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Abstract

The main aim of our paper is to try to improve the results obtained by
Funke and Strulik in order to obtain optimal solutions for all variables.
To do this we develop an alternative model of endogenous growth with
physical capital, human capital and R&D, not substantially different
from the model developed by Funke and Strulik, but where there are
however three essential refinements that we consider necessary to be
made.
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1 Introduction

The balanced growth path of the endogenous growth model with physical
capital, human capital and R& D has been explored first by Funke and Strulik
(2000), and then by Arnold (2000). Funke and Strulik suggest that the
typical advanced economy follows three development phases, characterized in
a temporal order by physical capital accumulation, human capital formation,
and innovation, and that the transitional dynamics of the model reproduce
such a sequencing.

Few years later, Gomez (2005) analyzed the equilibrium dynamics of this
model, generalize and correct the analysis of the papers of Funke and Strulik,
and Arnold. Recently, Sequeira (2008) incorporates the erosion effect into an
endogenous growth model in which growth is generated by the accumulation
of physical, human capital, and R&D, and claims this effect significantly
improves the fit between the model and the data.

lacopetta (2010) extends the earlier analysis of Funke and Strulik and
argues that other sequences of the phases of development are possible and
shows that the model can generate a trajectory in which innovation precedes
human capital formation. This trajectory accords with the observation that
the rise in formal education followed with a considerable lag the process of
industrialization. It is important to be pointed out here that in a recent
paper, lacopetta (2011) introduces diminishing returns to time in R&D, in
order to broke the linearity of the Hamiltonian.

In our opinion, some results of these authors are affected by the fact that
the Hamiltonian considered in these papers is linear (affine) in one of the
control variables. Consequently, they are in the so called bang solution and
from there it follows that there are only two possibilities. In the first case
the control variable can take one of the two bounded limits of its interval of
definition and in the second case it can take any value in that interval. Our
paper tries to avoid this inconvenient by considering an alternative model.
The outline of the paper is as follows. The first section is this introduction.
In the second section we present a brief description of the model developed
by Funke and Strulik, in the third section we develop an alternative model, in
the fourth section we lay down some properties of the balanced growth path
and the conditions for its existence, and in the final section we give some
numerical simulations, compare our result with those of Funke and Strulik,
and present some conclusions.



2 The model of Funke and Strulik

In this section, we summarize the model developed by F'S and Arnold and
derive the differential equations that describe the dynamics of the economy.
The economy has a constant population of measure one. Each individual
is endowed with one unit of time. A single homogenous final good Y is
produced according to a CobbDouglas production function.

Y = A K°PD" (Hy)' P77, (1)

where A is a positive constant, 5 and 7 are positive elasticity parameters with
B+n <1, K is physical capital, Hy denotes the skills level of human capital
employed in the final good sector and D represents an aggregate index of
intermediate goods, the amount used for each one being z(i),i = 1,2,--- | n.
The market for final goods is perfectly competitive and the price for final
goods is normalized to one, which implies a rental charge of fY/K for a unit
capital. No-arbitrage requires that this rental charge equals the interest rate
r = Y /K Furthermore, equating price and marginal production costs yields

Y Y

=— and w=(1-06-—7)—,

Pp D ( B =) Hy

where pp represents the price index for intermediates. Each firm in the R& D

sector owns an infinite patent for selling its variety z(i). Producers act under
monopolistic competition and maximize operating profits.

m(i) = [p(i) — 1] (i),

where p(i) denotes the price of an intermediate and 1 is the unit cost of
Y. Facing the price elasticity of demand ¢ = lia each firm charges a price
p = p(i) = é Intermediate goods are embodied in the final product and
hence depreciate completely with one cycle of production. One unit of each
intermediate can be obtained from one unit of final output. Output is used
for consumption and investment, and under symmetry x(i) = . Hence we

can write )
D = ane (2)

and since
pp - D = pxn,



the total quantity of intermediates employed are given by
nr = any. (3)

We assume that output of new intermediates is determined solely by the
aggregate knowledge devoted to the R& D sector according to:

B = 0H,, (4)

with efficiency parameter § > 0. Additionally, individuals may spend part of
their human capital, Hy on development of skills. This non-market activity
is described by a production function of the Lucas (1988) type:

O =¢Hy (5)

with efficiency parameter & > 0. The population size is normalized to one
so that all aggregate magnitudes can be interpreted as per capita quantities.
Human capital is supplied inelastically and leisure does not enter the utility
function. Therefore, full employment requires:

H=Hy+ H,+ Hy. (6)

Households earn wages w per unit of employed human capital (H — Hy) and
returns r per unit of aggregate wealth A, which leads to the budget constraint

