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Abstract

This dissertation consists of three essays on Reas@ad Development investment.
The first essay titled “Fundamental Sources of Lomy Labour Productivity
Improvements in Canada” examines the importancResfearch and Development
activities, as well as the stock of public infrasture, and economic openness as
sources of growth in labour productivity in the @dmn economy within the last four
decades.

Time series data are used to estimate an economatdel to capture the interaction
among labour productivity, R&D investments, pubiiefrastructure, and trade

openness. Extensive tests of data quality, chdiceodlel, and stability of the model
are performed to enrich the findings. The resultggest that the type of capital
involved has a significant impact on the extentatfour productivity and growth.

Innovation, the major characteristic of a knowletbgsed economy, improves labour
productivity both in the short and long run. THéeet of trade openness is also

discussed in depth.

The second paper titled “R&D Spillovers, Innovatiand Entry” extends a
theoratical framework to analyze the impact of R&#llovers on entry and the
resulting equilibrium market structure. It is shothat the degree of spillovers plays
a fundamental role on the number of firms entetiegmarket, their R&D activities,
and social welfare. The analysis suggests thaabeeilfare is maximized at some
intermediate degree of spillovers. The policy irogtion of this result is that neither
complete protection of intellectual property rigiatr lax enforcement of patent laws
is socially optimal.

The third paper titled “The Search for New Drugs: Theory of R&D in the

Pharmaceutical Industry” uses a dynamic model ¢iheg patent design and in the

presence of information externalities studies th&lgion of technological progress
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in the context of a pharmaceutical industry. Thecpding literature on the topic
works with only one brand, the brand with the higjhgpuality. As well, the demand is
assumed to be completely inelastic. In the coneeatimodels of patent design the
role of competitive fringe firms is also discussewblicitly. The model presented in
this research is a continuous in-time dynamic maslkich provides a rigorous
structure for studying the context. It considergesal differentiated products, both
those whose patents are still in force and thosese/ipatents have already expired, at
any point in time. Furthermore the demand for antdrss taken to be a function of
income, its price, and the prices of other brafdee interaction of the fringe firm
with other patent-holding firms is also explicittpnsidered under this framework.
Unlike the previous literature on the context, th@del incorporates both product and
process innovation concepts and provides real Gnéteto measure the patent
breadth. Under this structure, pharmaceutical fismith an active drug discovery

program behave strategically in their R&D and ie gnoduct markets.
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Introduction

The Oxford dictionary defines innovation as a neethod, idea, and product, and
Research and Development (as its synonym) as wog&tedd towards innovation in,
and improvement of, products and processes. Theoeuo literature differentiates
between two types of innovation activities — pr@casnovation vs. product
innovation. Process innovation particularly focusasthe process of production and
improvement of equipment and plants by which firoa gain productivity and
improve the quality and reliability of their prodacThis, sometimes, may facilitate
product innovation by advancing the firms’ capa&stiProduct innovation, however,
tends to narrow its sight to the design, developgnand establishment of new
products. In this sense, the focus of the secorapteh of this dissertation is on
process innovation while those of the first and lds# chapters are on both process

and product innovations.

The first essay of this dissertation defines pubtitastructure and then uses the
definition to tabulate the time series to repredést variable. Observations on the
variable along with those for labour productivitgconomic openness, R&D
expenditure, and total hours worked over a fortg¢hyear period are then used to
estimate an econometric model and examine the ssuof labour productivity
growth in the Canadian economy. In the short runttfalee major explanatory
variables — the stock of public infrastructure, remmic openness and R&D
expenditure — show positive effects on labour potigity. The coefficients of the
first and second lagged values of trade opennessgever, are indicative of a
negative relationship between mid-term economiaapss and labour productivity.
A negative correction factor confirms an adjustmpatiod of approximately four

years for any deviation from the equilibrium stadfisabour productivity.

The strong relationship between labour productivatyd the stock of public

infrastructure suggests that the latter is the nsaiarce of long-run productivity
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growth. R&D costs and economic openness were alsiodf to have a positive long-

run relationship with labour productivity.

The findings of the paper are hence along the lofeseoclassical growth theory
insofar as accumulation of infrastructure investtrexplains the majority of growth
in labour productivity (see Solow 1956 & 1957 fooma detail). The remainder of the
productivity growth in the Canadian context is expéd by technological progress
resulting from R&D expenditures as well as econoagenness, as suggested by the
new growth theory (see Romer, 1986, 1987 & 199@aky 1988 and Grossman and
Helpman, 1991 for more detail).

The second paper focuses on the R&D spilloverspaodess innovation literature. In
the literature efforts are mostly focused on theparative R&D expenditures and
the relative social welfare between non-cooperativel cooperative R&D. The
guestion of how innovation is affected when therenore competition, i.e., when the
number of firms rises, is ignored by most reseasshexcept for De Bondit al.
(1992), who discussed how the number of firms &fécnovation. However, the
guestion of how R&D spillovers affect entry was addressed by these researchers.
The second chapter attempts to fill part of thaute by endogenizing the number of
firms. More specifically, the model addresses tbkowing questions. First, how
does the degree of spillovers affect the equilirioumber of firms? Second, how
does the degree of spillovers affect the equiliorimarket structure? Third, when is
the equilibrium symmetric and when is it not symmneetand in the case of
asymmetric equilibria, how many firms choose toumna positive amount of own

R&D cost and how many firms choose to free ridétenR&D activities of others?

The model analyzes the influence of competitionmmovation in a two-stage game
played by a number of firms producing a homogengmasl. In the first stage of the
game, the firms carry out R&D activities to lowkeir production cost. It is assumed

that before innovation, all the firms have the san@gginal cost. In the second stage,
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the firms compete in the product market accordingthe Cournot model of
competition. All the firms act non-cooperatively loth stages of the game. In the
R&D stage, each firm runs its own research lab, takds into account the natural
spillovers that flow among firms in a strategic man It is then shown that if the
degree of spillovers is low, only a finite numbérfioms enter the market, and after
entry — all the firms expend the same amount af @wn resources on R&D. This
type of equilibrium is referred to as a symmetriguiBbrium with innovation
throughout the paper. The intuition behind thisiteis not hard to understand. When
the degree of spillovers is low, a firm cannot refythe R&D externalities generated
by the other firms to lower its own marginal cdéthe degree of spillovers is high,
an infinite number of firms enter the market, aftdraentry none of the firms chooses
to expend any of its own resource on R&D. The dguim is a perfectly
competitive equilibrium without innovation. For @mmediate values of the degree of
spillovers rises, the equilibrium is an asymmetguilibrium under which some
firms choose to expend their own resources on R&bile others choose not to do
so. Furthermore, all the firms that choose to erlp#reir own resources on R&D
choose the same amount of own expenditure on R&Dthé literature on R&D
spillovers and innovation, the number of firms le tmarket is taken as exogenous,
and the equilibrium is presumed to be symmetrimun model, the number of firms
that enter the market is endogenous, and variegdiog to the degree of spillovers.
The endogenization of the number of firms yieldfedent types of equilibrium
market structures — symmetric equilibrium with imaton, asymmetric equilibrium
with innovation, and perfect competition withouhavation — and these are novel

results in the field of R&D spillovers and innoati

The welfare analysis presented in this paper sugdiest social welfare rises with the
degree of spillovers when it is low, reaches a maxn when the degree of spillovers
enters its intermediate range, and then declinethéolevel associated with the
competitive equilibrium without innovation. The pyl implication of this result is

that the intellectual property right should notfaly protected and the enforcement
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of patent laws should not be too lax. The optinedrée of protection should reflect

the right trade-off between allocative and dynaetfficiency.

The third essay develops a model of optimal patesign to study the evolution of
technological progress in the context of a pharmica industry. In the earlier
literature on patent design, all efforts were coni@ed on finding the optimal length
and breadth of a patent. The role of informatiotemalities was not considered.
Furthermore, the analysis was carried out in th&eod of a single innovation, and
the inherent uncertainties in R&D activities wergnared. An exception was
Scotchmer and Green (1990), who formulated a simhypt@mic economic model that
incorporates patent breadth and the incentive rofisfito keep secret their R&D
results. O’'Donoghue et al. (1998) also formulatedmadel in which firms

sequentially improve the products of each otheouph time, and technological

progress occurs when a non-infringing innovatispliices a patented product.

The purported goal of a patent policy is to encgareechnological progress. Yet, its
impact on the pace of technological progress haelyabeen ignored by researchers
in this field. Compared to the models of R&D in tlieerature on trade and
technological progress, the model of R&D found he titerature of optimal patent
design is much less sophisticated. In the resgan@iram on trade and technological
progress of Eaton and Kortum (2001), ideas (disgesgarrive in time according to
a Poisson process whose parameter depends orothkeo$tknowledge — taken to be
the cumulative effort of research workers. Howewis aggregate variable is
incapable of capturing the impact of informationtezralities. To formalize the
information externalities in a rigorous manner, weed to descend to a more
disaggregate level and model how the findings frila R&D activities of one
research organization can have a positive impadhenR&D activities of another
research organization. To tease out the subjecthawe chosen to model R&D
activities as the process of searching for a dougeiat a disease. The main reason for

formulating the R&D process in the context of thpnaceutical industry is because
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much knowledge has been gained in the processugf discovery, and this allows

for a less abstract modelling of the R&D process.

In conventional models of patent design, only orant — the brand with the highest
quality — is available on the market at any timertirermore, demand is completely
inelastic: each consumer, regardless of income ragdrdless of the price of the
brand offered on the market, buys exactly one ahithe brand. In the model we
formulate, several differentiated products — thedpcts whose patents are still in
force and the products whose patents have expigeeé available at any time on the
market. Furthermore, the demand for a brand dependscome, its own price, and
the prices of the other brands. In our model, tharmaceutical firms with an active
drug discovery program behave strategically in B and in the product market.
The model also considers a competitive fringe, Wm@nufactures the brands whose

patents have expired. The analysis of R&D is tlegmasented under this framework.
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1 Fundamental Sources of Long-run Labour Productivity
Improvements in Canada

1.1 Introduction

The OECD manual defines labour productivity as “taBo of volume measure of
output to a volume measure of input,” for which ttebume measure of output is the
constant price gross domestic product and the wvelomeasure of input is usually the

total hours worked.

In economic literature, labour productivity hasaotrto the origin of the growth
theory as it has always been considered a majdrilbotor to living standards and
economic growth (see Harrod, 1939 and Domar, 1946his pioneering work,
Solow (1956) delineated labour productivity as acfion of capital, and argued that
capital deepening (increase in accumulated capéaivorker) could improve labour
productivity and growth. Since the seminal workSdlow, op. cit., the debate on
productivity has taken many different directionshes (1967) motivated the
endogenous growth literature by adding R&D — asilaiply-funded activity — to the
Solow-Swan growth model, and hence opened the wajufure research, such as
Romer (1986 & 1990), Coe and Helpman (1995), ands§&nan and Helpman
(1999). Under the new growth paradigm, Coe and tdatp (1995) relate cross-
country R&D spillovers to productivity growth angben a new era of thinking on
trade and growth. Their seminal work was then fedd by Keller (1998), Frankel
and Romer (1999), and Dowrick and Golley (2004).

