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12.1 Background and purpose 

12.1.1 Production function approach  

Appropriate investment and management of infrastructure is an important 
issue in national or regional planning. Aschauer (1989) reported two im-
portant findings: that infrastructure productivity was significantly higher 
than expected, and that fewer investments in the U.S after 1970 would re-
sult in less growth of national productivity. Since then, measurement of in-
frastructure productivity has become a focal issue in national or regional 
management policy, and a large number of empirical studies have accumu-
lated; see Strurm (1998). An aggregate production function approach for 
time-series applied in Aschauer’s study, however, was criticized by econ-
omists, or econometricians. Among the assumptions inherent in the pro-
duction function approach, “constant return to scale” and “competitive in-
put factor market” are often viewed with suspicion from the viewpoint of 
the endogenous growth theory by Romer (1986) and Lucas (1988) or from 
an uncompetitive structure of infrastructure market, respectively. Basu and 
Fernald (1997) empirically tested these assumptions with the production 
function approach, based on data from 34 sectors of U.S. industries. They 
concluded that in some segmented sectors of industry, the constant return 
to scale assumption was violated but that it held true in most sectors. 
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Holtz-Eakin and Lovely (1996) analyzed the effect of infrastructure on 
economic activities by using a general equilibrium system explicitly consi-
dering scale economies. They showed that infrastructure decreases the in-
put factor cost, increases the variety of industries, and increases the num-
ber of newly founded companies. Haughwout (2002) applied the spatial 
equilibrium theory considering regional monopolistic power over input 
factor market, and measured infrastructure productivity. This study 
showed that infrastructure provided significant marginal benefit on region-
al economic activities. Most studies have reported that there is a positive 
production /cost reduction effect caused by infrastructure, but unfortunate-
ly, some studies have paid little attention to the data generation process 
that significantly influences findings through model specifications. Recent 
American, European, and Japanese studies about the production function 
approach have been widely reviewed by Ejiri et al. (2000).  

From an econometric standpoint, model misspecification, the possibility 
of reverse causation from the product to infrastructure, and spurious corre-
lation are often focused upon as nuisance problems in statistical regression 
analysis. All these faults in modeling result in inconsistent, inefficient, or 
biased estimates. A typical model misspecification is to dismiss technolo-
gical improvement or scale economies. Duggal et al. (1999) formulated the 
time series production function model which explicitly considered tech-
nological growth as a function of infrastructure, and nonlinear labor prod-
uctivity (allowing increasing and decreasing return to scale), and then ap-
plied the model to U.S. data. In this approach, it is necessary to estimate 
factor demand function, due to a violation of the constant return to scale 
assumption; hence the two stage least square method was adopted. The re-
sult obtained in this study supported that of Aschauer. Everaert and Heylen 
(2001), used the simultaneous equations method based on the error correc-
tion mechanism, which uses a differenced data series with first order, in 
order to test spurious correlation, reverse causation, and endogenous bias 
problems in the production function approach. In the application to Bel-
gian data, the reverse causation from output product to infrastructure was 
rejected. To address the spatial correlation problem, many studies using 
the spatial econometrics approach have been conducted. Tsukai et al. 
(2002) estimated regional production function with spatial spillover effect, 
and in fact found a significant spatial spillover effect. The serial autocorre-
lation problem, however, remains unresolved in their study, since the pro-
duction function is estimated by cross-sectional data. 

Unfortunately, our review found no studies focusing on the persistent 
(lagged) production effect of infrastructure. An analysis of the persistent 
production effect of infrastructure requires an appropriate model specifica-
tion for both spatial expansion and temporal persistency. Another require-
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ment for the time-series production function approach is an appropriate 
consideration of the technological innovation effect. The technological in-
novation effect is modeled as residuals that cannot be explained in struc-
tural terms of the production function, but which might show particular 
spatio-temporal structure. In other words, the characteristics of spatial / 
cross-sectional structure should be explicitly modeled. In this study, the 
lagged effects of infrastructure productivity and technological innovation 
are specified as a multiple time series model with a long persistent effect.  

12.1.2 Long persistent productivity of infrastructure 

If the production effect of infrastructure lasts over years after the invest-
ment, multiple time series used for regional production function would 
have the long persistent property, which in the time series data is a kind of 
statistical property of the data generation process (DGP), mathematically 
defined in Sect. 12.2.1. Various empirical studies about time series data 
such as those involving temperature in climatology, voting behavior in po-
litical science, currency exchange rate in macro-economics, and merger 
and acquisition behavior in management economics, have reportedly found 
the long persistent property in these time-series data (Box-Steffensmeier 
and Tomlinson 2000; Barkoulas et al. 2001).  

The studied series obtained by aggregation over some regions or several 
durations would have the long persistent property, even if each series does 
not have long persistency. Davidson and Sibbertsen (2005) gave simula-
tion results to demonstrate what appears to be the long persistent property 
in aggregated data series from non-persistent disaggregated series. Sup-
pose a process exhibits short memory fluctuations (i.e. uncorrelated stan-
dard disturbance such as with white noise) around a local average which 
randomly switches such that the durations of the regimes follow a power 
low. The authors showed that the aggregated process composed of a large 
number of independent copies of such process results in fractional Brow-
nian motion, known to show long persistent behavior. They stated that an 
aggregated time series actually does not correspond to the single repre-
sentative firm, but encompasses an extensive geographical area including 
many heterogeneous firms or regions that are interdependent. In terms of 
long persistency in economical data, Michelacci (2004) refers to the delay 
of innovation to replace capital in the private sector. Even though new pri-
vate capital embedding the latest technology can make more profit, an 
immediate catch-up strategy to replace present capital with the latest one 
may not be optimal for each individual firm. An option to postpone the 
catch-up may rather be preferred under the rapid growth of technology, or 
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in the case where present capital has been recently replaced. In a situation 
where some firms immediately adopt new technology but others do not, 
technological innovation in aggregated series would show long persisten-
cy.  