A=rA+w(H - Hy) - C. (7)
If v denote the value of an innovation, then free-entry into R& D requires
w=940vand H, >0
in an equilibrium with innovation, or
w>dovand H, =0

in an equilibrium without innovation. For simplicity, as in the paper of Funke
and Strulik we neglect depreciation, which leads to the economy’s resource
constraint

Y = K +C +na. (8)

In order to simplify the computational procedure we denote by Hy = uH,
H,=vH and Hy = (1 —u—wv)H, with u, v € (0,1) and u+v < 1. Subject
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to this constraint and to the knowledge formation technology they maximize

intertemporal utility
00 01—9 -1 :
—e Pdt, 9
| S= ©

where p > 0 denotes the time preference rate and 0 < 6! < 1 defines the
intertemporal elasticity of substitution. Using the state variables H and A
and the control variables C' and u, the Hamiltonian is defined as follows.

c?—1
The first-order conditions are given by
aJ
20 -0 _— 11
e = ¢ : (11)
and 57
ZY H —w\) = 0. 12
0 = H(gn—w)) =0 (12)
The derivatives of J with respect to H and A will produce
A c r—p
and )
L
—=p-E£. 14
. (14)

Here is the big problem with the model of Funke and Strulik, because the
hamiltonian is linear in the control variable u. Rearranging the terms of
relation (10) we can write

c'f—1

J(A,H,U,C) = ﬁ

+A[rA+wH — C) + [{pn — wA\ uH (15)

The problem of maximizing intertemporal utility (9) subject the restrictions
(5) and (7), is equivalent to the maximization of the Hamiltonian function
J. One of the first order conditions implies

H (& —wX) =0.

Since H is assumed to be positive but £ —wA # 0 for all ¢ > 0 this condition
does not hold and we have only two possibilities for u € (0,1), depending
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on the sign of & — wA. If éu — wA > 0, then v = 1 and if {pu — wA < 0,
then v = 0. (see Seierstad and Sydsaeter, pag. 165). If {u — wA = 0 for
all t > 0, then the Hamiltonian function given above does not depend on u
and therefore it attaints its maximum for any value of v € (0,1), or in other
words, u is not a control variable. Surprisingly, the two authors assume that
&p = w, from where it immediately follows

WA e

woopg A
indicating that the growth rate of wages must be sufficiently high compared
to the interest rate to ensure investment in human capital. They also prove
later that & > p. In fact they do not determine the optimal value of u because
this is not possible. In what follows, the authors compute some equations
that will be useful to characterize the three stages of development. The first
is the resource constraint. Substituting (3) into the resource constraint (8)
they arrive to the following equation

K=(1-an)y —C. (16)
Substituting (2) and (3) into the production function (1) and denoting by
Hy = w1 H they get

Y1 = A KPSl A (17)

where Ay = A; (an)”. Although these equations are not part of the optimal
problem, together with equation (13) - derived from the optimal problem,
can give a characterization of the case of developing economy, that means
an economy capable of long run growth through accumulation of physical
capital, expanding quantity of intermediate goods, and improvements in the
quality of labor, but without developing new products. We remark here
that the equation (32) at page 498, describing the trajectory of w; does not
coincide with the same equation in the Lucas model, but has the same steady
state value. This it happens because 1 # 0, even if they suppose the absence
of development of new products, but at steady state, u; is independent of 7.
When Funke and Strulik analyze the case of the innovative economy, their
equations (36) and (45) give the steady state value of u;, where Hy = u; H,
but their model cannot produce the steady state value for the variable u,
where Hy = uwH. That is why we say that the results thereafter obtained by
the authors, under this assumption, {u — wA = 0 for all t > 0, are at least
questionable. We do not claim that their results are incorrect.
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3 An Alternative Model

In this section we develop an alternative model in order to obtain optimal
solutions for all variables. Our model is not substantially different from the
model developed by Funke and Strulik. There are however three essential
refinements that we consider necessary to be made. The first consists in
introducing the resource constraint in the optimal problem. In order to avoid
the linearity of the Hamiltonian, we modify the definition of the variables
Hy and Hpy, and finally we will consider only the case of the social planner’s
problem. Our model is characterized by the following optimization problem:

0 01—9 -1
— e Pdt 18
| S (18)
subject to '
( K=Y —C —nx,
H = ¢Hy,
(19)
n=0H,,
K HO = H(O), KO = K(O), Nng = ’I’L(O)7
where