The pioneering work of David Aschauer in 1989, ihiah infrastructure investment

was introduced into the context as were thoughtauathe importance of human
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capital in improving the productivity (Lucas, 1988)Iso added new research areas to
the literature. Aschauer (1989) studies the ratatigp between public investment on
infrastructure and total factor productivity. Usireg Cobb-Douglas production
function and US time series for the period of 19485, he concludes that a 1%
increase in non-military public capital has a 0.36860.49% impact on the total
factor productivity. Delong and Summers (1991), ihevand Renelt (1992), Clarida
(1993), Lynde and Richmond (1993), Gramlich (19®lpmstromet al (1996), and
Otto and Voss (1996, 1998, 2003) test similar hiyeses to confirm the importance

of fixed capital and public infrastructdras major drivers of productivity and growth.

In contrast to the scope of international work ml#d on the context, few Canadian
studies try to capture the impact of infrastructoneproductivity growth. Those who
emphasize its importance face major limitationsheir research, as the availability
and quality of infrastructure-related database€amada is seriously limited. These
limitations are mostly attributable to a lack okgise definitions for infrastructure.
Many scholars such as Wylie (1996), Harchaoui &Kmhani (2003), Bin Dong

(2005), Satyaet al (2004), and Broxet al (2005) study the impact of public
capital/public infrastructure on productivity grdwtwithout necessarily providing a
rigorous definition for the variable(s) or, in somases, without even making a
distinction between the two concepts. Examining litezature just described, it is
easy to assert confusion, and contradiction ardhed understanding of the term
“public infrastructure” and its importance. Whilé is recognized that public

infrastructure should include not only physical italp but also human, and social
capital, the literature provides little guidancetmw to conceive of these inclusions.
Most remarkably, while everyone seems to know wablic infrastructure is,

precise definitions are in short supply.

! The term “public infrastructure” is used to undeglithe public sector special interest on the viiab
rather than to specify its ownership. A more predsfinition is provided on page 7, which serves to
clarify the matter more rigorously.
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The problem is partly due to the fact that traditib definitions of public

infrastructure are restricted mublicly ownedassets. Defining infrastructure in this
way therefore, ignores the current trends towanaigapzation and public-private

partnerships. As there is a serious shortfall iovjgling an accurate measurement
which goes further than roads, rails, and cables,réal effect of infrastructure on
economic growth and prosperity has always beenrestimated and/or neglected.
Stiroh (2000) considers this as a major caveathefresearch on the context and

suggests a broader definition of the concept agpipeopriate solution.

The literature is also murky when it comes to thetegories within public
infrastructure which are beneficial to productiviiyowth. This work deals with these
lacunae and seeks to provide policy guidelinesdip Iprevent a failure to realize
investment in public infrastructure, which is adl to growth and prosperity in the
Canadian economy. The major contribution of tlapgy to the existing literature is a
concrete, comprehensive, and precise working defimifor public infrastructure,
which is then used to generate the stock of pubfi@structure time series. In this
sense, the paper is among a few articles in the Waich aim to provide a rigorous
working definition for the variable. To the authobest knowledge the only other
subsequent work published on the topic is that @iri$i in 2009. Torrisi (2009)
emphasizes the importance of having a rigorousiefn for public infrastructure

and briefly discusses the measurement issuesadtatabulating the time series.

The study also examines the sources of Canadiaudgdoductivity growth between
1961 and 2003. Time series data are used to dewlopconometric model that
captures the interaction between labour produgtavitd R&D, as well as the roles for
the stock of infrastructure and trade openness. réhelts suggest that the type of
capital involved has a significant effect on théeex of labour productivity and its
rate of growth Labour productivity is improved by innovation, whiis the major
characteristic of a knowledge-based economy, ih b short and long terms. Trade
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openness, meanwhile, has a positive effect on fapmductivity in both the short

and long terms, but not in the medium term.

The paper also introduces the use of the AutorsyredDistributed Lag (ARDL)
approach to cointegration to the context as itserotimajor contribution to the
literature. The robustness of the results is thenfiened using the Dynamic
Ordinary Least Squares (DOLS) approach. A potentedkness of all previously-
used techniques in the field is that they requitezl time series to be of the same
order of integration. Those studies, which recoggithis requirement, used unit root
tests to support the presence of a unit root antloageries, however the low power
of such tests (especially in satisfying the peesisy of the series) has long been an
area of concern. The inferences made, thereforg]itton the hypothesis testing on
a low power, and, consequently, are on rather skedynical ground. As a radical
statistical innovation, the ARDL approach to cograion does not suffer from this
shortcoming. It requires no assumption or invesiogaon the order of integration of
the series, and thus bases the discussion on la stalistical ground. As this is the
case in some of the previous studies (i.e. Maddeh1998, and Wylie 1996), failure
to apply this method may have resulted in spuri@ssilts. Both the model and the
approach are flexible enough to take into accomatcomplexity of the relationship.
The ARDL approach to cointegration also deals widmy technical issues raised in
the previous works done in the same context by @lanascholars (e.g. the problem
of multicollinearity in Wylie, 1996). This work her provides an exclusive basis of

comparison for the existing European and Austrdltarature.

The paper is organized as follows: Section 2 prewid trend analysis of labour
productivity in Canada within the period of stu@ection 3 presents the details on
the data and methodology used in this paper. Thdtseof the paper are presented in

Section 4, and Section 5 concludes.
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1.2 Trends of Labour Productivity in Canada

Labour productivity measures the efficiency withievhlabour is employed in the
production process, and growth in labour produttiis the difference between the
growth in output and the growth in labour inputbbar productivity in the Canadian
economy rose by an average of 2% annually overriagef 43 years — between
1961 and 2003 — which means that the output pekevatoubled over a 35-year
period. The 2% annual growth in labour productiwityring this period constitutes

approximately 50% of GDP growth.

Figure 1 shows the evolution of labour productivilyCanada between 1961 and
2003. As can be seen from the figure, labour privdtycrose smoothly from 1961 to
1978. It fell slightly in 1979 and 1980 before imping again in 1981. This pattern
was repeated in 1986 and 1996, but was followenoyense improvements in 1987
and 1997.

220
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Figure 1. Trend of labour productivity in the Canadian economy (1961-2003)
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In addition to public capital/public infrastructyrggrowth in Canadian labour
productivity is sometimes explained by stock of Mmaery and equipment,
engineering construction, and building constructisee Macklem, 2003 and Abdi,
2008, for example). Technological and managementarames resulting from
innovation activities have also been recognizedaasces of improvement in labour
productivity (see Gerat al, 1999, for example). Improvement in trade is resae
for economies of scale; a more competitive mar&ettie goods and services results
in a more efficient production process, and theeefncreases labour productivity

(see Trefler, 2004 and Lilveeva, 2008, for example)

1.3 The Data and Methodology

Using the production function approach of Aschau@89), the evolution of labour

productivity is broken down in the following manner
Y (T IE RD)

W =t L'L’ L

L

where Y /L is labour productivity,T/L is public infrastructure per hour worked,
IE/L is economic openness per hour worked, &1/ L is the innovation cost per

hour worked.

The Statistics Canada publications are the mainceoof data in this research. The
labour productivity (Y/L) time series is from KLEM$Capital, Labour, Energy,
Material & Services) database. The annual dataeperted at 1997 constant prices.
The annual data on R&D expenditures (RD), importd exports (IE), and public
infrastructure (T) are tabulated from CANSIM Il (@alian Socio-economic
Information Management System) database and aceteepat 1997 constant prices.
The period of study is 1961 to 2003. The restrictie being imposed by data

availability. All the variables are measured inumat logarithms.
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As a working definition, public infrastructure igfthed as the part of stock of capital
in the economy that facilitates the fundamentalad@nd economic activities in that
economy. Based on which aspect of the productigitgwth it impacts, public
infrastructure is classified into 8 major categsrieransportation Infrastructurée.g.
airports, rail tracks, roads and highways, marioetyy and associated facilities);
Energy Infrastructure(e.g. energy and power generations, and transmisand
distribution networks); Telecommunication Infrastructur¢e.g. transmission and
switching facilities, as well as wired and wirelegtworks);Water and Sewer Supply
Infrastructure (e.g. distribution networks, and treatment faed); Health
Infrastructure (e.g. hospitals, clinics, health research facsitiand laboratories);
Educational Infrastructure(e.g. schools, colleges, universities, and lilesri
Recreational Infrastructurde.g. parks, museums, and sport and other recnedti
facilities); and Public Safety/Security Infrastructurée.g. fire stations, police

facilities, courts, correctional facilities, andtioaal defence facilities.)

Innovation costs/investments are the expenses wrabdr to discovering new

knowledge about products, processes, and senfibesknowledge would be applied
to create new and improved products, and/or presegt fill market needs. Most
international standards ask firms to either expetiseir development costs

immediately or capitalize them if they meet certanteria. Canadian standards
require TSX-listed firms to expense their developtmeosts. As an exception, firms
that would like to defer their innovation expendasi have to meet some provisional
norms such as clarity of market definition, reseucapability for completing their

R&D projects, technical achievability of R&D outcemand specified amortization
period. Canada is evaluating a plan in which cotepéapitalization of innovation

costs is authorized. For a more detailed discussiorthis topic, the reader can
consult Khazabi (2008).
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Economic openness refers to the economy’s contoibud international trade. The
proxy variable used in this work (similar to thaded by OECD) is the ratio of
(imports + exports) over GDP, or simply the profmoriof total trade in GDP-

The variables of interest first have to be testadstationarity. ADF, Philip-Perron,
Dickey-Fuller GLS and Elliott-Rothenberg-Stock Rdo®ptimal tests of unit root can
satisfy this purpose. Classical methods of estonafe.g. traditional Autoregressive
Distributed Lag (ARDL) method) are only recommendédthe stationarity of
variables are satisfied. Under the condition, estiom and inference about the long-
run properties of the model will be performed usstgndard asymptotic normal
theory. In presence of a unit root, however, thalymis becomes more complicated,
as an alternative estimation method would be nacgs3his has been the focus of
more recent theoretical literature on cointegration analyzing the long-run
relationship betweem(1) variables following a first-order integratiomopess (see
Engle-Granger's residual based test,1987, JohansexXimum likelihood-based test,
1988, and the Johansen-Juselius trace test, 199D)of these cointegration
procedures however require that regressors to tm@veame order of integration (i.e.
I(1) orl(2) process). Furthermore, these methods do naidedhe information on
structural breaks in the data, and generally suffe@m a low power. The Engle-
Granger’'s method of cointegration is also knowrb#oinefficient when there are

more than two variables under consideration (HaResand B. Pesaran, 1997).

These problems once again draw attention to the afisthe traditional ARDL
approach for the analysis of long-run relationpresence of a unit root. In a series of
articles by Pesaran and Shin (1998), Pesaran asatd?e(1999), and Pesaranhal
(2001) this task was carried out. These researcttevsved that augmented OLS-
based ARDL estimators were asymptotically conststamd consequently the
asymptotic theory was applicable to make inferemtesit the long-run use of ARDL
results. The advantage of the ARDL approach isitlen be applied to any group of

2 OECD ANA database
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regressors, regardless of their integration ontbether the variable is an 1(0), I(1) or
even fractionally integrated (Pesaran and Shin,819%oreover, with some
transformation, a dynamic error correction modeLKE can be derived easily from
the ARDL approach to cointegration (Annex A). Asdlissed by Engle and Granger
(1987), the ECM puts the short-run and long-rumilisgogether, and no information

is lost during the estimation process as a result.

