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1. Introduction

Modern theory of economic growth, whose milestones were Lucas’ (1988) and
Romer’s models (1990), stresses the role of knowledge accumulation in the process
of economic growth. It is commonly assumed that knowledge is embodied in human
capital and technology. The difference between the two “carriers” of knowledge lies
in the fact that while technology is a non-rival good (if someone uses knowledge,
it does not mean that someone else cannot use it either), the use of human capital
is exclusive, i.e. its application in one sort of activity makes it impossible to use it in
some other form of activity at the same time. Thus, the average levels of human capi-
tal in various countries are independent of one another. The situation with technol-
ogy is somewhat different. Non-rivalry of technology makes it possible to use some
technological solutions from one country in other countries at the same time. This
means that the levels of technology in different countries can be interrelated. The
reason for this is the process of technology transfer (technology diffusion)*

! This work was supported by the Ministry of Science and Higher Education grant nr. N112 023
32/1195. The author also thanks dr hab. Krzysztof Malaga for support during work on this article.

2 For a review of technology diffusion in aggregate models of economic growth in Polish see e.g.
Cichy, Malaga (2007). For a review in English, see e.g. Benhabib, Spiegel (2005).
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Such a process is an empirical fact. Many technological solutions that were created
in one country are nowadays used in most countries of the world. A good example
of such a solution is the computer - invented in the United States in the 1940s and
popularized there in the 1980s, is now commonly used virtually everywhere and
produced in many countries of the world, including those that did not take part in
the development of technology of production of computers. This means that there
has been a transfer of a technological solution (how to produce a computer) from
the United States to e.g. China or Taiwan. Poland is one of the leading European
producers of cars. However, the technologies of production of all the types of cars
produced in Poland have been invented in other countries and they have been trans-
ferred to Poland. This means that foreign investments are an important source of
technology diffusion. The most advanced technological solutions are devised in the
leading (from the technological point of view) countries and then they are used in
other countries of the world (especially the ones with cheap workforce), increasing
the efficiency of production in these countries. This is the crux of the phenomenon
of technology transfer.

The issue of measuring the level of technology in different countries is not
straightforward in itself. There is no universal agreement among researchers on
how to understand and measure technology. In this paper we understand the level
of technology of a given country operationally - i.e. it is a variable of the produc-
tion function associated with the efficiency of combining the factors of production
in a given way. If we say e.g. that the level of technology of Poland is lower than
that of the USA, it means that the production obtained from a given combination
of physical capital, labour and human capital (the standard factors of production in
neoclassical growth theory) will be higher in the USA than in Poland. Such opera-
tional approach to technology is widely used in the economic growth theory and it
is regarded now as the standard approach.

The process of technology diffusion can be observed in the time series of tech-
nology indicators. For example, if one analyzes the rate of technological progress
(which is operationally defined as the rate of growth of the technological variable)
and R&D expenditures in different countries, one can notice that the countries
whose expenditures are relatively small can have relatively high rates of technology
growth, indicating that many technological solutions come from other countries
and are not a result of their own R&D activity.

However, an important question is: what is the role of the process of technology
diffusion in technological progress and economic growth? Which countries benefit
the most from technological solutions invented elsewhere? What is the most effec-
tive way to model such processes?

This paper tries to give an answer to these questions. The main idea is to define
a quantity called the technology diffusion coefficient and find its value for different
countries. A high value of the coefficient will mean that technology transfer to the
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country under consideration is effective, whereas a low value will suggest low effi-
ciency of technology diffusion.

The paper is organized as follows. In Sec. 2 we review the approach of Nelson
and Phelps (1966) and Benhabib and Spiegel (2005). In Sec. 3 and 4 we analyze
modifications of the Nelson-Phelps and Romer’s models. Sec 5. contains conclud-
ing remarks.

2. Nelson-Phelps’ and Benhabib-Spiegel’s models of
technology diffusion

2.1 Nelson-Phelps’ approach

Nelson and Phelps (1966) assumed that the level of technology of a given coun-
try i, which they denote by Ai(t), can increase due to two effects. First, it can be a
result of the country’s own research activity, i.e. devoting resources that could be
used elsewhere to purposeful activities aimed at inventing new technological solu-
tions. Second, the growth of the level of technology can also result from introduc-
ing technological solutions invented in some other country, called the technologi-
cal leader.