Michelacci’s consideration about the “delay of innovation” phenomenon 
may also be applicable to infrastructure productivity measured through 
private sector output. Suppose there is a change in land use, such that fac-
tories are not immediately, but gradually concentrated along newly con-
structed infrastructure. Then the production effect by new infrastructure 
would be observed with some delays. The other notable point is that infra-
structure data is estimated by aggregation of individual stock with different 
vintage. If infrastructure productivity depends on its vintage, because of, 
for e.g., gradual change in land use, it is not appropriate to assume an in-
stantaneous productivity effect of infrastructure. Therefore, the long per-
sistent effect of infrastructure on production output seems worth explicitly 
considering in the econometric measurement of infrastructure production 
effect. 

12.1.3 Time-series model with a long persistent effect 

In the Box-Jenkins approach known as a standard time series analysis, a 
non-stationary time series should be differenced in order to convert it into 
stationary. Then the converted (stationary) series is used for modeling the 
stochastic process with AR and MA parameters, called the ARIMA model. 
While differentiation to remove the non-stationary property of time series 
data is a popular data handling technique proposed in the standard Box-
Jenkins method, Munnel (1992) argued that first differencing destroys 
long-term relationships in the data, and therefore does not make economic 
sense. Strum and deHaan (1995) estimated production function, and ob-
tained insignificant estimates of private capital and labor by using first dif-
ferenced data series (they assumed original data series are integrated).  

The loss of information by first differencing was originally pointed out 
by Granger(1980) and Hosking(1981). Instead of first differencing, they 
proposed fractional integration order between no integration (level) and in-
tegration. Fractionally integrated time series exhibits long persistent beha-
vior but still holds the stationary property if fractional integration order is 
less than 0.5. The ARFIMA (Auto-Regressive, Fractionally Integrated, 
Moving Averaged) model that combines fractional order of time series in-
tegration with the conventional autoregressive / moving average method 
has been widely applied to prove its empirical applicability, such as for 
stock price series or international exchange rate (Smith 1997; Henry and 
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Olekalns 2002; Robinson and Hidalgo 2003). The ARFIMA model can in-
clude exogenous variables for deterministic trend, called the ARFIMAX 
model (ARFIMA model with exogenous variables). In order to measure in-
frastructure productivity, regional output series should be modeled as sto-
chastic process, which deterministic term is explained by the production 
function including labor, private capital, and infrastructure term.  

The purpose of this study is to clarify the long persistent effect of infra-
structure on regional productivity. The regional production function with 
fractional integration is formulated and is applied to Japanese data. This 
Chap. is organized as follows: Section 12.2 shows the general formulation 
of the ARFIMA model with exogenous variables, and specifies the produc-
tion function to be estimated. Data and the results of estimation with some 
discussion are presented in Sect. 12.3. Finally, the conclusion and a sum-
mary of further issues for study appear in Sect. 12.4. 

12.2 Long persistent model 

12.2.1 ARFIMA model with exogenous variables (ARFIMAX 
model) 

The formulation of an ARFIMA model without exogenous variables is 
similar to the ARIMA model proposed by Box and Jenkins, but an 
ARFIMA model permits fractional differencing / integration order. Sup-
pose that  t  is discrete time indices ( 0,...,t T= ), tY  is an endogenous vari-
able driven by normally distributed disturbances as 2(0, )t Nε σ , L  is a 
lag operator defined by 1t tLY Y −= , and d  is fractional differencing / inte-
gration order. The ARFIMA model is formulated as follows in Eq. (12.1).  
 

(1 ) ( ) ( )Yd
t tL L Y Lφ ϕ ε− =  (12.1)
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In Eq. (12.1), 0Yd >  indicates fractional differencing, 0Yd <  indicates 

fractional integration, and 0Yd =  indicates no differencing, no integration. 
Note that Eq. (12.2) is obtained as Maclaurin expansion of (1 ) YdL−  which 
has a structure mathematically identical with ( ) (1 )df x x= − as follows:  

 

( ) !(1 ) ( 1)( ) ( 1) ( 1) (1 ) ( 1)
( )!

d j j
j d j j d xf x d d d j x

d j

−
− − −

= ⋅ − − + ⋅ − − =
−

L  

 
Therefore 
 

( )

0 0 0 00

!( 1) !( 1) ( 1)(1 ) (0) (1 ) ( 1)
! ! ( )! !( )! ( 1) ( 1)

j j j j
d j d j j j j

j j j jx

x x d d dx f x x x
j j d j j d j j d j

∞ ∞ ∞ ∞
−

= = = ==

⎛ ⎞− − Γ +
− = = ⋅ − = ⋅ = ⋅ − ⋅⎜ ⎟− − Γ + Γ − +⎝ ⎠

∑ ∑ ∑ ∑  

 
In Eq. (12.2), ( )aΓ  is a gamma function, which is interpreted as expan-

sion of factorial calculation into real numbers, such as 
1

0
( ) e , ( ) ( 1)a xa x dx a a a

∞ − −Γ = Γ = Γ −∫ . If a  is an integer, ( ) ( 1)!a aΓ = − . Note 

that ( )aΓ  can also be defined for negative real numbers except for negative 
integers. Equation (12.2) indicates that fractional differencing can be ex-
panded as an infinite series of lagged tY s. Here, an invertible condition for 

Yd  that 1/ 2Yd <  is assumed (Granger, 1980). ( )Lφ  in Eq. (12.3) and ( )Lϕ  
in Eq. (12.4) are called AR, or MA lag polynomials. Assume invertible 
condition for ( )Lφ  and stationary condition for ( )Lϕ , which is 