The ARDL procedure starts with a cointegration té$te bound test of no

cointegration). If the null hypothesis is rejectatithe selected critical level, the
ARDL method estimategp +1) different regressions in order to find the optimal

lag length of each variable, wifhandk being the maximum number of lag lengths
and number of the variables, respectively. The bextel would then be determined
using information criteria such as Akaike's infotioa criteria (AIC) and the
Schwartz-Bayesian Criteria (SIC). SIC selects taesimonious model, which is the
model with the smallest possible lag length. Thegloun relationship between the
variables is subsequently estimated, based onelbeted ARDL model. Estimation
of the error correction model is the next step. H@M representation of the
variables provides both the short-run and the &aheist coefficient to the long-run
equilibrium. The adjustment coefficient, or correntcoefficient, refers to the speed
of adjustment between status quo and the new longequilibrium caused by a

short-run shock.

Specific to this paper is the intention to examihe relationship between labour
productivity and three explanatory variables: ttaels of public infrastructure, R&D
expenditure, and economic openness. Hence, the EpkMsentation of the model

could be written as

n-1 m-1 m-1 nm1
(2 AInYL=a+) gAYl +> 7AIn TL, +> 7°An RDL, +> n°Aln 1EL
i=1 i=0 i=0 i=0

+7(InYL,+8,+&In TL_,+6%n RDL_ +8%n IEL )+4
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In equation (2), the terms with the summation sigmsespond to the error correction
dynamic of the model while the terms inside theep#resis represent the long-run
relationship between labour productivity and itanmponents. The term is the
adjustment coefficient, or error correction coeéid, which refers to the period
required for any deviation from the equilibrium tata of labour productivity to

adjust.

The extent of the fit of the ARDL model can be dtegt by conducting diagnostic
and stability tests. The diagnostic tests are gpjate for testing serial correlation,
functional form, normality, and heteroscedasticitiie cumulative sum of recursive
residuals (CUSUM) and the cumulative sum of squasksecursive residuals
(CUSUMSAQ) can be applied to check the stabilityhef coefficients of the model.

1.4 The Results
ADF, Dickey-Fuller GLS and Elliott-Rothenberg-Stofkint Optimal tests of unit

root are carried out on the data. All tests shoat tfariables are non-stationary of
order one. This requires using a cointegration @ggr to test the existence of a long-

run relationship between the variables and, tthesARDL approach to cointegration
is adopted. The bounds test of no cointegrati@n ife null ofé’l1 = 6712 = éf =0 which

indicates no long-run relationship between labaodpctivity and its drivers) is then
performed. The test statistic can be compared toasymptotic critical values. If the
statistic is larger (smaller) than the upper (loweitical value, the null hypothesis of
no long-run relationship is rejected. This condusiis made regardless of the
underlying order of integration of the variables. the case that the statistic falls
between the two bounds, the result is inconcluaive the objective can be pursued

in a second best world when a traditional cointegmneapproach is used.
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The bounds test results in the rejection of thé mypothesis of no cointegration. At
the next step the ARDL method estimates 256 difteregressions in order to find
the optimal lag length of each variable. The bestl@his then determined using the
Schwartz-Bayesian criteria (SIC) and by adopting Box-Jenkins’ model selection
approach and employing the principal of parsimoityis ARDL(1,0,0,3)® The
sensitivity of the selection is checked by estimgtihe selected models identified by
AIC, which is ARDL(2,0,1,3), and Hannan-Quinn cri¢e (HQ), which is also
ARDL(2,0,1,3). As the coefficients of the laggedues of InYL and InRDL are
insignificant in both models, these models are ceduto that suggested by SiC.
Table 1 shows the estimated long-run coefficierftshe model using the ARDL

approach to cointegration.

Table 1.
Estimated long-run coefficients using the ARDL(1,@,3)

InTL 0.462+%* 0116
In RDL 0.251%** 0.050
In IEL 0.208¢* 0.087
C 0.408 0.420

Note 1: Dependent variable is YL
Note 2: *** ** and * denote significance at 1%%§ and 10%, respectively.

Except for the constant, all of the coefficients aignificant at the 5% level, and are
all inelastic. In the long run, the public infragtture has the greatest impact. Its
estimated coefficient is 0.46, which means thayaothetical increase of 1% in the

stock of public infrastructure per hour worked viiitrease the productivity of labour

3 Itis also shown that the forecasting accurac$I€f is higher than AIC (Koehlet al,1998).
* The results of the autocorrelation test also comthe adequacy of the selected model.
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input by 0.46% in the long run. The coefficients IDRDL and InIEL are also
significantly positive.

Table 2 summarizes the error correction representatf the model as shown in

equation (2).

Table 2.

Error Correction representation for the selected ARDL model

Regressor Coefficient Standard Error
AlnTL, 0.125** 0.050
Aln RDL, 0.068*** 0.023
Aln IEL, 0.125%* 0.064
AlnIEL,_, -0.099* 0.060
AInIEL,, -0.158%** 0.055
AC 0.109 0.108
ecn(-1) -0.271*** 0.066

Note 1: Dependent variable In YL,
Note 2:ecm = InYL — 0.462InTL — 0.251InRDL — 0.208InlEL — 0.402C

Note 3: R =0.65 and R? =0.56
Note 4: *** ** and * denote significance at 1%%§ and 10%, respectively.

All of the short-run coefficients are significartt the 10% level and, except for the
lagged values dhlEL, all of the coefficients are positive. This is indiwith a priori

expectations. The error correction term is negasind significant at the 1% level.
The value of the correction factor is -0.27, megrimat 27% of any disequilibrium

will be corrected annually.
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In the short run, the largest proportion of chamg&bour productivity is explained
by the stock of public infrastructurénTL): a 1% increase in the stock of public
infrastructure per hour worked will increase labpurductivity in the present period
by 0.125%. The -coefficients olmRDL and InlEL are 0.068% and 0.124%,
respectively. The lagged coefficients IoflEL, meaningInlEL1, and InIEL2 are
negative, indicating that economic openness wiljatieely affect labour productivity

in the two subsequent years.

The results of diagnostic tests also confirm tlet $pecification of the model is
correct. These diagnostic tests are: the Lagrangéipgiler (LM) test for serial
correlation, the normality test, the ARCH test, BESest and the unit root test of the
residuals. The CUSUM and CUSUMQ tests were usdddbfor the stability of the
coefficients of the model, and the model is foutrettly stable as the statistics stay

well within the critical bounds at 5% level of sifijcance (Annex B).

Figure 2 depicts the actual and fitted valuedndfL for the long-run model. The

estimated model fits perfectly with the realizetiedas can be seen below.

48—

£ LNYL
4.6

4.4

4.2
/ Fitted

o Attt
1966 1988 1970 1972 1974 1976 1973 1980 1932 193 1936 198G 1900 1992 1994 199 1998 2000 2002

Years

Figure 2. Actual and fitted values for InYL in thelong-run model
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Figure 3 shows the actual and fitted valuedndfL for the error correction model.

Again, the estimated model corresponds to the hdaia.

0.06——
0.05—

/ dLNYL

0.04—

/ Fitted

oy T T O I T T O T O Y T T R B I
Ol 1 T 1 T T T I T T T T T 1T T 1T T T T I T 1 T 1 T 11
1966 1968 1970 1972 1974 1976 1978 1980 1982 1984 1986 1988 1990 1992 1994 1996 1998 2000 2002 2003

Year

Figure 3. Actual and fitted values for InYL in the error correction model

The robustness of the results just stated is testaglg the DOLS approach to
cointegration. In performing DOLS estimation a nmaxim of 3 leads and lags of the
first differences are used. The reported standaxtsare based on the Newey and
West (1987) adjustment, with a truncation lag ofT8e individual lead and lag
parameters lack any significance and therefore aoan interpretation, but the
inclusion of the first-differenced variables is u@gd to eliminate small-sample bias
resulting from any correlation between the erramteand the 1(1) variables. The
long-run coefficients suggest a broad similaritghwthose obtained using the ARDL
approach (Table 3).
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Table 3.

Estimated long run coefficients using the DOLS apprach

InTL 0.446** 0.180
In RDL 0.094* 0.053
InIEL 0.314* 0.13¢

C 2.940% 1.196

Note 1: Dependent variable fis YL
Note 2: *** ** and * denote significance at 1%%§ and 10%, respectively.

1.5 Conclusion

The paper, in a rigorous manner, defines publicastfucture and then uses the
definition to tabulate the time series to repredést variable. Observations on the
variable, along with those for labour productivitgconomic openness, R&D
expenditure, and total hours worked over a fortgé¢hyear period are then used to
estimate an econometric model and examine the sspuof labour productivity
growth in the Canadian economy. In the short runttfalee major explanatory
variables — the stock of public infrastructure, remmic openness and R&D
expenditure — show positive effects on labour potigiity. The coefficients of the
first and second lagged values of trade opennessgver, are indicative of a
negative relationship between mid-term economiaaopss and labour productivity.
A negative correction factor confirms an adjustmpatiod of approximately four

years for any deviation from the equilibrium stadfisabour productivity.

The strong relationship between labour productivtyd the stock of public
infrastructure suggests that the latter is the nsaiarce of long-run productivity
growth. R&D costs and economic openness were alsiodf to have a positive long-

run relationship with labour productivity.
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The results suggest that, growth-wise, Canada hedeffom the boom in capital

formation that occurred in late 1980s and throughbe 1990s. Trade exposure,
although important in scope, did not likely playiagportant a role in the Canadian
context as it did in the United States. Improveraenttrade exposure, along with a
shift in its composition toward more infrastructumeented services may help to spur
growth in the long run. In terms of R&D intensitanada’s performance has
improved over time, particularly due to improvengemt business sector participation
however its overall position among other advanaezhemies, especially the United
States, still falls behind. This is partly attribble to Canada’s industrial orientation
i.e. having an economy heavily dependent on natuesburces, and service
industries. The recent attention to changing theDR&ccounting treatments in

Canada, as well as an increasingly focused attentiother influencing factors, such
as competition and patent policies, may help resttie country’s international

position in the long run. The next two chaptershi$ dissertation will tease out the

subjects theoretically in an attempt to bring mdegity to this issue.

The findings of this chapter are therefore along lines of neoclassical growth
theory insofar as accumulation of infrastructureestment explains the majority of
growth in labour productivity (see Solow 1956 & ¥9%or more detail). The
remainder of the productivity growth in the Canadieontext is explained by
technological progress resulting from R&D expenditu as well as economic
openness, as suggested by the new growth theaeyRemer, 1986, 1987 & 1990,
Lucas, 1988 and Grossman and Helpman, 1991 for deded!).

An interesting addition to the current work woul@ khe incorporation of a

provincial/territorial analysis of public infrastture to the context, as this could
provide significant information on the drivers efjional growth and prosperity. Data
limitations have been the main preventing factdeaving this task unaccomplished.
It is also acknowledged that the effect of pubhifrastructure on productivity may be

different in economic recession and boom periods.a&empt to control for these
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differences and to distinguish between these ingpactuld help to substantiate the
findings of this paper.

