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Abstract: A stochastic frontier model is applied to firm level panel data from the 
Finnish ICT manufacturing sector to explore the role of R&D and technological 
progress in the outstanding productivity growth Finland demonstrated in the latter half 
of the 1990’s. The sample is representative of over 90 % of the R&D carried out in the 
sector, which in turn represents about half of corporate R&D in Finland. Constant 
returns to scale production functions are clearly inappropriate and labour productivity 
provides a biased view of TFP. Results show increasing returns to scale and output 
growth to have been, until recent years, more important than technical change in TFP 
growth. Like all inputs, physical and R&D capital appear to be substitutes to some 
extent, reducing concern over low overall investment. The technology policy mix 
appears to have been R&D investment and R&D employment enhancing, at the expense 
of non-R&D labour and physical capital. Meanwhile, technical change has been R&D 
saving and labour using, with large and surprisingly persistent firm-specific differences 
in R&D productivity. 

JEL codes: O3, O39, L63 

Key words: Finnish ICT industry, total factor productivity, technical change, 
R&D elasticity, technology policy 

Tiivistelmä: T&K:n ja teknologisen kehityksen merkitystä Suomen ICT-teollisuuden 
huimassa tuottavuuden kasvussa 1990-luvun lopulla selvitetään soveltamalla stokastista 
frontier -mallia yritysaineistoihin ajanjaksolle 1990–2003. Otos edustaa lähes puolta 
suomalaisten yritysten T&K-panostuksista. Vakioisten skaalatuottojen mallit ja työn 
tuottavuuteen perustuvat tuottavuusanalyysit antavat vääristyneen kuvan kokonaistuot-
tavuuden kehityksestä. Tulokset osoittavat kysynnän kasvun ja kasvavien skaalatuotto-
jen olleen teknistä kehitystä merkittävämpiä tuottavuuden kasvussa aivan viime vuosiin 
saakka. Fyysinen ja T&K-pääoma, kuten kaikki panokset, näyttävät olevan jossain mää-
rin substituutteja, alentaen huolta Suomen alhaisesta investointiasteesta. Politiikkakoko-
naisuus näyttää olleen T&K-investointeja ja tutkimustyötä edistävää, tosin ehkä muun 
työllisyyden ja fyysisten investointien kustannuksella. Tekninen kehitys on ollut T&K-
menoja säästävää ja työvoimaa käyttävää samalla kun yritysten välillä on suuria ja yllät-
tävän pysyväisluonteisia eroja T&K:n tuottavuudessa. 

Asiasanat: ICT-teollisuus, kokonaistuottavuus, tekninen kehitys, T&K, teknolo-
giapolitiikka
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1. Introduction 

As the comparative advantage of OECD countries is increasingly perceived to be 
based on new knowledge, public policies enabling the creation and 
commercialization of knowledge, focusing on e.g. R&D promotion, venture 
capital and/ or new-firm start-ups, have permeated the official rhetoric of 
politicians and business leaders. Productivity growth, innovation and 
technological change are believed to be the keys to maintaining competitiveness 
in a globalising economy.  

While the East-Asian growth miracle has been controversially attributed to mere 
factor accumulation1, the Finnish growth counterpart in 1994–2000 has been 
attributed almost entirely to high R&D investment and technological progress 
embedded in an enabling national innovation system, institutional set-up and 
other virtuous domestic characteristics. Large amounts are being invested in 
R&D, science and technology to accumulate knowledge capital and create 
innovations to support firms’ positioning on the global technological frontier. 
Innovation does not automatically translate into technological progress and 
productivity growth. Just as the reality behind East-Asian myths needed to be 
uncovered and challenged2, the Finnish innovation and growth dazzle needs to be 
disaggregated.  

The exploration is all the more important, since the incentives to innovate and 
particularly to promote innovation are weak in small countries. The process of 
innovation from basic research to commercialised products is long enough to 
allow for ample knowledge spillovers to competitors abroad, which may advance 
the global technology frontier anywhere. Moreover, small countries import 
relatively more new technology than they produce, be it embodied in capital 
equipment or intangible knowledge and patent rights. Own efforts to generate 
innovation led growth may simply lack in critical mass. Innovation and 
technology policies in small countries are typically constrained by market size 
and the number of companies, also reflected in an inadequate number of 
observations for empirical analysis.3 Yet, innovation has been the focal point of 
Finnish technology policy, with high R&D investment rates as a key means to 
improve value-added and terms of trade.  

Returns to R&D have generally been found to be higher in high-tech industries, 
(Griliches, 1980; Adams and Jaffe, 1996; Goto and Suzuki, 1989; Hall, 1993; 
Griliches and Mairesse, 1984). Accordingly, Rantala (2004) has argued that the 
largest returns to public R&D investments in terms of national productivity 

                                             
1 See e.g, Young (1995) or Krugman (1994). 
2 See e.g. Kim & Han (2001) for opposing view on Korea, or Fernald & Neiman (2003) on Singapore. 
3 See e.g., Berghäll et al. (2002).  
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growth can be obtained by investing in the electronics sector, due to potential 
spillover effects in capital goods embodied technological progress, the efficiency 
of the electronics sector’s R&D investments and its large size in the economy, 
although the marginal productivity of R&D is lower in highly R&D intensive 
sectors. According to him, TFP growth in the latter half of the 1990’s was very 
much due to heavy R&D investments in the electronics sector and the rapid 
quality and technology improvements that followed, as well as due to favourable 
demand and cyclical conditions. He further claims that quality improvements and 
TFP growth slowed down in 2000, as R&D input growth halted, though his 
results in regard to the electronics sector were insignificant.

A previous paper (Berghäll, 2006) revealed wide distribution of firm level 
technical efficiencies in the sector. This paper complements the picture by 
disaggregating total factor productivity growth into technical change, technical 
efficiency change, and scale and factor input elasticities to establish their 
respective roles in the evolution of the industry. Policy-wise rapid technical 
change with deteriorating technical efficiency implies the need to focus on 
improving the use of known technologies, e.g., by learning-by-doing processes or 
managerial practices. Low TFP growth due to low technical change suggests the 
need to support corporate R&D and induce technological innovation. Decreasing 
scale elasticity may imply that markets have saturated and little room for growth 
of existing firms or new firms remains. Furthermore, results on factor inputs used 
convey information on the relative productivities of factor inputs, which in this 
paper are R&D capital, physical capital and labour.  

Tybout and Westbrook (1996) have found scale economies to be present mostly 
for small plants while larger plants generally exhibit constant returns, and 
because changes at larger plants account for most of industry fluctuations, scale 
economies cannot be exploited at the margin of interest. New growth theory 
contributions e.g., by Romer (1990) and Grossman and Helpman (1991) have 
typically assumed constant returns to accumulating factors. This all too common 
assumption is relaxed in this paper, since constant returns to scale models fail to 
adequately distinguish between technical change and productivity.   

Numerous applications of the stochastic frontier production model exist to date, 
but most ICT-related applications study the productivity enhancing impacts of 
ICT investment rather than productivity growth within the sector itself. Despite 
extensive discussion on TFP growth and impacts of the ICT sector, no other 
studies have applied a stochastic frontier production model to measure and 
decompose TFP growth in the sector at least in Finland. This is rather surprising 
considering the policy emphasis on technological progress, TFP growth, the need 
to evaluate R&D support impacts and the importance of the sector for the 
economy.4 Productivity analyses have for the most part relied on growth 
                                             
4 The Appendix includes a brief yet more detailed overview of the Finnish ICT sector. 
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accounting offering little information on its determinants and hampered by strong 
assumptions on competitive conditions, production efficiency and returns to 
scale. Therefore such methods fail to adequately separate causes and failures in 
productivity growth. This study fills this vacuum by applying micro-level data to 
a period of rapid development in the sector, 1990–2003. Following classical 
papers by e.g., Griliches (1979), Griliches and Mairesse (1983), Link (1981), 
Mansfield (1980), and many others, I introduce R&D capital as an additional 
factor input into a production function, with the important exception of allowing 
for variable returns to scale.

