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Adoption, Diffusion,
and Public R&D

Walter G. Park

ABSTRACT

This paper studies the impact of public RD&D (Research,
Devel opment, and Demonstrations) on the market penetration of anew
government-sponsored technology. First, the technology adoption
behavior of a firm under uncertainty is reviewed. Secondly, the
diffusion of the new technology in a competitive industry that benefits
from learning-by-doing is analyzed. Numerical simulations are
conducted to determine the effect that variations in government R& D
policies have on the rate and level of market penetration. Productive
R& D investmentsaffect thelevel of diffusionand R& D demonstrations
the rate of diffusion.

Introduction

This paper is a theoretical analysis of the adoption and diffusion of a new
government-sponsored technology. The paper analyzes in particular the impact of
government research, development, and demonstrations (RD&D) on the market
penetration of anew government-sponsored (or publicly-funded) innovation. The purpose
istofill the following gaps in the literature on RD& D and productivity growth.

First, technology diffusion plays avital rolein linking R& D activities to productivity
growth. Productivity growth will typically not occur, or be measurablein the data, unless
the new technologies resulting from R& D activities penetrate the marketplace. Severd
empirical studies (see Griliches 1991) have focused on finding the effects of R&D on
productivity growth, or on linking patenting activities to productivity growth, while
ignoring theintermediary role of ‘technology adoption' in trandating the benefits of R& D
tomeasured productivity growth. Thelimited market penetration of new technologiesmay
explain why several advanced nations, including the U.S., have achieved enormous
accumulations of R& D and human capitd, yet have been experiencing a dowdown in
productivity growth. The problem may not bethelack of R& D, or itsquality, but the fact
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that potentially productive new technologies seem to "sit on the shelf.” Greater attention
is needed on examining the appropriateincentivesthat motivate economic agentsto adopt
new technologies.

Second, while the literature on R& D abstracts from technology adoption, the current
literature on technol ogy adoption behavior typically abstractsfrom R& D activities.* The
existence of a new technology is given exogenously, and the focus of debate is on how
market characteristics, industrial organization, and firm attitudes toward risk and
uncertainty, determine technology adoption behavior. This paper introduces an R&D
sector to show how R&D interacts with technology diffusion. At one leve, increased
R&D can improve the efficiency of a new innovation and make it more attractive to
potential adopters. At another level, an improved market for new technology raises the
return to R&D and thereby stimulates R& D investment.

Third, the current literature on technology adoption focuses on private sector
innovations. Thisstudy focusesonagovernment-sponsoredinnovation and on government
R&D activities. This focus helps to address issues relevant to the ongoing debate on
"technology transfer,” for which there arefew, if any, theoretical economic analyses (see
Brownet a. 1991). Theargument isthat government R& D laboratorieshave beenlargely
unsuccessful at transferring knowledgeto the private sector. Coupled with the perception
that government R& D isless efficient than private, or that governments sponsor projects
that are privately unproductive (see Cohen and Noll 1991), severa have called for
reducing government research (to allow scarce resources such as human capital to shift
to privatelaboratories) or for limiting government'sroleto improving licensing and patent
laws. However, one point often missed is that public R& D exists in many instances to
sponsor technologies that generate socia (rather than private) benefits, such as those
which improve the nation's environment, health, and defense, among other things. While
the purpose of this paper is not to explore what the government's optimal technology
policy should be, it provides apositive analysis of how government RD& D can stimulate
the transfer of the government-sponsored technology to the marketplace. The existing
literature lacks a conceptual framework for investigating how government RD&D
contributes to "technology transfer" (from the public sector to the private).

The andysis here builds upon the previous literature on technology adoption to study
therelationship between government RD& D and thediffusi on of agovernment-sponsored
new technology in an industry-wide setting. A study of the determinants of technology
adoption must deal with at least two stylized facts.? First, there is often adelay between
the invention of anew technology and its market penetration. Second, new technologies
are not adopted simultaneoudly but sequentially by adopters. To explain thesefacts, itis
necessary to account for factors such asimperfect information, sunk costs, irreversibility,
and market structure.

The paper is organized as follows:. section |1 discusses adoption. It briefly reviewsthe
framework, method of analysis, and some findings in the previous literature. Section |1l
analyzes diffusion. While "adoption” refers to the action taken by a single firm,
"diffusion” refers to the adoption of atechnology by severa firms. Thus, diffusion is
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studied at anindustry-level. After asimpletwo-sector dynamic modd isdevel oped, some
numerical simulation resultsare presented. The experimentsillustrate how variouspolicy
shocks affect the level and rate of market penetration. Section 1V contains concluding
remarks. Theanalysisfindsthat public RD& D hasthe potential to stimulate the adoption
of new government-sponsored technol ogies by improving the productivity of government
innovations and by providing information to help potential adopters better assess the
market and the new technologies.

Adoption: Literature Review

In the exigting literature on technology adoption (see for example, Jensen 1982, Bal cer
and Lippman 1984, McCardle 1985, Bhattarcharya et al. 1986, and Reinganum 1989),
the concepts of search theory and optimal stopping are used to characterize the adoption
decision. Potential adopters search for new technologies (products or processes) or
information about new technol ogies, and must decide when to stop searching and to make
a decision on whether to adopt or reject a new technology.