Annex A

The ARDL method provides a simple framework to obta dynamic ECM. This

could be illustrated in form of a simplest two-\adolie ARDL model as follows:

(A1) X =a+d U +> 0 X+

In order to trace a long-run relationship, consitier steady-state point of the model
in whichY, and X, will be equal to their steady-state levélsand X *, respectively.

Therefore, we have

A2) Y =Y, =Y, =Y,=..= Y,,
X =X, =X =X == X

Substituting (A.2) into (A.1), we obtain the follavg long-run equation:

A3) v=—29 2.1

X,
=>4 1= p

or simply,

(Ad) Y =6,+6X.

and the equilibrium error ternme() as

(A5) ¢ ZY_Y =Y-6-6 X
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Using OLS we can estimat#, and 4. We can also use a simple linear

transformation of the model to obtain an ECM repm¢ation of the model.
Reparametrizing (A.1), we have

n-1 m-1
(AB) A, =a+> uAY,+Y nAX, +I Y, +5, X +§.

i=1 i=0

In this modeld, =ZI7i (the numerator o#,) and?, = —(l—z,ui). So the ECM will

i=1 i=1

have the following form:

n-1 m-1 1 29
(A7) DY =a+D UAY +D AAX + (Y~ o =2 X)*g,
i=1 i=0 1 1

or

n-1 m-1 A
(A.8) AY, :a+z:uiAY—i +Z’7iA)g4 -1( tY—1_‘90_91 X—1)+§ .

i=1 i=0

Here we have used the fact —3,. In addition, we know tha‘(_l—éo—él)g_lz e

Therefore, the above ECM could be rewritten as

n-1 m-1
(A9) AY,=a+) ubY,+D nAX, TR +§.
i=1 i=0

In (A.9), T is the adjustment coefficient or error correctimefficient.

Page |18



Annex B: Test Results

Table B.1. Autoregressive Distributed Lag Estimates

Regressor Coefficient t-Ratio
LNYL(-1) 0.729%** 11.019
LNTL 0.125** 2.523
LNRDL 0.068*** 2.932
LNIEL 0.125* 1.969
LNIEL(-1) -0.168* -1.712
LNIEL(-2) -0.059 -0.631
LNIEL(-3) 0.158*** 2.879
C 0.109 1.008

Note 1: Dependent variable is YL
Note 2: *** ** and * denote significance at 1%%§ and 10%, respectively.
Note 3:R? = 0.99

Note 4: F-statistic is equal to 1377.9, and Durbim'statistic is equal to 1.349

Table B.2. Diagnostic Tests (ARDL Approach)

Test Statistics LM Version F Version
A: Serial Correlation CHSQ(1) = 1.378[0.240] F(1,29) = 1.091 [0.305]
B: Functional Form CHSQ(1) = 2.434[0.119] F(1,29) = 1.985[0.170]
C: Normality CHSQ(2) = 0.627[0.731] Not applicable
D: Heteroscedasticity CHSQ(1) = 0.409 [0.522] F(1, 36) = 0.393[0.535]

A: Lagrange multiplier test of residual seriafrelation

B: Ramsey's RESET test using the square ofittied fvalues

C: Based on a test of skewness and kurtosissaduals

D: Based on the regression of squared residuedsjuared fitted values
Note: The values reported inside the brackeiparalues
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Table B.3. Error Correction Representation of the 8lected ARDL Model

Regressor Coefficient t-Ratio
dLNTL 0.125** 2.523
dLNRDL 0.068*** 2.932
dLNIEL 0.125** 1.969
dLNIEL1 -0.099* -0.667
dLNIEL2 -0.158*** -2.879
dC 0.109 1.008
ecm(-1) -0.271%** -0.098

Note 1: Dependent variable fis YL

Note 2: *** ** and * denote significance at 1%%§ and 10%, respectively.
Note 3: d is the difference operator.

Note 4: dLNIEL1 = LNIEL(-1)-LNIEL(-2) & dLNIEL2 =LNIEL(-2)-LNIEL(-3)
ecm=LNYL -0.462*LNTL -0.251*LNRDL -0.208*LMNeL -0.402*C
Note 5:R? = 0.56

Note 6:F = 9.102
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Table B.4. Estimated Long Run Coefficients (ARDL Approach)

Regressor Coefficient t-Ratio
LNTL 0.462*** 3.990
LNRDL 0.251%** 4.994
LNIEL 0.208** 2.379
C 0.402 0.958

Note: Dependent variable I YL
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Table B.5.Test of Serial Correlation of Residuals (OLS case)

Regressor Coefficient t-Ratio
OLSRES(- 1) 0.071 0.317[0.753]
OLSRES(- 2) -0.016 -0.066[0.948]
OLSRES(- 3) -0.376* -1.826 [0.077]
OLSRES(- 4) -0.231 -1.007 [0.321]

Note 2: LM statistic: CHSQ = 7.0026[0.136]

Note 2: F-Statistic =1.4684[0.240]

Table B.6. Unit Root Tests for Residuals Based onRDL Regression of LNYL on:

LL = Maximized log-likelihood

SBC = Schwarz Bayesian Criterion

AIC = Akaikinformation Criterion
HQC = Hannam@Criterion

LNYL(-1) LNTL LNRD LNIEL LNIEL(-1) LNIEL(-2) LNIEL(-3) C
DF -4.103 98.109 97.109 96.425 96.898
ADF(1) -3.377 98.151 96.151 94.783 95.723
ADF(2) -3.554 99.008 96.008 93.957 95.366
ADF(3) -3.462 99.513 95.513 92.778 94.656
ADF(4) -3.757 100.821 95.821 92.403 94.751
ADF(5) -3.352 101.099 95.099 90.997 93.814
ADF(6) -1.895 103.045 96.045 91.259 94.546
ADF(7) -1.303 104.110 96.110 90.641 94.397
ADF(8) -1.535 104.839 95.839 89.686 93.912
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2 R&D Spillovers, Innovation, and Entry

2.1 Introduction

In the economic literature, innovation — also ahlR&D — is often classified as
product innovation or process innovation. A firmrréss out a program of product
innovation to find a new product that it hopes wdinerate new demand and lead to
large profits. Process innovation, on the otherdhams at finding a new process to
reduce the production cost of a product. A lowedpiction cost, which is the desired
outcome of the R&D program, gives the firm a codtamtage over its rivals.
Whether a program of innovation will be carried outnot depends on the cost of
R&D and the market structure in which the firm snitself. Knowledge and benefits
obtained by a firm from its R&D activities typicgllleak out to other firms, to
consumers and, eventually, to other countries. &hleskages — called R&D
spillovers — mean that a firm cannot appropriatetred fruit of its R&D activities,
especially when spillovers flow to its competitonsthe same industry. However,
from society’s point of view, spillovers represgmasitive externalities in the sense
that they reduce the production costs of otherdjrmith the ensuing consequence of
lower prices for consumers. In a review of theréitare on R&D aimed at providing
guidelines for recent efforts to include R&D in tmmational income accounts,
Sveikauskas (2007) indicated that perhaps the terissie of return to R&D is 25%,
while it is 65% for social returns.

In light of the positive externalities generated RgD activities, the authorities
charged with competition policy in Europe and Japgave adopted a rather
permissive anti-trust attitude toward R&D coopematifor quite some time. The

research — both theoretical and empirical — recktlie needed impetus in 1984 when
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the US passed the National Cooperation Act in 188dwing firms to cooperate in
R&D, but not in product markets. Over the last exades, the economics of R&D

spillovers has been one of the most active fiefdesearch in industrial economics.

The theoretical literature on competition and ceoapen in R&D with technological
spillovers can be said to begin with the pioneenmgrk of d’Aspremont and
Jacquemin (1988) (AJ hereafter), who formulated@dtage duopoly game of R&D
spillovers in which the two firms behave in a naogerative manner in the second
(production) stage, but can either cooperate oaw®in a non-cooperative manner in
the first (R&D) stage. Now when the two firms bebasooperatively in the R&D
stage, it is reasonable to expect that the codparsill lead to a lower level of total
R&D expenditures made by the two firms becausesd vasteful duplications and a
lower level of total output resulted from the moalyppower. AJ demonstrated that
these expectations are far from being fulfillecaisimple two-stage linear-quadratic
game — linear demand curve, linear total cost, gnddratic R&D costs. Three
different scenarios of competition are considergd\b. Under the first scenario, the
two firms act non-cooperatively in both stages loé tgame. Under the second
scenario, the two firms cooperate in the first sfdgut behave non-cooperatively in
the second stage. Under the third scenario, thefitms behave jointly like a single
integrated firm in both stages of the game. AJ alsusidered the problem faced by
the central planner. The linear-quadratic structfréghe model makes it possible to
obtain a closed-form solution for each of the peofs and allows for a comparison of
the solutions — R&D expenditures and welfare —haf tour models. In the analysis
carried out by AJ, the degree of R&D spilloversygla critical role. AJ showed that
when the degree of R&D spillovers is high, the lesfeR&D expenditures and total
output are higher under the second scenario thderuhe first scenario. Otherwise,
the opposite results hold. For a high degree of Rglllovers, the R&D expenditures
under the social optimum are highest to be followedn descending order —
successively by the R&D expenditures under theatethat the two firms act like a

single integrated firm, the scenario that the twmmd cooperate in R&D, but act non-
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cooperatively in the production stage, and the agerthat the two firms behave non-

cooperatively in both stages of the game.

The results on the comparative performance of romperative and cooperative
R&D derived by AJ have received — in the duopolynteat — a thorough
generalization by Amir et al. (2003). In particylarhen the two firms cooperate in
R&D, these researchers allowed the firms to deteemjointly their R&D

expenditures and the degree of R&D spillovers. R&® degree of spillovers is thus

endogenous, and can be chosen to maximize joifitpnet of R&D costs.

The AJ model was extended by Suzumura (1992) tedke of many firms, general
demand, and general cost conditions. The more gemadel of Suzumura precludes
the possibility of computing the equilibria of theo-stage games for various
specifications of R&D, and it is no longer possilite compare these equilibria
directly. This researcher resolved this difficulty trying to answer the question of
starting from an equilibrium — under non-coopemtR&D or cooperative R&D —
can social welfare be raised by marginally incnegsR&D expenditures? Two
measures of social welfare are used in these aestcihe first-best social optimum
and the second-best social optimum. According & fifst-best measure of social
welfare, the sum of consumer and producer surglusaximized, and the marginal
cost pricing rule, which underlines the first-basiution, can be enforced by the
authorities. According to the second-best measfirgooial welfare, the firms are
allowed to compete according to the Cournot modelcampetition. Suzumura
demonstrated that when the degree of spillovenggis, starting from the equilibrium
level of R&D expenditures under the scenario thatfirms act non-cooperatively in
both stages of the game, first-best social welfeme be raised by marginally
increasing R&D expenditures. The opposite resuld$d there are no spillovers. As
for the equilibrium under cooperative R&D, firstdbesocial welfare can be raised by
marginally increasing R&D expenditures, whether diegree of spillovers is high or
low. If one uses the second-best measure of semHbre, then starting from the

equilibrium level of R&D expenditures under the rsaeo that the firms act non-
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cooperatively in both stages of the game, socidflane can be raised by marginally
increasing R&D expenditures if the degree of spéis is high. The opposite result
holds if there are no R&D spillovers and if the rhen of firms is sufficiently large.

