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Abstract

The search for an appropriate methodology to analyse the relation between R& D investments
and the knowledge stock is the main purpose of the paper. The high estimates of internal rates
of return on agricultural R&D reported in the literature suggest that there are major
empirical problems with the traditional attribution of productivity growth to R&D
investments. We model a stochastic gestation lag of research investment and a geometric
depreciation of the knowledge stock. This model of knowledge accumulation from R&D
investments outlines the basic parameters underlying the investment lag structure. According
to the different types of research project, the approach is applied to public R&D expenditure
in Italian agriculture in order to ascertain the empirical consequences and potential of the

model.



1. Introduction

In the pagt fifteen years increasng effort has been devoted to messuring the internd
rate of return in agriculturd R&D. This srand of literature has now become so vast to
dimulate comprehensve andyses of the date of the at. In a recent survey, which includes
1772 edimates covering every kind of agriculturd research as wdl as invetments in
extenson, Algon et al. (2000) come about with an average rate of return of 81% and a
dandard deviation of 216%. These astonishing figures suggest that very high and seemingly
unreliable returns are coupled with a pronounced volatility even when data refer to the same

country and period (Alston and Pardey, 2000).

Looking a these edimates, one gets the feding tha most of these sudies suffer from
common methodologica problems. Two facts drengthen such an opinion. Firgly, andogous
results preval in other sectors, hence under different contexts, with studies usng the same
methodology (Hall, 1996; Griliches, 1998). Secondly, high returns mainly refer to public
agricultur  R&D, which is commonly interpreted as an incentive towards increasing
invesments. On the contrary, in the past decade many developed and/or developing countries
have reduced their public research effort in red terms (Alson et al., 1998; Huffman e Jud,

1999). The Itadian case does not make an exception in this respect.

The main issue concerning the measurement of R&D returns has to do with the so-
cdled attribution problem (Alston and Pardey, 2000). Since the return is computed by
compaing the flow of benefits and cods associated with a given invesment, a difficulty
aises in correctly attributing the benefits to the cost that redly generated them. This

attribution requires to specify how the investment distributes its effects over time; thet is, one



mugt identify the lag structure of the R& D effects.

In this sudy, the attribution problem is mainly andysed from a methodologicad point
of view. In particular, our purpose is to define those parameters that are relevant for the
accumulation of the knowledge stock and depend on the nature of the research programme.
These parameters eventudly establish the lag Structure of the R&D effects, and thus affect the

estimates of research returns.

The paper is organised as follows. Section 2 describes the prevailing theoretica
framework in the literature and traces the definition of the lag structure back to the problem of
the accumulation of a technological assat. Section 3 shows that this stock has some specific
properties that render the standard concepts applied to physica capita inappropriate when
they are referred to the knowledge stock. An dternative gpproach is therefore proposed which
seeks to identify the fundamenta parameters for the quantification of the knowledge stock
and its usar’s codt. Section 4 introduces some empiricd implications of the modd. Itaian
agriculture is used as case study; here the knowledge stock is computed according to different
hypotheses about the nature of the underlying ressarch programme badc, agoplied or
devdlopment. On the bads of exiding edimates of the lag dSructure of R&D effects, a

cdibration of the fundamental parametersis also proposed. Section 5 concludes.

2. R& D and productivity: theattribution problem

Mogt dudies on the return on agricultura R&D ae based on the neoclassicd

representation of technology. From the prima, the problem is viewed through a production

function:

1)  Y=F(LK,T,t)



where Y, L and K are output, labor and physica capital respectively; the trend t represents the
exogenous technical levd, and T is the technologicd sock resulting from the following

knowledge function (Jones e Williams, 1998):
@ T=6W(®BR)

W(B)R is a linear function in research invetment (R), and B is the backward

operator. So, the knowledge stock is a linear combination of past investments. For the sake of
smplicity, let the production function® (1) be of the Cobb-Douglas type with congtant returns

of scae on conventiond inputs:

() Y=LK'To%!

and assume that:

(49 T=W(B)R

Substituting, it follows that:

5) Y=LK WwB)Re"

It is then possible to compute an index of tota factor productivity (TFP):

Y

6) TFP= Kl_a:M(B)R]ge"

La

which in terms of growth rates becomes:

. A . l:l
TFP | L, o &V(B)R

7N — 2 .
TFP W (B)RY

The expresson (7) relates benefits and costs of a given research investment. The

benefits are given by the growth of total productivity” net of the intercept | indicating the



contribution of the exogenous technical change, the cods arise from the R&D expenditure

required to generate the growth of the knowledge stock.

Conceptudly, the return on R&D depends on two digtinct dements. the parameter g,
which measures the contribution of stock T to production, and the distribution W(B)R, which
controls the accumulation of knowledge stock. The first task, therefore, is the correct
specification of (7). Besides, however, the question of the correct caculation of the
knowledge stock is Hill unsolved. It is on this second problem that we shdl manly focus
here. In order to show that the building of the stock is in fact a problem of attribution over

time®, let us assume that:
8  WB)R = (Wo+WiB+WeB™ ..+ WB* )R = WeR+WIR 1+ MR o+ .+ WR s+ ..

where t is the current year and s is the investment age. In (8), the stock a time t is the sum of
past invesments cdculaed in efficiency units. The weghts define how rdaive efficiency
changes with the invesment age. If the efficency of a brand-new invesment is maximum
(W=1), a unit of syear-old capitd provides the same services as w units of new capital. On
this bass, W(B)R: is an edtimate of the aggregate knowledge stock at time t, gnce it indicates
the amount of new capitd required to obtain the same level of services as supplied by the old

vintage capitd ill in use (Hulten and Wykoff, 1996).

