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Abstract

The purpose of this paper is to investigate the role of government in innovation. That is, how much
should government invest in R&D activity for social welfare enhancement. An optimal control problem
is proposed to answer the above question. Because of difficulties in solving the problem, simulation
utilized to find an approximate solution.

All results obtained from the simulation are very similar. The investment in R&D activity increases
and reaches its maximum and then decreases continuously. If the importance of technology grows the
investment in R&D activity should be expanded.

I. Introduction

Innovation has long been recognized as providing benefits to society far beyond those that accrue to
any particular participant in the private sector, and as being important contributor to economic
growth[Stoneman (1983), Dasgupta (1987)]. However, in the absence of government intervention,
private-sector participants consider only their particular benefits when choosing the appropriate level
of commitment to the innovation process. This result in “market failure.”

In case of R&D, especially of basic research, market failure is often a result of features intrinsic to
the production of information. Hence, government has intervened to eliminate market failure in the
provision of R&D output. It is found that technological change has contributed greatly to output
growth since the industrial revolution[Gomulka (1990)]. For this reason it is an important issue what
is the optimal role of government for economic growth through R&D activity. The goal of this paper is
to answer the following question : To maximize social welfare, how much should government provide
R&D output?

In general, social welfare is represented by aggregate amount of consumption. In order to answer the
question, a dynamic economic model is proposed where government decides the size of research sector
represented by both the number R&D personnel and the capital stock of R&D sector.

The output of R&D activity is knowledge. In general, technology is defined to be the human
knowledge applied in production. Through the decision of R&D activity, government decides the
supply of technology. This model tries to give some lights on government’s role in innovation, that is,
knowledge provider.

The paper is organized as follows. In section II theoretical backgrounds are presented. Section IIT

defines a basic economic model. In section IV an optimal control problem of government will be
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proposed and its solution will be explored by simulation. Section V summarizes the results and

discusses policy implications.

IL. Theoretical Backgrounds

1. Technology in Neoclassical Economics

In neoclassical economics, technology was regarded as an exogenous factor, that is, technological
change was a given factor irrelevant to the inside mechanism of the economy. Hence, technology was a
non-controllable factor in neoclassical framework. In neoclassical economics technology was
represented in the typical production function as

Q=A(F(K,L)= A(HK*I* 9]
where A(t) is exogenous technological change.

The change of parameter A(t) stands for exogenous technological change and assumed to be
determined exogenously. Hence, in neoclassical economy technology policy -- government’s role in
knowledge creation -- cannot be disputed.

Technological change is represented in neoclassical economics as a residual. By taking the logarithm

and differentiating above equation with respect to time(total differentiation), we get

O_ivakipi ®

where the superscript dot means time derivative.

2. Endogenous Technological Change

Through the studies of economic growth it was found that the contribution of technology in
production was not negligible but was great[Arrow (1962)]. Hence, the concern about the inside
mechanism of technological change was extended. Economists have embraced technology as an
internal economic factor.

This work distinguishes an endogenous outcome of an economic system not the result of forces that
impinge from the outside. For this reason, theoretical work does not invoke exogenous technological
change to explain why income per capita has increased by an order of magnitude since the industrial
revolution. The empirical works do not settle for measuring a growth accounting residual that grows at
different rates across countries. It tried instead to uncover private and public sector choices that cause
the rate of growth to vary across the countries. As in neoclassical growth theory, the focus in

endogenous growth is on the behavior of the economy as a whole. As a result, this work is
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complementary to, but different from, the study of research and development or productivity at the
level of the industry or firm.

One of the most important factor in endogenous growth is the accumulation of knowledge. This plays
a crucial role in economic growth. It deserves comment about the process of R&D activity.

Teitel[1994] regressed output of R&D activity represented by patent on R&D input. R&D input
factors are R&D expenditures, the number of scientists and engineers. The regression model in
logarithmic form is

logR=r,+rlogS +rlogk +¢ 3

where R is the number of patents granted to residents of the country, § is the total number of
scientists and engineers available in a country, £ is the expenditures in research and experimental
development for the year.

For all countries, the results of study indicate that a 1% increase either in R&D expenditures, or in
the stock of scientists and engineers, leads to a 1% increase in the number of patents granted to
residents. For low income countries, both elasticities are less than one. For high income countries,
however, both elasticities are greater than one and the elasticity of stock of scientists and engineers is

greater than that of R&D expenditures(1.35 and 1.06, respectively).