As for the case of cooperative R&D, social welfaan be raised by marginally

increasing R&D expenditures, whether the degrespitovers is high or low.

The welfare results of Suzumura are obtained utvderextreme assumptions — high
and low degrees of spillovers. Yi (1996) completbd analysis of Suzumura by
considering the intermediate case of neither highlow degrees of spillovers. More
specifically, Yi established the following resulEsrst, cooperative R&D lowers both
R&D expenditures and social welfare for intermeglidégrees of spillovers. Second,
cooperative R&D lowers R&D expenditures, but hasaarbiguous effect on social
welfare for low degrees of spillovers. Third, a® télasticity of the slope of the
inverse market demand curve rises, cooperative R&Bes social welfare for a
larger set of degrees of spillovers, and in thetlins socially beneficial for all

degrees of spillovers.

The AJ’'s model has also been extended by otheamdsers, such as Kamien et al.
(1992), Kamien and Zang (1993), Poyago-Theotoky§)9and Atallah (2000) to

study the issue of R&D cartelization and reseamntjventures. In the models
formulated by theses authors a subset of the fimike industry might get together
and form a Research Joint Venture. A survey ofntlaén results of the literature on
spillovers and innovative activities is provided Bg Bondt (1996). The predictions
of the AJ model, especially the important questidnwhether spillovers increase
firms' incentives to cooperate in R&D, has beenresieed by a number of empirical
studies with mixed results; see, for example, @aasiand Veugelers (2002) and
Sustens (2004).

In the literature on R&D spillovers and processowation, efforts are mostly focused
on the comparative R&D expenditures and the redasiocial welfare between non-

cooperative and cooperative R&D. The question af immovation is affected when
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there is more competition, i.e., when the numbefirafs rises, is ignored by most
researchers, except for De Bondt et al. (1992), disoussed how the number of
firms affects innovation. However, the questionhofv R&D spillovers affect entry
was not addressed by these researchers. In thes,pap attempt to fill part of this
lacuna by endogenizing the number of firms. Morecdrally, our model addresses
the following questions. First, how does the deguade spillovers affect the
equilibrium number of firms? Second, how does tkgrde of spillovers affect the
equilibrium market structure? Third, when is theiégrium symmetric and when is
it not symmetric, and in the case of asymmetridldaia, how many firms choose to
incur a positive amount of own R&D cost and how gnéirms choose to free ride on
the R&D activities of others?

The model we formulate to analyze the influenceR&D spillovers on entry is a
two-stage game played by a number of firms produeilnomogeneous good. In the
first stage of the game, the firms carry out R&Dhaites to lower their production
cost. It is assumed that before innovation, allftms have the same marginal cost.
In the second stage, the firms compete in the mtogarket according to the Cournot
model of competition. All the firms act non-coop@raly in both stages of the game.
In the R&D stage, each firm runs its own reseasity bnd takes into account the
natural spillovers that flow among firms in a ségit manner. In modeling the
horizontal spillovers among firms, we follow theopeering work of Ruff (1969),
who analyzed a stylized growth model in which firemesmpete according to the
Cournot model of competition, and in which firmsdentake R&D activities by
employing research workers. In Ruffs model, a fimacognizes a potential
transmission of knowledge from other firms, and ttesmission of knowledge is
modeled by assuming that tlkeéfective inpuin R&D of a firm consists of its own
input plus part of the inputs of all the other fenRuff's analytical treatment of R&D

spillovers has been adopted by later researchel,as Spence (1984), Kamien et al.

°See Dasgupta and Stiglitz (1980), Atallah (2007)e¥ (2008), and Erkal and Piccinin (2010) for
more information.
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(1992), and Amir et al. (2003). On the other handhe AJ-type models, the R&D
process is represented by a cost function, whiehsgihe R&D cost (the dependent
variable) as a quadratic function of the desiredelleof cost reduction (the
independent variable). In these models, a firm skeats own level of cost reduction,
and the spillovers take the form of R&D output Epiers in the sense that the
effective cost reductionf a firm is the firm’s own chosen cost reductiplus a
fraction of the cost reductions chosen by all ttreepfirms. At first sight, one might
think that the two ways of modeling R&D spillovease equivalent, and should yield
the same results. However, this presumption isaoect because for some questions
the results obtained by the two approaches divérgeexample, Amir et al. (2003)
found that a firm'seffective R&D expendituris a strictly decreasing function of the
degree of spillovers while De Bondt et al. (199@yrfd an inverted-U relationship

between the degree of spillovers anddffective cost reductioof each firm.

Our findings can be described as follows. If thgrde of spillovers is low, only a
finite number of firms enter the market, and atetry — all the firms expend the
same amount of their own resources on R&D. We ttefehis type of equilibrium as
a symmetric equilibrium with innovation. The infoit behind this result is not hard
to understand. When the degree of spillovers is Bfirm cannot rely on the R&D
externalities generated by the other firms to loitseown marginal cost. If the degree
of spillovers is high, an infinite number of firnenter the market, and after entry
none of the firms chooses to expend any of its aesource on R&D. The
equilibrium is a perfectly competitive equilibriumwithout innovation. For
intermediate values of the degree of spilloverg, dguilibrium is an asymmetric
equilibrium under which some firms choose to exptrar own resources on R&D,
while others choose not to do so. Furthermorethalfirms that choose to expend
their own resources on R&D choose the same amdumivo expenditure on R&D.
In the literature on R&D spillovers and innovatidine number of firms in the market
is taken as exogenous, and the equilibrium is pnesuto be symmetric. In our

model, the number of firms that enter the markeindogenous, and varies according
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to the degree of spillovers. The endogenizatiothefnumber of firms yields different
types of equilibrium market structures — symmeeguilibrium with innovation,
asymmetric equilibrium with innovation, and perfecmpetition without innovation

— and these are novel results in the field of R§ievers and innovation.

Our welfare analysis suggests that social welfeesrwith the degree of spillovers
when it is low, reaches a maximum when the degreespilovers enters its
intermediate range, and then declines to the lagsbciated with the competitive
equilibrium without innovation. The policy impligah of this result is that the
intellectual property right should not be fully pgoted and the enforcement of patent
laws should not be too lax. The optimal degreerofgetion should reflect the right

trade-off between allocative and dynamic efficiency

The paper is organized as follows. In Section &,géneral features of the model are
presented. In Section 3, the post-innovation dgpiilm is discussed. The equilibrium
in the innovation stage is analyzed in SectionmdSection 5, entry is discussed.
Section 6 presents the main properties of the ibguiin. In Section 7, a numerical
simulation of the model is presented. The simulaiiloistrates the main properties of
the model. Some concluding remarks are given irti@e@. The annex contains

some technical arguments used to support the theadrarguments in Section 6.

2.2 The general features of the model

Consider the market for a homogenous commodity hickvthere arer symmetric
firms. These firms play a two-stage game, which lsardescribed as follows. In the
first stage, each firm carries out an R&D programetduce its production cost. In the
second stage, the firms — with lower marginal cdstaught about by the process
innovation programs carried out in the first stageompete in the product market.
Let
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(1) p=a-bQ

be the inverse market demand curve for the proauwtre Q is the industry output,

and p is the market price. Als@ andb are two positive parameters.

We assume that in both stages of the game the &otnson-cooperatively and that in
the second stage they compete according to thenGomodel of competition. In the
first stage, and before the process innovation fithes are symmetric in the sense
that all the firms start with the same initial miaaj cost, sayc®,0<c’<a. To
model the R&D process, we follow Ruff (1969), angbgose that research workers
constitute the only input in a program of proces®vation. Furthermore, assuming
that the wage received by a worker is the numéraieecan identify the number of
research workers with the R&D expenditure. We slealif [ X] denote the reduction
in marginal cost yielded by a program of processwuation whenXis the firms
effective R&D expendituravith the effective R&D expenditure being the sahthe
firm’s own R&D expenditure plus the spillovers frahe other innovation programs.
The R&D production function is assumed to be cardirsly differentiable, strictly
increasing, and strictly concave. Furthermoref,[0]=0,0< f'[0]<, and
supyf[X] < c° The conditionsupy f[X] < ¢® ensures that the cost reduction is
strictly less tharc®, regardless of the level of effective R&D input.sd) we shall
assume thaf’[0] is not too low to discourage a firm, when it ig thnly firm in the
market, from investing in R&D to reduce its mardiast. Note that the Inada

condition /im, __ f'[X]=0 follows from the concavity and the boundednesshef

R&D production function. An R&D technology that isdies these assumptions is

2  flX1=c"A-eT),
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where y > 0 is a parameter that characterizes the productietythe R&D

technology’

The cost reduction obtained by firinis assumed to be given bjx +,82 X1,

j#i
where0< <1, is a parameter that represents the degree obegil from the R&D

activities of all the other firms, anx . =1...n, is firm j's own R&D expenditure.
The expressiorﬁzm X; represents the spillovers to firmfrom the R&D activities

of all the other firms. The surX; = X +,6’Zj¢i X; thus represents the effective R&D

expenditure of firmi in its own program of process innovation. Whgr 0, there
are no spillovers, and whefi =1, there are full spillovers. The intermediate case

0< B <1 corresponds to the situation of partial spillovers

2.3 The post-innovation equilibrium

When each firm carries out its own process innovagirogram, the reduction in the

marginal cost of a firm, say firm, is f[x +,BZJ_¢i X;], and its post-innovation

marginal cost is given by

® In the AJ model, the R&D cost needed to achieleval of marginal cost reduction is assumed to be
a quadratic function of the R&D output. The prodorctfunction that corresponds to such a cost

function has the functional fornfi[X] = 2\/% wherey > 0 is a parameter that characterizes the

productivity of the R&D process, with a lower valagy representing a more productive technology.
Although it makes the computation of an equilibrisimple, the R&D technology of the AJ model has
some undesirable features. First, when the effecR&D expenditure is large, the reduction in
marginal cost will exceed the initial marginal goseéndering the post-innovation marginal cost
negative, and this is absurd. Second, given tleainitial marginal cost was the outcome of past R&D
activities and given the presumed diminishing meguinvolved in R&D activities, the reduction in
marginal cost yielded by new R&D activities mustessarily be bounded at the margin. That is, the
Inada condition/imy_,of'[X] = oo exhibited by the R&D technology in the AJ modeldifficult to
defend. Finally, the quadratic R&D cost functiorelgis a reduction in marginal cost that is
proportional to the difference between the chokeepand the initial marginal cost (D’Aspremont and
Jacquemin (1988), page 1114). This result meanghkanigher is the initial marginal cost, the lowe
will be the marginal cost reduction. In particulathen the initial marginal cost is so high to beiaq
to the choke price, the marginal cost reductioth gl zero, a result that is clearly unsatisfactory.
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@) ¢ =c’—fx+B8y, x]

Let g, be the output of firm. The profit obtained by firnd in the production stage

and under the strategy profile, ..., g;, ..., ) 1S

@ilq, - Qi o @n] = qila—b(gy + -+ q + -+ qn) — ).

In the production stage, firinsolves the following profit maximization problem:

(4)  maxq,@ilq1, ) Qis s Gul-
(i=1,..,n).