For the sake of brevity, only relevant methodology and results on technical 
efficiency methodology are reported. The second section below discusses and 
presents the stochastic methodology employed. Section 3 describes the dataset 
and its transformations, with further details found in the Appendix. Results are 
presented in section 4 and their implications briefly discussed in the concluding 
section 5.
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2. The Stochastic Frontier Model  

Due to the uncertainties and the costs incurred by innovation, copying and 
imitating makes a more rational strategy for technological laggards to catch-up 
with the frontier. R&D may generate both innovation and imitation, and it is 
difficult to distinguish whether technical change represents technical efficiency 
change (switching from one technology to another) from technological progress 
or regress (shifts in the technology frontier). Shifts in the production possibilities 
frontier may reflect realised dynamic efficiency gains resulting from innovation 
and returns to scale. In Antonelli’s (2000) categorisation, only technical change 
within firms that are located on the technological frontier actually represents 
technological progress. In this paper, a broader approach is adopted in which 
technical efficiency change refers only to a firm’s positioning relative to other 
firms: Technological progress is not separated from technical change for firms 
below the frontier. That is, technical change measures the ability of firms to 
produce more output with the same inputs or the same output with fewer inputs 
over time. Efficiency change is introduced into the estimation, but that only 
refers to movements in regard to frontier firms. Technical change rates of frontier 
firms can, nevertheless, be used as indication of true technological progress.

Total factor productivity indicates the relationship between outputs and inputs, 
while taking into account all inputs. In contrast to the growth accounting 
deterministic approach, the advantage of the stochastic approach is to separate 
random variation, such as good luck or adverse exogenous shocks from actual 
productivity effects. In addition, instead of writing the remaining residual off as 
technical change, further components of TFP growth, such as scale effects, can 
be identified. That is, the method sheds considerable light into the black box of 
productivity growth. 

2.1 The Production Function 

The specification of the stochastic frontier production function is common to the 
literature, (see e.g., Heshmati, Kumbhakar and Hjalmarsson, 1995):

(1) ),exp();,,( ititititit RLKfY

where itY is the output of the i-th firm observed in period t, f(.) represents the 
production technology, K is physical capital, L is non-R&D labour, R is R&D 
capital input and  is a vector of parameters to be estimated.

A flexible translog functional form is assumed to approximate the production 
technology of Finnish firms, allowing for variable returns to scale. The 
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robustness of the results is tested against a Cobb-Douglas formulation. The 
frontier production model can be rewritten as 

(2)
,ln½

lnln)(ln½lnln
2

2
0

ititi iij jitjtttit

hj h hitjitjhj jitjjjitj jit

DtXtt

XXXXY

where the ’s denote parameter estimates of the production function, i the 
company, j and h denote inputs (i.e., logarithms of physical capital (k), non-R&D 
labour (l) and R&D capital (r), and t the year. The frontier production function is 
estimated using OLS and maximum likelihood. Altogether four models are 
estimated:

1) Pooled OLS (model D0 henceforth); 

2) OLS with firm characteristic dummies, i.e., foreign/domestic ownership 
(type), size (number of employees in six groups), export status (exports or 
not), age (4 categories), and leverage (model D1 henceforth); 

3) OLS with firm dummies (model D2 henceforth); 

4) Maximum Likelihood with firm characteristic dummies in the inefficiency 
term (model ML henceforth) with similar determinants of efficiency as in 
the D1 model. 

The error term, ititit uv  is composed of a random error term, it is i.i.d. 
N(0, 2 ) and an inefficiency term, uit, which is i.i.d. N( itZ , 2

u), i.e., obtained 
from a truncation of the normal distribution at zero, but with mean itZ  and 
variance 2

u. Battese-Coelli efficiency is specified as  ititit wZu , where wit is
defined by truncation of the normal distribution wit ~ N(0, 2

w) with left 
truncation at itZ  for each i. 5

2.2 Factor Elasticities 

The input elasticities (which are also shares of input costs to total revenue under 
competitive market conditions) are allowed to vary over time. The interaction of 
factor inputs with time, representing technological change, reveals biases in 
production towards certain inputs. The input elasticities are obtained from the 
first derivative of the production function with respect to each input factor as: 

                                             
5 For a detailed review of the technical efficiency methodology see Berghäll (2006).  
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(3) .lnln
ln
ln

h ijthitjhjitjjj
j

j tXX
X
YE

where jE is both firm and time varying, j,h=k and l, i=firm, t=time. The marginal 
productivities of factor inputs are then obtained from )(Y/XjjE .

2.3 Technical Change (TC) 

The rate of exogenous technical change is obtained as: 

(4) .lnln
j ijtjtittt

i
it Xt

t
YTC

where itTC  is neutral if 0jt  for all inputs j. The rate of technical change can be 
decomposed into pure ( tttt ) and non-neutral technical change .ln jitjtj X

Technical change is defined as non-neutral if the passage of time affects the 
marginal rate of technical substitution between factor inputs. In the case of non-
neutral technical change the measure in the bias in technical change is:

(5) .
ln

t
j

jt

i

jit
j TC

Et
X

B

The coefficient of the cross-term between time and input j reveals if technical 
change has been input j using6, Bj>0 or input j saving, Bj<0. TCt and Bj are both 
firm-specific and time-varying.  

2.4 Scale Elasticity (RTS) 

Scale elasticity (or returns to scale, RTS), defined as the percentage change in 
output due to a proportional increase in the use of all inputs, can be calculated as 
the sum of input elasticities.

(6) jj ERTS

where Ej is the elasticity of output with respect to input j, obtained in (3). If RTS
are close to one, constant returns to scale are most likely, but if RTS are 
significantly greater (smaller) than one, there are increasing (decreasing) returns 
to scale, and the model needs to accommodate for them.

                                             
6 This paper is limited to uncovering the direction of the bias in technical change. Actual biases are not 
reported.  
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2.5 Total Factor Productivity Growth (TFP) 

Total factor productivity growth (TFP with a dot) is obtained by two methods. 
TFP1 is the sum of technical change and degree of returns to scale through the 
following relation:

(7)
j jitjititit XERTSTCTFP )1(1

where the X ’s denote the growth rates of various factor inputs used, TC is the 
rate of technical change obtained from the log derivative of output with respect to 
time, RTS is scale elasticity. In the above equation, scale elasticity is weighted by 
growth in input shares, which (in the absence of data on them) are proxied by 
respective input elasticities. For comparison, productivity growth is estimated 
also based on changes in output (TFP2):  

(8) itititit YRTSTCTFP )1(2 .

Unless there are serious problems in the estimation, their differences suggest 
disparities in actual and potential productivity growth rates, i.e., differences in 
efficiency, as fully efficient firms are able to produce maximum output with 
given inputs or given output with minimal inputs. To estimate the role of 
efficiency change in TFP growth, another two measures are estimated, denoted 
TFP1x and TFP2x, respectively.7

(9)
j jitjititit XERTSTCBceffxTFP )1(1

(10)  itititit YRTSTCBceffxTFP )1(2

                                             
7 For a detailed review of the technical efficiency methodology see Berghäll (2006).  
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3. The Data and Variables 

The unbalanced panel was constructed of private manufacturing firms engaged in 
ICT equipment manufacturing during 1990–2003 from the Longitudinal 
Database on Plants in Finnish Manufacturing (LDPM/ Teollisuustilasto)  
1974–2002, Financial Statements Statistics (Tilinpäätöspaneeli) 1986–2003, and 
the R&D Surveys 1985–2003 from Statistics Finland. Only firms with at least 20 
employees were included due to data shortages on smaller firms.