Nelson and Phelps proposed the following equation to describe the influence of
these two processes:

A0 _g(hi(t))+c(hi(t))(Ai(t) 1], (1)

where g(h(t)) denotes an increasing function of human capital h(t), describing
technology growth as an effect of the country’s own R&D activity (the first effect),
c(h (1)) is an increasing function of human capital, describing the efficiency of tech-
nology transfer (the second effect) from the leader country, whose technology level
is T(¢).

The intuition behind equation (1) is the following. The larger the resource of hu-
man capital in a given country and the more technologically underdeveloped the
country is, the higher the rate of technological progress. The differential equation
(1) can be solved analytically, if we assume that the level of human capital is con-
stant over time. If we denote by g, ¢, (which can now be called the diffusion coef-
ficient), and g the values of the functions g(h(#)), c(h(t)) and g(h(t)), respectively,
for constant human capital resources, the solution of (1) takes the form:

A (1) =(A,0)-QT(0))e'* " +Q,T(0)e*, 2)
where Q. =c/(c-g+g).
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One can also show that:

im 2 _

t—eo T(t) (3)

Regardless of the parameter values, in the limit # > oo the rate of technological
progress in all countries is constant and the relative levels of technology do not
change over time any more. If g, = g, the i-th country’s technology will catch up
with the leader’s technology.

2.2 Benhabib and Spiegel’s approach

Benhabib and Spiegel (2005) proposed a modification of the Nelson-Phelps’ mod-
el. They added an additional factor in the diffusion term of the technology dynam-
ics equation:

A _
A

g(hi(t))+c(hi(t))%(%—l} ()

The consequence of adding this factor is that when the technological backward-
ness of a given country is very high, the rate of technology diffusion is very low,
which reflects the difficulties of implementing too distant technologies.

If the levels of human capital are constant over time, the analytical solution to
the differential equation (4) is given by:

A, O e(ngrC;)t
A =— . )
14 2 i (e(C,Jrgrgm)t _1)
T(0) Gt8i—8&n
One can easily show that:

" (c,+g,—g)lc, if ¢+g,—-g>0
lim%Z A.(0)/T(0) if ¢ +g-g=0, (6)
f—yco

0 if ¢+g-g<0

i.e. that the relative level of technology of a given country in the limit ¢ > oo depends
on the values of the parameters. Technological convergence is possible only if the
combined effect of technology diffusion and R&D activity (c,+g) is larger than the
effect of R&D activity in the leading country (g). Otherwise, the distance in tech-
nology levels can stay at the initial level or increase.
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The consequence of such formulation is that there is some threshold value of the
level of human capital in a given country that makes technological convergence pos-
sible. Thus, technological divergence that is empirically observed for some coun-
tries (Benhabib and Spiegel (2005)) does not have to be permanent and can turn
into convergence due to investments in human capital.

The fact that technological divergence is possible in some countries suggests
that Benhabib and Spiegel’s model is more realistic than the original formulation
of Nelson and Phelps.

3. Modification of the Nelson-Phelps’ approach

3.1. Setup of the model

Nelson and Phelps’ approach to the modeling of the R&D term in the technology
dynamics equation is in many ways oversimplified, e.g. for the technological leader,
one assumes that the rate of technological progress is exogenously given.

Moreover, the argumentation of Jones (1996, 2005) shows that assuming the de-
rivative of the level of technology with respect to time to be linear in the technology
level is contradictory to empirical data. Therefore, Jones supported the idea of as-
suming a more general form of the technology dynamics equation. The problem with
such an approach is, however, that the assumption of non-linearity e.g. in Romer’s
model leads to non-balanced growth. The fact that the concept of balanced growth
does not apply to the analysis of technology diffusion anyway makes it natural to
introduce non-linear effects in this case.