In applied studies, many different specifications of (8) have been adopted, and the
choice among them seems to be guided more by empiricism rather than theory. According to
Alson et al. (2000), this is the main source of the enormous variability in the estimated
returns. In principle, it should be possble to edtimate the system of weights by subgtituting @)
in equation (6) or (7); in fact, this gpproach is hardly viable. The red impact of research

invesment® is a long lasting phenomenon, consequently the number of lags to be considered



is too high with respect to the length of available time series. Therefore, ad hoc assumptions
are usudly introduced. One solution is to assume ex-ante the lag distribution and to define the
system of weights on the basis of few estimated parameters® Alternaively, the form of the
lag structure is left free, but to save degrees of freedom, lags are truncated to an overly short

period. Unfortunately, both aternatives produce bias estimates of returns.”

Halam (1990), amongst others, questions this empirical procedure on the grounds of
both the lack of forma dHetidtical tests on the form of the lag Structure, which in turn may
yidd inconsdgent edimates, and non-daionarity of the involved series. Under non
dationarity, both (5) and (6) can generate spurious regressions (Granger and Newbold, 1981)
and cause the unrdiable high return on R&D®, as wdl. Yet, this sound criticism againg the
gtandard gpproach and in favour of a detailled analyss of the data generating process can not
hdp in terms of identifying the lag sructure Halam himsdf admits thet, with the current
date of the at and consdering the short time series avalable, endeavouring to obtain
econometric estimates of the whole weight structure may be too ambitious. Apparently, the
method imposing the least ex-ante redtrictions is the nonparametric gpproach (Chavas et al.,
1997; Espodti, 2000). Such an approach let the shape of the weight distribution free, though

an arbitrary truncation its length may gtill be needed.

As this point is quite controversd (Schimmdpfenning and Thirtle, 1994), one is
encouraged to look for other solutions. In fact, defining the red lag dructure is manly a
theoretica-methodological problem, rather than an empiricad one, snce eguation (8) involves
the inherent mechaniam linking R&D investments to the accumulaion of the knowledge
sock. The question is what lies “behind” the lag dructure, what technicd and economic
characteristics of the investment bring about. Therefore, an dternative approach to

econometric edimation relies on recovering the series of weights on the bass of the



fundamental parameters that underlie the accumulation of the knowledge stock.’

3. From R& D investmentsto the knowledge stock

In principle, should it be necessary to cdculate the productivity effects of a single,
specific, well-defined research programme, it may be possble to recover the timing of the
events in detail.® The task becomes difficult, if not impossible, with aggregate data (say, the
whole public agriculturd R&D in Itay). A generd agpproach is therefore needed which must
take account both the specific nature of the knowledge stock and the inherent uncertainty of

research activities.

3.1 The nature of the knowledge stock

In the case of physca capitd, it is cusomary to assume tha the stock depends
essentidly on the investment’s depreciation rate since the beginning of its service life!* There
ae two man causes of decay. The firs is the wear and tear of the capitd: machinery,
buildings and infradructure are subject to physicd deterioration, which makes them
increesingly less efficient. The second is technical obsolescence, that is, a decreasng leve of
utilisation. Even when capitd does not physcaly deteriorate, and is therefore Hill usable, its
utilisation may decrease because it becomes bss and less useful. This happens because the old

investments are digplaced by new production methods or by brand-new assets.

To what extent do these considerations gpply to the knowledge stock as well? It is not
physca in naure, so that the idea of deterioration is hardly tenable. If the research capitd
were subject to wear and tear, according to equation (5) production itself would cease sooner

or later, whenever new R&D investments were lacking. The man idea is that exiding



knowledge cannot vanish because it is immaterid. It may instead be replaced by more recent
and upgraded knowledge. The technological stock may therefore become obsolete and its
utilisstion decrease whenever new knowledge becomes avalable new R&D investments
patidly subditue old ones. It may adso happen tha the utilisation of the old knowledge
decreases even when new R&D is lacking, due to a change in externa conditions; in this case

too, the knowledge stock may become obsolete without vanishing.

Equation (8) should be specified so that the R&D effects diminish but potentidly last
forever. This effect can be obtaned by means of the perpetua inventory method (PIM).
Under the hypothess of a congdant rate of efficiency decrease, the PIM requires very limited
informaion: an edimate of the initid knowledge stock and the series of R&D gross

investments*®
The PIM can be written as follows (Park, 1995)%*:
(9) Tt = Tt_]_(l-Cb + R

where d is the decay rate of efficiency. By backward subgtitution, equation (9) can be

expressed as aweighted sum of investments of different ages:
(10) Ti= R*+(1-OR1+ (LR +. +(L-Res+ .. = WRHWR1HVsRo+ .+ WeR-s* .

where w=(1-d°. If g is the invesment growth rate, assumed congant in the long run for

ampliaty, (1+g)=R/R-1, we can rewrite the above PIM modd asfollows.
(11) Ti= R(1+g)/(g+d

which will be postive if both (1+g) and (g+d) are greater than zero. Conditiond on a given d,

an gpproximated initid vaue Ty can be calculated.

Although the hypothess of a condant decay rate is often thought of as working



assumption, Jovanovic and Nyarko (1998) show that equation (10) can be viewed as a Taylor
sies linear expandon, i.e. as a linear approximation to the unknown stock. The latter is
derived through a theoretica information mode of how a firm uses R&D invesment to indal
the desred technology. Accordingly, rather than being a technicad parameter to be assumed,

the decay rate contains a body of economic information to be made clear.