The unit of analysisis typically the firm. The firm initially produces output using a
conventional technology (denoted by CT) and has the option to switch to a new
technology (NT). Investing in the new technology entails a fixed (sunk) cost which
represents the up-front cost of transforming the enterprise.® The firm can either adopt the
new technology right away or wait to learn more about it. If it chooses to wait, the firm
cansearchfor information about NT and the new market. Search can becostlessor costly.
The information acquired can be used to resolve two kinds of uncertainty: (1) technical
uncertainty (regarding the innovation itself), and (2) market uncertainty (regarding rival
behavior and demand). Information can be obtained from the firm's own research
activities, from other firm's search activities, or from government information sources.
Government R&D demongtration projects, for example, can help reduce technica
uncertainty or lower the search costs of firms.

The decision to search under uncertainty isviewed as an optimal stopping problem, the
solution to which determines both the decision itself (reject or adopt) conditional on
information received and the timing of the decision. The firm is assumed to be
profit-maximizing and forward-looking. The firm compares whether adoption or
non-adoption yiel ds the greater present discounted value of profits. Adoptionistypicaly
"triggered” by the following condition: V; - | > V¢, Wwhere V; represents the present
discounted vaue of profits associated with the new technology NT, | the fixed costs of
adoption (or installation costs), and V ¢; the present discounted value of profitsassociated
with the conventional technology CT. However the firm is uncertain whether V - |
exceeds V- and thus attaches a probability assessment that this condition is fulfilled -
namely:

Pr{VNT—I zVCT|Q]: p
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where Pr {. | .} denotes conditional probability, O < p < 1 the probability value of this
condition, and Q the information set. By searching for and acquiring information about
the new technol ogy or about the market, thefirm expandsitsinformation set Q and revises
its estimate, p.

Thefirm typically has the following decision rules:

0] Adopt if p > prc
(In Reject if p < prow
(1n Search otherwise

where p,,o4 IS asufficiently high assessment and p, o, asufficiently low assessment. The
probability estimate, p, is revised in "Bayesian" fashion - that is, as information is
received the firm updates its prior beliefs of p to obtain its posterior beliefs of p.*

Using these decision rules as abasis for discussion, the literature analyzes anumber of
determinants of technology adoption behavior at the firm level - for instance the role of
search costs, imperfect information, uncertainty, sunk costs, and irreversible investment.
The multi-firm model in the next section builds upon the existing literature by examining
how government RD&D interacts with these 'determinants of technology adoption
behavior to stimulate firms to adopt a (government-sponsored) new technology.

A few comments about these 'determinants would be useful. In Jensen (1982) search
activity iscostless, whereasin McCardle (1985) search activity iscostly. Thelatter study
introduces the idea that there are diminishing returnsto search. The effect of thisfeature
istoforcethetwo thresholdsgiven by decisionrules(l) and (11) to converge at somefinite
time, leading the firm eventually to make a decision on adoption or rejection. In other
words, search activity cannot go on indefinitely asit can when there are non-diminishing
coststo searching. In this generic class of search models, thereis nothing to rule out type
| or typell errors- that is, the rejection of aprofitable innovation or the acceptance of an
unprofitable innovation, respectively. Better quality information reduces the likelihood
of these kinds of errors. Thus one potentia role for public R&D demonstrations is to
provideinformation about thetrue profitability of theinnovation. Demonstration projects
can therefore help reduce search costs.®

Theeffect on the adoption decision of the arriva of future new technologiesis anayzed
inBalcer-Lippman (1984). Thefirm hasan additiona option to defer adoption (and avoid
the associated fixed costs) in order to acquire some future new technology. If the rate of
discovery of thefuture new technology isrelatively slow, so that thefirm'stechnology lag
exceeds a certain threshold, the firm will adopt the existing best technology. One of the
implications of this analysisis that the mere "announcement” of a forthcoming (but not
certain) new technology can postpone the adoption decision of afirm. Inthissense, R&D
plays an important role since current research activities could signal the arrival of future
new or improved technologies.

Theliterature also typically assumes"irreversibility" of the adoption decision. Thisis
astrong assumption. If afirm realizesafter adopting NT that itsestimateswereincorrect,
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thefirm may want to consider the option of abandoning it (assuming that it istechnically
feasible to do s0). However, just as there is afixed cost to adopting, there is also likely
to beafixed cost to abandoning. Oncethefirm abandons, it hasto incur afixed cost again
should it want to re-adopt the new technology if future external (market) or interna
(managerial and technical) conditionsimprovefavorably. Thus, under uncertainty, afirm
may hesitate to abandon NT even if it seems profitable do so. Just as afirm waits before
adopting aprofitableinnovation, itislikely towait before abandoning an unprofitable one
- hence the abandonment and adoption decisions can be rather symmetrical.

Thus far the focus has been on a single firm. The diffusion model in the next section
allows for multiple firm interactions. Every firm that adopts a new technology has an
effect ontheprofitability of existing and futureadoptionsof thistechnology. Thediffusion
mode shares some of the featuresthat determine the technol ogy adoption behavior of the
firm, as reviewed in this section. For instance, imperfect information serves to delay
adoption until a firm acquires sufficiently good information to make a (profitable)
decision. Furthermore, an R& D sector whose activities can improve the productivity of
the new technology serves aso to affect the timing and outcome of a firm's adoption
decision.

Diffusion: A Small-Scale Simulation Model

In this section the optimal stopping condition (namely V; - | > V) isused to derive
an industry leve diffusion, or market penetration, curve. The principle is essentialy to
aggregate acrossthe stopping criteriaof individual firms. Thistracesthetime path of the
adoption of the new technology by individual firms.