Real value-added measures output (Y), the dependent variable, while factor 
inputs are non-R&D labour (L), the physical capital stock (K) and the R&D stock 
(R). Labour input is proxied by total firm personnel due to data shortages on 
hours worked. As R&D was included as an input, R&D employees were 
deducted from the total number of labour input to avoid double-counting. To the 
extent that R&D expenditure represents wages of educated R&D employees, the 
R&D capital measure, also incorporates human capital into the model. The 
LDPM database provided proxies for physical capital, built from machine and 
equipment assets using the perpetual inventory method with a ten percent 
depreciation rate8, i.e., ttt IKK 1)1(  where  is the depreciation rate. 
Similarly, R&D capital stocks were built from total internal R&D investments9,
available in the R&D panel. The initial R&D stock was based on data from 
1985–1989 when available. Otherwise only reported R&D data could be used to 
construct the R&D stock. Several annual depreciation rates were applied to find 
the appropriate one, but the initial R&D stock was estimated with a 30 % 
depreciation rate. R&D, capital, labour and value-added data was available for 
altogether 164 firms.  

Table 1. Summary Statistics for Variables in the Stochastic Production 
Function

 N Mean Std. Deviation Minimum Maximum 
Value added (€)  988 39029555 284298161                91 531            6 474 956 360   
Turnover (€) 944 147864331 1051549520              768 851          25 578 904 364   
Capital (€) 988 12386491 39379952                     218               541 878 095   
No of personnel minus R&D personnel  988 305 931                         1                        13 516   
Total personnel 988 353 1060                       20                        13 516   
R&D Capital Stock (€) 988 8962878 42069068                     826               695 930 103   
Lerner index 929 0.06 0.19 -3.66 0.57 
Debt ratio (%) 929 113 453 -2 863                          8 854   

The analysis concerns only innovative firms. This restriction is necessary due to 
data shortages and for panel firms to be assumed to fit into the same functional 
form of the production function, i.e. employ similar technology. As an 
                                             
8 For details see the Data Issues Appendix.  
9 External R&D was varyingly available and does not build up the R&D capital of the company.  



9

unbalanced panel was applied, entry and exit should not distort results 
excessively. Further details are presented in the Data Issues Appendix. 
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4. Empirical Results

4.1 Hypothesis Tests 

The appropriateness of the approach and the functional form of the production 
function was tested for scale effects and technical change. The Cobb-Douglas 
model is clearly rejected by test results and rapid non-neutral technical change 
confirmed. Several R&D depreciation rates ( ) were applied to determine the 
robustness of the results, and found to make little difference to the explanatory 
power of various models. Fixed effects models enjoy a 92 % R-square, while the 
pooled model explains about 85 % of the variation and firm characteristic 
dummy model 86 %. Since a 30 % depreciation rate is in line with rapid 
technological development (confirmed by the results) and a prior finding for 
electrical products (Bernstein & Mamuneas, 2006)10, results are reported for this 
R&D depreciation rate.  

Table 2.  Model Fit Results, R-Squares  

R-squares  =30 %   =10 %  
  No dummies  0.8505 0.8495 
  Firm characteristic dummies  0.8566 0.8558 
  Firm-dummies  0.9237 0.9240 
Likelihood Ratio Test Results with one-sided error from Maximum Likelihood Estimation** 308.2* 318.2* 
Gamma ( ) from Maximum Likelihood Estimation** 0.364* 0.46* 
= R&D Depreciation Rate.

*Significant at the 1% level.  
**The gamma result of =0.36 shows that a large share of the observed variation in the error term is 
caused by variation in efficiency. The LR test results exceed the 5 % critical value of 2.71. Hence the 
traditional average response function nor a deterministic efficiency model would provide an adequate 
representation of the data. The null hypothesis is that there are no technical efficiency effects, i.e., H0 : 
=0= 0= 1= 2=…= n and H1 : >0.  

Maximum likelihood estimation test results supported the stochastic frontier 
formulation ( in Tables 2 and 8). An average production function underestimates 
the actual frontier of the Finnish ICT manufacturing industry because of 
technical inefficiency effects. Furthermore, there is considerable noise that a 
deterministic model would be unable to accommodate correctly (Berghäll, 2006).

                                             
10 The depreciation of the R&D stock ( ) is often fixed arbitrarily at 10 % or 15 %. These orders of 
magnitude are consistent with the estimates obtained by Bosworth (1978) on the basis of patent renewal 
data. Pakes and Schankerman (1984) estimate an average rate of 25 % also from patent renewal data, and 
recently Bernstein and Mamuneas (2006) estimate industry-specific rates that range from 18 % for 
chemicals to 29 % for electrical products. 
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Table 3.  Test Results, Pr>F* 

 =30 % No technical change Technical Change is 
Neutral

CD-Model test 1** CD-Model test 2*** 

No dummies <0.0001 <0.0001 <0.0001 <0.0001 
Firm characteristic dummies <0.0001 <0.0001 <0.0001 <0.0001 
Firm-dummies 0.0024 0.0003 <0.0001 <0.0001
Verdict H0 rejected at 5 % 

level
H0 rejected at 1 % 

level
H0 rejected at 1 % 

level
H0 rejected at 1 % 

level
 =10 %     

No dummies <0.0001 <0.0001 <0.0001 <0.0001 
Firm characteristic dummies <0.0001 <0.0001 <0.0001 <0.0001 
Firm-dummies <0.0001 <0.0001 <0.0001 <0.0001 
Verdict H0 rejected at 1 % 

level
H0 rejected at 1 % 

level
H0 rejected at 1 % 

level
H0 rejected at 1 % 

level
*If probability smaller than 0.05, H0 is rejected at the 5 % level, if smaller than 0.01, H0 is rejected at the 
1 % level. 
** Cobb-Douglas Test 1: The coefficients of the logarithms of the inputs l2, k2, r2, t2, kl, kr, lr all equal 
zero.
*** Cobb-Douglas Test 2: The coefficients of the logarithms of the inputs l2, k2, t2, kl, all equal zero.   

Since input elasticities vary across firms and over time, these were calculated at 
each point of the data. A few point elasticities violated the regularity conditions 
of monotonicity by being negative or curvature conditions implied by economic 
theory. They may reflect problems in model specification, but at the same time it 
is possible for firms to overinvest or use inputs excessively, i.e., negative 
externalities from congestion may overcome the inputs’ productive effects. High 
levels of R&D may complicate information flows reducing managerial 
efficiency. High levels of capital may introduce sunk costs and debt levels, which 
restrain managers from updating production processes to latest technologies. 
Furthermore, the exclusion of these observations could have introduced an 
additional bias into the data and reduced the empirical fit. Considering their low 
number, they were therefore left untouched.

4.2 Scale Elasticity 

Unlike in previous empirical studies, in which scale economies have generally 
not been found important at the industry level, all estimated translog models 
exhibited on average highly increasing returns to scale with the mean ranging 
from 3.4 with no dummies (D0) to 2.7 with firm dummies (D2). Annual 
developments for the D2 model are presented in Table 4 below. All factor input 
elasticities proved extremely high. In almost all models and for almost all 
depreciation rates, labour enjoyed unusually high scale elasticity.
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Table 4.  Average Scale Elasticities (RTS), 1990-2003 for 10 % and 30 % 
R&D Depreciation Rates ( )

 =30 % 1990  1991 1992  1993  1994 1995 1996 1997 1998 1999 2000  2001  2002  2003 
RTS (ML) 2.75 2.72 2.79 2.81 2.81 2.82 2.86 2.85 2.85 2.86 2.87 2.80 2.83 2.86 
RTS (D1) 2.93 2.89 2.96 2.96 2.95 2.95 2.98 2.96 2.95 2.95 2.94 2.87 2.89 2.90 
RTS (D2)  2.57 2.55 2.59 2.61 2.61 2.61 2.62 2.61 2.60 2.61 2.61 2.53 2.56 2.58 

 =10 %               
RTS (D2)  3.21 3.20 3.26 3.30 3.31 3.29 3.32 3.29 3.28 3.29 3.29 3.22 3.25 3.28 
No. of obs. 39 46 50 53 63 68 67 77 84 86 93 91 87 84 
D2 – refers to firm dummy model.  
D0- refers to the pooled model.  