Firgly, a congant d implies geometric depreciation: that is, a more intense reduction
of efficiency during the early part of the invetment sarvice life In generd, this hypothess
looks rather implausble if referred to numerous physical assets. Agriculturd machinery tends
to maintain efficiency a a leve very close to tha of a brand-new asset in the firg years, to
decline ragpidly towards the end of its sarvice life (Bdl et al., 1993; Caumi et al, 1995;
Annunziato and Ganoulis, 1998). Again, however, the naure of technologicad gock is
peculiar. Most research programmes produce short-lived new knowledge;, only a few projects
yidd discoveries and innovaions of enduring impact. Mogt innovations, in agriculture as well
as other activities, are incremental and will presumably soon be replaced, while only few of
them are radicd and long lagting (de Bresson, 1991). In aggregate terms, this didtinctive

festure of the technologica stock impliesaconstant d , that is, geometric decay.™®

Equation (9) has dso another interpretation. Recaling that severd lagged research

expenditures enter equation (2), the stock growth rate depends on both the current expenditure

and the exising stock,Tt+1:f(Rt+1,Tt). The derivaive of this function with respect to the
exiging sock has a specific meaning. TF/9T>0 indicates that higher past investments, now
cumulated in T, increese the contribution of Re1. TF/MT<O, suggests that higher past

invesments will make the current ones less effective. Both cases are acknowledged as

possble and typica behaviour of R&D invetments the former is cdled spillover effect, the



latter fishing-out or congestion effect due to the repetition of efforts and results aready
produced in the past.'® Which one is going to prevail depends on the context. However, since
DT=R-dT1, equation (9) implies a prevdence of the congestion effect: pat of the new
invesment is needed to replace old decaying knowledge, and this part will be greater, in
absolute terms, the greater the stock. A constant decay rate not only imposes the form taken
by the stock decay over time but it dso defines the needed subgtitution rate; that is, the

investment required to maintain the knowledge stock constant.

The logica correspondence between fishing-out effects and increesng maintenance
invesments has obvious gpplicaions in agriculture, eg., the case of many new varieties with
improved resstance againgt pathogens or wide-range pesticides or herbicides. These varieties
progressvely lose ther advantage as the pathogen develops resstance, which requires new
investments to upgrade the genetic make-up of the variety or to introduce new improved
varigties. At the same time, however, in order to enable the sdection and introduction of new
vaieties, research investments are required to preserve the origind and native germoplasm,
which would otherwise be displaced by the growing of the new varieties. An example of these
two combined forms of R&D invetment is provided by the geneticdly modified varieties

recently introduced in the USA (Barnett and Gibson, 1999).

There is a further implication for the economic andyss of the decay rate d The rate of
subdtitution, as well as maintenance, of both incrementd and radical innovations does not
depend solely on their inherent characters; it depends aso on how fast new knowledge can be
produced. New techniques, quditatively improved inputs and so on, may accelerate the
obsolescence of the exiging knowledge the faster this technologicd upgrading, the more
rapid the decay rate (Jovanovic and Nyarko, 1998). Since this movement across technological

grades becomes quicker, the greater the net iesearch effort, the d can be assumed to be only



initidly congant, because it will then accderate if the research induces technologicd

upgrading. Therefore, dtends to be endogenous with respect to the underlying research effort.

The speed of technologcad upgrading is difficult to measure, however. It depends on
the introduction of radica changes in techniques and production practices, and therefore on
effort mostly devoted to basic research, but it dso depends on the exogenous technical change
approximated by a trend: both will eventudly dlow switching to a new levd of technology.

Thus, the speed of the technologica upgrading can be expressed by the general function
[f(t,éth)]. So, under progressive technological upgrading, the obsolescence of the old
sock accelerates and the asset may even go to 0: knowledge can vanish but only if pogtive

net research investments make the obsolescence depend on the speed of technological

upgrading. Therefore, we can generdly write that:

ay ld=arbe b &R i arheita R)T <
i do=1 it d*i+ f(L8 RJT 21

"s > G, where G is the period when the research investment reaches full-efficiency and then
begins to become obsolete; this will be explained in detall bdlow. o is the initid (at year G)
decay rate. According to this argument, the d adopted in empiricd studies should not be
interpreted as the vaue assumed for o but as the average decay rate over the obsolescence-

accderating service life. The obsolescence accderation implies d increases over s, which

aways holds under technological upgrading thetis | (1,8 R )| >0.

10



3.2. Uncertainty and knowl edge stock.

Although eguation (9) represents a number of redlevant festures of the knowledge
gtock, it can not detect an important aspect of research investment, namely the inherent risk in
terms of both timing and outcome. According to its nature (basic, applied or development), a
ressarch programme does not immediately and automaticaly yidd technologica knowledge.
This is because research results, by definition, may be more or less successful and useful. This
agpect is particularly relevant when we wish to define ex-ante the expected contribution of an
R&D investment to the stock, or when we need to build the stock ex-post given aggregate

datawhich do not allow detailed reconstruction of the sequence of the research results.

The man source of uncertanty concerns when the innovations or discoveries will
become avalable. Mogt empiricad dudies use forms of the lag dructure (inverted V,
trapezoidd, etc) which have an initid period in which the investment produces limited
results, this is the gestation period. This practice meets the need for a succinct and correct
description of the effects over time, but it has nothing to do with research uncertainty.!” The
peculiarity of the R&D gedation period is its uncetan length; this uncertainty dso implies
that some research programmes may actudly never go further that their gedtation periods in

other words, they fail.

Following this argument, we can divide the sarvice life of a research investment into
two phases. The fird concerns the technicdly requiste period before any result is obtained
and new knowledge produced. The length of this period is stochastic. The second period is the
savice life of the new knowledge stock: R&D begins to produce results and these cumulate in
the knowledge stock. This is the period when the innovation enters production, generating

positive effects (an increase in the TFP). This impact declines over time, but it can potentidly
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last forever unless technologica upgrading accel erates its obsolescence.