1, , 1pφ φ <L and 1, , 1qϕ ϕ <L (see Box et al.1994). In this case, Eq. (12.1) 
can be transformed into Eq. (12.1a).  
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Equation (12.2a) is again obtained, as Maclaurin expansion of 
(1 ) YdL −− indicates that the series of jπ contains infinite terms (see details in 
Minotani 1995). Since the inverse of AR polynomial 1( )Lφ− can be ex-
panded into an infinite series of lagged parameters, tY  is driven by an infi-
nite series of disturbance terms. When 1( )Lφ−  and (1 ) YdL −−  satisfy statio-
nality, they eventually reach 0. However, two parameter series differ in 
diminishing speed with a lag increase. Suppose that jh  is the composite 
parameter of Eq. (12.1). Gourierouex and Monfort (1997) showed the fol-
lowing approximation for jh  if j →∞ : 

 

11

1 ( )
d

jh j
d

ϕ
φ

−≈
Γ

 (12.5)

    
In Eq. (12.5), 1 / ( )dj d− Γ  stems from jπ  converges to 0 under the sta-

tional condition 1/ 2d < . While AR and MA parameters also exponentially 
converge to 0 such that ( 1)jk k < , these parameters converge faster than 

1 / ( )dj d− Γ , so that they do not appear in Eq. (12.5). Lower convergence 
property with lag in fractionally differenced series is called long persisten-
cy, or long memory.  

The ARFIMA model with exogenous variable, called the ARFIMAX 
model, is formulated in Eq. (12.6).  

 

(1 ) ( ) (1 ) ( ) ( ) ( )Y Xd d
Y t X t tL L Y L L f X Lφ φ ϕ ε− − − =  (12.6) 

  
where tX  are exogenous explanatory variables, ( )tf X  is a linear function 
of tX , Xd and Yd  are fractional integration parameters (i.e. 0Xd >  indi-
cates fractional integration), respectively, and ( ), ( )Y XL Lφ φ are AR lag po-
lynomials. Stationality and invertibility are assumed to be parameters in 
Eq. (12.6), and the transformation of Eq. (12.6) is shown as Eq. (12.6a).  
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Equation (12.6a) indicates that the long persistent property appears for 
both deterministic and stochastic processes as  ( )tf X  and tε , hence they 
have a parameter series with infinite lags. Note that if 0Yd = , the stochas-
tic process is identical to the ARMA process in the latter case, hence long 
persistency does not appear in error term, and if X Yd d= , long persistency 
does not appear in infrastructure term. 

In the ARFIMA model and the ARFIMAX model, differencing parame-
ters are not given but estimated from observed data series. Difficulties in 
parameter estimation can be summarized into three types. First, because of 
slow and infinite persistency of fractionally differenced / or integrated 
process, a relatively larger number of samples is necessary to obtain good 
(i.e., consistent, unbiased, and efficient) parameters (Bhardwai and Swan-
son 2005). Second, a step-wise estimation procedure that initially estimates 
d̂ , then estimates the other AR and MA parameters using d̂  to filter the 
series, such as the GPH method, tends to be biased under small samples, 
because d and the other parameters are dependent (Beran 1992; Igresias et 
al. 2005). Therefore, differencing parameters and other parameters should 
be simultaneously estimated. Robinson and Hidalgo proposed the maxi-
mum likelihood estimator obtained by frequency domain data series, 
which has desirable asymptotic properties (2003), and Tanaka showed that 
the ML estimator by time domain data also has such properties (1999). Fi-
nally, when long persistency is observed, it is difficult to distinguish 
whether the long memory process is truly appropriate as DGP. If regime 
switch (average drift) occurred in a time series, a misspecified long persis-
tent model should yield a significant fractional differencing parameter 
(Davidson and Sibbertsen 2005; Dufrenot et al. 2005). Such difficulties 
should be carefully considered in empirical application.  

Using composite parameters functioning as ( ), ( )XH L H Lε , Eq. (12.6a) 
can be written into Eq. (12.6b). 

 

( ) ( ) ( )t X t tY H L f X H Lε ε= +  (12.6b)

 
( )XH L and ( )H Lε  determine the shape of lag distribution of determinis-

tic term and stochastic term. The lagged parameters for deterministic terms 
are already known as distributed lag models (Almon 1965; Siller 1973), in 
which average lag delay, e

xl , can be calculated by using estimated lag pa-
rameters. Suppose that x

t ih − s are a series of lag parameters ( 1x
th = ), Ta is a 
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data aggregation span, and m  is lag truncation length. e
xl  shown in 

Eq.(12.7). 
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Note that e

xl  of ARFIMAX model does not converge for infinite m , 
since e

xl  includes the term  1d dj j j−⋅ =  if 0d > , see and compare Eq. (12.5) 
and Eq. (12.7). When finite m  is set at empirical parameter estimation, e

xl  
can be calculated by Eq. (12.7), but the result could be interpreted as a 
kind of approximated index. Since further discussion about this point is 
beyond the scope of the present paper, we adopt Eq. (12.7) to calculate av-
erage lag delay.  

12.2.2 Specification of production function with a long 
persistent effect 

In this paper, we estimate a simple Cobb-Douglas type production func-
tion. Unfortunately, the number of available samples is insufficient among 
annual statistics in Japan, so that cross-sectional and longitudinal data are 
pooled in order to obtain stable parameter estimates. The data we use is 
provided by Doi (2003) on his website, available for 46 prefectures from 
1955 to 1998 (44 years), details of which are provided in Sect. 12.3.1. 
Suppose that i  is regions ( 1,..., 46; 46i N= = ), t  is discrete time indices 
( 1,..., 44 ; 44t m T m= − = − , from 1955 m+  to 1998, m  is truncated lag 
length), itY  is gross regional product, itN  is labor input, itK is private capi-
tal stock, and itG  is infrastructure stock. The log-transformed production 
function with a constraint of constant returns to scale, and the deterministic 
progress of technology is shown in Eq. (12.8).  
 