Table 5.  Average Results for Models D0, D1, D2 and ML

=30 % D0 D1 D2 ML =10 % D0 D1 D2 ML 

Elasticity of Capital 0.73 0.56 0.64 0.65  0.76 0.60 0.76 1.15 
Elasticity  of Labour 1.90 1.76 1.18 1.53  1.88 1.75 1.13 1.57 
Elasticity of R&D 0.67 0.61 0.78 0.65  0.75 0.70 1.38 0.97 
Scale Elasticity (RTS) 3.30 2.93 2.59 2.83  3.39 3.05 3.27 3.69 
Technical Change (TC) 0.02 0.02 0.03 0.03  0.02 0.02 0.03 0.03 
Non-Neutral TC 0.01 -0.04 0.07 0.01  0.01 -0.03 0.08 0.01 
Neutral TC 0.02 0.06 -0.04 0.02  0.01 0.05 -0.05 0.02 
TFP 1, inputs 0.22 0.21 0.22 0.22  0.31 0.29 0.40 0.35 
TFP 1x, inputs 0.22 0.21 0.22 0.22  0.31 0.29 0.40 0.35 
TFP 2, outputs 0.15 0.14 0.13 0.14  0.15 0.14 0.15 0.16 
TFP 2x, outputs 0.14 0.13 0.13 0.14  0.14 0.14 0.15 0.16 
Growth of Technical Efficiency 0.00 0.00 0.00 0.00  0.00 0.00 0.00 0.00 

4.3 Technical Change and Total Factor Productivity 

Average technical change (TC) was strongly biased accelerating from -5 % to 
9 % p.a. during the period. A rapid TC rate is consistent with a high R&D 
depreciation rate, since rapid technical change is also likely to render older 
technologies obsolete at a faster rate. Negative average neutral technical change 
(Table 5) is unexpected since there is no reason for firms to switch back to less 
efficient technologies. Technological regress may not, however, be the case as 
there is wide variation in firm behaviour. Discrepancies in input based TFP1 and 
output based TFP2 as well as in efficiencies suggests that technical change may 
not have kept pace with the rise in inputs or new technologies may have involved 
a learning process, switching costs. Over the longer term, technologies and 
production possibilities improved in the sector.

Output based TFP growth (TPF2) averaged about 13–16 % and input based  
21–23 % p.a. over the 1990’s, decelerating only in recent years. As scale 
economies and technical change remained high, the slowdown in TFP growth 
appears to be related to decelerating growth of average value-added in the 
industry. As the difference in TFP and TC growth rate shows (Table 6), 
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productivity growth has, with the exception of a couple of years, relied more on 
scale economies and extraordinary demand growth than technical change. 
However, developments after 2000 show a shift in relative significance in favour 
of technical change.

Table 6.  Average Annual Technical Change (TC) and Total Factor 
Productivity Growth (TFP) estimated with Maximum Likelihood.

=30 % 1991 1992 1993 1994 1995 1996 1997 1998 1999 2000 2001 2002 2003

TC -0.05 -0.03 -0.02 -0.01 0.00 0.02 0.02 0.03 0.04 0.05 0.06 0.07 0.08 
TFP1x -0.23 0.14 0.27 0.40 0.31 0.35 0.24 0.33 0.32 0.33 0.15 0.02 0.07 
TFP2x -0.24 0.27 0.20 0.14 0.23 0.09 0.33 0.05 0.14 0.35 0.11 -0.05 0.09 
TFP1x-TFP2x  0.02 -0.13 0.07 0.25 0.08 0.26 -0.09 0.28 0.17 -0.02 0.04 0.07 -0.02 
TFP2x-TC  -0.20 0.30 0.22 0.15 0.23 0.07 0.31 0.02 0.10 0.29 0.05 -0.12 0.01 

             

=10 % 1991 1992 1993 1994 1995 1996 1997 1998 1999 2000 2001 2002 2003

TC -0.07 -0.05 -0.04 -0.02 -0.01 0.01 0.02 0.03 0.04 0.05 0.06 0.08 0.09 
TFP1x -0.05 0.25 0.35 0.53 0.46 0.49 0.36 0.56 0.53 0.44 0.21 0.14 0.17 
TFP2x -0.30 0.24 0.22 0.11 0.22 0.12 0.38 0.11 0.19 0.42 0.19 -0.04 0.10 
TFP1x-TFP2x  0.25 0.01 0.13 0.42 0.24 0.38 -0.02 0.46 0.35 0.02 0.02 0.18 0.07 
TFP2x-TC  -0.23 0.29 0.25 0.13 0.23 0.11 0.36 0.08 0.15 0.37 0.12 -0.11 0.01 
TFP1x refers to the input based and TFP2x to the output based measures of productivity growth, with the 
x indicating the inclusion of technical efficiency change.  

There appears to have been technical regress until 1994 and accelerating 
technical change ever since. Similarly, technical efficiency improved, i.e., 
differences among firms narrowed until 1994 and widened again thereafter. The 
volatility of the industry, highly characteristic for a small specialised open 
economy like Finland, is clearly apparent from Figure 1. Due to it, maintaining 
optimal scale poses a constant challenge (See e.g. Berghäll et al. 2002).

If the most efficient 10 % of sample firms are taken to form the technology 
frontier11, true technological progress determined by frontier firms appears to 
have been 7 % p.a. on average. Frontier firms also show 3 % technical efficiency 
change, being therefore more closely clustered around the frontier. The not-fully-
efficient firms among the 10 % frontier margin have caught up with the fully-
efficient firms. Over time, technical change among the most efficient 10 % of 
firms varied between -8 and 21 % p.a. with technical regress ending in 1992, 
suggesting a very dynamic and competitive frontier. 

                                             
11 A wide margin of 0.84–1.00 was used to define the frontier to capture movements within the frontier 
and ensure that results are at least indicative of trends.  
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Figure 1.  Annual Average Growth Rates of Factor Inputs, with Output and 
Efficiency obtained from the Maximum Likelihood (ML) Model.

4.4 Elasticity of R&D 

Relative to physical capital and non-R&D labour, different measures of R&D 
correlated surprisingly little with technical change and TFP12. The significant 
negative coefficient of the cross term for the time trend and the R&D stock 
shows (Appendix Tables 7 and 8) that the R&D stock has a declining impact on 
output over time, i.e., technical change is R&D saving. Technical change is 
labour using, but with respect to capital the results were insignificant.

Between firms, outcomes vary greatly. There are fixed effects that reduce the 
return to R&D. Once they are controlled for, the output elasticity of R&D rises 

                                             
12 If negative elasticities are not removed, the R&D elasticities and marginal productivities are 
significantly lower, and their correlation with technical change negative for almost all R&D depreciation 
rates and models used.  

Abbreviation Explanation Average growth rate in percent 
mgu Mean technical efficiency change  0 % 
mgy Mean value-added change 7 % 
mgk Mean physical capital change 11 % 
mgl Mean non-R&D labour change 5 % 
mgr Mean R&D stock change with 30 % R&D deprecation rate 8 % 
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significantly (Table 5). These fixed factors appear to be related to firm-specific 
efficiency. The smaller the R&D depreciation rate, the wider the average gap 
between input and output based TFP (TFP1 and TFP2) implying inefficiency in 
input use, supported by technical efficiency results. Once observations with 
negative elasticities were removed, average R&D elasticity increased, reaching 
unity in the firm dummy (D2) model. The variation between firms is wide.  

All inputs appear to be substitutes to some extent, particularly physical and R&D 
capital (Appendix Tables 7 and 8). In consequence, concern over low levels of 
physical capital investment may be exaggerated at least in regard to the ICT 
manufacturing sector. More of a paradox is the extremely high labour elasticity 
relative to physical and R&D capital, since the demand for labour has been in 
descent.
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5. Discussion

Private returns to R&D have been high on average and technical change has been 
rapid contributing significantly to productivity growth. Contrary to the rhetoric, 
however, relative to labour, R&D has played a modest role in technical change, 
while in productivity growth until 2001, technical change paled in comparison to 
scale elasticities and output growth. 