One can do this by assuming the following form of technology dynamics equa-
tion:

A () =EBA M) +d,—(t)(&—1]f\,-(t)’ (7)
A1)
where & (#) is a measure of expenditures on R&D activity (it corresponds to the func-
tion g(h(t)) in the original Nelson-Phelps’ formulation), d(t) denotes technology
diffusion coefficient in the i-th country (it corresponds to the function c(h(t))), y
- a parameter which measures the scale effects of R&D activity (the same for all
countries).

When y = 0, we recover the original Nelson-Phelps’ model.

Equation (7) has a particularly useful solution, easily found analytically, if we as-
sume that in the period under analysis the factor T(t)/A (t)-1 and the variables £ (t)
and d (t) are constant. This suggests than we can analyze the model empirically if
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we restrict ourselves to short periods of time, i.e. such that the assumption that the
respective variables are constant is plausible. Then, the solution of (7) is:

1/y
AW =|| Ak@) __ &0 | oneen &) ®)
’ A @A @) dOA) |

where A (1) = T(1)/A(7)-1. The solution (8) is meaningful only in the range
tet, T+ ‘rmax], where T + T .. denotes the moment, for which the assumption of
constancy of the respective variables is not plausible any more.

We will assume T = 1yearand proceed recursively. First, we will take A1),
A (1), & (1) and d (1) at T = 0 and calculate A (¢) for T between 0 and 1. Then, we will
take A (1), A (1), §(1) and d(7) at T = 1 and find A (¢) for T between 1 and 2. We will
proceed in a similar manner for all the moments of interest.

3.2. Empirical analysis

To examine the conclusions that result from the modified technology dynamics equa-
tion (7) and its solution (8), we have performed an empirical test for a 28-country
subgroup of OECD? during 1981-1999.

We assume that A (0) is equal to its empirical value* for 1981 relative to the val-
ue for the United States, which is assumed to be the technological leader and the
source of the frontier technologies.

We take (1) to be the R&D expenditures as a fraction of GDP p.c. (OECD
(2005)).

The parameter y has been calibrated to match the model and empirical dynamics
of technology as closely as possible for the United States. As the matching criterion
we choose the following quantity (mean relative error - MRE):

MRE, :ilAi<t>—A:mp<t)|

9
5 A0 ®)

where A(t) is the technology level, which results from the model at time ¢, and
A" (1)>0 is the empirical value at this time.

3 As of today, OECD has 30 members. We do not consider Slovakia and Luxembourg here, be-

cause the former joined OECD after the period of analysis and for the latter the relevant statistical
data are unavailable.

4 The empirical values have been calculated from the data regarding the levels of GDP p.c. and
physical capital p.c. of the OECD countries. The exact method of this calculation has been described
in the Ph.D. thesis of Cichy (2007) (in Polish).
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The calibrated value of y is 0.96. However, we will also analyze the predictions
of the model for other reasonable values of this parameter®: 5/4, 1, 3/4, 1/2, 1/4, 0,
and -1.

The diffusion coeflicients for every country, calibrated for every country to match
the model and empirical dynamics, have been gathered in Table 1. The higher the
value of the diffusion coefficient, the more effective the process of technology trans-
fer to a given country. The values of d close to 0 mean that the effects of technology