Y = AKPnaa"HY,
H is the human capital level of a representative worker. Consumption goods
are produced competitively using human capital Hy. In order to simplify
the computational procedure we denote by Hy = uH and H, = vH, with
u,v € (0,1). Consequently we have Hy = (1 —u —v)H. K, H and n are
state variables and C, u, v and x are control variables, and A > 0, a > 0,
6>0,n>0,7v>0,0>0,p>0,6>0, withy=1—-—n.
To solve the problem (18) subject to (19), we define the Hamiltonian function:
cl=? -1 n
J = g + A [AKﬁnEa:"HV(l —u—v) —C— nx]
+uEHu 4+ voHv. (20)

In an optimal program the control variables are chosen so as to maximize J.
The necessary conditions for a maximum are:

0J 0
— = DY 21
50 0= C : (21)



? =0 = YAKPnag"(1 —u—v)" " HY '\ = &g (22)
u

oJ B, 1 -1 -1

%:0 = YAKPnex"(1 —u—v)"""H' 7\ =dv; (23)

aJ B 1L n—1 Y Y

8_1E:0:> [nAKnax (1—u—v)"H" —n| = 0; (24)

: (9J B—1, 1

A= pA— o = A= BAKS b (1 —u— o) HY(29)
. 8J B, 1 -1
M:pﬂ—a—H:pM—'yAK nagjn(l—u—l})v]{’y /\—fuu—évy; (26)

V= pv— 07 _ v — [QAKﬁngflx"(l —u—v)"H" —z| A (27)
on o .

The boundary conditions include initial conditions and the transversality
conditions:

lim e " A(t)K(t) =0, tlim e P u(t)H(t) = 0 and lim e ”v(t)n(t) = 0.
—00

t—o0 t—o00

From (22) and (23) it immediately follows that {u = dv. Substituting (22)
into (26) we find

i
—=p—<&
0
From (24) we deduce that
nAKPneg"(1 —u —v)"HY = na, (28)
that is nY" = na and substituting this result and (23) into (27) we get

v _577(1—&)H(1—u—v)'

ary n
Given the above relation concerning p and v we deduce that

H av§ 1

- = ) 29

n oml—-a)l—u—w (29)
Substituting this result into the third equation of (19) we find that

n av§ v

- = ) 30

n nl—a)l—u-—wv (30)
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Taking the logarithm and differentiating (29) with respect to time we get

U+ ay€ v

T . 1
l—u—v Su nl—a)l—u—w (31)
Substituting (28) into the first equation of (19) it follows
K Y C
(1= —. 2
Ka-nr-2 (32)

Log differentiating (28) with respect to time we find

K /7 n b U+ v H
2 ——1)——1— r_,urv ot
6K+(Q{ n ( n)x 71—u—v+7H 0,

and substituting the above results we get

& Y g C  Alay+n—a) v
E_Bg_mg—i_n(l—a)(l—n)l—u—v' (33)

Taking logarithm and differentiating (22) with respect to time we obtain

K nn & U+ v H M 4
B — 1— B — —_ = —

and substituting the above results we find the following equation

ite _f0-yu-1] 8 C
w17 T O-ni-nEK
(1l —atay) v
— . 34
—a)i—(-m1-u=v (84
Combining now (31) and (34) we get
C_AWly—atn v £ —n)
K Bn(1l-a) 1—u—v+ g (35)
and substituting this result into (33) we obtain
z Y
=t (30)

9



We can now close the system and write down the final form

(K _ Y _ ~f(ay—a+tn) £d-n)
k=0=ng - "niy = g
4 = ¢u,

n ay€ v

v ay€ v
1—u—v fu— n(lza) 1—u—v’
(37)
c _ BY
c="5ta%
ﬁzﬁ%_gv
%ZP_B%>
\ /%:p_€7

4 The balanced growth path

This section lays down the properties of the balanced growth path and the
conditions for its existence. The system described above reaches the balanced
growth path (BGP) if there exists t, (possibly infinite), such that the set
of functions of time {K(t), H(t), C(t),n(t), z(t),u(t),v(t)} solve the optimal
control problem and such that, for all t > t,, {K(t), H(t),C(t),n(t),z(t)}
growth at constant rates rg,ry,rc,rn, 7, and r, = r, = 0. We denote by
r, the growth rate of variable z, z, i its value at t = ¢, and 2* is its value
for t > t,. The following proposition gives our main result that characterizes
the balanced growth path.