In contrast to Rantala (2004), these findings suggest that output based TFP 
growth slowed down mainly due to declining demand, while R&D growth had 
nothing to do with it, at least if R&D inputs can be interpreted to accumulate into 
knowledge capital. R&D capital levels do not appear to be declining. Since 
technical change has accelerated, however, technology may become obsolete 
more rapidly than assumed, i.e., the R&D capital depreciation rate should 
perhaps be higher. Thus the returns to R&D may have declined relative to other 
inputs, in which case increasing its quantity, rather than focussing on its quality 
or other inputs, does not appear the best solution to a productivity slowdown.  

Output was measured by value-added, which declines by definition with the 
amount of added value. That is, the higher the share of material input in turnover, 
the lower is the share of value-added in the turnover of the producing firm. Thus 
output based TFP growth may have slowed down also due to a slow down in 
value-added growth even if total turnover has continued to rise. Thus output 
quality improvements may have decelerated. Again, raising R&D input may not 
be the best answer if returns to R&D have declined.  

Wealth has a tendency to accumulate, but its accumulation by means of factor 
accumulation is rarely efficient. While half of economic growth in the long-term 
can be attributed to technological progress (Solow, 1956), in the policy- and 
firm-decision-making-term, decisions regarding the implementation of new 
technology are more important in defining the firm’s distance to the frontier. 
R&D accumulation does not ensure the efficient use of resources, i.e., catching-
up with the global technology frontier.  

The productivity of factor inputs is a prerequisite for sustainable growth. There 
are opportunity costs to investment and even highly increasing returns in R&D 
may eventually terminate and slide into a decline. The lower the substitutability 
of factors of production, the more important is their efficient combining and 
employment. Policy-wise rapid technical change combined with lagging 
technical efficiency (Berghäll, 2006) implies the need to focus on improving the 
use of known technologies, e.g., by learning-by-doing processes or managerial 
practices. Consequently, simple factor accumulation recipes need to be 
complemented by policies that generate the competitive conditions that ensure 
technical and allocative efficiency in resource use.
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Risks associated with large physical capital investments, non-R&D labour 
market rigidities, combined with public R&D support and stock market 
preferences for R&D intensive firms, may have rendered R&D an attractive 
factor input, and biased investment towards R&D capital. With regard to firms 
abroad, competition may have been distorted by government technology support 
in the form of R&D subsidies and free education i.e., a subsidised human capital 
input. These factors are more likely, however, to have biased input use than 
distorted competition within the country, as foreign affiliates may hire from the 
same pool of labour and are eligible for the same R&D support13. Since R&D 
inputs consist predominantly of labour costs, and R&D capital and labour show 
some substitutability, public science and technology policy appears to have been 
employment enhancing for some firms, while biasing labour demand towards 
researchers and developers.

Growth of the ICT equipment producing sector most likely improved allocative 
efficiency within the entire economy, but within the sector, stock market 
developments at the end of the 1990’s and early 2000 were in favour of R&D 
intensive firms. This may have created an incentive to exaggerate R&D 
expenditure, without corresponding productivity and technical change impacts. 
Tax regulations and government subsidies may also have distorted firm 
incentives to report R&D investment. Consequently, combined with the high 
risks and long lags of the innovation process, R&D inputs may provide a poor 
indicator of innovation output.  

Furthermore, scale economies point towards growing concentration and capital-
intensity also for this innovative and skill-intensive sector. My findings contrast 
with Tybout’s and Westbrook’s (1996) findings on scale economies. Clearly 
scale economies can and should be more exploited in the Finnish ICT sector. 
While the domestic innovation system may have created the conditions enabling 
rapid technological progress, the success of the Finnish ICT sector has rested 
abundantly on favourable external developments or mere luck14, as well as 
traditional factors of production, particularly scale elasticities related to labour. 
As the global demand for electronics products shows no signs of abating,15 the 
potential to raise competitiveness by means of productivity growth is substantial, 
particularly in regard to production and scale efficiency. 

Potential reasons why ICT firms have not expanded their capacity despite the 
potential are many. After the burst of the stock market bubble in 2000, Finnish 
                                             
13 On the contrary, foreign firms may enjoy the advantage of R&D spillovers from their parent company.  
14 E.g., first a large depreciation of the Markka in 1991–1993, followed by a favourable exchange rate fix 
to the EMU combined with a strong US dollar. The euro/ US dollar exchange rate reached its bottom in 
October 2000, and subsequent depreciation of the US dollar has reduced exporters’ profits and turnovers, 
a factor likely to have influenced demand growth. 
15 Output and exports in the electronics and electrotechnics industry have remained strong though 
developments have evened out somewhat after the year 2000. 
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ICT firms have invested and expanded their activities, but increasingly overseas, 
particularly in rapidly growing Asian markets, such as China and India, as well 
as in Central and Eastern Europe. Motives voiced by some firms include Nokia’s 
squeeze on domestic suppliers and the need to follow Nokia to rapidly expanding 
markets. Production costs are rarely mentioned, though they obviously play a 
role. The proximity to markets motive suggests that R&D is increasingly product 
related, application oriented as opposed to basic research, in which case the 
technological opportunity, particularly in regard to radical innovations, would 
appear to be declining. If the entire sector is moving to a different phase in 
competition, in which the R&D emphasis has shifted from the R to close-to-the-
market D, detachment from domestic innovation policy, the domestic ICT cluster 
and technological developments therein, may have begun. Piekkola (2006) has 
suggested that firms are closing down and shifting operations abroad particularly 
in low density areas, i.e., where localisation economies of a specialised cluster do 
not support their productivity. 

Yet, the results of this study show that technical change has accelerated over the 
years. The technological opportunity would not seem to be narrowing, quite the 
opposite. However, rapid technical change implies rapid process innovation or 
product innovation in process goods. A shift from product to process innovation 
is therefore possible, which in turn may be linked to the industry product life 
cycle shift to a mature and tightened technological opportunity. High returns to 
scale and factor inputs point towards the need to expand local production, not 
close it down and shift it elsewhere. The fragmentation of production across 
borders would not appear the best means for reaping scale economies, though it 
is not contradictory since firms typically internationalise precisely to seek larger 
volumes and vertical disintegration of the production process is a phenomenon of 
globalisation. Increasing wages hardly explain the result since value added 
growth per hour worked has risen by 22.5 % p.a. in telecommunications 
equipment production, while earnings in Finnish technology industries have risen 
at most 8 % in 1995 and levelled to 3–4 % in recent years. In this sector, Finland 
fares among the best in Europe on all productivity related accounts.

R&D saving and labour using technical change may be a global long-term 
phenomenon in the life-cycle evolution of the electronics industry. Firms 
foreseeing these developments may prepare for it well in advance by shifting 
productive capacities to lower labour cost and high market potential countries, 
particularly since host countries’ technological capacities are also expanding 
rapidly. Highly increasing returns to scale present a natural impediment to catch-
up with frontier firms. Outward FDI may offer an alternative means for an 
inefficient lagging firm to escape the domestic market and start over in new 
surroundings full of opportunity.

An investment slump in the sector may also result from a policy favouring R&D 
investment relative to physical capital. Results show these inputs to be significant 
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substitutes. The abolishment of investment incentives has been argued to have 
led to improved capital efficiency. At the same time, the introduction of R&D 
support has warmed the investment climate towards innovation investment.16

Free education, i.e., a subsidised human capital input, and a centralised wage 
bargaining process maintain minimum wages at a relatively high level. Thus 
Finland features a compressed wage structure, and there is an abundant supply of 
highly trained experts, who are consequently relatively lowly paid, while less 
educated non-R&D workers may be relatively expensive to a firm. Combined 
with R&D incentives, the policy circumstances may have resulted in high R&D 
investment, but sluggish demand for non-R&D labour and physical capital 
investment.  

The persistency of the perceived technical inefficiencies suggests that the policy 
is suboptimal in terms of employment and growth. There is also the risk that to 
the extent that technological progress is more dependent on physical capital 
embodied technology than knowledge capital, the policy mix may have 
decelerated the rate of technological progress from its full potential. Further 
exploration of these important issues is left for future work.  