0 1 1 2 3log log (1 ) log logit it it it tY N K G Tα α α α α= + + − + +  (12.8)

 
Among input factors, long persistency would appear in itG but not in 

itN or itK  because labor and private capital can be easily adjusted to max-
imize productivity, so no long persistent effect is expected. Equation (12.8) 
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is a linear additive function in parameters, hence the long persistent para-
meters can be set for infrastructure as Gd . This setting makes it possible to 
test the hypothesis that the long persistent effect would be longer for infra-
structure than for private capital. These lagged variables are shown in Eq. 
(12.9). 

 

( )
( ) ( ) ,

0 0

1
log (1 ) log log log

1
G G Gd j

it it it i t j
j j G

d j d j
G L G L G G

j j d

∞ ∞
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−
= =

+ − Γ +⎛ ⎞
= − = =⎜ ⎟ Γ + Γ⎝ ⎠

∑ ∑  (12.9)

 
In Eq. (12.9), non-lagged variable is included due to 
( ) ( ) ( )1 1G Gd dΓ Γ Γ =  if 0j = . Note that positive Gd indicates differencing 

and negative Gd indicates integration. Figure 12.1 plots lag coefficient val-
ues given by ( )

( ) ( )1
d j

j d
Γ +

Γ + Γ
 for lags ( 1j ≥ ) at 0.2Gd = and 0.2Gd = − . In the case 

of 0.2Gd = − , all lagged coefficients are positive.  
 

 
Fig.12.1 Decays in coefficients for lagged variable with long persistency 

Therefore Gd  is expected to be positive if past infrastructure has a positive 
production effect on present output. 

In addition to lagged variables, also considered is the spatial spill over 
effect brought by infrastructure in other regions ,i tG− . ,i tG−  are weighted by 
inverse of distance, then summed up for all regions except  for the own re-
gion. 
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it ij jt
j

G w G
≠

= ∑  
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Equation (12.9) and Eq. (12.10) are added to Eq. (12.8). The regional 

production function with stochastic disturbance itu is in Eq. (12.11). In this 
model, it is important to set the structure of the stochastic process appro-
priately. 

 

0 1 1 2 3log log (1 ) log log logit it it it it t itY N K G G T uα α α φ α α= + + − + + + +  (12.11)

 
In Eq. (12.6), the long persistent property will also appear in the stochastic 
error term in the case of 0Yd > . In our model, long persistency and first 
order MA polynomial structure are assumed for the stochastic process, in 
Eq. (12.12). 
 

, 1 (1 ) , (1 )(1 )d d
it i t it it itu L or u L Lε ερε ε ϕ ε− −

−= + − = − −  (12.12)

 
This specification corresponds to the case of ( ) ( ) 1X YL Lφ φ= = , and 
( ) 1L Lεϕ ϕ= −  in Eq. (12.6). Parameters to be estimated are 

0 1 2 3, , , ,α α α α ϕ  in Eq. (12.11), Gd  in Eq. (12.9), dε and MA parameter 
ϕ in Eq. (12.12). Here, let us introduce some matrix algebra in order to cla-
rify the difference in differencing order for each term. 
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(12.13) 

 
Using the above algebra, Eq. (12.14) or Eq. (12.15) is obtained (as to no 

differencing parameter for error term). 
 

2 (1 ) (1 )(1 )Gd dL L L εα ϕ− −− − − = − −Y Xα g ε  (12.14)
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( )1
2(1 ) (1 ) (1 ) Gd d dL L Lε εϕ α −− ⎡ ⎤− − − − − =⎣ ⎦Y Xα g ε  (12.15)

 
For the error term, 2(0, )N σε I  is assumed. Parameters are estimated 

by pseudo maximum likelihood estimation for time domain data series 
proposed by Chung and Baille (1993) and Tanaka (1999), called the CSS 
estimator. In this study, the data set is composed of 46 time series for each 
prefecture. The log-likelihood function is shown in Eq. (12.16).  

 

2 2
2

1log log 2 log
2 2 2 it

i t

n n
ε

ε

π σ ε
σ

= − − − ∑∑L  (12.16)

 
By using estimated parameters, instantaneous marginal productivity and 

the sum of persistent marginal productivity of infrastructure are calculated 
in Eq. (12.17), and Eq. (12.18). 
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In Eq. (12.17), the first term on the right indicates productivity contribu-

tion to own region, while the second term is contribution to other regions. 
The truncation order m  in Eq. (12.18) is exogenously set at parameter es-
timation.  

12.2.3 Diagnostic tests 

Since the CSS estimator is asymptotically consistent and asymptotically 
efficient, a likelihood ratio test based on Large-sample theory can be  
applied as a diagnostic test for parameter significance (Chung and Baille 
1993). Now the parameter vector of the CSS estimator in Eq. (12.15) is 
denoted by 1( , , , )iβ β=o o o&& && &&L Lβ . The null and alternative hypothesis of like-
lihood test is in Eq. (12.19). 
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(12.19)

 
The parameter vector of the CSS estimator estimated under the con-

straint of objective parameter as 0iβ =o&&  is denoted by i
o&&β . A statistics of li-

kelihood ratio for iβ
o&&  is iξ  in Eq. (12.20). 

 

{ }2 22 ln ( , ) ln ( , )i iS Sξ σ σ⎡ ⎤⎡ ⎤= − −⎣ ⎦ ⎢ ⎥⎣ ⎦
&&&& &&&&β β  (12.20)

      
Since iξ  asymptotically converges to 2 (1)χ  distribution, the critical val-

ue to reject null hypothesis 0H  is obtained in Eq. (12.21).  
 