If the post-innovation cost of firmis high, it will not be able to compete with the
other firms and will choose not to produce, witle tansuing consequence that it
makes zero profit in the production stage. On ttieerohand, if its post-innovation
marginal cost is not too high, firtnwill be able to produce a positive level of output
and earn positive profits in the production stafeus, the first-order condition that

characterizes the best response of ﬁm(qj)j:/:i is

5) a-blg+-+q++q)—c —bg <0,

with equality holding ifg; > 0. The first-order condition (5) is also sufficieredause

o:lq1, -, i, -, qn] is strictly concave ing;.

The n first-order conditions (5) can be used to compbee equilibrium output of
each firm, as a function of its post-innovation giaal cost. If we letg;[ci, ..., c}]
denote the equilibrium output of firinin the production stage, then the profit it earns

in this stage is given by

©) il il = @ilailchy e, 2L v GilEd, v €2, sl v, 21N,

Note thatm;[c, ..., ct] = 0, with strict inequality holding it} is not too high.
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Let I denote the subset of firms that produce a posiéivel of output and a fortiori
earns a positive level of profit in the productstage. For eache I, the first-order
condition (5) holds with equality, and summing #hdgst-order conditions over

[ € I, we obtain

(@) la—|I1bQ — Xie ¢t —bQ <0,

whereQ =q, + -+ q; + --- + q,, denotes the industry output, apd denotes the
number of elements i, ie., the number of firms that produce a positieeel of

output.

It follows from (7) that

_ llla=Fiercf
(8) Q= (11+Db

Using (8), we obtain the following expression foe tequilibrium market price

(9) p=a-bo="22ad

|1]+1
Using (8) in (5), we obtain the following expressifor the output of a firm, saiy

which produces a positive level of output in thedurction stage:

a—|l|0i1+2je1,j¢ic}
(11+1)b

)

(10) q: =

(iel).

The profit made by firm in the post-innovation stage is then given by
(1)  mled, ., cql = qi(p — ¢)

2
(a—IIICi1+Zjez,j=iC}) fiel
— if i
= (11+1)2b ’

0, otherwise.
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2.4 The equilibrium in the innovation stage

Letx;,j = 1,...,n, denote the own R&D expenditure made by fjrin the first stage.
Because the profit made by a firm in the producttage is bounded above, it is not
optimal for any firm to spend a large amount ofowen resources on R&D. Thus, we
shall assume that the own R&D made by each firmoisstrained to belong to a
closed bounded interval, sdy< x; < K,j =1, ...,n, whereK is a finite positive

number. Given the lisfx,,...,x,) of own R&D expenditures, the profit — net of R&D

costs — earned by firmover the two stages of the game is given by
(12)  pilxy, oos Xy o, X ] = —x; + [, .yl o, ] =

—x; + 1 [c® = fx1 + BEjeax5] e € = fIxi + BEjri 5], s € = flo +
.BZj:#nxj]]'

The first-order condition that characterizes thet besponse of firni to (X;), is

) . 1 10 1
(13) APi[X1,mXisenXn] -1 anl[cl,...,cl,...,cn]f,[xi n ﬁZj;:ixj]

ox; act

6n-[c1,...,c-1,...,c1]
BEje s B B L %] <0,

with equality holding when; > 0.

Note that it is not optimal for a firm to spend @sjlive amount of its own resources
on R&D and then chooses not to produce a posiével lof output in the production
stage. Furthermore, a firm might find it profitaktie produce a positive level of
output even when it did not spend any of its owsoueces on R&D in the first stage.
Under this scenario, it takes advantage of théosgits from the R&D activities of all

the firms which choose to spend a positive amodinh@r own resources on their

R&D activities to lower its own marginal cost.
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When the own R&D expenditure of firhis positive, the following second-order
condition must also be satisfied:

2 .
(14) 0 (;bl[xl'---'xu-"lxn] < O

2
ox;

Let ¢;[xq, ..., Xi_1, Xit1, .-, Xn] denote firmi's best response — presumed to be unique
—10 (X, ooy Xj—1, Xjg1) - Xn), L = 1, ..., . It is simple to show that the map

it (1) ooy Xim 1, Xig1y o X)) = Gi[Xg, o) Xiq, Xig 1) ) X
is continuous. Thus, the map

(X1, oo Xy ooy Xp) = (G20, ey Xy ooy X D2
is a continuous map from the convex compact sufisét]™ of the n-dimensional
Euclidean space into itself, and thus, accordintdpéoBrouwer’s fixed point theorem,
will have a fixed point. The fixed point, which vpeesume to be unique and denote
by (x1[n, B], ..., x,[n, B]), represents the equilibrium list of own R&D expdncks
made by thex firms. Note that the argument just presented &shtas the existence
of an equilibrium for any number of firms. Furthemra, for an arbitrary number of
firms in the market, some firms might make zeroprefit (net of own R&D cost). In
particular, when the number of firms is large, #wuilibrium might involve some
firms being not active in the production stage, ahnecessarily means that these
firms do not expend any of their own resources &bDRand thus can be dropped
from the game without affecting the equilibrium geated by the remaining firms. In

other words, these firms will choose not to erfbermarket.

For an equilibrium under which each firm spendsasitive amount of its own

resources on R&D, (12) takes on the following mgpecific form:

(A5)  Pilxe, s xiy ey X0

2

_x.+;< a—n(c’ = flxi + B Zjui%]) )
l b(nt1)? + Zj¢i(co - f[xj + ﬁ(xi + Zjlqti,jl;tj xj/)]) .
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Furthermore, the first-order condition (13) becomes

(16)
OPi[x1, Xy Xn] _
0x;
_ ( a—n(c® = flx; + BEjuix;]) )
b(n+1)2 +Z]¢L(C _f[x + ﬁ(xl + Z]’?‘EU’?‘EJ J’)])
< nf'lx; + B X)) ) —0
—BTjui f'[x + B(xi + Zjwijnj %))
(i=1,..,n),

and the second-order condition (14) becomes
(17) 2di[x1, XisenXn] _ < a-— n(c - f[xl +p Zjilxj]) )
Ox + Zj;ti(c f[x] +B(x; + X jri,jrej x]’)])
< nf”[xi +,32j¢ixj] )
—p? qutif”[xj + .B(xi + Xjrsijrej xj')]
+< nf'[xi + B Zjei ] )2 .
ﬁ Z]:ﬁlf [X + ﬁ(xl + Z]I;tljl;t] ]I)]

Note that if each firm makes a positive own expendion R&D, i.e., if;[n, ] > 0
for all i = 1,...,n, then then first-order conditions in (16) are symmetric, ahds
necessary that all the own R&D expenditures aresdmae, i.e.x;[n,f] = =
xn[n, Bl = x[n, B], where we have usexin, f] to denote their common own R&D
expenditure. In this case, the equilibrium is a s\atric equilibrium under which
each firm spends a positive amount of its own regsion R&D, and we refer to
such an equilibrium assymmetric equilibrium with innovatioit might also happen
that in equilibrium some firms incur a positive ééwf own R&D cost while some
other firms choose not to do so. In this case, @bailibrium is an asymmetric
equilibrium with one proper subset of the firms incurring asipve level of own
R&D cost while all the firms outside this subsebake not to do so. Because the

first-order conditions in (16) that characterize twn R&D expenditures of the firms
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that choose to spend a positive amount of their oesources on R&D are
symmetric, the own R&D expenditures of these finmsst be the same. Finally, it
might happen that in equilibrium none of the firoi®oses to spend any of its own
resources on R&D. In this case, the equilibriuna isymmetric equilibrium without

innovation.

For a symmetric equilibrium with innovation, thdestive R&D expenditure of each
firm is given by

Xl[nfﬁ] == Xn[n'ﬁ] = X[‘I’l,ﬁ] = x[n,ﬁ](l + (n - 1)ﬁ);

where X[n, 8] denote the firms’ common effective expenditurertfi@rmore, the

first-order condition (16) is then reduced to

(18) —1+2C DB ;04 fx[n, BIDF[X[n B]] = O,

b(n+1)2

and the second-order condition (17) is reduced to

(19) O (a -+ XA XA + (FXIN A <.
Because

2008 (g — 0 + F[X[n, IS [X[n, B1] < 1

b(n+1)2

when n is large, the first-order condition (18) will faib hold and a fortiori no

symmetric equilibrium with innovation will exist.

For the case = 1, the first-order condition (18) is reduced to

(20) —1+=(a—c®+ fIX[1, BIDF[X[1,81],

which is the first-order condition for maximizindY). As for the second-order
condition (19), it is reduced to

(1) (a—c®+ fx[0L A1) [x1LB1] + (F[XILBI]) <o,
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which is the second-order condition for maximizifig), namely the second-order

condition for monopoly profit maximization.

We note in passing that if the cu¥es (a—c®+ fIXDf'[X], X=0, is
downward-sloping, a main assumption in the modéaien et al. (1992), then the
solution of the first-order condition (18) is un&uwand a symmetric equilibrium with
innovation, if it exists, is necessarily uniquenibre than one value &f satisfies the
first-order condition (18), then the second-ordendition (19) must be used to
eliminate the inappropriate value Xfthat satisfies this first-order condition. Another
possibility is that there might be a value Xfthat satisfies both the first order

condition (18) and the second-order condition (b@j, such a value of leads to a

X
1+(n-1)p

Under such a scenario, there is no symmetric dujwitn under whichX constitutes

negative net profit for each firm when we sgt= - =x, = in (15).

the effective R&D expenditure of each firm in thanket.

The product price under a symmetric equilibriumhwitnovation when there are

firms in the market is given by

(22) pln Bl = a+n(C0_f[X[n'ﬁ]).

n+1

The net profit made by a firm under a symmetricildznium with innovation, when

there aren firms in the market, is given by

2
xinpl . (a=(c'—flx[np)))
(23) - 1+(n-1)B b(n+1)2 )

An example:Suppose that the R&D production function is given (B). For a

symmetric equilibrium with innovation, the firstemr condition (18) becomes

(4) -1+ 2(1;;75:)1—2)@ (a—c% " )ycle™ =0.

The slope of the curve

(25) ¢:X - p[X]= -1 +W(a — e ")yl "X X >0,
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is

(e 2.0
(26) ¢'[X] = F DB o2 (2¢0 — ),

Observe that ifc® < % then ¢'[X] < 0 is negative for allx > 0, and the curve

¢: X - ¢[X] is downward-sloping. In this case, the solution tbé first-order

condition (18), if it exists, is unique. On the etthand, ifc® > % then the curve
¢: X - ¢[X] has the shape of an inverted U: rising at firstaiming its global
maximum atX = %Log [%] and then strictly declining te-co whenX — oo. For

the casec® > % if the curveg: X - ¢[X] does not cross the horizontal axis on its

rising part, then a symmetric equilibrium with irvadion does not exist. On the other
hand, if the curveb: X — ¢[X] crosses the horizontal axis on its rising paentn
its declining part it crosses the horizontal axggia. In this case, there exist two
values of X that satisfy the first-order condition (18). AtetHirst crossing the
expression on the left side of (19) is equalite- 1)(1 — B)Ac® > 0, and this means
that the second-order condition (19) is not satsfat the first crossing. Thus, a

symmetric equilibrium with innovation, if it existswust occur at the second crossing.