                                             
16 Finnish policy-makers are generally credited for a stable investment climate, combining sound macro-
conomic policies and well-functioning institutions, (i.e., after the outbreak of the depression in 1991).  
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Appendix Tables 

Table 7.  Translog Production Function OLS Estimates for 30 % R&D 
Depreciation Rate ( =30 %) for models D0 (no dummies), D1 (firm 
characteristic dummies), D2 (firm dummies).  

 D0 Param.  Est. Std Error D1 Param. Est. Std Error D2 Param. Est. Std Error 
10.991*** 1.457 10.708*** 1.492 15.358*** 2.181 
-0.107 0.170 -0.007 0.173 -0.342 0.236 

l  0.511 0.236  0.149 0.287  0.162 0.348 
r  0.079 0.121  0.138 0.121 -0.148 0.204 
t -0.002 0.062  0.051 0.063 -0.040 0.074 
kk  0.044*** 0.014  0.034** 0.014  0.038** 0.018 
ll  0.253*** 0.035  0.237*** 0.036  0.148*** 0.039 
tt  0.002 0.003  0.001 0.003  0.000 0.003 
rr  0.039*** 0.008  0.035*** 0.008  0.053*** 0.012 
kl -0.050*** 0.019 -0.034* 0.020  0.012 0.024 
kt  0.002 0.005  0.000 0.005  0.007 0.006 
tl  0.025*** 0.008  0.027*** 0.008  0.015* 0.008 
kr -0.017* 0.009 -0.019** 0.009 -0.017 0.017 
lr -0.031** 0.012 -0.022* 0.013 -0.047** 0.019 
tr   -0.011*** 0.003 -0.012*** 0.003 -0.007* 0.004 

Foreign ownership   -0.114* 0.064   
Size 2    0.112 0.082   
Size 3    0.280** 0.120   
Size 4    0.290* 0.157   
Size 5    0.334* 0.197   
Age 2    0.061* 0.067   
Age 3    0.012* 0.069   
Age 4    0.071* 0.052   
Debt 2   -0.079* 0.058   
Debt 3   -0.207** 0.049   
Exporter   -0.104* 0.062   
Localisation 2    0.193* 0.097   
Localisation 3   -0.012* 0.100   
Urbanisation 2   -0.061* 0.103   
Urbanisation 3    0.097 0.115   

*** t-value significant at the 1 % level; ** at the 5 % level; * at the 10 % level.  
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Table 8.  Maximum Likelihood Estimates for =30 % R&D Depreciation 
Rates.

 Model (Tark7) Parameter Estimate Standard Error 
         13.22***             1.32    
 -         0.09             0.14    

l  -         0.07             0.24    
r            0.13             0.10    
t  -         0.08             0.05    
kk            0.04***             0.01    
ll            0.21***             0.03    
tt            0.01***             0.00    
rr            0.04***             0.01    
kl  -         0.02             0.02    
kt  -         0.00             0.00    
tl            0.04***             0.01    
kr    -         0.02***             0.01    
lr  -         0.02             0.01    
tr     -         0.01***             0.00    

Intercept for efficiency           1.34***             0.21    
Log Lerner index (profits/turnover) -         0.29***             0.03    
Log debt ratio            0.02             0.01    
Log material intensity           0.15             0.14    
Type 2 (Foreign owned)            0.10             0.10    
Exp2  (Exporter)           0.14             0.09    
Size 2  -         0.17             0.10    
Size 3  -         0.54***             0.12    
Size 4 -         0.55***             0.17    
Size 5  -         0.98***             0.21    

10 Age 2  -         0.07             0.10    
Age 3 -         0.06             0.11    

2 Age 4 -         0.12             0.09    
3 Localisation 2 -         0.26             0.13    
4 Localisation 3           0.07             0.13    
5 Urbanisation 2           0.15             0.16    
6 Urbanisation 3 -         0.14             0.18    

2 Sigma-squared           0.32***             0.02    
Gamma           0.36***             0.07    
Mean BC-Efficiency 0.561

*** t-value significant at the 1 % level; ** at the 5 % level; * at the 10 % level.  
Note: The positive delta e.g., for debt ratio indicates that the more indebted firms in the sample tend to be less efficient. A negative 
delta for a dummy variable like size and age imply an opposite relationship with inefficiency.  A negative delta for the Lerner Index 
indicates that the higher the firm’s profitability, the lower its inefficiency.  
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Data Issues Appendix

Nominal variables were deflated with sectoral producer price indices at the 2 and 3 digit 
levels (1995=100), with the exception of R&D prior to 1995. Due to the unavailability 
of better options, the general earnings level index was used to deflate R&D prior to 
1995. Double-deflation of output would also have been an option, as it has been 
considered superior particularly when input and output prices move differently over 
time, by e.g., Stoneman and Francis (1994), but due to the strong decline in some ICT 
output prices, it would more likely have introduced a distortion. 

To some extent, dummies control for potential heteroscedasticity in the data by allowing 
for different signs to coefficients of sub-groups. Although it is difficult to tell when the 
impact of a dummy variable turns from negative to positive or vice versa, i.e., identify 
the non-monotonic point, the dummy indicates an interval for this point provided that 
there are a sufficient number of sub-groups. Since the objective of this paper is not to 
provide exact measurements, but rather indications on the direction of developments, 
the use of dummies can be considered by and large adequate. The frequency 
distributions of dummies are presented in Tables 9a and 9b below.

Table 9a.  Frequency Distribution of Firms by Debt Ratio, Age and Number of 
Personnel.

Debt ratio Freq. (%) Age in years Freq. (%) Size by number of personnel Freq. (%) 
< 50 % 594 (60%) years 2 244 (25%) 20 labour<50 347 (35%) 
50-100% 151 (15%) 2<years 4 144 (15%) 50 labour<100 167 (17%) 
>100% 243 (25%) 4<years 7 135 (14%) 100 labour<250 195 (20%) 

7<years 465 (47%) 250 labour<500 119 (12%) 
    labour 500 160 (16%) 
 988  988  988 

Table 9b.  Frequency Distribution of Firms by Urbanisation, Localisation, 
Export and Ownership.  

Urbanisation Freq. (%) Localisation Freq. (%) Exports Freq. (%) Ownership Freq. (%) 

1, smallest 73 (7%) 1, smallest 84 (8%) No 130 (13%) Domestic 857 (87%) 

2, medium 203 (21%) 2, medium 105 (11%) Yes 858 (87%) Foreign 131 (13%) 

3, largest 712 (72%) 3, largest 799 (81%) 
Total 988  988  988  988 

Potential Selectivity Biases 

As sector information fluctuated somewhat causing disruptions in the time series for a 
number of firms, the categorisation was broadened to include all firms which had for 
several years belonged to the ICT equipment producing sector.17 The LDPM 

                                             
17 E.g., some firms have shifted focus back and forth between ICT services and manufacturing.  
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(Teollisuustilasto) and Financial Statements statistics (Tilinpäätöspaneeli) were used as 
primary sources, complemented by the R&D Survey.  
The ICT sector has experienced considerable turbulence at the micro level over the 
period resulting in entries, exits, mergers and fluctuations. The exclusion of entry and 
exit from consideration may bias results downward or upward, but since an unbalanced 
panel was employed, this only means that the ups and highs are smoothed out over the 
period and results should be considered as indicative of trends rather than as absolute 
realised outcomes. Exiting firms are not necessarily bankrupt basket cases, but may 
actually be productive or innovative acquisitions of a larger firm.

The labour input variable may be biased downwards due to the unavailability of hours 
worked. Reported overtime averages at most at 5 % of regular working time for the 
electronics, machinery and metal industries as a whole, but unreported overtime may be 
much higher.

Capital stock estimates were calculated into the Statfin Longitudinal database by 
Maliranta (2003, p. 296) based on the continuity, non-negativity and availability of 
machine and equipment investment data. He used the perpetual inventory method with a 
10 % annual rate of depreciation. Secrecy requirements prevented the identification of 
firms and data checks on publicly available information. The disaggregation of data in 
the LDPM database caused some disparities relative to the firm level Financial 
Statements Panel. Nevertheless, according to Maliranta (2003), capital inputs are 
available for 66–79 % of all plants in the 1990–1998 period. After the exclusion of 
firms with less than 20 employees, the data covers 35–70 % of all firms in the period. 
Despite the exclusion of firms with less than 20 employees, he considers the dataset 
reasonably representative from the standpoint of total manufacturing employment and 
production18. In addition, capital stocks were complemented from financial reports on 
investments to the extent knowledge on initial capital stocks and investments were 
available for a reasonable estimate.  