Table 1. Technology diffusion coefficients

The values of d with y equal to:
Country
1.25 1.00 0.96 0.75 0.50 0.25 0.00 -1.00
AUS 0.012 0.014 0.014 0.015 0.017 0.019 0.020 0.025
AUT 0.014 0.017 0.017 0.019 0.021 0.023 0.024 0.025
BEL 0.018 0.018 0.018 0.018 0.017 0.017 0.017 0.015
CAN 0.019 0.020 0.020 0.021 0.023 0.024 0.025 0.027
CZE 0.011 0.013 0.013 0.014 0.015 0.016 0.017 0.018
DEN 0.024 0.026 0.027 0.028 0.030 0.031 0.033 0.034
FIN 0.018 0.021 0.021 0.023 0.025 0.027 0.028 0.030
FRA -0.012 -0.009 -0.009 -0.007 -0.004 -0.002 0.001 0.008
GER -0.017 -0.013 -0.012 -0.010 -0.006 -0.003 0.000 0.010
GRE 0.015 0.016 0.016 0.016 0.017 0.017 0.017 0.018
HUN -0.016 -0.014 -0.013 -0.012 -0.010 -0.009 -0.008 -0.005
IRL 0.043 0.045 0.045 0.046 0.048 0.049 0.051 0.052
ISL 0.066 0.066 0.066 0.066 0.065 0.064 0.063 0.056
ITA 0.042 0.044 0.044 0.045 0.047 0.048 0.048 0.048
JPN -0.007 -0.001 0.000 0.004 0.008 0.012 0.015 0.024
KOR 0.003 0.008 0.009 0.012 0.015 0.018 0.020 0.022
MEX 0.006 0.007 0.007 0.008 0.008 0.008 0.008 0.008
NED -0.006 -0.004 -0.003 -0.001 0.001 0.004 0.006 0.011
NZL 0.006 0.008 0.008 0.009 0.011 0.012 0.013 0.016
NOR 0.041 0.043 0.044 0.044 0.045 0.045 0.046 0.048
POL -0.002 0.001 0.001 0.002 0.004 0.004 0.005 0.006
POR 0.015 0.016 0.017 0.017 0.018 0.019 0.019 0.020
SPA 0.014 0.015 0.015 0.016 0.017 0.018 0.019 0.021
SWE -0.036 -0.033 -0.033 -0.030 -0.027 -0.024 -0.022 -0.012
SWI -0.045 -0.044 -0.044 -0.043 -0.042 -0.040 -0.039 -0.033
TUR -0.001 0.001 0.001 0.002 0.003 0.003 0.004 0.004
UK -0.013 -0.010 -0.010 -0.007 -0.005 -0.002 0.000 0.008

Source: own calculations.
> The values of the parameter y have been chosen arbitrarily and they correspond to various (rea-

sonable) degrees of non-linearity in the technology dynamics equation (7).
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diffusion are negligible for the country under consideration and negative values of
the diffusion coefficient suggest that technology transfer from a given country is
stronger than technology transfer to this country.

The values of the technology diffusion coefficients differ significantly for the
countries under analysis. The biggest fluctuations are observed for the highest val-
ues of the parameter y — from -0.045 to 0.066. For the negative value of y, the fluc-
tuations are much smaller.

As we have said before, the levels of the diffusion coeflicients give the informa-
tion about the strength of the diffusion processes in a given country. We can infer
that technology diffusion was very effective in Ireland, Iceland, Italy and Norway.
The role of technology diffusion was the smallest in France, Germany, Hungary,
Sweden and Switzerland.

For the latter group of countries, we have observed that the diffusion coeflicients
are negative (in the case of France and Germany only for y > 0). When we analyze
the time series of expenditures on R&D (excluding Hungary), we can notice that
the level of expenditures is close to the American or even higher than in the United
States. At the same time, growth rates of technology are approximately equal to the
American growth rate, despite the fact that they should be higher, because the lev-
el of technology is in these countries lower than in the United States. The negative
values of technology diffusion coefficients seem to suggest that the efficiency of al-
location of the R&D expenditures must be lower than in the USA.

Therefore, a desirable way to develop the model further would be to introduce
a measure of efficiency of R&D expenditures. Introducing such a variable £(t), we
could write the technology dynamics equation as:

A1)

Ai (t) =¢; (t)gi (t)Ai (t)liy + di (ZL)(m -1 ]Ai (t) (10)

A possible measure of the efficiency of R&D expenditures could be academic
and patent-based. It seems to be theoretically justifiable to assume that the average
number of publications per e.g. 1000 researchers is high in a country which allocates
its R&D resources effectively, and low if the R&D expenditures are allocated in an
ineffective way. Similarly, a high number of patents per 1000 researchers suggests
that R&D resources are allocated effectively, whereas if this number is low, some of
the R&D expenditures are allocated ineffectively.

A good measure of the efficiency of R&D activity could be human capital based.
One can suppose that if we consider two countries with the same amount of re-
sources allocated for R&D, the country with a larger amount of human capital will
use them up more effectively. This could result in a bigger number of patents and
publications per researcher, so this measure would to some extent be consistent
with the measures described earlier.
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Another question regarding human capital is whether the diffusion coefficient
depends on human capital resources of a given country. We have calculated aver-
age levels of human capital for the group of countries under analysis with the use
of the Manuelli-Seshadri model (2006)°.