The model consists of two sectors: an Adoption sector and an R&D sector. Each of
these sectorswill be developed in turn. The Adoption sector represents the market served
competitively by profit-maximizing firms that have adopted the new technology. The
R& D sector refersto that sector whichinvestsin R& D in order to create and improve the
performance of a new technology funded by the public sector. The actual innovation can
be the result of contract government R&D, government laboratory work, or a joint
public-private venture. The two sectors are interdependent. In the adoption sector, the
returnsto adoption depend not only on market demand conditionsbut also on thetechnical
efficiency gainsfrom switching to the new technology, whichin turn depend onthe R& D
invested inthenew technology. Inthe R& D sector, thereturnsto R& D investment depend
on the discounted benefits of increasing the stock of public R&D capital, which in turn
depend upon the profitability of adoption.

After the two sectors are developed, the model is parameterized and numerical
simulations are used to investigate the effects of exogenous policy shocks and to
investigate the sensitivity of the results to alterations in parameter values. The focus
throughout is on the crossing of the "upper” threshold - that is, on the decision to adopt
(after someor no search). Thedecisionto reject, upon reaching the"lower" threshold, can
be modeled analogoudly, but is not considered here. Other simplifications are needed in
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order to keep the analysis tractable and focused on the main factors driving diffusion,
without a the same time causing the results to be too sensitive to those simplifications.
These additional simplifications will be mentioned at the appropriate juncture. Table 1
contains alist of the notation used and the key equations.

TABLE 1
NOTATION AND EQUATIONS
A. List of Key Notation

Nt Ppresent value of adopting the new technology (NT)

or Ppresent value of using the conventiona technology (CT)
fixed costs of adoption

market price

constant marginal cost

instantaneous profits associated with technology i = NT, CT
index of technical efficiency,i = NT, CT

composite supply of factor inputs

real interest rate

depreciation rate of R&D capital

cumulétive level (measure) of adoptions

stock of public R&D capital

gross investment in public R&D capital

shadow price of aunit of additional R&D capital

firm's assessment of A, the new technology's productivity
speed of learning

output elasticity of public R&D capita

coefficient of elasticity of | with respect to n

coefficient of elagticity of p with respect ton

sensitivity of R&D to g

PR >2Q PN T O S XPT OT — <<

<

B. System of Equations in the Smulation Model

(1) Adoption Sector:

7 % _ 6p(n)/— ri(n)
-1(n)

(12) de/dt = A[A(2) - 6]

(I1) R&D Sector:
(10) dg/dt = (r + 8)q- pA/(2)

(9a) dz/dt = R, + Riq- 6z

Adoption Sector

Again consider two technologies, NT and CT, the new (government-sponsored)
technology and the conventiona technology, respectively. Assume that CT is used to
serve a perfectly competitive market. Assume that NT is used to serve a market that
allows free entry and exit. Because the NT serves a market that is new, the size of this
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new market will vary asfirmsenter (or exit). Firmsenter this new market by adopting the
NT.
L et the instantaneous operating profits associated with the new technology, NT, be

T = (P-C)y (1)

wherey = Ay; kisthe production function. y denotes output, k acomposite factor input,
pthe market price (or thedemand curvefor output produced using NT), and ¢ the constant
margina cost. In effect, the benefits of adopting NT are that it raises the technical
efficiency of production. The margina productivity of the composite input k can be
enhanced. Let

A = A(2) >0 2

measure the technology index of the production process, where z is the stock of public
R& D capital embodied inthe new technology. Thetechnological performance of the new
technology is assumed to be positively related to the amount of public R&D capita
embodied. Given A' = dA/dz > 0, A" < 0 implies diminishing returns to public R&D
capital, A" = 0 constant returns, and A" > 0 increasing returns.

L et the instantaneous operating profits associated with the conventional technology be
ner = (Po - GV, Wherey = A k. A denotes the conventiona technology's index of
technical efficiency, p, the market price for the output produced using CT, and ¢, the
congtant marginal cost under the conventional technology process. Because of the
assumption of perfect competition in the market served by CT, economic profits are zero
-thatis, n;=0.

To smplify, the analysis abstracts from any interdependence between the demand for
CT-produced output and the demand for NT-produced output. It also is assumed that the
supply of other factorsk isinelastic so that k can be normalized to one. Definethe present
discounted value of profits from adopting NT as:.

Vyr = fe’r(s’t) T (S) ds @A)

wherer isthe constant real interest rate.

Theadoption of NT requiresincurring afixed cogt, |, at thetime of adoption. Thisfixed
cost represents the initia costs of installing the new technology and adapting it to the
firm's production environment. A firm adopts at timetif: V-1 > V=0.

The pool of potential adoptersisassumed to be homogeneous. However, because of the
following assumptions, firms will not adopt simultaneously a once, but rather
sequentialy over time. Firgt, following Jovanovic-Lach (1989), Quirmbach (1986) and
Reinganum (1981), let the market demand be:

p=p(n), p'<o0 (4)

wherenisthe cumulative measure of adoptions. Asmorefirmsadopt, the supply of output
increases, and the market price decreases. The gainsto afirm from adoption arelessthan
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what they would beif the firm adopts sooner, when there are fewer adopters (or entrants
in the new market).
A second assumption, however, isthat:

I = I(n), 1'<0 (5)

that is, the fixed costs of adoption decline as the level of previous adoptions increases.
The idea behind this assumption is that there exists "learning by doing." A new firm can
observe the experience of previous adopters and thereby learn how to install and adapt to
the new technology inamore cost effective way. Asaconsegquence, onefirm'sfixed costs
of adopting NT are lower than another firm'sif it isthe later adopter.