II1. Basic Model for Analysis

1. Building of Economic Model

The economy consists of two sectors. one is production sector and the other research sector. The
former produces industrial goods used either for investment or consumption and the latter knowledge
for production sector. The most fundamental assumption is that perfect competition dominates
economy. That is, marginal cost is equal to marginal product. Production sector utilizes knowledge
stock for output production. The main role of government in this model is to supply knowledge stock
for production sector. For this government subsidizes research sector by means of tax. We use indices p
and r to denote the production sector and research sector, respectively. Let L and K denote the total
population and total capital stock. It is also assumed that labor is homogenous and always fully

employed at any point of time. The structure of model is presented in the follow sections.

(1) Production Sector

In order to examine the economic role of knowledge in production, a kind of Cobb Douglas production
function is proposed. It is assumed that production is carried out by combining knowledge, capital, and
labor force. The production function can be specified as follows[Zhang(1993), Kazuyuki(1989)]

Q=AZ°K/L’? @
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where A is a constant, Z is R&D stock, £ is output elasticity of capital, K, and L, are capital and

labor of production sector, respectively. The parameter A indicates the exogenous technological

change assumed to be constant in this model.

(2) Capital and Labor Markets
All labor is allocated to either research sector or production sector. It is assumed that labor is
homogenous and can be freely transferred from one sector to another. Let 7 and w be interest rate
and wage rate, respectively. Since perfect competition dominates the market, wage rate and interest
rate are equal to the marginal product of labor and capital, respectively.
1-
w=mp, =00, o mp Lo )
P P
(3) Saving and Capital Formation
The net income of the population, Y(t), is equal to the earnings from labor and capital. Hence, it is
given by
Y(t)=rK +wL ©®
Denote by s(0 < s < 1) the constant saving rate of the population out of all income. It is assumed that

all savings are invested in capital, the capital accumulation is formulated by

K=s5Y-6K O]
in which & is the given constant depreciation rate of capital. Price has no particular meaning in this

model because there is only one kind of product.

(4) Knowledge Creation(Output of R&D)
The characteristic of research output is that its output is both accumulated and depreciated through
time. Assume that knowledge creation is the function of R&D capital and R&D personnel devoted to

research activity. Then, knowledge creation function can be specified as follows[Teitel].
Z=K L -pZ ®
in which p is the given constant depreciation rate of knowledge stock, i and j are elasticities of

knowledge creation of capital and labor, respectively. Equation (8) means that knowledge creation is
proportional to the capital and labor of research sector and its output is depreciated through time. The

depreciation rate can be measured patent renewal data.

(5) The budget of Research Sector and policy variables
For welfare enhancement, government subsidizes research sector with tax. The total tax is

determined by total wage and capital cost of research sector. Hence, the total tax will be
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Tax =rK, +wl, ®

It is time to design a way for go;rernment to determine X, and L . The number of scientists and the
capital stock of research sector are determined by the following ways,

L =alL, K, =bK, 0 <a,b<1 (10

Since the total tax is equal to the budget of research sector, the tax rate is determined endogenously.

There are two variables having the dynamic properties, that is, X and Z. Dynamics of the system can

be expressed in terms of K and Z as

K=s I—‘—ﬂ+—g—}—51<
1-a l—b an
Z =[bKT[aLY - pZ.

Equation (11) describes the time-dependent paths of capital and knowledge stock.

2. Existence of Equilibrium

In equilibrium, state variables do not change any more. However, this does not mean that all
variables are constants. This means all variables are constants in relative meaning. When the economy

is in equilibrium, a balanced growth path can be defined. The balanced growth path can be specified by
setting in equation (11) KX =0 and Z = 0, which yields

-8, 8 |_
sQ[l_a+1_b]—§K (12)

[bKT[aLY = pZ 13

By solving the above equilibrium equations, we can find out the equilibrium values of capital and

knowledge in a steady state. From equation (12) and (13), we have

K =BZ*0P (14)
5 14B-1)
where B=(1-a)L 7
sA1-bY’[(1- B/ (1-a)+ B/ (1-b)]
Substituting equation (14) into the equation (13) yields
_ ' B-1
Z =[(bB) (aLy ™" (15)

Equation (14) describes the relation between capital and knowledge stock in a steady state. The
values of capital and knowledge stock are dependent on policy variables, production technology,
depreciation rate, and total labor.