The key feature of the Manuelli-Seshadri model is that it takes into account not
only the average length of the schooling process in a given country but also the quality
of this process. This makes the calculated values of human capital more realistic.

Figure 1 shows the pairs (human capital, technology diffusion coeflicient) = (h, d)
for the OECD countries under analysis.

The plot clearly suggests that the Nelson-Phelps’” hypothesis should be rejected.
According to the model we consider, there is no dependence of the technology dif-
fusion coefficients on the levels of human capital of the countries under analysis. An
interesting question arises here, whether adding a measure of R&D activity efficien-
cy can alter this picture in a significant way. The hypothesis of Nelson and Phelps
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Figure 1. Human capital levels and technology diffusion coefficients for the group of
OECD countries under analysis
Source: own calculations

6 A description of the model and its application to the analysis of human capital in Poland and
in the USA can be found e.g. in Cichy, Malaga (2006). The application to the group of OECD coun-
tries can also be found in the doctoral thesis of Cichy (2007) (in Polish).
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is very elegant and we can suppose that if all the relevant factors in the analysis are
taken into account, it may turn out to be true.

To conclude this section, let us discuss the average level of the diffusion coef-
ficient. Depending on how we interpret the negative levels of this coefficient, the
calculated average is between 1 and 2 percent. This value means that in a country
whose technology is twice lower than in the United States, the rate of technology
growth will be 1 to 2 percentage points higher than in the USA, assuming the same
level of R&D expenditures. Thus, we have isolated the diffusion effect and the ob-
tained value seems to be realistic.

4. Endogenous model of technology with technology
diffusion

4.1. Setup of the model

The model that we analyze in this section is an extension of the Romer’s model
(1990) of endogenous technological change.

Let us consider an economy which consists of three sectors: production, inter-
mediate goods and research sector. Let the production function take the following
form:

oo

Y(0)=(BOH, 1) [x(i,t)’ di, (11)

0

where x(i,t) denotes the amount of the i-th intermediate good used in production
at time ¢, H (t) - the amount of human capital used in the production sector at this
time, and B(t) - the effectiveness of implementation of the technology of interme-
diate goods production.

Following Romer, let us define physical capital K(¢) as:

A(t)
K(t)= j x(i,t)di = A(t)x(t), (12)

0

where A(t) denotes the range of intermediate goods that can be used in pro-
duction at time ¢. By symmetry (all goods are equally important), it follows that
Vi< A(t), x(i,t) =x(t).

The production function can then be written as:

Y(t) = K(t)’ (A(t)B(t)H, (1)) " (13)
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This is the Cobb-Douglas production function with Harrod-neutral technology,
being the product of two functions — A(t) and B(t). A and B are complementary
technological factors. To develop the country’s technology; it is necessary to invest
in both of these factors.

Thus, we actually have two “research sectors”, whose role is to raise the level of
the product A(#)B(t). The marginal rate of substitution between A and B equals B(t)/
A(t), which means that one unit of A (which can be interpreted as a technology of
production of one intermediate good) can be replaced by B(t)/A(f) units of B (i.e.
by raising the level of implementation of intermediate goods production technology
by B(t)/A(t)). In case the ratio of technological factors is far from optimal (i.e. one
of the factors dominates), its further development brings relatively less gains than
raising the level of the other factor. Therefore, it is not desirable to either only in-
troduce new technologies, or only implement old technologies — the optimal choice
is to find the optimal combination of the two.

Let us now assume that the intermediate goods production technologies can
originate only from outside of a given country, i.e. the growth of A(f) can only re-
sult from a techno-logy diffusion effect. To meet this assumption, let us take the
following form of the dynamics equation for A(¢):

i) =g O TE)
Awy=d=2 (A(t) IJA(t), (14)

where d is the diffusion coefficient, h,(f) the amount of human capital p.c. used in
the diffusion sector, A, is the total amount of human capital p.c., which is used in
both research sectors in the last period of analysis, and T(f) is the range of interme-
diate goods available in the technological leader country.

