1-72)f
SR S R S S V7Y D0 DU i
1-7+1 A—-A A A

A . A (1 -7 ,( A>
=r+6—— —FfA(1-2 ) - ——fFAl1-2= ”»
r+ 1A zf < A> f 1 (187)

1-7+I

—r oA _
"o A T—z+1

A (1—1"+I)f+(1—%)2f/A<1_

PNIES

From where we finally obtain Eq. (19).

Appendix B

To characterize the two equilibria in Fig. 1 we linearize the model around the steady
state (A, L) getting

A i ||A—A

I Jo1 Jm || T— L
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The first entry in the righthand side matrix above is the two-by-two Jacobian matrix
(}}Ae) whose elements are the partial derivatives of the system around the equilib-
rium, which are obtained as follows®

oA _ AL <0
]“ 0A A:f:o K
p A
j12=% ZASS[I_g] B
()I A=7=0 A
. o ~ [ 26A,, 2rA,, = rA
21 = 37 . T A
0A licsmo (A-4,) A, (A - Ass>
1" )
_f_/ - _ 58 ] <1 + I> <0
f A-A
; A,
Jn = a A =rté——— -
ol I=7=0 A _Ass

The characteristic roots of the matrix A, €, and €,, are obtained as usual

tr(A) = /[tr(A)]> — 4|A|
2

€12 =

where tr(A) and |A| are, respectively, the trace and the determinant of A. To ana-
lyze the equilibrium, we assume r,6,1 > 0. Note that for high values of A

8 To obtain j,, notice that at the steady state and under the condition 7 = 0, the following expressions are

equivalent
f’<1—é> - [£+__5 ](1+1)
A A A-4A

and,

fATA - [/_XiA - (AiAA)Z](lJrI)

9 Note that r=6=1=0, or sufficiently close to zero, implies €1, = 0. On the other hand, r =6 =0
and I > 0 implies €, = 0 > &,. In these cases, Eqs. (25)-(26) are either inconsistent or redundant: in the
first case there are no equilibria; in the later, with a root equal to zero, any point may be an (knife-edge)
equilibrium. Also, note that when r = 0 < 6 and I > 0, the roots are real and distinct with £, > 0 > ¢,.
In this case, the solution hinges on the value of : a large value of this parameter leads the solution to be
dominated by the positive root and both A and I grow without bound; if the value of 6 is small, on the
other hand, the solution converge to a saddlepoint equilibrium. Finally, when 6§ = 0 < r and I > O there
is also a saddlepoint equilibrium. But, in the latter case there are roots that are complex conjugates—as
explained in the main text.
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tr(A) =j; +jp > 0and |A| =j; X jyn —Jja1 XJj12 < 0, hence if follows that the sys-
tem is saddlepoint stable for the intersection of the loci A and I in the rightmost part
of Fig. 1. From the Jacobian matrix, j;; < 0 and j,, > 0, thus we deduce that the
innovation process is stable while the investment dynamics is unstable.

The leftmost equilibrium, on the other hand, is featured by low values of A which
implies that j,; <0, tr(A) > 0 and |A| > 0. Moreover, we obtain that tr(A) < |A|
which implies that the roots are complex conjugates. The (imaginary) roots are writ-
ten as'”

_ () VAA - Tr@)P

fla= T = 2

Thus, on the lefthand region we have two complex roots with positive real parts,
tr(A) > 0 and |A| > 0. The solution is an unstable locus that oscillates and moves
away from the equilibrium unless A(0) = A, and I(0) = I,
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