It is worth while to note that the equilibrium of the model is not static but dynamic. This means that
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the equarion (14) and (15) move as time goes by and the equilibrium will also change continuously by
this shift.

IV. Model Solution with Optimal Control Method

In this section, the role of government as a policy maker will be investigated. Because of the dynamic
property of the system, the go{rernment’s problem can be transformed into a dynamic optimization
problem. This sort of problem is called optimal control problem.

In this problem, decision variables of government are the ratio of capital and labor which are
employed in research sector. Because of the dynamic property of the model, we can set up an optimal
control problem of government as follows. As mentioned before, the objective function of government is

to maximize aggregate consumption. The aggregate amount of consumption is

C=Y-sY-tax
_oA=-pX1-s-a) B(-s5s-b)
Q[ 1-a * 1-5 } 18

Government’s problem is a kind of optimal control. There are two kinds of state variables, that is,
K (capital stock) and Z (knowledge stock). If social welfare is dependent on the aggregate
consumption, government’s problem can be formulated as follows

(-pY1-s-a) pa-s-B)],
1-a 1-5

Max [ U(C)dt = | Q[

-_A1=-B8_ B
s.t K= SQ[I—_;+E:|—(SK an
Z=[bKT[aL} - pZ
2(0)=7Z,, K(0)=K,

Since government determines the ratio of capital and labor in research sector, the control variables

are 'a’ and 'b'. 'a’ is the ratio of labor and 'd' is the ratio of capital. The state variables are

knowledge stock and capital stock.

1. Phase Diagram Analysis

Because of the difficulties in solving optimal control problem qualitative analysis called phase
diagram analysis is utilized. Using this analytical tool, we can trace the solution of optimal control
problem. This analysis begins with sketching the steady state paths of the state variables. Then, we
can search the movement's direction of state variables in each location. By sketching the movement of
state variables, we can find out the property of equilibrium too.

To construct phase diagram, our first business is to draw two demarcation curves. Individually, each of
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these curves serves to delineate the subset of points in the space where the variable in question can be

stationary.

Setting K =0 and Z = O we get,
K =BzZ¥P (18)

z =L {bKY[aLy | (19)
p

Points off the demarcation curves are very much involved in dynamic motion. The direction of the
movement depends on the signs of the derivative K and Z at a particular point in the KZ space; the
speed of movement depends on the magnitudes of those derivatives. From equation (11), we find by
differentiation that

dédtz— <0 and
Jdt = -p <0 an -

dK/dt=c MP, >0
where c is some constant greater than zero.
Following the directional restrictions imposed by the arrowheads and sketching bars, we can draw a
family of streamlines, or trajectories, to portray the dynamics of the system from any conceivable
initial point. Following the above equations, phase diagram can be sketched and its equilibrium is very
stable. This implies that there is driving force making all points out of equilibrium go to the

equilibrium.

2. Numerical Solution of Optimal Control problem

In this section solution which are satisfying the objective of government will be explored. The
government’s problem is described in equation (17). To begin with, it is necessary to define
Hamiltonian function used for optimal control problem.

The Hamiltonian function is given by

H:Q[(l—ﬂ)(l—s—a)+,B(1-s—b):|+l sQi:l—_—'B—+—’q—}—éK
1-a 1-b ! 1-a 1-b

+ /12[[b1<]"[a1;]f - pz]

in which 'a' and 'd' are costate variables of capital and knowledge stock. The costate variable is akin

@D

to a Lagrange multiplier and measures the shadow price of an associated state variable.

It is almost impossible to find out smart solution of optimal control problem unless the functional
form is very simple. Hence, solution under the assumption of a =5 will be unearthed. This
assumption means that the ratio of capital and labor is same. Though this assumption is strict it can be

observed that increase in labor is accompanied by increase in capital in real world.

—162 —



Many empirical analyses show that knowledge creation is proportional to R&D personnel and

capital[Teitel,(1994)]. For simplicity of the problem the assumption that i = j=1 is introduced. In
general, / is not equal to j. This assumption makes it possible to find a solution. However, this

assumption does not cut the meaning of the solution seriously. Under these assumptions the

Hamiltonian function can be rewritten as follows.