If we letZ = e~7%, then the first-order condition (24) becomes

1 2D 0 07 —
(27) 1+ D) (a—c"2)yc’Z =0,

which is a quadratic equation Zh The two roots of (27) are of the same sign, aed ar

given by

anc®—yn(=2b(1+n)?+a?n)(c°)? anc®+n(-=2b(1+n)2+a?n)(c%)2
(28) {Z ” 2n(c9)? Z = 2n(c®)? }'

where we have lef = (n(1 — B) + B)y.

As can be seen from (28), the second root is pesitdence the first root is also
positive. If the second root is greater than 1nthemust be rejected becauBe=
e "* < 1. On the other hand, if the second root is less thathen the first root is

also less than 1. Furthermore, if the cugveX — ¢[X] crosses the horizontal axis
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twice, then the first-order condition (24) has twoots, and the larger root
corresponds to the second crossaryl this means that the smaller root of (27) és th
correct value ofZ for the effective R&D expenditure under the synmget

equilibrium with innovation. Thus, the effective R8&expenditure of a firm under a

symmetric equilibrium with innovation is given by
(29)  X[nB] =~ Log[zIn, 1],

where we have let

_i . a2y(n(1-B)+B)—2b(1+n)?
(30) Z[n,p] = = (a \/ =P E) ) <1.

2.5 Entry

To fix ideas about the entry process, we shallrassihat a firm will enter the market
only if it can earn positive net profits. For anglye of 8, there are two possible
scenarios to consider. Under the first scenariergetls a positive integen, such that
() when there aren firms in the market, each firm earns positive pedfit in
equilibrium, and (ii) when there are more thansxarérms in the market, at least one
firm earns zero net profit in equilibrium. Becawse assume that a firm only enters
the market if it earn positive net profit, exactly firms will enter the market under
this scenario, andn then represents the equilibrium number of firmsider the
second scenario, for any positive integer there exists a positive integer= m,
such that under the equilibrium withfirms in the market each firm earns positive
net profit. In this case, the entry process goesndgfinitely, and in the limit, the
equilibrium number of firms is infinite. In whatlfows, we shall denote by[g] the
equilibrium number of firms. Under the first scebam[f] < o, while under the

second scenarim[f] = .
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2.6 The properties of the equilibrium

Proposition 1:Under any equilibrium, the number of firms that exg a positive
amount of their own resources on R&D is finite.

PROOFR The proof is byreductio ad absurdumSuppose that there exists an
equilibrium under which an infinite number of firnthoose to expend a positive
amount of their own resources on R&D. The compmetitamong these firms will
drive the product price down to their post-innowatmarginal cost, and each of them
will earn zero profit in the production stage. Tgrefit net of own R&D cost of each

of these firms will then be negative, and this @drotcur in equilibrium. [

In what follows, we denote by [3] the number of firms in the market that choose to
spend a positive amount of their own resources & Rnder the equilibrium witlf

as the degree of spillovers. Note thak n*[B] < n[B]. Without any loss of
generality, we can assume that the firs{g] firms are exactly the firms that choose
to expend a positive amount of their own resoucte&&D and that the firms which
choose not to expend any of their own resourceR&D are the lastn[B] — n*[B])

firms.

Also, for anyp, letn[fB] denote the critical number of firms such thatdoy positive
integern < n[f], there exists a symmetric equilibrium with innowatwhenn firms
enter the market, but no symmetric equilibrium witimovation when there are
n[B] + 1 firms in the market. It is clear thafg] < n[B]. Note that whem[B] =
n[B], the equilibrium is a symmetric equilibrium withnievation under which exactly

n[pB] firms will enter the market.

When the degree of spillovers is low, a firm canrey on the spillovers generated
by the other firms to lower its own marginal cdBb. obtain any desired reduction in
marginal cost, a firm must bear most of the costsded to run its own research lab,

and this discourages entry. Furthermore, oncena tiias entered the market, it must
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expend a substantial amount of its own resourceget®rate a given level of cost
reduction. Hence when the degree of spilloversws e can expect a small number
of firms to enter the market, and once a firm hatered the market, it will expend a
positive amount of its own resource on R&D. Thesaitive results are confirmed in

Proposition 2.

Proposition 2: When the degree of spillovers is low and the ihit@mmon marginal
cost is close to the choke price, the number pfdithat enter the marketngf], and

the equilibrium is a symmetric equilibrium with owation.

PROOF Under the symmetric equilibrium with innovatiohat prevails aftem[p]

firms have entered the market, the product priceoming to (20), is given by

(31) p[nlBLA] = a+n(c®~f[X[n[B1.A1)

n+1

Observe thap[n[g], 8] will much lower thanc® if ¢° is close to the choke price
Now if the first n[B] firms continue to use the strategies associateth wie
symmetric equilibrium wittm[£] firms, then firmn[g] + 1, which does not spend
any of its own resources on R&D, will not managéotwer its cost belovp[g[ﬁ],ﬁ]

because of the low degree of spillovers, and thilisnet be able to produce any
positive output in order to earn positive profithius, no more entry will take place

aftern[g] firms have entered the market. n

The following lemma asserts that at some stagendutiie entry process, if an
equilibrium under which none of the firms chooseskpend its own resource on
R&D is reached, then the entry process will corgimdefinitely, and in the limit the

equilibrium is the competitive equilibrium withownovation.

Lemma 1:For any value of3, if there exists a positive integersuch that under the
equilibrium with 8 as the degree of spillovers andas the number of firms in the

market no firm chooses to expend its own resounc®&&D, then the entry process
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continues indefinitely, and in the limit, the rasg equilibrium is the competitive

equilibrium without innovation.

PROOF Suppose that firms have already entered the market. Let usidenghe
problem faced by firrm + 1, which is contemplating entering the market. Let us
imagine that the marginal cost of firm+ 1 in the production stage is equal to the
product’s choke price. Under such a scenario, fims will choose not to produce
any positive level of output, and this means tiat eéquilibrium in the production
stage with firmsl, ...,n,n + 1 in the market is identical with the equilibriumtivin
firms in the market. Now let us lower the marginast of firmn + 1 from the level

of the product's choke price te° the initial common marginal cost, while
maintaining the marginal costs of firm 1 to firmatc®. During the process, the profit
in the production stage of each of the firms..,n will be falling.” When the
marginal cost of firrm + 1 descends to°, each of thex + 1 firms will produce the
same level of output at the same marginal c8sand earns the same level of profit
in the production stage. Next, note that accordmghe hypothesis of the lemma,
none of the firms finds it profitable to expend @&n resource on R&D when the
n — 1 remaining firms choose not to incur any R&D costtbeir own. Hence when
one more firm enters the market andf them choose not to expend any of their own
resources on R&D, the remaining firm, which facesencompetition when there are
n + 1 firms in the market than when there aréirms in the market, will not find it
profitable, either, to expend its own resource &DRWe have just demonstrated
that under the equilibrium with 4+ 1 firms in the market none of the firms chooses

to expend its own resource on R&D.

The argument just presented can be repeatkdhfinitumto show that the entry
process will continue indefinitely, and in the linthe equilibrium is the competitive

equilibrium without innovation. [

"It is well known in Cournot oligopoly theory wilinear demand curve and constant marginal costs
that a fall in the marginal cost of a firm improvies profitability, but reduces the profit made égch
of the other firms.
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Lemma 2:Suppose that for sonfg there exists a positive integersuch that under
the equilibrium withg as the degree of spillovers and wittas the number of firms
in the market none of the firms chooses to expaydodits own resource on R&D.
Then for anyp’, B < B’ < 1, there exists a positive integef < n such that under
the equilibrium with3’ as the degree of spillovers and withas the number of firms

in the market none of the firms chooses to expagdéits own resource on R&D.

PROOFR According to the hypotheses of Lemma 13 i the degree of spillovers then
none of then firms will expend a positive amount of its ownaasce on R&D when
the remainingn — 1 firms choose not to spend any positive amounthefrtown
resources on R&D. This statement is still true whieae degree of spillovers is

B' > B, and when the number of firms in the market i3 stil [

Lemma 3:If S is close to 1, then there exists a positive integsuch that under the
equilibrium with as the degree of spillovers and withas the number of firms in

the market none of the firms chooses to expenafity own resource on R&D.

PROOF The proof of Lemma 3 requires some limiting argmis, and is given in

Annex A.

When there are full spillover@ = 1), the entire own R&D expenditure made by a
firm flows freely to its rivals, and any rival firm at no cost of its own — can obtain
the same cost reduction obtained by the former. firhe full R&D spillovers destroy
the incentive for any firm to spend its own resesgrcon R&D. Indeed, if in
equilibrium a firm chooses to incur a positive leseown R&D cost, then an infinite
number of firms will enter the market and operdt¢ha same marginal cost as the
firm that spends a positive amount of its own resewn R&D. Under this scenario,
there will be perfect competition in the post-inaben stage, with the ensuing
consequence that all the firms in the market vahnezero profit (gross of own R&D
cost) in the production stage. Thus, when theref@tespillovers the equilibrium

market structure is that of perfect competitionheiit innovation. More generally,
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when the degree of spillovers is high, a firm ttlaboses to expend a positive amount
of its own resource on R&D bears the entire burofets own R&D cost, but most of
the fruit of its R&D activities flow freely to itsvals, and this destroys the incentive
for a firm to spend its own resource on R&D, asedssl by the following

proposition.

Proposition 3if g is close to 1, then an infinite number of firm# amter the market,
and a firm — once it has entered the market — etibose not to spend any of its own
resources on R&D. That is, when the degree ofmmls is high, there will be no
innovation, and the resulting equilibrium marketrusture is that of perfect

competition without innovation.

PROOF To prove Proposition 3, invoke Lemma 3 and themma 1. [

Proposition 2 asserts the existence of a symmegpudibrium with innovation when
the degree of spillovers is low, while Propositi®rasserts that perfect competition
without innovation will prevail when the degree syillovers is high. Proposition 4
asserts the existence of an asymmetric equilibruin equilibrium under which
some firms choose to expend a positive amountedf twn resources on R&D while
other firms choose not to — when the degree ofosfgits take on the intermediate
values. Proposition 4 asserts that when the degfrepillovers is low, a firm that
wishes to enter the market cannot rely on the aplls to lower its own marginal
cost and must bear most of the burden requiredvter its own marginal cost. This
factor reduces the incentive for entry, and theldmiwum is a symmetric equilibrium
with innovation under which a small number of fircisoose to enter the market.
When the degree of spillovers has risen sufficiertie spillovers allow more firms
to enter the market, and some of the entrants reemride on the R&D activities of
other entrants: the equilibrium is then an asymimetuilibrium. When the degree of

spillovers reaches a high level, there is no ingenfior any firm to expend its own
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resources on R&D, and the resulting equilibriumthe competitive equilibrium

without innovation.

Proposition 4:Suppose that pre-innovation common marginal codtigh. There
exist two values g8, saypand B, with 0 < < B < 1, which have the following

properties:

@ For all 0 < B < B, the equilibrium withg as the degree of spillovers is a
symmetric equilibrium with innovation.

(i) For all B, < B < 1, the equilibrium with8 as the degree of spillovers is the

competitive equilibrium without innovation.
(i) There exists a value gfe (ﬁE) such that the equilibrium with as the degree

of spillovers is an asymmetric equilibrium.
PROOF The proof of Proposition 4 is technical and igegi in Annex B.

Lemma 4 deals with the effect of low degrees ofi®grs on consumers’ surplus,
producers’ surplus, and social welfare. In proviiyy of Lemma 4, we assume that

the R&D technology is given by (2).