For 1998–2000, the R&D panel suffers from serious errors, selection bias or 
discontinuity, as reported R&D investment drops drastically and inexplicably. This 
problem was overcome by replacing missing observations with averages of the former 
and the subsequent year prior to the estimation of the R&D stock, which in itself 
smoothed the R&D impact. While the true economic depreciation or obsolescence of 
R&D assets is determined by technical change (which was rapid) in the industry, 
imputations and a high depreciation rate can be justified by the predominance of wages 
and salaries in R&D spending. In recent years, approximately half of R&D expenditure 
in the ICT manufacturing sector has consisted of labour costs. In 2004, external R&D 
and investments accounted for only about 5 % of total R&D expenditure. The remaining 
part has been predominantly material expenditure. Since the firms’ knowledge base is 
human capital embodied to a large degree, firms smooth their R&D spending over time 
to avoid lay-offs, i.e., high serial correlation of R&D relative to other investment is a 
well known fact.19

                                             
18 Maliranta, M. (2003): Micro Level Dynamics of Productivity Growth. An Empirical Analysis of the 
Great Leap in Finnish Manufacturing Productivity in 1975–2000, ETLA A 38, p. 295. 
19 Hall, 2002.  
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Statistics Finland uses only a sample to collect R&D data for firms with less than 100 
employees. The R&D survey ignores current R&D investments in starting firms at the 
quantitative aggregate level, but their significance was small as only 2 percent of total 
industrial R&D originated from firms with less than 10 employees or 7 % respectively 
for firms with less than 50 employees in 2003. Meanwhile, firms with 500 or more 
employees accounted for 70 % of all R&D, and firms with at least 100 employees for 
87 % of total corporate R&D.20 Similarly in the sample, firms with over 500 employees 
account for 76 % of total R&D capital. In 2004, the Statistics Finland R&D survey 
included 233 firms in the sector, of which 165 had 10 or more employees and 91 at least 
50 employees.   

Table 10.  R&D and Size of Firm in 2003. 

Number 
of Per-
sonnel

Share of indus-
trial R&D in 

Finland

Number of 
Personnel

Share of R&D 
Capital in 

Sample 

Number of 
Personnel

No. of Firms in ICT 
Manufacturing in R&D 

Panel, 2004* 

Share
in Total 

0-9            0.02  0 % 0-9            68 29 % 
10-49 0.07 20-50 3 % 10-49 75 32 % 
50-99         0.04 50-99 3 % 50-249        60 26 % 
100-249 0.08 100-249 6 %   
250-499 0.09 250-499 12 % 250+ 31 13 % 
500+ 0.70  500+ 76 %   
Total 1.00 Total 100 % Total 233 100 % 

*Annual R&D panel survey of the Statistics Finland not including all firms, Science, Technology and Information Society Statistics, 
2005. 

Kleinknecht (1987) found large firms to account for 77 % of Dutch R&D contrary to the 
official 91 %. Also Stoneman and Toivanen (2001) found large firms more likely to 
report their R&D expenditures relative to more informal and mixed R&D efforts in 
small firms. The official data is biased in favour of large firms in terms of data 
collection, but official collectors of R&D survey data claim it to be representative of the 
entire population and to cover most Finnish firms engaged in R&D activity. 
Furthermore, the ICT hype of the end of the 20th century is likely to have encouraged 
many small firms to exaggerate R&D investment to appeal to investors rather than 
underestimate it.  

In addition, the R&D Survey data description admits that measurement errors may arise 
from varying firm responses to the survey, but that sample error and under-coverage are 
small.21 These hindrances may bias the results somewhat, but are tolerable provided that 
the omissions do not change the shape of the production function significantly. Though 
there may be firms excluded due to their lack of R&D, this is unlikely to cause a 
problem, since non-R&D-performing firms compete in a different category and are 
unlikely to be comparable with the R&D-performing firms in any case. It is, however, 
necessary to underscore the fact that the analysis concerns only innovative firms, and 
the exclusion of smallest firms is unlikely to bias results excessively in terms of the bulk 
of R&D.

                                             
20 Statistics Finland. Science, Technology and Information Society Statistics, 2005. 
21 Statistics Finland. Quality description: R&D. 2005. 



29

The proportion of all firms employing less than 20 people was 89 % in 1993 and 86 % 
in 2004. Their share of total employees was, however, only 12 % and 7 % respectively, 
and their share of total turnover only 6 % and 2 %, or of total wage costs 9 % and 5 % 
respectively for 1993 and 2003. Though large in number, the exclusion of firms with 
less than 20 employees cuts out only about 10 % of total economic activity in the sector.  

In 2003, the true number of firms operating in the sector rose to almost 1700, and 233 if 
only firms with over 20 employees are considered. Meanwhile, observations were 
available for only 84 firms in the sample, i.e., for about 36 % of the total number of 
firms in the sector. In 2004, the sector employed more personnel in subsidiaries abroad 
than in Finland, but the sample figures include only activities in Finland.

Table 11. The ICT Manufacturing Sector in Finland in 1993 and 2003. 

1993 No. of 
Firms 

No. of 
Personnel

Turnover
(€1000) 

Wages No. of 
Firms 

No. of 
Personnel

Turnover
(€1000) 

Wages

Employees <20 1331 4239 282430 67055 88.5 % 11.7 % 6.0 % 8.8 % 
20  Employees <50 82 2543 209725 54382 5.5 % 7.0 % 4.4 % 7.1 % 
50  Employees <100 34 2493 283919 54748 2.3 % 6.9 % 6.0 % 7.2 % 
100  Employees <250 26 4025 412188 83638 1.7 % 11.1 % 8.7 % 11.0 % 
250  Employees <500 19 6580 651932 131471 1.3 % 18.1 % 13.8 % 17.3 % 
 Employees 500 12 16483 2887185 370140 0.8 % 45.3 % 61.1 % 48.6 % 
Total 1504 36364 4727379 761434 100 % 100 % 100 % 100 % 
2003         
Employees <20 1463 4465 515504 121801 86.3 % 6.7 % 1.7 % 4.9 % 
20  Employees <50 112 3473 481738 105773 6.6 % 5.2 % 1.6 % 4.3 % 
50  Employees <100 46 3127 367413 87639 2.7 % 4.7 % 1.2 % 3.6 % 
100  Employees <250 40 6149 1044346 188385 2.4 % 9.2 % 3.4 % 7.6 % 
250  Employees <500 19 6759 1136841 214317 1.1 % 10.2 % 3.7 % 8.7 % 
 Employees 500 16 42564 27504551 1747084 0.9 % 64.0 % 88.6 % 70.9 % 
Total 1696 66537 31050393 2464999 100 % 100 % 100 % 100 % 

Source: Statistics Finland, Finnish Enterprises Database.

Outliers and robustness of results 

There are clearly some outliers in the data, but in frontier analysis the exclusion of 
outliers is even more suspect than usual. Due to data secrecy requirements there was no 
other basis for their exclusion other than their extremeness in value. For example, as 
Table 12 below shows, the subtraction of reported R&D personnel from total personnel 
resulted in three observations having only 1 employee. This is, however, a perfectly 
plausible outcome in a small firm where all employees are required to do R&D. The 
number is low enough to round up into 0 % of total observations. Since the Nokia 
Group has been split into its subgroups in the data, it does not stand out too clearly 
among the largest companies.  

The exclusion of outliers could have resulted in the removal of frontier firms defeating 
the purpose of the exercise. The principle of non-exclusion was therefore adopted, with 
few exceptions: Altogether 3–4 % of observations were removed due to a negative or 
missing value-added when logarithms were taken, extreme annual variation or 
impossible value-added figures. Since the results should only be considered as 
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indicative of magnitude and direction, outliers should not have a significant impact on 
the conclusions. 