Equation (8) generdly describes how efficiency varies with the invesment age. It is
dso cdled the aggregate age/efficiency function (Hulten and Wykoff, 1996). The series of
weights can therefore be expressed as an efficiency function specific of any investment of a
given type and vintage (Harper, 1982; Hulten and Wykoff, 1996). In order to take account of

the two phases mentioned above, we express the weights as follows:

W, = O, s=0

(13) w=[(1-b)s]/[(G-bs9)], 0<s<G
w=1, s=G
W= (~S)(1 di), "l [G +],....,s] s>G

i=G+1

where s is the age, G the length of gedtation, d the decay rate for any year i of savice life
cdculated as in eguation (12), and b a parameter controlling the form of the efficiency over
time during gedtation; i.e, for s<G (figure 1). b=0 implies a linear pattern corresponding to a
congtant growth rate 1/G. With b<O0, the age/efficiency curve is concave, that is, efficiency
grows at a decreasing rate and the more o the larger the (absolute vaue) of b. If 0<b<1, the
curve is convex: mogt efficiency is gained towards the end of the gedtation period, and the
closer b to 1 the more pronounced the efficiency gains towards G. Findly, if b=1 we have the
one-hoss shay case where efficiency is zero for the whole gedtation period. The O<b<1 case

seems the mogt plausible, since it takes account of the technica and time condraints dways

present in the early years of aresearch programme.

At this sage, a common practice is to fix b and G (Park, 1995), based on the type of

12



ressarch programme, and cdculate the series of the weghts using equation (13). This
goproach implies that dl homogeneous and contemporary research invesments  will
smultaneoudy achieve full effidency dter G years. This determinigic notion of gedation is
rather strong. To reax it, we assume that the gedtation length is stochedtic, which implies
giving equatiion (13) a probability bass If we assume that the investment gedtation length

follows anormd digtribution with expected value mand standard deviation s, then:

(14)  P(G)=(2ps®) *exp[-(G-n)f/2s ?]

yidds, for dl G, a pogtive vaue of the dengty function and a non-null probability of thet

event for any intervd around G.

One problem with (14) is that the digribution tals go to infinity. Heurigticaly, we skip
the extreme outcomes and focus only on gedtations within a finite interva which is of given
width and symmetric about the mean. Consequently, we rule out the posshbility for an
investment to be effective for s<O and for gedation to last indefinitely. In practice, we must
define the width (D) of this interva, truncate the distribution & m + D, and upgrade the
resdud aea to unity.’® The truncation has an economic justification, too. Before the lower
bound mD, research can not produce any result. This reguired minimum (latency) period
precedes the gestation. The upper bound mtD, in turn, imposes that the research must reach

itsfull efficency within amaximum lag, otherwise it will be abandoned.

During the possble gestation period 2D, the agefefficiency function can be defined as
a weghted sum of the dementary functions (with the same b) associated with any event
induded in the given intervd; any dementary function is weghted by the probability

computed by the truncated normd distribution. Formally:

13



mD

(15) webDns) = 0 Wsb,G)P(G|Dms)dG,

mD
wWgbG)=0 for s G add G=m+ D

where W(.) is the dementary agelefficiency function (with parameters b and G) described in
equation (13), and P(.) is the truncated dendty function generating the weghts, given m s
and D. The second reation in equation (15) is added in order to explicitly consider the case of

failure of the research programme whenever gestation overcomes its maximum length. *°

Note that equation (15) implies that, in any year, invesment efficiency is the sum of
weights w for that year associated with any probabilistic event weighted by the probability of
its occurrence. However, there is only one year in which, for any possble event, full
efidency (W = 1) is reached, and this year evidently differs among events. Therefore, if we
exclude the specid case of determinigtic gedtation, the agefefficiency function never reaches
unity. After dl, equation (15) expresses the impact of R&D on the knowledge stock over the
years following its accomplishment. It does not describe how its efficiency declines over time
dating from the full-efficiency of the initid year, i.e brand-new capitd, as is usudly
understood where physical assets are concerned (Caumi et al., 1995). In view of the
particular economic meaning that attaches to equation (15), it can be better described as the

age/effectiveness function of the R&D investment.

3.3. User’s cost of technological stock

The foregoing andyss of the formation of the knowledge stock does not resolve the
issue of the correct measurement of this asst. In fact, the input T to the production function

(1) is not the productive stock but, more correctly, the vaue of the associated service

14



(Jorgenson, 1989); this is given in turn by the stock itself multiplied by its price or user’s cod.
However, as regards this particular asset, what price means is not so obvious, it should
indicate the cogt of usng the cepitd for a given period. However, in this case we cannot
gpped to a hypothetica second-hand market, since generally spesking and unlike the physicd

capita, knowledge capitd is not easly marketable.

Yet ds0 the knowledge stock has an implicit price, which is given by the current vaue
of dl the sarvice it can provide in the future. This user’'s cost is determined by three
components (Caiumi et al., 1995): the opportunity cost of the invested money, capitd gans or
loses caused by inflation, and cepitd depreciation. Jorgenson (1989) proposes this

specification of the user’s cost U:
(16)  Ui= Pealicpt(1+p)r 4

where P is the expenditure for the investment, i is the interest rate, p is the expected capita
gan (or loss) rate due to inflation, and r is the depreciation rate In this equation, Pii(i-p)
expresses the opportunity cost in the red terms of a unit of invested capitd, while Pi.1(1+p)r+

is the depreciation corrected for inflation.

The depreciation rate can be computed from the depreciated vaue of the stock at time
t, TWe
(17) W= pR+ R1+..+ GRs

where q; is the age/price function; that is, the ratio between the vdlue of a s-year-old unit of

capita and its brand-new price. Recalling Harper (1982), ;s can be cdculated asfollows:

aw,[1-r]t-9

18) q = = . s30
18 &= T
h=0

15



where r is the long-run discount rate in rea terms (assumed equa to 0.04) and w is the

age/effectiveness function according to equation (15).