H=g4=5-9) w2, L sk +2,[a’KL - pZ] 22
l-a 1-a -
The optimal solution must satisfy the necessary condition which can be written in equation (23).
_ QG _ AZ"
a= -/'1—;, where Cl = —Z—K]—_pz?- (23)

Equation (23) is the relation between parameters in the middle of the dynamic process. Hence,
nothing can be inferred from the equation. We must know about the A, and A, to find an exact
solution. However, it is hard to find A, and A, in functional form from the results. However, we can

know better by simulation. In next section, each parameter is assigned as initial value and the path of

each parameter is traced.

3. Solution by Simulation

(1) Simulation Procedures

The solution obtained from optimal control problem was a naive solution. It is hardly possible to find
implications from the results. Hence it is somewhat useful to search a solution by simulation. The

procedure of simulation is as follows

Define an initial value of each parameter.

From the equation of motion, calculate the derivative of each parameter.
Calculate the new value of each parameter by approximation.

Return to initial stage.

oM

2) The Outcomes of Simulation and its Interpretation

All results obtained from simulation show that the optimal value of 'a' follows path shown Fig.1

The ratio of capital and labor occupied by research sector should follow the Figure 1. The shape of

the optimal path is not much influenced by the initial value of 'a', its shapes are very alike. This
implies that the solution of optimal control problem is like Figure 1. The contour of @” (optimal size of

research sector) shows that at first the value a” increases and reaches its maximum and then
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decreases as time goes by. The path of @™ can be categorized into two stages.

In the first stage, a’ increases and in the second stage, it decreases. The solution has economic

implications as follows

Time

Figure 1. The optihlal size of research sector

In the first stage, the shadow price of knowledge stock is greater than that of capital stock. In other
words, the value of knowledge stock is greater than that of capital stock. Hence, the investment in
R&D activity should be increased. In this stage, output growth mainly results from the expansion of
knowledge stock. In the second stage, the shadow price of capital stock is greater than that of
knowledge stock. Hence, the investment in research activity should be reduced. In this stage, the
aggregate capital stock is greater than the knowledge stock. Because government’s decision is

dependent on the contribution to output, the size of research sector will be decreased as time goes by.

It is worthwhile to comment about the results. As shown in Figure 1, the optimal value of a* goes to
zero as time goes by. Time horizon is infinite in the framework of the model. However, infinite time

horizon has little meaning in reality. Because of the framework in the model, growth of capital stock is

greater than that of knowledge stock. This difference in growth rate makes the optimal value of a”
goes to zero as time goes to infinity.

Figure 2 and Figure 3 make sure of the existence of solution again. Given some initial value of
knowledge stock, the optimal value of 'a’ according to initial 'a’ follows the curve like Figure 2.

Figure 3 makes sure of the existence of solution because the shapes of curve are very alike

regardless of the initial value of 'a'. Overall pattern of a" is same regardless of initial knowledge
stock as well as capital stock. As shown in Figure 3, the shapes of curve vary according to initial value
of '@’ but its pattern is same: at first, value of '@’ increases until reaches its maximum then decreases
as time goes by.

The size of research sector goes zero as time goes by. But the time horizon is infinite, so it has little

meaning.
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Figure 2. The optimal value of '@’ when Z(0) =100

Given the initial value of 'a’, the optimal value of 'a' is portrayed as Figure 3. Overall shapes of
curve vary according to initial value of 'a' but its pattern is very similar.

The approximate shapes of results is very alike regardless of initial value of 'a’. Figure 3 shows that

as the initial value of knowledge stock increases the maximum value of a” and its time of maximum
decreases. This results can be interpreted that the more knowledge stock has at initial stage the less
value research output has. Hence, the time of maximum 'a' is earlier and the size of research sector

should be small compared to other cases.
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0.26 I z(0)=700
2(0)=300
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\

time

Figure 3. The optimal value of 'a' when a(0)=01

This results have practical implications. Because developing countries have less knowledge stock in
initial stage, they need more investment in research activity. Because of shortage of knowledge stock,
they also need some time to accumulate knowledge stock. Hence, the time of maximum is later than
that of developed countries.