2
(100 )% (1)i αξ χ −≥  (12.21)

 
As in Eq. (12.11), under the null hypothesis 2α (for infrastructure) 

should be considered simultaneously with estimates of Gd , because these 
two parameters are dependent. Statistics for simultaneously testing 2α  
with Gd  are , GG dξ , shown in Eq. (12.22),  

 

{ }2 2
, ,2 ln ( , ) ln ( , )

G GG d G dS Sξ σ σ⎡ ⎤⎡ ⎤= − −⎣ ⎦ ⎢ ⎥⎣ ⎦
&&&& &&&&β β  (12.22)

 
where , GG d

&&β  is the parameter vector of CSS estimator under the constraint 

with 2 0Gdα = = . , GG dξ  follows 2 (1)χ  distribution. 
In terms of longitudinal correlation, Durbin-Watson statistics ( DW ) are 

used to detect first order serial autocorrelation. Suppose îtε  are the resi-
duals at region i  and time t . Overall Durbin-Watson statistics are in Eq. 
(12.23a), and Regional DW  statistics are in Eq. (12.23b). If positive first 
order autocorrelation remains in residuals then DW is close to 0, and in the 
case of no first order autocorrelation, DW is close to 2.  
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When the residuals of cross sectional models show unspecified spatial 

correlation, the spatial correlation left in ˆ tε  can be tested by Moran’s I sta-
tistics (Moran, 1948). Suppose ˆ tε  is a residual vector for each cross-
section. Based on ˆ tε , MI  is calculated by Eq. (12.24). 
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where, W  is a spatial weight matrix. We assumed it by inverse distance 
matrix identical which have ijw s in Eq. (12.10). The standardized Moran’s 
I statistics MI is defined as follows; 
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 and n  is a number of samples, k  is a number of parameters, P (projection 
matrix) and U  are defined as ( )′ ′= −P I X X X X , =U PW , respectively. It is 
known that MI  asymptotically follows the standardized normal distribu-
tion.  
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12.3 Empirical measurement of infrastructure productivity  

12. 3.1 Data 

The privatization of Japan Railway companies (JRs), Nippon Telephone 
and Telecommunications (NTTs), and Japan Tobacco (JT) caused a dis-
joint at 1987 in the longitudinal statistics of infrastructure. The corrections 
in the data set of infrastructure and private capital are provided by Doi in 
order to remove the inconsistency before and after 1987 (2000). Both data 
were depreciated with the identical rule to infrastructure data. Gross Re-
gional Product (GRP) and labor force are also estimated based on the na-
tional census. Input and output data are deflated at the 1995 price. These 
data sets were provided for each prefecture unit, from 1955 through 1999. 
In order to ameliorate the small sample problem, we pooled all the availa-
ble data. Okinawa prefecture was excluded because of its distant location 
and the lack of data availability before 1972.  

12.3.2 Results of estimation 

In order to estimate Eq. (12.11), lag truncation order m  needs to be set. 
After several trials, m  is set at 10. Therefore, 34 cross-sections (from 1965 
through 1998) and 46 prefectures data are pooled up to be used for para-
meter estimation. Then totally 1568 observations are used. Previous stu-
dies in the ARFIMA model reported that setting time-trend parameters af-
fect ,Gd dε  and other structural parameters. Considering the economical 
situation of the data period, we set three durations with different time-trend 
parameters as follows: 1) 1965 to 1973 as a rapid economic growth term 
up to the oil shock in 1973; 2) 1974 to 1990 as a post oil shock term up to 
the end of the bubble economy in 1991; and 3) 1992 to 1998 as the post 
bubble economy. In the regional production function, time-trend parameter 
indicates an average growth of total factor products, or of technological 
innovation rate. 

Table 12.1 shows the estimation results; the first two columns are the 
estimates of production function with long persistency and three determi-
nistic trends, referred to as long memory model-1. The estimated value of 
infrastructure parameter is considerably small compared with that of con-
ventional studies (0.2 to 0.3). Because the long persistent model measures 
persistent productivity and spatial spillover effect of infrastructure, the 
productivity index would separately appear in different terms. As alternate 
model specifications, two models are estimated. The middle two columns 
are the estimates of the model without long persistent terms for both 
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as 0Gd dε = = , referred to as short memory model. The last two columns 
are the estimates of the model without long persistent term of infrastruc-
ture as 0Gd = , referred to as long persistent model-2. First, we compare the 
long memory model-1 with the short memory model. The adjusted R-
squared coefficient is slightly high in the long persistent model. The criti-
cal values of Durbin-Watson statistics (1564 samples, 1 percent significant 
level, 11 parameters) are 1.868 to 1.896 for 0ϕ >  and 2.104 to 2.132 for 

0ϕ < , so that 0ϕ >  is accepted if 1.868DW < , 0ϕ =  is accepted if 
1.896 2.104DW< < , and 0ϕ <  is accepted if 2.132DW > , respectively. 
The statistic values calculated by Eq.(12.23a) indicate that 0ϕ =  is ac-
cepted for long persistent model-1, while 0ϕ >  is accepted for the MA 
model. The prefecture’s Durbin-Watson statistics calculated by (12.23b) 
ranges between 1.576 and 2.189. The critical values of Durbin-Watson sta-
tistics (34 samples, 1 percent significant level, 11parameters) are 0.610 to 
2.160 for 0ϕ >  and 1.840 to 3.390 for 0ϕ < . Table 12.2 shows that only 
two prefectures can reject 0ϕ < , but the others cannot test the autocorrela-
tion. Figure 12.2 shows the standardized Moran’s I for each cross-section. 
The rejecting range of no spatial correlation is MI 1.96> ; therefore there 

is no significant spatial correlation for all cross-sections.  
 