Each firm ba ances the merits of early adoption (to obtain a higher market pricefor its
output) against the higher fixed costs of early adoption. Because of the initial imperfect
information about NT (less learning early on), the early adopters and users of the new
technology will incur higher fixed costs of ingtalling NT and transforming their
enterprises than will later adopters and users (who get to learn from previous adopters).
In a sense, the early adopters are generating "spillover” (information) benefits to later
adopters but are not compensated for these benefits by the later adopters.

Because there is free entry/exit in the market served by NT and zero economic profits
in the market served by CT, the condition V; = | will hold exactly in equilibrium (as
each adopter takes the time path of future prices as given, earns zero discounted profits,
and isindifferent asto the date of adoption). In equilibrium there will be asolution for n
over time such that all firms are satisfied with the timing of their adoption decisions.

Note that there are other ways to generate diffusion. Other studies consider a
heterogeneous pool of adopters - for example Ireland-Stoneman (1986) differentiate
adopters by firm size, Jensen (1982) by prior initial beliefsabout NT, and Bhattacharya
et al. (1986) by theinformation setsavailableto firms. Heterogeneous modelling isuseful
but generates diffusion automatically by the assumption of heterogeneity. Firms adopt at
different times because they are different. Some firms, based on their given
characteristics, have ahigher propensity to adopt than others have. Diffusionistherefore
determined exogenoudly. Inthismodel, in contrast, diffusionisderived endogenoudly. All
firms are assumed to be identical and to follow the same optimal stopping rule (Vr =1),
whilethe structure of demand and the presence of |earning-by-doing (given by Equations
(4) and (5)) determine the timing of adoption, adoption rate, and level of adoptions,
endogenoudly in an intertemporal, profit-maximizing equilibrium.

After incorporating all of the above assumptions and simplifications, the stopping
condition becomes (using Equations (1), (2) and k = 1):

Vi = [e*r(s’t) mr(n(s)) ds = 1(n(t)) (6)

where nyr(n(s) = p(n(s)) A(2).

Notethat the assumption of zero marginal cost isincorporatedin (6) - that is,c=0. As
Jovanovic-Lach (1989) discuss, this amounts to precluding firms from "exiting," or
reversing the adoption decision. "EXits" occur if revenues (pA) fall below variable costs.
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Here, if variable costs are low (or zero), firms never abandon NT. The analysisis more
complicated if ¢ > 0 and exitsare alowed. In this case firms may aso need to incur fixed
costs of exiting or abandoning NT. As discussed in Section |I, under imperfect
information and uncertainty firmsmay not exit even if operating profitsare negative; just
asafirm hesitatesto adopt aprofitable NT and enter amarket, it will hesitate to abandon
it and exit from the market if there are significant sunk costs of entering and exiting in a
world of imperfect information and uncertainty. Thus, extending the model to allow for
areversal of the adoption decision is feasible but more complex. The interest hereisto
focus primarily on the factors that lead to first-time adoption of NT.

Thediffusion curveis obtained by time-differentiating Equation (6), theintuition being
that by observing changesin the optimal stopping rule over time one can trace the path
of technology adoption:

dn _ w0 () g .
T ™

where dr/dt is the time-derivative of n.

Some properties of this equation should be noted. First, there are no discrete jumpsin
n. If for instance a mass of firms, m, adopted at time 0, each of these firms would incur
afixed cost of 1(0). But by adopting an instant later, any one of these firms could take
advantage of lower fixed costs of 1(m). Thusif every firm but one waits at each instant,
the diffusion process will be smooth (continuous) over time.

Secondly, an issue that has been raised in the literature is whether the time path of n,
the cumulative diffusion of the new technology, is S-shaped - that is, convex initialy
d?n/dt? > 0 and concave thereafter d>n/dt? < 0. Thisissue has been of importance because
it indicates whether adoptions of a new technology eventually reach a peak and settle
downto asteady-state, which would not bethe caseif the pathisforever convex. Intuition
suggests that diffusion should reach a steady-state since new technologies continue to
emerge over timethat can replace or modify existing technologies. Diffusion should also
reach apeak if the demand for NT isfinite. Time-differentiating (7) showsthat d?n/dt® <
(>) 0 according to whether [(x' - r1)(-I") - 1"] > (<) O, indicating that the time path of n
will be convex aslong as 1" is sufficiently positive. I" > 0 implies diminishing returnsto
learning-by-doing: that is, the fixed costs, |, decrease as n increases, but they decrease at
a decreasing rate. Awareness of diminishing returns encourages firms to take advantage
of the early gains to adoption, since the largest decreasesin fixed costs occur earlier on.
If 1" is negative, the diffusion curve will be concave throughout.

Another property isthat aslong as p' and I' are bounded, n reaches a steady-state limit
(astimegoestoinfinity), thusruling out convexity of the diffusion curveeverywhere. The
long run value of n, or thetotal cumulative measure of adoptions, isdetermined by setting
the numerator of Equation (7) to zero (i.e. nyr(n*) = rl(n*), where beyond n*, potentia
adopters face negative discounted profits).

Finaly if | is independent of n, then from (7), dn/dt tends to infinity, meaning that
adoption takes place by all the potential adopters simultaneoudly at time O (provided the
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innovation is profitable, in the sense of V = 1). Figure 1 summarizes the properties of
Equation (7).