Taking equation (14), we assume that the technological leader renders the tech-
nologies of intermediate goods production accessible to other countries the more
willingly, the older (the more distant from the technology frontier) the technology
is. The larger the stock of “research” human capital devoted to introducing new tech-
nologies, the faster the technology transfer. We also assume that the growth rate of
technology is linear in the stock of human capital.

The variable B(t) will be interpreted as the level of adjustment of intermediate
goods production technologies to the characteristics of the economy of a given
country (e.g. the economy’s structure). We assume the following form of the B(¢)
dynamics equation:

B(t) :é(t)[%] B, (15)

AB

where £(t) denotes the expenditures on technology implementation, 4,(t) the amount
of human capital in the implementation sector, and y and ) are parameters.
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We denote by h, (t) the sum of h,(t) and h(t) and we assume that it is equal to
h(t)- h (1), i.e. the difference of the total human capital resources of the economy
and the resources used in production.

We also assume that nj € (0, 1) € (0,1), i.e. there are decreasing returns to scale
in the implementation sector, since the work of some researches can lead to the
same effects.

The dynamics of technology in the technological leader country is governed by
the same type of equation as (15):

T() = 5(t)[hh(t)) T(t), (16)

T

where ET denotes the resource of human capital devoted to research in the last pe-
riod of analysis, and & () the amount of human capital used in the research sector
at time £.

The solutions to the differential equations (14)-(16) take the form:

_gha0),
A(t) = (A0)=T(0))e ™ +T(0), (17)
n O\
B(1) = B(0>y+é(0)[hh(°) (|, (18)
no Y )
T(t) = T(O)’+§(0)( h(O) el (19)

By optimal allocation of human capital between research sectors we will under-
stand such allocation that the growth rate of production p.c. reaches its maximum.
If we denote the optimal level of human capital in the diffusion sector by 4 (¢) and
in the implementation sector by h(t), one can easily show that the two quantities
tulfill the following equations:

1

)<, [ 4BO(TO ) (20)
n &@)  A¥)
. ~ [ dB(t) [ T(t) ﬁ
h =h -h -1 . 21
ROETM0 ( 0 (A(t) )J (21)
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4.2. Empirical analysis

The empirical analysis of the model under consideration has been performed in
a similar manner to the analysis of the modification of the Nelson-Phelps’ ap-
proach. We apply the model to the same group of 28 OECD countries in the pe-
riod 1981-1999.

As &(t) we again use the R&D expenditures as a fraction of GDP p.c. (OECD
(2005)). To find the amount of human capital that is used in the research sectors,
we use the data on the number of researchers per 1000 employed (OECD (2005)).
We assume that an average researcher has a three times’ larger amount of human
capital than an average inhabitant of the respective country. The total amount of
human capital for 1999 has been found from the Manuelli-Seshadri model. We as-
sume that in the preceding years it decreases at an average rate of 1% per year.

To find the levels of technological variables A(#) and B(t) in 1981, we assume that
the following relationship with the empirical value A“*?(0) holds®:

A(0) = B(0) =/A“"(0). (22)

We will consider the following values of the parameter n: 0.01, 0.19°, 0.25, 0.5,
0.75, 0.99. The parameter y has been calibrated in such a way that the model and
empirical dynamics for the technological leader were as close as possible, with the
mean relative error as the matching criterion. For the values of the parameter n un-
der consideration, the calibrated values of y are: 0.94 (for n=0.01), 0.61 (0.19), 0.49
(0.25), 0.24 (0.50), -0.21 (0.75) and -0.64 (0.99).

For other countries of interest, we have calibrated the technology diffusion co-
efficients to match the empirical and model technology dynamics, with the match-
ing criterion defined as:

18 |A(H)B.(t)— A (¢
MREi:z| o ;l(_ergp(t)’ @ (23)

t=1

Table 2 shows the calibrated values of the technology diffusion coefficient for the
group of countries under analysis. The values that we have found are again consid-
erably varied and much higher than for the model from Sec. 3. To make them com-
parable to this model, we can define an effective diffusion coefficient:

7 The case of other ratios of human capital of a researcher to human capital of an average inhab-
itant has also been investigated and it leads to very similar conclusions.