Table 12.1 Parameter estimates of regional production function 
 

  
Long persistent model-
1 MA Model 

Long persistent model-
2 

Variables estimates
Chi-squared 
$$ estimates

Chi-
squared$$ estimates

Chi-squared 
$$ 

Labor$ 0.544** 24.9 0.488**   35.69 0.459**   62.69 

Private Capital$ 0.456** 99.94 0.512** 138.45 0.541** 105.73 

Infrastructure$$$ 0.028** 13.36 0.149**   14.73 0.072**   10.73 
Spatial Spillover of infrastructure 0.030**     6.63 0.013**      1.13 0.022**     8.04 
Long persistency of infrastruc-
ture 0.310**   13.36 - - - - 
Long persistency of stochastic 
error 0.438**   57.24 - - 0.487** 150.52 
MA(1) in stochastic error 0.753** 194.19 0.972** 370.25 0.734** 187.12 
Deterministic trend (1965-1973) 0.077**   35.78 0.008**      0.06 0.078**    48.64 
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Table 12.1. (contd.) 

Deterministic trend (1974-1991) 0.025**     9.57 
(-
0.021)**     1.47 0.027**    15.3 

Deterministic trend (1992-1998) 
(-
0.016)**   23.9 

(-
0.051)**   78.86 

(-
0.014)**    38.1 

Constant 
(-
2.612)**   13.73 

(-
0.320)**     0.03 

(-
2.516)**    48.3 

Variance 0.032  0.034  0.033 - 
No.of Samples 1564   1564   1564   
Adjusted R2        0.999       0.998         0.993 
REG statistics        1.716 3.935**  2.024*  
Durbin-Watson statistics        1.93   1.718**         1.924   

$: Parameters of private capital and labor are constrained by constant returns to 
scale 

$$: ** indicates null hypothesis of zero slope is rejected with 1 percent signi-
ficance, and * indicates the null is rejected with 5 percent significance. Critical 
values of Chi-squared test are 3.84 (1 d.f., 5 percent significance), 6.63(1 d.f., 1 
percent significance). 
$$$: In Eq.(9), infrastructure parameter and long persistency parameter of in-
frastructure are jointly tested because they are nonlinearly dependent. Critical 
values of Chi-squared test are 5.99 (2 d.f., 5 percent significance), 9.21 (2 d.f., 
1 percent significance) 

Table 12.2 Results of Durbin-Watson Test 

φ> 0 φ<0 
Number .of prefe-
rences 

neither reject  Rejected 17 
nor accept   
               (0.610 <DW <= 1.840)  
neither reject  neither reject 27 
nor accept nor accept  
                (1.840 < DW <= 2.160) 
Rejected neither reject     
  nor accept    2 
                (2.160 < DW <= 3.390) 
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Fig. 12.2. Moran’s Index 

  
Parameters of labor, private capital and infrastructure are significant in 

long persistent model-1. Compared with the MA model, the labor parame-
ter is slightly large, and private capital parameter is slightly small due to 
the constant returns to scale constraint. The estimated infrastructure para-
meter is considerably small compared with that of conventional studies 
(0.2 to 0.3). Because the long persistent model measures persistent produc-
tivity and the spatial spillover effect of infrastructure, productivity index 
would separately appear in different terms. Three time-trend parameters in 
the long persistent model are significant, but in the MA model, only one 
parameter for 1991 to 1998 is significant. The spatial spillover parameter 
is significant in long persistent model-1, but not for the MA model. The 
MA parameter is significant for both models. Note that the MA parameter 
is smaller in long persistent model-1. Both long persistent parameters in 
long persistent model-1 are positive, and fulfill stationary and invertible 
conditions as | |,| | 0.5Gd dε < . Since positive Gd  is estimated, GRP for 
each region enjoys a positive production effect from past infrastructure as 
shown in Fig. 12.1, which shows the persistent production effect of infra-
structure. And positive dε  indicates that production activity is stationary 
but that exogenous shock will last for a while. 

12.3.3 Statistical tests for long persistent specification 

The appropriateness of long persistent specification for production func-
tion is tested to confirm two hypotheses simultaneously: that long persis-
tent property remains in the model without long persistent specification 
and that long persistent property does not appear in the model with long 
persistent specification. In this Sect., we test these hypotheses by applying 
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the REG test for residual series estimated by three specifications of region-
al production function. The REG test is proposed by Agiakloglou and 
Newbold (1994), which is an expansion of the Lagrangean Multiplier 
(LM) test for ARIMA model parameters by Godfrey (1979). The residuals 
of long persistent model-1, the MA model, and long persistent model-2 are 
denoted as 1 2ˆ ˆ, ,t tε ε and 3ˆ tε , respectively. The null hypothesis is that the resi-
dual series follows the white noise process as shown in Eq. (12.26).  
 

ˆ ( 1, 2,3)k t
t k k= =ε W  (12.26)

 
An alternative model is ARFIMA(0,d,0), as shown in Eq. (12.27). 
 

ˆ(1 ) ( 1, 2,3)kd k t
t kL k− = =ε W  (12.27)

 
The LM test statistics on long persistent parameter can be seen in Eq. 

(12.28) where, T  and R  are number of cross-sections, and number of re-
gions, respectively. 
 

( ) 1

1

0k

k k k k k k
T t t t t t t

k

k k
t t t

d

R
U

−

=

=

′ ′
=

′∑
W W

W W

λ λ λ λ
 

(12.28)

 
k

k t
t

kd
∂

=
∂
W

λ  
(12.29)

 
Note that in Eq. (12.29), partial differentiated vector k

tλ  is evaluated at 
neighbor of 0kd = . Between Eq. (12.26) and Eq. (12.27), difference of de-
gree of freedom is 1, hence the test statistics kU follows chi-squared distri-
bution with d.f.1. Agiakloglou and Newbold noted that Eq. (12.28) is pro-
portional to the R-squared coefficient of the regression model that k

tλ is 
regressed on k

tW ( k
tλ  and k

tW  are evaluated at 0kd = ), then proposed the 
REG test as the T-statistic test of k

tλ ’s coefficient by estimating the regres-
sion model by OLS. 
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Note that 
0

ˆ
k

k t
t k d =
=ε W from Eq. (12.27), k

tλ  can be calculated as in Eq. 

(12.30). 
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Equation (12.31) shows the auxiliary regression model of the REG test.  
 