R&D Sector

TheR& D sector performs R& D to produce atechnol ogy sponsored by the public sector.
This sector can refer to agovernment-industry R& D consortium, a government research
lab, or aprivate lab under government contract. The dissemination of information about
the new technology is (asis usually the case) undertaken by the government. Assumefor
simplicity that the new technology, NT, isthe only innovation produced in thissector. The
innovation's productivity level varieswith the amount of government R& D investediniit.
Assumethat at time 0 there have not yet been any adoptions-i.e. n(0) = 0. What triggers
the pool of potential adopters to begin adopting is an increase in government R&D
investment in the new technology above acritical level - namely that level which makes
the innovation profitable in the marketplace (V; > |). The government also provides
"demonstrations’ so that potential adopters can observe better the capability of the new
technology.

R&D investment decisions are made exogenously through discretionary changesin
R& D plansand endogenously through feedbacksreceived by the R& D sector from events
inthe Adoption sector. EndogenousR& D isdriven by thereturnsto R& D investment. For
example, increases in the expected present discounted value of the marginal products of
the new technology will stimulate further R& D investmentsin NT. Later it will be seen
that R&D investment declines endogenously as the diffusion process reaches its limit,
since the returns to investment in NT decline when diffusion slows down.
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Fig. 1. Diffusion and the role of diminishing returns to learning-by-doing.
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The government’s main goal is to see the diffusion of the publicly-sponsored new
technology. To carry out this goal, the government is assumed to be guided by some
underlying efficiency criterion. The criterion is that publicly-sponsored R&D
maximize the discounted weifare of private firms. Thus the R&D sector chooses
R&D investment to maximize the discounted stream of net profits owing to the new
technology:
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RV = [[[e 0 n(s) - d(s)R(s)] ds &)
subject to:

dz/dt = R- 6z (9a)

Tyt = PA(2) (9b)

A(z) = AyZY (9c)

where R is gross public R& D investment, dz/dt net public R& D investment, z the stock
of public R&D (or knowledge) capital, q the price of R&D investment, & the rate of
obsolescence of the stock of R& D capitd, y the output elasticity of public R& D capitd,
and A, an exogenous parameter reflecting omitted variables in A(z). Equation (8) is
therefore the R&D sector's objective functional and Equation (9a) the net (of
depreciation) R& D accumulation constraint.® Equation (9¢) isthe technol ogy production
function, where y < 1 implies diminishing returns.
The Euler (necessary) condition for maximizing (8) subject to (9a-C) is:

d

= (1 8)a(t) - mer (1) (10)
where n ;' isthemarginal value product of z. Solving (10) forward providesan economic
interpretation of q:

q(y) = [e O Um,(s)ds (10a)

namely, q isthe present discounted value of the stream of future marginal value products
of z, where the discount rate is the sum of the red interest rate plus the rate of
obsolescence. Hence g can be interpreted as the "shadow" price of a unit of additional
public R& D capital - that is, the discounted benefits associ ated with augmenting the stock
of z by aunit. Note that g, in (8), is aso the cost of R&D investment, which equals the
returnsto R& D investment, given by (10), under conditions of optimization by the R& D
sector.’

The higher the g, the more attractive it is for the R& D sector to invest in public R&D
capital. Hence it is postulated that the endogenous response of R& D investment is:

R=R(q, R >0 (12)

A similar specification in which the marginal benefits of R&D drive R&D investments
is developed in Stoneman (1987) using a different model. Equation (11) can be
interpreted as the government's feedback rule, or investment function.

As R increases, the stock of public R&D capital, z, increases, so that the new
technology, NT, embodies a greater amount of z through A(z) and becomes more
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productive. Of course, increased z could generate other new technologies - but for
simplicity the attention is restricted to one particular (existing) innovation, whose
productivity can beimproved over time with increased R& D investments.

In summary the R& D sector can be modelled by Equations (10) and (9a) above. While
the R&D sector determines (g, z), this sector is very much linked to the market
penetration of the new technology. That is, there are "feedbacks' between the R& D and
Adoption sectors. For instance, increasesin z affect the diffusion of the new technology.
Immediateimprovementsin the new technol ogy from ahigher z stimulate adoption, while
expected future improvements arising from future increases in z delay adoption. The
diffusion processinturninfluencesinvestmentsin zinthefollowing way. Asnincreases,
profitsper firm decline. Thiscausesqtofall, thereby lowering thereturnsto R& D. Hence
R& D investment would endogenoudly decline and cause the accumul ation of government
R& D capital, z, to dow down. Then as z is affected, diffusion activity would be affected
as each new vintage of the government's new technology incorporates smaller increments
of z. However, it israther cumbersometo take all of these feedback effects into account
analytically. For this reason, numeral simulations are used to study the full genera
equilibrium dynamics.

Simulations

An additiona dynamic equation needed in the simulation model is the information
resolution process discussed in section Il and the Appendix. In a Bayesian learning
framework, adopters seek information in order to learn about the new technology. This
search activity servesto delay the adoption decision - if not avert it altogether. The better
the information received, the more likely will the firm adopt NT. To capture the friction
caused by imperfect information and learning, assume that the true productivity of NT,
given by A(2), isgradually discovered by the potential adopters. Thuslet 6 be the firms
estimate of A, and the revision of 6 be given by:

Y CORLCY (12)

where 1 isthe speed of adjustment. If 2 = 0, no learning takes place and A(.) = 6 only by
coincidence; if A isinfinite, instantaneous learning takes place, and A(.) = 6 always. In
the model, it is assumed that government R&D demonstrations and information
dissemination servicesaffect therate of learning, 1. The Appendix motivatesthe dynamic
adjustment mechanism given by (12) by showing how (12) can be the outcome of a
Bayesian learning process.