8 This relationship is the “first guess”. It would be interesting to investigate other possible rela-
tionships between A and B in the future.

° The value 0.19 corresponds to a minimal mean relative error of GDP p.c. estimation based on
the Manuelli-Seshadi model - see Cichy (2007).
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d()=d h}:l‘(t). (24)

AB

The countries in which the diffusion sector dominates have the effective diffu-
sion coeflicient approximately equal to the diffusion coefficient. For other countries,
there can be significant differences in the values of the two quantities.

Table 2. Technology diffusion coefficients for the endogenous model of technology
with technology diffusion

The values of d with:
Country Y= -0.64 -0.21 0.24 0.49 0.61 0.94
n= 0.99 0.75 0.50 0.25 0.19 0.01

AUS 0.217 0.206 0.168 0.111 0.096 0.049
AUT 0.415 0.391 0.318 0.210 0.183 0.055
BEL 0.222 0.206 0.152 0.091 0.078 0.035
CAN 0.444 0.397 0.237 0.126 0.108 0.051
CZE 0.088 0.085 0.076 0.058 0.053 0.030
DEN 0.527 0.491 0.397 0.258 0.217 0.099
FIN 0.687 0.667 0.621 0.360 0.276 0.107
FRA 0.334 0.292 0.081 0 0 0

GER 0.216 0.154 0.066 0.027 0.020 0

GRE 0.169 0.165 0.161 0.150 0.145 0.119
HUN 0 0 0 0 0 0

IRL 0.445 0.438 0.432 0.412 0.386 0.301
ISL 0.999 0.875 0.606 0.328 0.281 0.153
ITA 0.334 0.318 0.261 0.186 0.163 0.091
JPN 0.346 0.324 0.252 0.115 0.079 0.020
KOR 0.098 0.096 0.089 0.072 0.065 0.038
MEX 0.029 0.029 0.029 0.027 0.027 0.023
NED 0.176 0.148 0.089 0.045 0.037 0.010
NZL 0.128 0.124 0.109 0.068 0.060 0.031
NOR 0.587 0.584 0.444 0.319 0.244 0.115
POL 0.024 0.023 0.023 0.019 0.018 0.011
POR 0.210 0.206 0.200 0.184 0.181 0.155
SPA 0.162 0.159 0.153 0.137 0.130 0.085
SWE 0.256 0.181 0 0 0 0

SWI 0.380 0.097 0 0 0 0

TUR 0.020 0.019 0.019 0.017 0.016 0.011
UK 0.191 0.150 0.059 0.023 0.017 0

Source: own calculations.
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In the model under consideration we can observe values of the diffusion coef-
ficient equal to 0. Such value means that decreasing d meant an ever-increasing
matching between the model and empirical technology dynamics. However, negative
values of d are forbidden, since d = 0 means that the whole human capital that can
be devoted to research is used in the implementation sector (h,, = h,). Similarly to
the model from Sec. 3, if we take into account differences in the efficiency of R&D
activities, we can expect that for some countries it would be optimal to employ hu-
man capital in the diffusion sector as well. In such case, the values of the diffusion
coefficient would be positive.

For the highest values of the parameter n (which means the lowest values of the
parameter y), the diffusion coeflicients are the highest and they are positive for al-
most all countries. Decreasing n and increasing y means that the growth rate of the
variable B(t) is higher, so that the implementation sector becomes more efficient
relatively to the diffusion sector. The effect of the above is that the values of the dif-
fusion coefficients decrease.

It is worth mentioning that the values of the technology diffusion coefficients
in Table 2 are the highest for the countries for which they were the highest in the
model from Sec.3 - Ireland, Iceland and Norway, and additionally for Denmark and
Finland, for which they were also relatively high in that model.

The values “0” are obtained for the countries for which they were negative in
the previous model - France, Norway, Hungary, Sweden and Switzerland, and ad-
ditionally the United Kingdom. The convergence of the results of application of the
two models allows us to draw a conclusion that the role of technology diffusion is
indeed relatively small.