ˆ ( 1, 2,3)k k t k
t k t kτ= + =ε S ζ  (12.31)

 
where, k

tζ is the error term of auxiliary regression model. Therefore, a long 
persistent property test for the estimated residual is shown in Eq. (12.32). 
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If 0

kH  is rejected, the long persistent property remains in the residual se-
ries. 

The result of the REG test is shown in Table 12.1 in the second row 
from the bottom. The REG statistic for the MA model is 3.935. Since 2

0H  
is rejected with 1 percent significance, the long persistent effect remains in 
the residual series of the MA model. The REG statistic for the long persis-
tent model-1 is 1.716. Since 1

0H  is not rejected with 5 percent significance, 
the residual series does not have the long persistent property. The REG sta-
tistic for the long persistent model-2 is 2.024. Since 3

0H  is rejected with 5 
percent significance, the residual series has the long persistent property. 
Summarizing the results of the REG test, the residual series of MA model 
(without dε and Gd ) and of long persistent model-2 (without Gd ) have the 
long persistent property, while the residual series of long persistent model-
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2 do not have the long persistent property. Therefore, we can conclude that 
the long persistent property of infrastructure productivity can not be re-
jected.  

However, the implications from the above statistical test for the long 
persistent model have certain limitations. First, the possibility of misspeci-
fication for spatial auto-correlation remains in our model because spatial 
correlation structure in error term was not considered. Second, a problem 
might arise from an insufficient number of observations. Hosking (1996) 
asserted that the expected mean of the ARFIMAX process asymptotically 
distributes with normal distribution, but its parameters converge with 

1/ 2 dn ε− , while the parameters of a linear regression model with i.i.d. error 
converge with 1/ 2n . Note that d̂ε  of our long persistent model-1 is 0.428; 
therefore the convergence rate of our model is very slow. In other words, a 
much larger number of observations is required in the estimation of the 
ARFIMAX model to keep its efficiency as high as that of the correspond-
ing ARIMAX model. Third, structural change of deterministic time-trend 
might occur. Previous studies reported that misspecification of determinis-
tic time-trend would affect d̂ε (Davidson and Sibbertsen 2005; Dfrenot et-
al. 2005). In order to specify these points properly, the long persistent 
property and spatial auto-correlation should be simultaneously modeled by 
spatially and temporally correlating with the long persistent effect. The 
possibility of structural change in deterministic time-trend, which is ex-
ogenously given in our production function, should be statistically tested. 
These points are further issues which need to be addressed in regional pro-
duction function approach. 

12.3.4 Average growth of technological innovation 

From the estimates of deterministic time-trend, average growth of technol-
ogical innovation is calculated. Table 12.3 shows a comparison of average 
growth of technological innovation between long persistent model-1 and 
the MA model. Figure 12.3 shows graphs of the average growth of tech-
nological innovation calculated from long persistent model-1 and growth 
of GDP. In this figure, the growth of technological innovation is prior to 
the growth of GDP. The technological innovation calculated from the MA 
model, however, does not fit with GDP growth. Figure 12.3 indicates that 
the long persistent property should be considered to estimate appropriate 
deterministic trends, but even with our approach some problems remain. In 
conventional studies, the least squared model with i.i.d. error structure or 
the ARIMA model is widely adopted. Our results indicate that the conven-
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tional approach, when assessing growth productivity, cannot separate be-
tween technological innovation and long persistent infrastructure produc-
tivity, and that the conventional approach cannot properly estimate deter-
ministic time-trend parameters. 

Table 12.3. Technological Innovation Rate  

Term 
Long-Persistent Model (per-
cent) MA Model (percent) 

1965-1973 8.00 0.80 
1974-1991 2.53 -2.08 
1992-1998 -1.59 -4.97 
Note: Technological innovation rate is calculated by using time trend parameters 
as as αt

k as exp (αt
k )-1    

 

 
(Red line/left axis: Technological innovation, blue line: GDP in Japan) 

Fig.12.3.Longitudinal plots of technological innovation and GDP growth in Japan 

12.3.5 Infrastructure productivity 

Figure 12.4 and Fig. 12.5 show marginal productivity of infrastructure in 
1970 and in 1990, respectively, calculated from long persistent model-1. It 
is decomposed into three types: instantaneous productivity for own region 
(MPG) calculated by the first term of Eq. (12.17); the sum of instantaneous 
productivity for the other regions (spill-over effect, MPGS) calculated by 
the second term of Eq. (12.17); and the sum of persistent productivity for 
own region (long persistent effect, MPGM) calculated by Eq. (12.18). In 
order to calculate MPGM in 1990, GRP information in 1999 and 2000 is 
required. In the calculation, we assumed that GRP after 1998 is identical to 
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1998. In 1970, MPG and MPGM are relatively high in industrialized areas, 
such as Tokyo, Osaka, Nagoya, Hiroshima, and Fukuoka, while MPGS is 
high in the surroundings of industrialized areas. In 1990, MPG and MPGM 
are high in Aichi and Shizuoka, where the car industries (Toyota, Honda 
and Yamaha) are clustered, and in the prefectures surrounding Tokyo and 
Osaka. A comparison of 1970’s with 1990’s results show that prefectures 
with high MPG are distributed throughout Japan, and that prefectures with 
high MPGS can commonly be found around high MPG prefectures. 
MPGM is still high around the three metropolitan regions (Tokyo, Nagoya, 
and OSAKA), while MPGM in western prefectures between Osaka to Fu-
kuoka is significantly decreased.   