Findly, economic amortisstion D; is given by the difference between the gross
investment and the variation of the depreciated va ue of the stock:
(19 Di= R—(TWi—TWk1)

It follows that the deprecation rate is*:

(20) r.=D, /Tt-l

It is thus posshble, given the time series of the knowledge cepitd stock and user’s cog, to

cdculate the vaue of its services

(21) Vi =U, T,

4. An empirical application

The purpose of the above andytica framework has been to provide a logical bass for
the reation between R&D investment and the formation of the knowledge stock. This rdation
is expressed by a function describing how research produces new knowledge over time, and it
is characterised by some basc parameters resulting from the inherent nature of the research
programme. Empiricaly, one can proceed in two diginct ways. Either we can assume these
parameters are known and build the stock according to (15), or, if an edtimate of the
ageleffectiveness function is avalable, this can be used to identify the underlying unknown

parameters. These two applications will be discussed in the following sections.
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4.1. Basic research, applied research and development

The relevant parameters b, O m s and d depend on the technical and economic
characters, sensu latu, of the invesment, namely, the potentid fertility of the research, the
innovative charecter and the inherent uncertainty of the research programme, the inditutiond
functioning of the research sector (private-public system), amongst others. Each parameter
has an economic interpretation. b sets up the didribution of the effidency gans during the
gedtaion period, that is the prdiminary effort, required to obtain some result; the closer b to
unity the more unlikely anticipated results will be. D is the truncetion parameter indicating the
length of both te latency period and the failure of the research programme. mis the expected
vadue of the gedation period, while s is the sandard error indicating the uncertainty, and
therefore the risk, associated with the investment. Findly, df indicates the initial decay rate,
expressng both the obsolescence and the maintenance investment relaed to the new

knowledge.

These aspects are summed up by the traditiona digtinction among basic research,
goplied research and development, snce different parameter values correspond to the three
research categories. According to the Japan Economic Indtitute (1996) the decay rate d varies
between 0.25 and 0.1, and the expected gestation period mbetween 4 and 7 years®! This
interva incdludes mogst of the vaues normaly assumed in empiricd andyss (Namatame,
1989; Park, 1995). Jovanovic and Nyarko (1998) report that the value frequently assumed in
empirical research is 0.15. However, owing to the problems mentioned above, few estimates
are avallable. Naidiri and Prucha (1996) report an estimate of 0.12 for the U.S. manufacturing
sector, while in an earlier sudy Pakes and Schakerman (1984) reported vaues ranging

between 0.18 and 0.36, with an average of 0,25. These edtimates depend on the type of
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research: the more basic the research, the smaller the dand the larger them

Unfortunately, the literature does not give clear cut indications on the remaning
parameters. Consequently, we base our choice on some general consderations. Recdling that
the more theoretica, origind and borderline the research programme, the greater the
uncertainty, and therefore the risk, we express s as afunction of m By the same token, we let
Ddepend on s,% s0 that dso the latency and the failure periods depend on the research type.?®
Findly, for b we assume tha the age/effectiveness profile during gedtation is close to the one-
hoss shay case, and the more so the more basic the research programme?®; in this case it is

more difficult to achieve anticipated results.

The sdlect vaues are reported in the following teble:

R&S b d* m S D mD m+D
Basc 0.98 0.10 7 0.5m 2s 0 14
Applied 0.95 0.20 6 0.4m 2s 1.2 10.8
Deve opment 0.90 0.25 4 0.3m 2s 16 6.4

Note that only the initid value d* is set up, since obsolescence accelerates acording
to the speed of technologica upgrading according to eguation (12).2° The speed of
technological upgrading can be gpproximated by the rate of long-run technicad change
undersood as a permanent gain in productivity due to the shift to the new technologicd
levels. We therefore assume that this speed equals the technical change rate computed, for
Itdian agriculture, in Esposti (2000c) by means of a sSgnd extraction from the TFP growth
guided by R&D investments and free from short-run productivity shocks?® In this sense,

obsolescence depends on past research investments, and is therefore endogenous.

The age/effectiveness and age/price functions, based on the above parameters and
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equations (15) and (18), are reported in table 1 and in figures 2 and 3. The weight series differ
markedly across research classfication, dthough the bel-shape perssts. After twenty years,
the effect of goplied research and deveopment is dmogt nill, wheress it is ill quite
subgtantial for basic research. Furthermore, maximum effectiveness is reeched after five years
by development investments, after eight years by applied research, and after deven years by
basic ressarch. As expected, the maximum impact is dightly lagged if compared to the
expected length of the gedtation. Moreover, the agefeffectiveness function is aways less than
1 due to the stochastic gedtation period. The lower the uncertainty and therefore the variance,
the more clear-cut the year of maximum effect will be, and therefore the closer the respective

weight to unity: thisis clearly the case of investmentsin development.

Findly, it is worth noting that the age/price function expresses a crucia aspect of the
peculiar timing of research results By definition, the function has vdue 1 when the
investment tekes place, but this is not its maximum vaue, as it is in the case of physcd
assets. The maximum user’s cogt is reeched after few years that is, when the current vaue of
the future benefits is maximum. This hagppens because the research benefits are poor in the
ealy years. They then rapidly increase until the end of the gedtation, and deteriorate again in

the late years of the servicelife.

4.2. Theltalian case

This section presents an gpplication to public R&D in Itdian agricuture’ Information
comes from INEA (Nationd Inditute of Agriculturd Economics), CNR (Nationa Research
Council) and minigerid accounts (Ministry of Agriculture and Ministry of Sdentific and
Technologic Research) or accounts of other public ingitutions involved in agriculturd

research. Data refer to research funding by the Ministry of Agriculture and Forestry and
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expenditure by both specidised public research inditutes and public university faculties of
agriculture and anima science. In addition, adso public expenditure in extenson is consdered.
Expenditures are expressed in billions of 1985 Itdian lire and cover the years 1956 to 1996.%
As a fourteenyear gedtation length is admitted for basic research, stock can be built from

1970 onwards.