Proposition 1 If a < %, &> pand for allt > t,, r, =1, =0, then the
above system reaches the BGP and the following statements are valid

1. Tk = TCox With

€ =p)In(l —a) + an]
T = ayd+n(l—a)@—1)" (38)
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1. THx = Tpsx With
ay§(§ = p)
ayd+n(l—a)(d-1)

g« =

" L (= a)(€—p)
Tayd+n(l—a)(0—1)

iv. u, €10,1], v, €[0,1]

o ay(§ - p) Y = Ul —w)
a1l —-a)—-1) 7 U+

L = @00 =) —1) —ay (€~ p)
C (=) -1+l —a)E - p)

H, ayf  arf+nd—-a)0 -1 +n1—a)f—p)

e opl—a) ayf+nl—a)(f—1)—ay(E—p)

Co & —p)lay—a+1]

K.  Blayd +n(l—a)@—1)

(41)

(42)

(43)

(44)

Proof of Proposition 1. Under the hypothesis r, = r, = 0, the fourth

equation of the system (37) can be written
YU ary
0=
f[u 1—u—v] ) P n(l— «)
from where we deduce that

u(l —u)

2
u —(1—vju+pv=0 & v=
( ) 14 U+ @

whose solutions are given by

1

ulz—[l—v—\/(l—v)2—4gpv anduQ:%[l—v+\/(1—v)2—4¢v :

2

What we need is
(1—v)* —4pv >0
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and since
0<142p—2v/p?2+p <1,

the only acceptable condition is
v E [0,1+290—2 902+90] :

Let v, be such a solution and u, = uy,. It is just a simply exercise to prove
that
1 — U — Vs = U = PV = UsUoy.

Substituting this result into the third equation of the system (37) we get

=fu, =ry

v
'n = ggp :
2%

u
and consequently at BGP, H and n growth at the same constant rate ry.
The same property is obviously true for the variables Y and K. Let rx be
their common growth rate. Log differentiating Y = AK’na 2"HY(1—u—v)?
and knowing that ry = r, + r, we have

(1=B)rx = (7+g>rH+77<TK_TH)-

Finally we obtain

1— 1— Y o
po— M=) toy o _all-a) Y mtf
ay ay K p
From equation (35) we deduce that C/K is constant and therefore ro = rg.
The fifth equation of the system (37) can be written

p, BY _ p+m+§
0 0K 0 0

and hence we have

w-a)rar,, o al-a), €
ry 0 aby 0
o |pl=a)tay -}, _E—p
ary aby 0

_ ay(§—p) _ w1l —w)

~ u*—omQ—l—n(l—oz)(G—l) R U +p

All other results follows immediately by direct computation and thus the
proof is completed.
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5 Conclusions and numerical simulations

Our results obtained above, seem to be correct since if we put n = 0 we
obtain exactly the results of the classical Lucas - Uzawa model (see Chilarescu
(2011), pag. 110). A remark is absolutely necessary here. As we can see, our
results do not coincide to those obtained by Funke and Strulik, first because
the starting points are different. Also our results do not coincides with those
obtained by Manuel Gomez from the same reasons. As we can see, in the
case of decentralized solution, examined by Funke and Strulik and then by
Manuel Gomez, we have the equality nx = anY and in the case of social
planer solution we have nz = nY.

In what follows we propose three benchmark values for our economy.

1. The first is those proposed by Funke and Strulik: f = 0.36, n =
0.36, « = 0.54, £ =0.05, p=10.023, 6 =2, § =0.10 and A = 1. The
steady-state values are:

u, = 0.0087, v, = 0.0094, 1 — u, — v, = 0.9819,

ris = 0.0009, rg. = 0.0004, rg, = 0.0005,

Y H C
—) =0.1402 (=) =0.4649, [ —) = —0.00006.

2. The second one is those proposed by Manuel Gomez: § = 0.36, n =
0.36, a = 0.40, £ =0.05, p=0.023, § =2, § =0.10 and A = 1. The
steady-state values are:

u, = 0.0069, v, = 0.0130, 1 — u, — v, = 0.9801,

T« = 0.0010, 77, = 0.0003, rg . = 0.0007,

Y H C
— ] =0.14 — ] =0.264 — ] =0. 2.
(K>* 0.1407 (n)* 0.2645, (K)* 0.0000

3. We propose the following values: § = 0.25, n = 0.25, a = 0.35, £ =
0.25, p=10.04, 6 = 1.5, 6 =0.10 and A = 1. The steady-state values
are:

u, = 0.1069, v, = 0.0807, 1 — u, — v, = 0.8124,
Pice = 0.0515, 75, = 0.0267, 7, = 0.0248,

Y H C
—) =1 Z) =331 — ) =0.0229.
(K)* 0993 (n) 3.3139, <K> 0.0229
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As we can see, in the case of data used by Funke and Strulik, since o = 0.54
and the necessary condition for existence of the BGP is a < 0.5, the value
of the ratio C'/ K is negative. In his paper, Manuel Gomez puts right a slight
incorrectness in Funke and Strulik and Arnold papers.

A final remark is necessary here. We do not studied the stability properties
of the BG P because of some difficulties of the computation procedure, but
this will be realized in a future version of this paper.
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