Figures 2-4 show three types of allocation of human capital between the research
sectors and the dynamics of the effective diffusion coefficient for Norway, Sweden
and Germany (n = 0.19, y=0.61). Figures 5-7 show the model and empirical tech-
nology dynamics for these countries.

The first group of countries, represented by Norway on the plots, consists of the
ones in which the diffusion sector dominates. Typically, around 90% of human cap-
ital was used in the diffusion and only 10% in the implementation sector. The ef-
fective diffusion coeflicient was relatively high. The consequence of such allocation
is that the variable A(t) grows much faster than B(t). Besides Norway, this group
of countries consists of Australia, Austria, Belgium, Canada, the Czech Republic,
Denmark, Finland, Greece, Ireland, Iceland, Italy, Japan, South Korea, Mexico, New
Zealand, Poland, Portugal, Spain, and Turkey. Among these countries one can ob-
serve subgroups in which the ratio h (t)/h,(t) was approximately constant (Austria,
Denmark, Finland, Greece, Ireland, Iceland, Norway, Portugal, Spain), decreased
(South Korea, Mexico, Italy) or increased, with constant h (t) (Australia, Poland,
Turkey), or with decreasing h () (Belgium, Canada, the Czech Republic, Japan,
New Zealand).
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Figure 2. The allocation of human capital in the research sectors and the effective

technology diffusion coefficient for Norway
Source: own calculations
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Figure 3. The allocation of human capital in the research sectors and the effective

technology diffusion coefficient for Sweden
Source: own calculations
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Figure 4. The allocation of human capital in the research sectors and the effective

technology diffusion coefficient for Germany
Source: own calculations
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Figure 5. The model and empirical technology dynamics for Norway
Source: own calculations
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The second group of countries consists of France, Hungary, Sweden (on the plots)
and Switzerland. The diffusion coefficient for these countries was zero, which means
that the whole resource of research human capital was employed in the implemen-
tation sector. Therefore, A(t) was constant over the period of analysis and the level
of technology growth was due to the growth in the level of the variable B(¢).

The third group of countries is represented on the plots by Germany and con-
sists also of the Netherlands and the United Kingdom. For these countries we have
observed something intermediate between the cases of the countries from the first
and the second group. In the beginning, the implementation sector dominated and
there was no human capital allocated in the diffusion sector. Then, around 1985,
there was a constant flow of human capital from the implementation to the diffu-
sion sector which started to dominate around the year 1990. At the end of the pe-
riod of analysis, around 75-90% (depending on the country) of human capital was
employed in the diffusion sector.

To conclude, let us mention the limitations introduced by the type of modeling
that has been presented in this section. First, like in the model analyzed in Sec. 3,
this model does not take into account the differences in the efficiency of R&D ac-
tivities in various countries. Second, we had to introduce some arbitrary assump-
tions in the empirical analysis, notably the one that at the beginning of the period
of analysis the two technological variables were equal, and that the n and y param-
eters were the same in all countries.

5. Conclusion

In this paper we have presented the classical approach to the modeling of technol-
ogy diffusion and two modifications thereof.

The first one was to introduce a more complex form of the R&D term in the
technology dynamics equation, following Jones’s discussion of the scale effects in
research and development.

The second was an endogenous model of technological progress with technology
diffusion. The level of technology of a given country was expressed as a product of
two variables, representing technology diffusion and implementation.

For both models we have performed an empirical analysis and we have found
that the conclusions that can be drawn from both of them are convergent. We have
distinguished a group of countries in which the diffusion processes were especially
strong, and a group in which they had relatively small effects. The first group con-
sists of Ireland, Iceland, Italy, Norway, Denmark and Finland. The role of technol-
ogy diffusion was the smallest in France, Germany, Hungary, Sweden, Switzerland
and the United Kingdom (the second group).
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The principal conclusions of the models and the whole diffusion-based approach
to the modeling of technological progress seem to be interesting and worth fur-
ther exploring. Especially, introducing the efficiency of R&D activities and technol-
ogy transfer between multiple countries (not only between a given country and the
technological leader) would be interesting.

However, even now we can claim that technology transfer is undoubtedly a vital
mechanism of technological progress, and consequently, of economic growth.
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