Table 12.  Frequency distribution of Firms by Size of Personnel Excluding 
R&D Personnel. 

Number of Personnel 
Excluding R&D Labour 

Cumulative Frequency 
of Observations 

Cumulative Percent 
of Observations 

1 3 0 % 
10 10 1 % 
21 111 11 % 
27 197 20 % 
37 298 30 % 
52 394 40 % 
80 493 50 % 

128 593 60 % 
203 692 70 % 
356 790 80 % 
678 889 90 % 

1029 939 95 % 
13516 988 100 % 

Several experimentations were made in regard to the robustness of the results. The 
flexibility of the functional form renders the results less robust to changes than those 
from more rigid functional forms. However, the rejection of constant returns to scale 
proved extremely robust, as well as high average technical change, productivity growth, 
elasticity of inputs, inefficiency, the persistency of differences between firms, high 
distribution of firms with respect to the frontier and high time-varying inefficiency. That 
is, all the main trends reported as results proved extremely robust regardless of the type 
of the model applied.  

There was only one exception. If labour number is replaced with labour expenditure, the 
Maximum Likelihood equations no longer vary by efficiency, stochastic or 
deterministic. Deviations from the frontier are due entirely to noise and none to 
inefficiency. Labour expenditure also reduces average scale elasticities to constant 
returns to scale, but the tests still reject the hypothesis, which may be due to the 
variation in individual firm returns to scale. If material expenditure, obtained by 
subtracting value-added from turnover, is included in the function, the explanatory 
power of the OLS regressions rises to over 99 %. Material purchases are such an 
important share of operations that managing them optimally is the main determinant of 
output. Yet, with labour expenditure as the labour variable, maximum likelihood 
estimation did not give efficiency any role, but variation in output was again due to 
some other determinants. Labour expenditure is, however, inappropriate for output 
oriented efficiency measurement.  
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Appendix: A Brief Overview of the Finnish ICT Sector 

Hampered by a severe recession in the early 1990’s, which shrunk GDP by roughly 
11 %, the Finnish economy rebounded in 1994–2000 to about 4–6 % annual growth 
(Table 13) characterised by rapid technological development, productivity growth, and 
further internationalisation of companies and of the economy. At the core of the 
economic momentum was the electronics industry and within them, ICT equipment and 
particularly the mobile phone industry. Firms’ turnover in the electronics and 
telecommunications equipment sector grew 3.7-fold.22 According to international 
competitiveness comparisons, Finland advanced to the global frontier of innovation and 
productivity, largely due to its technological progressiveness.23 In 1995–2000 high-tech 
industries grew by 28 % p.a. on average, tripling the value of high-tech production, 
while other industries reached 7 % average annual growth. A slowdown followed only 
in 2001–2002.

Table 13.  Growth rates 1990–2002 (percentage change from the previous 
period).  

 1990 1991 1992 1993 1994 1995 1996 1997 1998 1999 2000 2001 2002 
Real GDP -0.3 -6.4 -3.8 -1.2 3.9 3.4 3.9 6.3 5.0 3.4 5.1 1.1 2.3 
TFP growth .. -3.7 -0.8 1.5 3.7 2.1 2.7 4.0 3.5 1.2 3.5 -0.1 1.2 
Electronics and optical 
equipment manufactur-
ing 3.8 

-
12.5  12.1 19.9 26.5 24.5 13.1 19.4 34.9 24.9 38.3 0.4 9.4 

Labour productivity 
growth in ICT 10.3 -1.5 18.4 15.8 10.0 3.5 8.6 13.7 23.4 13.3 33.2 -0.5 14.3 
Sources: Finnish Economy – Structural Indicators 2004. Government Institute for Economic Research; 
National Accounts. Statistics Finland. 

Liberalisation of the telecommunications market in the early 1990’s gave a major push 
to the sector, though at first it meant severe cuts in employment.24 The Finnish sector 
has a global market leader, Nokia. Despite its dominance on the domestic market, 
neighbouring Swedish Ericsson and other global producers have brought about 
competition also for smaller equipment suppliers. Of all industries, the ICT equipment 
industry invests most, approximately 2 billion euros in recent years, in R&D p.a. and 
exports 80 % of its output, accounting for 25 % total Finnish goods exports in 2004. 
Innovative electronics solutions can be found all around us ranging from mobile phones 
and various products to production processes.25

                                             
22 Statistics Finland, Science, Technology and Information Society Statistics.  
23 E.g., in 2001, the International Institute of Management Development (IMD) rated Finnish 
technological infrastructure as the third best in the world after the USA and Sweden. The United Nations 
Development Programme (UNDP) has considered Finland as the technologically most advanced country 
in the world, and in 2001, the World Economic Forum rated Finland first in its growth and its current 
competitiveness rankings. In 2002, the IMD placed Finland second in its competitiveness ranking, while 
the WEF ranked Finland third in its technology index and first for public institutions.  
24 Paija (2001). 
25 Source: Technology Industries of Finland (Teknologiateollisuus). 
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High productivity growth during this period is a well established fact. TFP growth 
accelerated from 0.3 % p.a. in 1990–1995 to 2.2 % p.a. in 1995–2002, reaching about 
3 % p.a. in the late 1990’s. While estimated growth rates vary somewhat by source, 
productivity growth placed Finland in the same category with Ireland and Korea in ICT 
equipment manufacturing.26 In 1992–1999 ICT manufacturing grew 32 % p.a. on 
average. ICT equipment and electronic components manufacturing dominate the ICT 
sector, but some overlap exists between services and manufacturing in the data. 27The
ICT services sector (telecommunications and computer services) also made rapid 
progress, but as an emerging smaller scale industry. Consequently, the ICT equipment 
manufacturing sector appears as the technologically most progressive source of 
productivity growth with some critical mass in Finland.  
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Figure 2.  Productivity Growth.  

Source: Finnish Economy – Structural Indicators 2004. Government Institute for Economic Research. 

The confinement of growth and technological progress to the ICT equipment 
manufacturing sector is striking. Daveri and Silva (2004) have estimated productivity 
growth to have relied almost solely on the “Nokia” industry. as well as Post & Telecoms 
and Rental of Machines & Equipment/ IT consulting services with highly limited 
spillovers to the rest of the Finnish Economy. In 1992–2000, “the three sectors together 
accounted for more than 40 % of the aggregate TFP performance and more than one-
third of aggregate labour productivity, with Nokia being in both cases the main 
contributor. Although this result is partially induced by the large share of value added 
imputed to Nokia, the bulk of it is driven by the spiky acceleration of industry 

                                             
26 Statistics Finland, National Accounts, Pilat and Wyckoff (2003), Maliranta (2001), Junka (2003). 
27 Paija (2001). 
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productivity as documented above. The contribution of IT consultancy services … is 
limited by its rather small size.” Moreover, Daveri and Silva (2004) suggest that “the 
main mechanism underlying the observed TFP acceleration in the IT services industries 
in Finland has not been spillovers from Nokia, but rather the world decline in the price 
of semiconductors.” In 1999, Nokia employed one third of all employees in the sector 
directly, and almost 45 % if first-tier subcontractors are included. 28

R&D investments grew rapidly in the latter half of the 1990’s mainly due to the  
20–40 % R&D growth rate in the rapidly expanding electronics sector, before halting in 
2000. The electronics industry has accounted for roughly half of all business sector 
R&D investments. Finnish industry’s high R&D intensity relies on the electronics 
industry, which alone produces over 55 % of all corporate R&D activity, i.e., 1.4 % of 
GDP, of which Nokia Corporation accounts for about 90 %. Without it, Finland would 
not be a high-tech country or at the forefront in international R&D comparisons. 
Developments in the sector have repercussions on the entire economy across regions. At 
least in the medium term, Finnish industry’s positioning on the global technology 
frontier is linked to developments within the ICT cluster and will likely be central in 
defining Finland’s future role in the global distribution of work.

R&D as a share of GDP
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28 Paija (2001). 
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Growth of R&D in Finland
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