Figure 12.6 shows the total marginal productivity of infrastructure 
(TMPG) in 1970, 1980, and 1990, which is the sum of MPG, MPGS and 
MPGM for each cross-section. In Fig. 12.6, bi-polar distribution of TMPG 
around Tokyo and Osaka appears in 1970. In 1990, high TMPG prefec-
tures successively appear between Tokyo and Osaka, including Nagoya. 
Compared to those of conventional studies, values of TMPG of the long 
persistent model are slightly lower (Ejiri et al. 2000). The estimated mar-
ginal productivity obtained by the long persistent model is lower than in 
conventional studies. However, the decreasing trend of marginal produc-
tivity of infrastructure, which is often pointed out in conventional studies, 
is not observed, but rather the increasing trend is observed. Since diagnos-
tic tests for residuals show that the long persistent model does not serious-
ly suffer from serial- and spatial- autocorrelation problems, the obtained 
results seem to be credible. Such a difference in longitudinal and cross-
sectional behavior of infrastructure productivity stems from the difference 
in model specification. Neglecting the persistent effect of past infrastruc-
ture in marginal productivity would result in overestimation of present in-
frastructure productivity. In our result, one third of marginal productivity 
stems from past infrastructure, hence its contribution should not be neg-
lected. 
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Fig.12.4. Marginal productivity of infrastructure in 1970 
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Fig. 12. 5. Marginal productivity of infrastructure in 1990 
 
 

 
Fig. 12.6. Total marginal productivity of infrastructure 
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Figure 12.7 shows the share of three types of marginal productivity in 
total marginal productivity averaged for all regions. The averaged shares 
are around 0.33 to 0.34 for all cross-sections, hence the three types of mar-
ginal productivity are almost at the same level. The share of MPG is high-
est in 1968, and continuously decreases up to 1998. On the other hand, the 
shares of MPGM and MPGS continuously increase from 1965 to 1998. 
Therefore, long persistent productivity of infrastructure is stable and has 
increased for whole regions. The growth of MPGS would correspond to 
the globalization of domestic economic activities, and such trends will not 
change in the future. The average delay of infrastructure productivity can 
be calculated from Eq. (12.7) .Using the estimated ϕ̂  and ˆ

Gd  of long per-
sistent model-1, the average delay of infrastructure productivity is about 
5.78 years. As discussed in Sect. 12.2.1, infrastructure productivity of the 
long persistent model under the infinite lags diverges to positive infinite. 
Note that the calculated 5.78 years implies approximated delay truncated 
with 10 years. If longer series of infrastructure stock data were available, 
the average delay would be more largely estimated.  
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Fig.12.7. Shares of components in total marginal productivity, averaged for all re-
gions 

Most conventional studies propose to measure infrastructure productivi-
ty for own regions (Ejiri 2000). However during the planning stage, infra-
structure is expected to have productivity effect extending over a long term 
and to global regions. An empirical analysis for productivity measurement 
neglecting the effect to the future and to neighboring regions would result 
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in underestimation of infrastructure productivity. Of course, it is impossi-
ble to conclude immediately the extent of such underestimation. More 
careful studies about the long persistent effect or spatial spillover effect 
should be undertaken, followed by intense discussion of the productivity of 
infrastructure.  

12.4 Conclusions 

In order to measure infrastructure productivity with lasting effects for the 
future, we formulated a production function with a long persistent effect, 
and the proposed model was applied to measure infrastructure productivity 
in Japan from 1965 to 1998. The estimated model showed that a positive 
and significant long persistent effect was observed for infrastructure and 
for stochastic error term. Based on the estimated production function with 
a long persistent effect, the longitudinal change in marginal productivity of 
infrastructure was estimated. The estimated series of marginal productivity 
gave us the novel implication that the marginal productivity of infrastruc-
ture is longitudinally increasing, which is different from the implication of 
conventional approaches measuring infrastructure productivity only within 
the own region. The share of persistent productivity over the total infra-
structure productivity composed of instantaneously to the own, instanta-
neously to the other regions and lasting for the future to the own region 
was about one-third throughout the data duration. Because of its stable 
share, the persistent productivity effect of infrastructure should not be neg-
lected. In other words, considerable underestimation of infrastructure 
productivity would occur if a policy maker neglected the long persistent 
productivity effect of infrastructure. 

Our approach is significant in that it shows an approach to measure the 
long persistent productivity effect of infrastructure by using a long memo-
ry model, but there remain further issues to be resolved. First, the long per-
sistent property should expand for spatial correlation structure. Our model 
considered only longitudinal correlation structure, but the spatial or spa-
tial-temporal correlation structure was neglected. The development of a 
model specification and estimation procedure is one important issue. 
Second, points of trend shift in deterministic time-trend were exogenously 
set in our approach based on retrospective assessment in the economic sit-
uation. The estimated time trend parameters were the appropriate signs due 
to the ad-hoc shift setting. However, in long persistency in empirical anal-
ysis, many papers stress the importance of properly specifying regime 
switching in empirical modeling in order to improve long persistent (frac-
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tional integration) parameters (Gonzalo J and Lee T 1998; Cheung Y and 
Lai K 2001; Patel A and Shoesmith G 2004). Much careful treatment is re-
quired for deterministic time-trend. A further issue is to develop a statistic-
al test in regime switching applicable for multiple time-series data. Third, 
about the spatial spillover effect, our model only considered the infrastruc-
ture spillover effect. However, the knowledge of spillover effect embedded 
in regional output would affect social capital spillover. In applied spatial 
econometrics, a production function approach explicitly considering spa-
tial heterogeneity is proposed as regional specific fixed or random effect 
based on panel data analysis (Baltagi et al. 2001; Juhn et al. 2003). Panel 
data analysis with the long persistent property is another target issue. Fi-
nally, technological innovation is modeled as a deterministic trend in our 
model. Investment in infrastructure would induce technological innova-
tion. Therefore, investment in infrastructure, long persistent property in 
stochastic error term, and deterministic trend would have correlations. . 
Studies on proper estimation procedure about production function based on 
endogenous growth theory are required.  

All the above issues are related with an appropriate specification of spa-
tial-temporal process in the long persistent model, so that a theoretical ap-
proach for the spatial-temporal stochastic process is important.  
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