Given an initial value of 'a’ the relation between maximum value of @” and its time is illustrated in
Figure 4. The relation shows that as the initial stock of knowledge increase the time which a” reaches
its maximum value will be earlier. It is also recognized that as the initial knowledge stock changes the
maximum value of @” will vary. However, there is specific time when maximum value of a* has
minimum.
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Figure 4. The relation between maximum @’ and its time
(3) Sensitivity Analysis

In previous section, optimal solution and its shift along the initial value has been analyzed according
to the initial value. However, it is very useful to examine change of solution according to parameters.
The effects of change in output elasticity of knowledge stock and output elasticity of capital stock will
be explored. When a(0)=01 and Z(0)=100 the optimal value of 'a' is portrayed according to

output elasticity of knowledge stock in Figure 5 and.

Time

Figure 5. The change effect of alpha on a”

As depicted in Figure 5, as the value of ‘alpha’ increases the maximum value decreases and its time
becomes earlier. Since ‘alpha’ is the output elasticity of knowledge stock, this augment means the
value of knowledge stock increased. Hence, the investment in research activity should be expanded.

The effect of increase in parameter ‘alpha’ is same as the increase in the initial knowledge stock.
This result is very intuitive. If the efficiency of the knowledge stock increase less investment will do

enough.
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How about the increase of the beta? Intuitively, its effect will reduce investment in research activity.

This result is depicted in Figure 6.

0.8 ‘

0.8 +

Sotax0d

Betax0.4

Beta=0.7

Figure 6. The change effect of beta on a°

As depicted in Figure 6, the maximum value increases and its time becomes later as the value of beta
decrease. Since the beta is the output elasticity of capital stock, this augment means the increase the
value of capital stock. Hence, the investment in research activity should be reduced. This result is
coincide with intuition, This resuit has practical meaning. If the efficiency of capital stock is high, the

investment in research activity must be reduced.

V. Conclusion

Because of the difficulties of finding exact solution, simulation was applied. Qutputs of simulation
are very alike. The optimal research policy of government is as follows.

The investment on research activity is decreased slightly at first but soon increased until reaches its
maximum value and then decreased as time goes by. This result has practical meaning. The
importance of technology has been growing. So the investment in R&D activity should be expanded
utill its importance is small.

In general, technology level of developing countries is lower than those of developed countries.
Hence, developing countries neel more investment in research activity to fulfill government’s duty.
Because of shortage knowledge stock, they need more time to accumulate knowledge stock. Hence the
time of maximum is later than that of developed countries.

According to initial value the path of R&D investment is somewhat changed but its overall shape is
not much changed. It was found that the more initial knowledge stock has the less investment need in

R&D activity. This result agrees to intuition.
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The relation between maximum value of R&D intensity and its time of maximum shows interesting
thing. The more initial knowledge stock has the earlier its time of maximum and maximum value of
R&D intensity is minimized at some initial knowledge stock.

The effect of change in output elasticity of knowledge stock and capital stock was examined. The
increase of output elasticity of knowledge stock reduced the time of maximum of R&D investment and
also reduced the amount of R&D investment. The increase of output elasticity of physical capital has
inverse effect on R&D investment. This result coincides with intuition.

From the result mentioned above some comment can be offered. When the value of knowledge stock
is greater than that of physical capital stock, government should expand investment in research
activity. According to the initial state the optimal policy is slightly varied but its overall pattern is the
same.

As the contribution of technology to output growth increases the investment in R&D activity is
growing now. This effect is the séme as to the increase of elasticity of knowledge stock in production.
The importance of technology m economic growth will be expanded more and more. Hence, policy
implications can be proposed as follows

Government should expand R&D investment to enhance social welfare if the contribution of
technology is growing. The amount of investment is dependent on economic environment such as
production technology, total labor, depreciation rate, and etc.

Above all results indicate the existence of solution and its stability as well as practical meaning.
However, there are many drawbacks. First of all, this model do not consider private R&D activity. The
incorporation of private R&D activity into this model is a very difficult job. However, the portion of
private R&D activity is larger or equal to that of government’s. This job is left to further research.
Many aspects of private activity is ignored or much simplified. Results obtained from the model are a
half because of ignorance of private sector. However, its practical meaning is not cut from this

ignorance.
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