Figure 4 shows the patern of knowledge stock by type (basic research, applied
research and development), under the working assumption that al R&D is in turn of the same
type. Comparatively, basc research generates somewhat more stock, especidly in the late
years of the sample. As mentioned, this difference in the stock measure dso affects the
estimated internd rate of return.?® Obvioudy, the above assumption is strong and unredlistic.
The public research effort in Itadian agriculture is of course a mix of basc and applied
research and development. However, the avallable aggregate data do not adlow a digtinction to
be dravn among various research types in Itdy. The requiste standard according to the
Frascati Manual (OECD, 1994) and accepted at the internationd level cannot be obtained
usng the above-mentioned data sources because they normaly report data by funded

organisation rather than by funded research programme.

To bring the stock closer to the actud research mix, we assume that the classfication
by funding inditution largely corresponds to the classfication by research type. According to
the Frascati Manua, basc research is not targeted on some predetermined use. We may
therefore assume that it largely corresponds to research conducted within the universty
sysem. Applied research is associated with the activities of non-academic public inditutes
and organisstions, snce these manly cary on cosdy targeted research.®  Fndly,
development is associated to activities carried out through extenson expenditure. On these

assumptions, the three stocks can be cdculated, and each of them corresponds to the
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contribution made by the respective research type ther sum is therefore the mixed
knowledge stock. Note that the stock of development prevails until the nineties and then, the
basic research stock becomes predominant. The development stock remains congtant from the
mid-eighties onwards, and it is equaled by the applied research stock in the mid-nineties

(figure 5).

4.3. Parameter calibration

From the previous section, two main aspects emerge in the definition of the knowledge
gock: the parameters underlying the lag structure and the expenditure shares of each research
type. Some assumptions were made concerning both aspects in order to enable caculation of
the stock. These assumptions are to some extent arbitrary. In principle, however, the mode
can adso be used to move in the opposite direction: that is, to estimate parameters and shares

or to test the reliability of the hypotheses. Suppose that we have an edtimate Vvs of the

weights relative to public R&D in Itdian agriculture. According to the mode described, these

sies are the weighted sum of the ws from equation (15) associated with any investment
type; thet is:

(22) W, =(a°w +a*w +gws ), (@°+q*+ ) =1

where ¢, o* ad g° are the shares in totd R&D expenditure of basic research, applied

research and development respectively, while WSB ,Wé\ and Wf ae the rdative weghts

according to equation (15). Therefore, a minimum least sgquares criterion can be used to

esimate the unknown parameters:

@) pmin 8L W)? s 9),(22)]
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This empiricd solution, however, is not usudly feesble Firdly, a rdiable estimation

of the vector W, should be obtained, but this is no essy task considering the problems
outlined in section 2. As mentioned, the nonparametric approach seems appropriate since it

does not impose congrains on the lag structure. Esposti (2000b) has used this gpproach to

derive W, for Itdian public agriculturd research. This estimate can be referred to a 20-year
maximum lag. A second and mgor problem, however, arises because equation (23) is
markedly non-linear in the parameters, and the traditiond econometric methods are of little
help. Moreover, we may expect mgor identification problems to occur: the same vector of
weights Ws may be caused by many, or infinite, combinations of parameters and shares of the
three research types. In fact, the lag dructure observed is determined by a vector of
parameters which does not correspond to any vector of the research types. the research mix

will in turn imply amixed aggregete st of parameters.

Figure 6a compares the ‘hybrid’ lag dructure drawn using the nonparametric gpproach
with the ones implied by the three research types® Summing the squares of the deviations
(ESS) between estimated and expected weights alows us to conclude that the case that comes
closest to the observed weights is applied research. As pointed out, however, the structure
obsarved is actudly a ‘hybrid and could adso be generated by a mix among the types,
bringing the combination of the parameters close to the case of applied research even when

thishas alimited role,

Even in the case of under-identification, it is possble to cdibrate the st of these
‘hybrid  parameters by moving around the grid of the predetermined intervals outlined in
section 4.1. Of the different possble combinations, the one with the lowest ESS is chosen.
Figure 6b shows this case, which comes quite close to the observed gructure, confirming the

reliability of the sdected parameters and implying a combination of parameters that does not
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correspond to any type. According to this cdibration, the expected vadue of the gedtation
period is sx years, and the early results in this period are rather poor; these features make the
mix closer to basic research. However, the obsolescence rate and uncertainty are closer to
what one would expect as regard development. Therefore, the ‘hybrid character of the
underlying public agriculturd research investment in Itdy is confirmed by the data This
feature does not derive from the aleged objectives of the research programmes funded but is a

feature of the research results themsdves.

5. Concluding remarks

The main purpose of this paper has been to address the issue of how to build the R&D
dock from the flow of gross investments This topic is much discussed in the recent
agricultural  economics literature because R&D expenditure is a mgor source of sectord
technical change. Furthermore, a large, if not predominant, amount of this research effort is
based on public funding, so that a correct measure of its red impact on production is
obvioudy needed. Computing this impact, however, depends largely on how the research

gock isbuilt.

On this point, however, a number of econometric difficulties make this task
paticularly challenging. An dternative approach is to depict those features of the research
gock that make it subgtantidly different from the physical asset, and to propose an anayticd
framework which recovers the stock on the bass of a set of basc parameters with a clear
economic interpretation. Moreover, these parameters differ among basic research, applied

research and development.

The Itdian case shows how, keeping the gross invesment congtant, different
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hypotheses about these parameters can ggnificantly affect caculation of the stock and,
consequently, estimation of the rate of return on R&D. Empirica identification of the basic
parameters is difficult, partly because detailed data on the features of funded research
progranmes are lacking. The modd’s cdibraion, however, supports the idea of ‘hybrid
research involving the presence of dl the various R&D types and confirming the modd’s

ability to gpproximate the lag structure observed, given an appropriate vector of parameters.

Besdes these resuts, the paper has presented an approach, which suggests further
empirica andyds of the impact of R&D invetments and the returns on them, following two
diginct lines of inquiry. Frdly, the lag dSructure of the effect of R&D over time can be
recovered by defining its type, and therefore by making assumptions about the basc
parameters. This line of inquiry requires more detailed data collection on research expenditure
and further research into the economic aspects that affect the character and vdue of the

parameters themselves.