It is necessary to specify functional formsfor R(q), p(n), and I(n), and valuesfor A, v,
3, A, I, and for the parameters associated with the p, |, and R functions. The following
functiona forms have been chosen:
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R=R +Rg
I(n) = l,e *"
p(n) = Pye ™"

TheR& D equationisassumedto belinear, where R, isthe exogenous component and R, g
theendogenous component. Thefunctional formsfor pand| yield elasticitiesvarying with
n.

Thesimulation model can be summarized by Equations(7), (9a), (10), (12) reproduced
in part B of Table 1. There, A'(z) = YA(2)/z isthe marginal product of z, where A(2) =
A, z'. Inthe equations, the timeindexes are suppressed asthese areimplicit. In Equation
(7), 6 replaces A to indicate that adopting firms act on the basis of their estimate of A.
Also, the equation R = R, + R;q is subgtituted into Equation (9a).

The model presented thus far is a continuous-time deterministic model. A stochastic
version is a natural extension to develop whereby Equation (12), the learning equation,
can either (1) be affected by shocks following a geometric Brownian process, or (2) be
specified as part of aricher Bayesian learning environment (in which case the probability
distributions of 6 (the 'beliefs) and the signal s (information received) must be specified).
Both approaches are more complex (in a multi-firm setting), but the essential economic
insights are contained in the simpler deterministic setting. The system of four Equations
(7), (12), (10), and (9a) is linearized about an initial steady state (where n = 0) and
solved using adynamic simulation package, PSREM .2 The system consists of four state
variables (n, 6, g, and z) and one control variable, R,.

Note that because p(n) and I(n) are linearized, the values of «, p need to be restricted.
Unlessn<min[ Yo , 1/8 ], either p or I, or both, will eventually be negative.

TABLE 2
SIMULATIONS - BENCHMARK SCENARIO AND POLICY CHANGES

Lnitial Parameters and \alues:

r=5%, P, = 100, 1, = 1600, & = 10%, A,=0.2,
»=0333 2=01 o =000833 =001
Initial Seady-Sate Final Steady-Sate
Balicy A Palicy B
R 64 704 768
n 0 18.78 37.55
A2 0.8 0.83 0.85
z 64 70 75.92
| 1600 1350 1100
n 100 812 624
Timeto Reach - 440.4 440.4
Seady-Sate

Policy A: A Permanent, Unanticipated Increasein Gross R& D Investiment (R) of 10% at time 0
Policy B: A Permanent, Unanticipated Increasein Gross R& D Invesment (R) of 20% a time 0

The remainder of this section discusses both the simulation results and the results of
tests of sensitivity againgt alternative parameterizations of the benchmark simulation
modd. The initial parameter values and initial steady-state values of the variables are
givenin Table 2.°
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Theinitia steady-state is perturbed by increasing the exogenous component of R&D
spending, R,, by 10% (i.e. from its existing steady-state level of 6.274). The find
steady-state results of this policy change are shown in the second column of Table 2.
Figure 2 shows the transitional dynamics.

Note that nisinitially convex and begins to turn concave around period 80. The level
of adoptionsin thelong runis 18.78 units. By period 80, 8.6376 units of adoption occur.
That is, 46% of the total adoptions take place in the first 18.15% of thetime it takesfor
thefull diffusion path to cometo ahalt. Not only arethelevels of adoption of interest but
also the rates of market penetration - for instance, the length of time it takes for various
percentages of total technology adoptions to occur. For 50% of total adoptions to occur
(i.e. half of 18.78), it takes roughly 23% of the time it takes to complete the entire
diffusion process (which is 440.4 periods). For reference, the time at which 50% of the
market penetration occurs isthe median passage time. The R& D sector (represented by
variables such as z, A, and q) approaches its neighborhood of steady-state equilibrium
much sooner than n approaches its neighborhood of final steady-state equilibrium. For
most of the duration, z and A have a dight descent over time reflecting the fact as n
increases, R& D returnsfall so that R& D investment endogenously decreases. Note that
in steady-state, A = 6 since by then firms have discovered the true value of A.° During
the transition, 6 (the firms estimate of A) catches up to the true value of A (the
productivity potentia of the new technology). The catch-up occurs roughly around period
80.

Next, the sensitivity of the results to alternative values of A, the speed of learning, is
investigated. The higher thevaluefor A, the quicker thefirms estimate of A(z) converges
to the true value. Changes in the vaue of A have no effects on the long run steady-state
valuesof n, 6, A, z, and g. They affect thetransitional dynamics. In particular, they affect
the median passagetime. Figure 3illustratestwo cases: . = 0.01 and A = 1. In both cases
thelong run level of adoptions continues to be 18.78. However, when A = 0.01, thetime
for all 18.78 firmsto adopt NT is greater (460.9 periods) than thetimeit takeswhen A =
0.1 (which is 440.4 periods, as reported in Table 2). Market penetration is therefore
sower under A = 0.01. The median passage time, for example, is period 170 (or at the
first 37% of the diffusion time path), which is absolutely and relatively greater than the
median passage time under the benchmark case of 2 = 0.1. In contrast, » = 1 leads 6 to
converge rapidly to A. The catch-up occurs around period 40. The median passagetime
isperiod 70, or at thefirst 16.5% of the entire diffusion path. The bottom panelsof Figure
3 show the relative speeds at which the gap between 6 and A narrows for alternative
values of A. Variationsin A can proxy for the effect of government R& D demonstration
projectsand information services. The quality of information dissemination to the private
sector is reflected in the value of 1.

115



JOURNAL OF ECONOMICS AND FINANCE Volume 18 Number 1 Spring 1994

ol
15.99 | ,//
-
e
e
ario .//
18.80 [
vestment
% at
5.09
8.08

8.8 80.8 168.8  248.@ 320.8 460.8  480.8

78,00 T ~ )z
68.00 |
66.88 |
64.89 + + + + +
L] 80.9 168.8  240.% 320.8 40d.@  488.9
@ -t ->
Q\
8
74301 2.9 86.8 166.8 248.8 320.0 4¢8.9  489.9

Fig. 2. Benchmark scenario. - Gross R& D Investment. Increase of 10% at Time 0.

116



Adoption, Diffusion, and Public R&D

) ~h
- ﬂﬂ*—‘
. /,,
5. . / ‘ 15w p
nw ix ]
5.8 1]
. + + + + + " + + t i
TR T T A U T 1 o) M9 LR MG ME M e
l') h )}
R 5(.\
5 8
]
MER L we L .8 TR na 0 M LnG 2MEE 260 W00 4

W A= 00 4y A=l

Fig. 3. Sensitivity to changes in \ (Speed of Learning).

117



JOURNAL OF ECONOMICS AND FINANCE Volume 18 Number 1 Spring 1994

Next the sengitivity of theresultsto aternative values of vy, the output elasticity of R& D
capital z, is examined. Assume A = 0.1 again. Recall that y < 1 implies diminishing
returnsto R& D capital. Thisoutput elasticity indicatesthat a 1% increasein public R& D
capital improves the performance of the new technology by y%. If there are very large
increasing returns (that is, y >> 1) there is no guarantee the system will converge to
steady-state: the system becomes explosive. For small increasing returns, however, the
system will be (saddlepath) stable. Hence y = 1.1 is chosen. In this case the long run
valuesof g, n, A, 6, and z are affected. Figure 4 summarizes some of the results.

For the same 10% increasein exogenous R& D, thetotal level of firmsadopting ismore
than double (n=40.55) thelevel adopting when y = 0.333, the benchmark case. Thetime
to reach steady-state is 420 periods (sooner than the benchmark case) and thefinal values
for the other variablesarez=67.9 and A = 6 = 1.03. The path to equilibriumfor g, z, A,
and 6 is non-monotonic. The reason is that the presence of increasing returns makes the
margina value product of z rise with increases in z (not decline as in the case of
diminishing returns), thus making q and z vary positively along the adjustment path. It
also makes the return to R&D, given by q, initially very high, causing R&D investment
to increase very rapid early on. For long run equilibrium to be reached, as n increases, g
must fall (so that diffusion can slow down). But q can only decline along the adjustment
pathif z declines. Thusto ensure along run dynamic adjustment path in which z declines,
z growsinitially aboveitslong run steady-state level. The median passagetimeis sooner
than that under diminishing returns, and occurs at the first 18% of the diffusion path
(compared to 23% in the benchmark case). Thusincreasing returns has a powerful effect
on thelevel and rate of market penetration.

The next experiment to investigate is the impact of arise in exogenous (gross) R&D
spending by 20% (to compare it to the benchmark rise of 10%) - assuming y = 0.333
again. This policy change has only a level effect. There is no change in the rate of
diffusion. Instead the diffusion curve shown in Figure 2 shifts upward. The third column
of Table 2 (under Policy B) summarizes the impacts.

Finaly, experimenting with different parameter values for R, «, p, leads to no
qualitative differences in the results. The absolute magnitudes differ by a scale. For
instance achangein R, smply scalesthevalue of q (provided R, is positive). Changesin
o, p afect the speed at which p(n) and 1(n) decline with n. The wider the gap between o
and B, the quicker the diffusion process and the smaller the magnitude of market
penetration. This is the case since « < B, and 1/ determines the maximum level of
adoptions before p turns negative. If the gap between « and g widens, increasesin n will
cause the price decreases to be more significant than the decreases in the fixed costs of
adoption. Hence, aba ancing of theseintertemporal tradeoffswill involvediffusiontaking
place earlier and ending sooner.
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Fig. 4. Increasing returns to R&D case. - Gross R&D investment.
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Conclusion

Thispaper has built upon the existing literature on technol ogy adoption to examine how
public RD& D caninfluence the adoption and diffusion of anew technology sponsored by
the government. In the existing literature, adoption at the firm level istriggered when the
firm obtains enough information to make an accurate estimate of the new technology's
profitability, given search congtraints. Information received is used to update the firm's
prior estimates of profitability (in Bayesian fashion). In this paper, government RD& D
influences adoption by improving the productivity of the innovation and by providing
information about the innovation (thereby helping to reduce afirm's search costs).

Technology diffusion at theindustry level occursamong homogeneousfirmswhenthere
exist learning-by-doing and a market demand curve that declines with the cumulative
level of adoptions. Learning-by-doing allows the fixed costs of adoption to be lower for
future adopters, making later adoption more attractive. The declining market demand
curvemakesearlier adoption moreattractive. Inequilibriumtheseintertempora gainsand
losses are balanced for every firm, and sequential adoption arises. If firms are
heterogeneous, the additional firm heterogeneities will serveto vary the levels and rates
of diffusion on top of what can be derived from ahomogeneous pool of potential adopters.