Alternatively, the gpproach proposed can be used to estimate, rather than assume, the
parameters mentioned in order to detect the underlying features of the research effort.
However, in this case edimation of the weights is necessary, which in turn requires a long
R&D series. Secondly, recovering the basic parameters using traditional econometric tools is

avery difficult task. Nevertheless, this seemsto be an interesting area for further research.
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1 Although extrendy smple, this function is ill widely adopted (Jones and Williams, 1998;
Griliches, 1998).

2 The converson of these benefits into monetary values is trivia because the TFP growth can
be directly interpreted as the growth rate of production or the rate of cost reduction.

3 The dterndtive is to directly esimate equation (5), or its dua (Bernstain and Nadiri, 1989;
Morrison and Siegd, 1998; Esposti and Pierani, 2000a) known as the integral approach;
otherwise estimate equation (6) or (7) after caculating the TFP growth, known as two-stage
approach. In this later case, measurment errors in the TFP caculation (Antle e Capabo,
1988) may generate inconsstent estimates (Esposti e Pierani, 2000b).

* There is dso an attribution problem among groups: that is, among different sources of the
research effort (Alston and Pardey, 2000). This issue concerns the computation of
technologicd spillover, both internationd and intersectoral, which is not dedt with in detal
here. For more information on this agpect with reference to Itdian agriculture see Espodti
(2000a).

® Egpecidly when public agriculture research is being studied, many authors suggest that the
effects can last longer than thirty years (Alson et al., 1998; Chavas et al., 1997; Pardey and
Craig, 1989).

® Frequently assumed forms are the inverted V, the trapezoidd, the polinomid, etc. (Alston
and Pardey, 2000) or smply the PIM itself, asin Nadiri and Prucha (1996).

" According to Alston and Pardey (2000), the truncation of the lag structure at 15 or 20 years
(which is a frequent practice due to the short R&D series usudly avalable) often causes an
ealier atribution of the research benefits over time and, in turn, an overesimation of the
return on R&D. A recent example of thiskind of problem is Fan (2000).

8 Edimaing the relation in the first differences, that is equation (7), can solve the problem
only if the TFP and the knowledge stock are not cointegrated. In the case of cointegration, a
specification of the modd in the error correction form would be needed (Makki et al., 1999)
and esimation of equation (7) would incur specification errors (Plosser and Schwert, 1978;
Enders, 1995).

° In short, we may say that the problen must be tackled in the field of the economics of
science rather than of econometrics.

10 A dassc example in agriculture is provided by single and specific research programmes

carried out in order to sdect new improved varieties whose sequence of research results over
time can usualy be recovered in detall (parenta lines, hybrids, new varieties etc.). A vauable
referenceis Pardey et al. (1996).

1 The depreciation is the loss of economic vaue of the asset, and therefore refers to the

capital sarvice, while the decrease in the stock quantity should more properly be cdled
‘decay’ (Hulten and Wykoff, 1996).

12 Agriculture provides numerous examples For indance, the technologica knowledge
associated with traditional and loca caitle breeds has become obsolete with the introduction
of new improved breeds. Andogoudy, technologica knowledge regarding some species of
vine and wine processng loses its vaue when consumers show less preference for these
products. However, in neither of these cases does this imply that the underlying knowledge is
entirely log.
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13 Alston et al. (2000) adopt an anal ogous solution based on asimilar argument.

14 park (1995) admits a myears lag in the effects of the research investment, and the equation
(9) becomes Ty = Ti1(1-d) + Ry .

15 In agriculture an example of this decay concerns new improved varieties. In recent decades
the introduction of new varieties has occurred a increasing raes in the developed countries,
but their turnover has accderated at the same time. In the USA, five new whegt varieties were
introduced on average each year in the period 1900-1970; since 1970 this average has
increased to twenty-one new vaieties but their turnover is now less than five years. As
reported by Pardey et al. (1996), most of these recent varieties have been obtained by
introducing incremental improvement on a common origind base given by the varieties
sdected in the late gxties a the CIMMYT (Internationad Wheat and Maize Improvement
Center) in Mexico. Therefore, mogt of the innovation embodied in recent varieties has a short
life indeed; only some of it remains enduringly useful snce it conditutes the origind radicd
innovation.

18 This is the well known hypothesis of R&D decressing margind returns in the creation of
new knowledge (Evenson, 1984; Jones, 1995; Griliches, 1998 cap. 12). These returns should
not be confused with R&D return with respect to productivity according to equation (7).
However, these two concepts are obvioudy related, because decreasing returns on the R&D in
the generation of knowledge &so induce decreasng returns on research to increase
productivity.

17 Actudly, a smilar argument is dso vdid for invesments in physicd capitd which require
aninitid sart-up period.

18 For technical details see Caiumi et al. (1995).

19 The integrd does not have an andyticd solution because the integrand function is not
continuous for any vintage. It has therefore been numericaly agpproximated with the Simpson
method (Johnson e Rees, 1982).

20 ¢ differs from d because it refers to the loss of economic vaue and not to loss of

efficiency. Note that geometric decay (@ has a sdf-dud property because it implies geometric
depreciation (r) (Hulten and Wykoff, 1996). This dso emerges clearly from the results in the
next section.

2l The JEl edimates rely on severa sectors and countries. They may thus be regarded as

references of generd vdidity (Cagtaldi and Leviddi, 1997).

2 Dand s as functions of m are often aso adopted in the definition of the stochastic service
life of the physcd asset. For an gpplication to Itdian agriculture see Caumi et al. (1995);
these authors assume D=2s and s =0,5mfor agriculturd physica stocks.

23 On these assumptions, basic research, because it is more innovative and riskier, implies a

grester mand consequently greater D and s. It dso follows that the possble interva of
gedtation is 14 years wide.