The numerical smulationsindicate that it isimportant to know how productive public
R& D isinimproving the performance and cost-effectiveness of agovernment innovation,
since the market penetration level and rates depend on thisinformation. For example, a
higher technology output elasticity of public R& D capital increasesthe"level" and "rate"
of market penetration. Increases in R&D investments have "level” effects only, while
government R& D demonstrations (and other information services) have "rate” effects
only.

An extension to this paper would beto carry out an econometric test and application of
the theoretical model. The method of 'durations would be one possible way to estimate
theeffectsthat changesin public RD& D have on the probability and timing of technology
adoption, and on the rate and level of market penetration. It would aso be useful to
estimatethe rel ati onship between technol ogy diffusion and productivity growth. A second
extension is to study the implications of alowing the markets served by the new
technology and by the conventional technology to beinterdependent. A third extensionis
to consider welfare issues. Future analyses should investigate what the optimal
government policies are that generate a technology diffusion path that is socialy
welfare-maximizing.

NOTES

1. With the exception of Stoneman (1987) and Lee (1985). Their focus is on the tradeoff a
private firm faces between adoption and R&D: investing more in R&D may generate a better
future technology. This paper has a different view: it looks at how R&D outside the firm (such
as public R& D) affects private sector adoption behavior.
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2. See Mansfield (1968).

3. It is possible to model the adoption decision without sunk costs, but the presence of sunk
costs helpsto explain why firmswait before committing to anew technology. Itisalso reasonable
to assume that switching between technologies involves a fixed cost.

4. A semina reference on Bayesian learning and optimal stopping is DeGroot (1970).

5. However, asMcCardle (1985) pointsout, lower search costs alone areinsufficient to produce
early decisions since lower search costs work to prolong search. Only more precise information
leads to earlier decisions (whether it be to adopt or reject), for this makes a firm more confident
about its estimates of the profitability of NT.

6. Sveikauskas (1989) argues in favor of adding a depreciation or obsolescence rate to the
evolution of (net) R&D capital. The assumption that 6 = 0 amounts to assuming that very old
knowledge is still productive today.

7. Thus this framework is similar to the g-theory of physical capital investment.

8. SeeMarkink and van der Ploeg (1989) Policy Simulation with Rational ExpectationsModels
(PSREM). The ideais to solve the simulation model as a system of four ordinary differential
equations, except that since one of the variables is forward-looking (namely q) and the rest
backward-looking, convergence to steady-state occurs if the system is "saddlepath” stable (that
is, if one of the eigenvalues or roots of the system is positive (unstable) and the rest negative
(stable)). The parameter values chosen ensure one positive "root" and three negative. The initia
conditions are just the initial steady-state values assumed by the variables (see Table 2) when n
=0.

9. Sincemin[ /o, 1/8 ] = 100, the maximum number of adoptions (before p turns negative) is
100. This maximum n is the market maximum. It does not represent the 'pool’ of potential
adopters; the pool is essentialy infinite.

10. Since the analysisisfocusing on the crossing of the upper threshold of the optimal stopping
criterion, the new technol ogy isassumed to be productive enough that thetrueval ue of A warrants
adoption. Nonethelessthere is somefriction between the firms' estimate of A, given by 6, and the
true value of A becausein the neighborhood of the 'upper threshold' some firms are still learning
about A.

11. The presentation is based on DeGroot (1970) Chapters 9 and 10.

APPENDIX

This Appendix*! shows how Equation (12) in thetext can beinterpreted as aBayesian learning
process. Letd=V ;- | -V and assume d(t) isnormally and independently distributed over time
with mean p and variance o? - i.e. d(t) ~ N( 1, ¢?). Assume that o2 is known. The adoption
decisionfor arisk-neutral profit-maximizing firmisto adopt if u>0, wait or reject otherwise. The
firm is uncertain about the true value of p and search activity is assumed to be costless. Let the
firm's prior estimate of p at time t be distributed as normal N(v(t), w?(t)). The firm gathers
information about p which the firm can use to update its estimates of v and «?, and thereby
construct an estimate of the true mean of d. Suppose information arrives at time t and the firm
observes avalue x(t) which is assumed to come from the same distribution as d(t); that is, x(t) ~
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N( 1, o?). Thisinformation x(t) can be used to update the firm's prior estimate of v in order to get
aposterior estimate of v. Thus realizations of x will help the firm determine what the mean of d
is.

By Bayes rule, the prior distribution N(v(t),»*(t)) becomes a posterior normal distribution with
the following parameters:

-1
_[ v(t) | x(t) [ 1 +1) ,wZ(t+1)—( 1 A
W?(t) P W (t) P W?(t)
Solving the Bayesian updating equation recursively from time O to the present gives:
- -1

(ﬂ+ ti)) 1 + i] ,Q)Z(t) = [ 1 + (AZ)

#0) ) | ?0) o «?(0)
where

tx = tEx(i)
i-1

isthe cumulative amount of information gathered sincetimet =1, and v(0) and »(0) arethe prior
estimates of p at timet = 0. Note that in the long run, the posterior distribution N(v(t),
w?(t)) convergesto N(l, ¢%). Thiscan be verified from (A2) by setting t to infinity. Thuswhen v(t)
< W, v(t) increases; when v(t) > 1, v(t) decreases. This dynamic adjustment process is the idea
behind Equation (12).

In Section 11, firmsaretrying to estimate A, the productivity parameter of the new technology.
Their estimate of A isgiven by 6. When 6(t) < A, 6(t) increases at therate 1, and when 6(t) > A,
0(t) decreases at therate 1.
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