4 In any case, the hypothesis that early results during gestation are relatively hard to obtain is
maintained; they are mainly concentrated in its late part. Therefore, regardiess of the research
type, he parameter varies within an interval quite close to unity (that is close to the one-hoss
shay case).
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%> Note that if we consider the first fifteen years after the end of gestation, and on the basis of
the assumption on technologicad upgrading, the adopted d*’s correspond to these respective
average d's. 0.12; 0.23; 0.30. These values come quite close to the range estimated by Pakes
and Schankerman (1984) and Nadiri and Prucha (1996).

26 Edtimated long-run technical change rate in Itdian agriculture in the period 1971-1991 was
0.023. Therefore, the proxied speed of technological upgrading is [f (t, é_t R)] =0,023

2 In a narow sense, private agricultura research is not significant in ltay. However, a
broader interpretation of private agricultura research sometimes includes R&D effort by the
food industry and by indudries specificdly producing inputs for agriculture (chemicas,
machinery, drugs, etc.). However, it is more appropriate to refer to these cases as intersectora
technologica spillover (Esposti, 20004).

%8 For a more detailed decription of the R&D data and the various sources of public research
expenditurein Italian agriculture see Gaante and Sda (1989).

29 For instance, by estimating equation (7) for the three hypotheses of research stock, internd
rates of return of 23% (basic), 18% (applied) and 49% (development) are obtained. Despite
the problems of specifying the estimated modd and of measuring the TFP, these results show
that estimation of the rate of return may be affected by the assumed lag structure for the same
gross investment flow.

%0 The main non-academic public research ingtitutes and organisations in ltdian agriculture
devote their efforts modly to well-targeted programmes. This is the case of the IPRA and
RAISA projects of the CNR and the Ministry Experimenta Centres closdy specidised in
some crop or production.

31 To enable compaison, the W,and Ws series have been indexed with respect to the
maximum vdue of the rdative lag sructure. The truncation at the twentieth lagged year does
not mean that the weight in this year is imposed as 0; thet is, no end-point restriction has been
introduced. However, the truncation is necessaty because the nonparametric andyss is
bounded by the shortness of the R& D series (Esposti, 2000b).
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Table 1: Age/effectiveness (W) and age/price (¢) functions of the R& D investment

>
@
m

ADMDAMDMWWWWWWWWWWRRNRNNNNNNNNNRPRERER R R R
RN REEEYEHREEREBBEBNERRNEBNRE N R EBow~NonrwNv RO

BASIC APPLIED DEVELOPMENT
Stock Price Stock Price Stock Price
(Wsx100) | (gsx100) | (wsx100) | (gsx100) | (Wsx100) | (gsx100)
0,50 100,00 0,00 100,00 0,00 100,00
4,38 104,07 1,89 104,17 3,62 104,17
7,38 107,53 8,72 107,94 13,19 107,27
15,38 110,54 15,02 109,84 47,31 107,22
20,33 112,09 29,97 109,95 63,00 95,49
32,20 112,71 37,77 105,60 74,87 77,89
37,67 110,99 52,88 98,75 55,09 55,55
49,62 108,12 54,04 87,11 40,73 39,16
52,87 102,75 57,15 74,64 29,88 27,16
60,16 96,50 50,27 60,72 21,73 18,52
60,51 88,55 43,86 48,28 15,67 12,40
60,52 80,39 34,30 37,22 11,20 8,15
56,68 71,69 26,78 28,55 7,93 5,25
53,36 63,40 20,78 21,77 5,56 3,32
47,28 55,41 16,02 16,48 3,87 2,05
41,86 48,31 12,26 12,40 2,66 1,24
36,95 41,99 9,33 9,26 1,81 0,73
32,51 36,38 7,04 6,87 1,22 0,42
28,53 31,43 5,28 5,06 0,81 0,24
24,95 27,06 3,93 3,70 0,53 0,13
21,75 23,22 2,90 2,68 0,35 0,07
18,90 19,85 2,12 1,93 0,22 0,04
16,37 16,92 1,54 1,38 0,14 0,02
14,13 14,37 1,11 0,97 0,09 0,01
12,15 12,15 0,79 0,68 0,05 0,00
10,41 10,24 0,56 0,47 0,03 0,00
8,89 8,59 0,39 0,33 0,02 0,00
7,56 7,18 0,27 0,22 0,01 0,00
6,40 5,98 0,19 0,15 0,01 0,00
5,40 4,95 0,13 0,10 0,00 0,00
454 4,08 0,09 0,07 0,00 0,00
3,80 3,35 0,06 0,04 0,00 0,00
3,16 2,73 0,04 0,03 0,00 0,00
2,62 2,22 0,02 0,02 0,00 0,00
2,17 1,79 0,02 0,01 0,00 0,00
1,78 1,43 0,01 0,01 0,00 0,00
1,46 1,13 0,01 0,00 0,00 0,00
1,18 0,89 0,00 0,00 0,00 0,00
0,96 0,69 0,00 0,00 0,00 0,00
0,77 0,53 0,00 0,00 0,00 0,00
0,62 0,40 0,00 0,00 0,00 0,00
0,49 0,29 0,00 0,00 0,00 0,00
0,39 0,21 0,00 0,00 0,00 0,00
0,31 0,14 0,00 0,00 0,00 0,00
0,24 0,08 0,00 0,00 0,00 0,00
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Figure 1 — Relative effectiveness of the R& D investment with gestation G, under

different values of b
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Figure 2: Age/effectiveness function by investment type
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Figure 3: Age/price function by investment type
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Figure 4: R& D stock under the three typological hypotheses (1985 billions of Italian

Lire)
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Figure5: Series of the three stock typologies (1985 billions of Italian Lire)
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Figure 6a — Lag structure under non parametric estimation and various R& D

hypotheses
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Figure 6b — Lag structure under nonparametric estimation and calibration of the

par ameters
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