Lemma 4:Whenp rises in a small right neighborhood of 0, (i) cangers’ surplus

fall (ii) producers’ surplus rises; and (iii) sodiavelfare rises.

PROOFR The proof of Lemma 4 involves the computationyvafous derivatives, and

is quite technical. It is relegated to Annex C.

The following proposition describes how the degodespillovers affects social

welfare.

Proposition 5:Suppose that the functional form of the R&D proaurctfunction is

given by (2). As the degree of spillovers risesnfi® to 1, social welfare first rises
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with B, reaches a maximum, and then declines to the lopesstible level, which is

the social welfare associated with the competgigailibrium.

PROOFR Proposition 5 follows immediately from Propositi@, Proposition 3, and

Lemma 4. n

The economic contents of Proposition 5 embody #resion between allocative
efficiency and dynamic efficiency. When the dego¢espillovers is low, a firm can
appropriate most of the fruit of its own R&D, artdst encourages innovation. This
incentive is reduced when the degree of spillovises, and each firm spends less of
its own resources on R&D. On the other hand, tee m the degree of spillovers
encourages entries. Social welfare rises with tbgrek of spillovers when it rises
slightly above zero because the allocative efficyerffect dominates the dynamic
efficiency effect. After the degree of spilloverashreached a sufficiently high level,
the spillovers discourage firms from spending tloen resources on R&D, with the
ensuing consequence that the equilibrium is thepeditive equilibrium without
innovation: the rise in allocative efficiency geaed by the high number of firms
scarcely counteracts the dramatic loss in dynafficiency. For intermediate values
for the degree of spillovers, the initial rise wc&l welfare is reversed when the gain

in allocative efficiency cannot offset the lossdynamic efficiency.

2.7 A numerical simulation

In the numerical simulation, the R&D technologyassumed to have the functional
form represented by (2).To compute the equilibrimomber of firms for the two-
stage game, we proceed as follows. We begin wighntlonopoly case, and then
successively raise the number of firms by 1 eacte.tiAt each step, use (29) to
compute the effective R&D expenditure of the symioetequilibrium with
innovation for the current number of firms. If tlymmetric equilibrium with

innovation when there are firms cannot deter entry, then raise the numbédiriois
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to n+ 1, and then try to compute the symmetric equilibriwith innovation when
n+ 1 firms are in the market. If there is no symmegquilibrium with innovation
for the case ol + 1 firms — either because there is no positive valtiX that
satisfies the first-order condition (24) or becatisere exists a positive value &f
that satisfies the first-order condition (24), lising it will result in a negative profit
net of R&D cost for each of the + 1 firms — then the equilibrium must be an
asymmetric equilibrium under which some firms chets incur a positive level of
own R&D cost, while others choose not to do so.

At any step of the procedure just described, entlyoccur if it is profitable for new
firms to enter the market. The first time it is pobfitable for a new firm to enter the
market, we have found the equilibrium number om&r The following table

summarizes the results of the simulatfore carried out for various values @f

8 The results of the simulation are obtained withtiklp of a large number Mathematicagprograms.
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Table 1.

The equilibria for various values of 8 (Parameter values:a = 3,b = 0.25,¢c° = 2.75,y = 2.75)

L4

\w p )

n[B]| n*[B]| x*[B] | ci,i <n*[B] | ci,i >n*[B] | pIB] | PSIA] | CSIB] | SWIA]
p=0 | 4 | 4 | 121 0.10 NA 0.68| 0.54| 10.7§ 11.3]
p=01| 5 | 5 | 081 0.12 NA 0.60| 0.57 | 11.49 12.0¢
p=02|8 | 6 | 045 0.24 0.63 0.63| 1.06| 11.22 12.2¢
B=03| o | 6 | 0.30 0.35 0.63 0.63| 0.02| 11.2§ 11.2]
B=04| o | 4 | 030 0.46 0.74 0.74| 0.14| 10.19 10.3
p=05| o | 3 | 0.28 0.60 0.88 0.88| 0.10| 8.96| 9.06
B=06| o | 2 | 027 0.83 1.12 1.12| 013 | 7.09| 7.22
B=07| o | 1 | 029 1.23 1.57 1.57| 0.16 | 4.09| 4.25
p=08| o | 0 | NA NA NA 2.75| 0 | 0.125 0.125
=09 | o | 0 | NA NA NA 2.75| 0 | 0.125 0.125
B=1 | o | 0 | NA NA NA 2.75| 0 | 0.125 0.12§

The first row of the table gives the equilibriunt fbe case of no spillovefg = 0).

Under this equilibrium, 4 firms enter the market[f] = 4), and each of them

(n*[B] = 4) chooses to spend a positive amo@t[B] = 1.21) of its own resource

on R&D. The equilibrium is thus a symmetric equilim with innovation. The post-

innovation marginal cost is' = 0.10,i = 1, ...,n[#]. The equilibrium product price
is p[B] = 0.68. As for welfare, the producers’ surplus (net of R&Bst) isPS[B] =
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0.54 and the consumer surplusds[f] = 10.78, which sum up to a level of social
welfare given bysW[B] = 11.32.

The second line of the table gives the equilibrifon the casef = 0.1. The
equilibrium is a symmetric equilibrium with innovat under which 5 firms enter the
market. The amount of own resource that a firm dpem R&D is 0.81, which yields
an effective R&D 0f0.81(1 + (5 —1)(0.1)) = 0.81(1.4) = 1.134, which is less
than 1.21, the effective R&D expenditure of eachmfiunder the symmetric
equilibrium with innovation forg = 0. The post-innovation cost ig' = 0.12,i =

1, ...,n[B]. The equilibrium product price is 0.60, which iwkr than the value it
takes under the symmetric equilibrium with innowatfor the case of no spillovers.
The lower product price implies a higher level ohsumers’ surplus. The producers’
surplus is also higher. The end result is a hifgnezl of social welfare. The spillovers
make it possible for one more firm to enter the kaairAlthough the post-innovation
marginal cost is higher than when there are ndosits, the gain in welfare due to a
higher number of firms more than offset the impatthe higher post-innovation

marginal cost relatively to the case of no spilleve

The third line gives the equilibrium for the cgse= 0.2. The equilibrium number of
firms is now 88, with 6 firms choosing to spend @sipive amount of their own
resourcegx*[B] = 0.45) on R&D, while the remaining firms choose not taun
any own R&D cost. The equilibrium is asymmetricheTpost-innovation marginal
cost for the firms that spend a positive amountheir own resources on R&D is
¢t =0.24,i = 1,...,nT[B]. The post-innovation marginal cost for those whezfride
on the R&D activities of other firms is} = 0.63,i = n*[B] + 1,..,n[B]. The
equilibrium product price is 0.63, which is slighthigher than that under the
equilibrium for the casg = 0.1, and this implies a slightly lower level of consusie
surplus(11.22 < 11.49). The much lower own R&D cost of each firm helpsaise
the producers’ surplus substantiallly06 > 0.57). Social welfare is highgf12.28 >
12.06) than the level attained for the cgse= 0.1.
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The fourth line gives the equilibrium for the cgbse= 0.3. The equilibrium number of
firms is now infinite, with 6 firms choosing to spa positive amount of their own
resourcegx*[B] = 0.30) on R&D, while the remaining firms choose not taun
any own R&D cost. The equilibrium is asymmetricheTpost-innovation marginal
cost for the firms that spend a positive amountheir own resources on R&D is
¢ =0.35,i = 1,...,nT[B]. The post-innovation marginal cost for those wtezfride
on the R&D activities of other firms is! = 0.63,i = n*[B] + 1,...,n[B]. The
equilibrium product price is 0.63. The producersg’pdus is0.02 and the consumers’
surplus is11.25, which sum up to a social welfare level Df.27. Note that social
welfare has dropped whef rises from0.2 to 0.3. The fall in social welfare is due to
the lower own R&D expenditures made by the firmat tbhoose to do so and the

competition from the fringe made possible by thghkr degree of spillovers.

The fifth line gives the equilibrium for the cage= 0.4. The equilibrium number of
firms is infinite, with 4 firms choosing to spendpasitive amount of their own
resourcegx*[B] = 0.30) on R&D, while the remaining firms choose not taun
any own R&D cost. The equilibrium is asymmetricheTpost-innovation marginal
cost for the firms that spend a positive amountheir own resources on R&D is
¢ =0.46,i = 1,...,nT[B]. The post-innovation marginal cost for those wtezfride
on the R&D activities of other firms ig! = 0.74,i > n*[B] + 1. The equilibrium
product price is 0.74. The producers’ surplu$.ist and the consumers’ surplus is
10.19, which sum up to a social welfare level 19.33. Note that the producers’
surplus rises whefi rises from 0.3 to 0.4 because of the lower nunolbéirms that
incur a positive level of own R&D cost. Also, ndtet social welfare has dropped
when g rises from0.3 to 0.4. The fall in social welfare is due to the lower ofR&D
expenditures made by the firms that choose to dangsbthe competition from the

fringe made possible by the higher degree of splie.

The sixth line gives the equilibrium for the cgbse= 0.5. An infinite number of firms

enter the market, and among them 3 firms choospéad a positive amount of their
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own resources on R&D. The post-innovation margauast of the 3 dominant firms is
0.60, while the post-innovation marginal cost oé ttrms of the fringe is 0.88.
Relatively to the casg = 0.5, the producers’ surplus (0.10) is higher; the comss’

surplus is lower; and social welfare is lower.

The seventh line gives the equilibrium for the cAise 0.6. An infinite number of
firms enter the market, and among them 2 firms sbdo spend a positive amount of
their own resources on R&D. The post-innovation giveal cost of the 2 dominant
firms is 0.83, while the post-innovation marginalst of the firms of the fringe is
1.12. Relatively to the case = 0.6, the producers’ surplus (0.13) is higher; the

consumers’ surplus is lower; and social welfar@Zyis lower.

The eighth line gives the equilibrium for the cgse= 0.7. An infinite number of
firms enter the market, and among them only ona fthooses to spend a positive
amount of their own resources on R&D. The postuation marginal cost of the
dominant firm is 1.23, while the post-innovation rgiaal cost of the firms of the
fringe is 1.57. Relatively to the cage= 0.7, the producers’ surplus (0.13) is higher;

the consumers’ surplus is lower; and social wel{drg5) is lower.

The last three lines of the table give the equdilbor the caseg = 0.8,0.9, and 1.0,

respectively. An infinite number of firms enter thearket, and the resulting
equilibrium market structure is perfect competitiithout innovation. Under perfect
competition, the market price is equal to the ahittommon marginal cost; the
producers’ surplus is 0; and the consumers’ sufigl@s125. Thus, high values for the

degree of spillovers yield the lowest level of sbevelfare possible.

The numerical simulation indicates that social edfis at its highest level at
B = 0.2. The market structure is that of an asymmetricldaium under which some
firms expend a positive amount of their own researon R&D while many firms

free ride on the R&D activities of others to lowkeir own marginal cost.
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2.8 Conclusion

In this essay we have formulated a model of thetyp@ to analyze the impact of
R&D spillovers on entry and the resulting equilibmi market structure. We find that
the degree of spillovers plays a fundamental roléhe number of firms entering the
market, their R&D activities, and social welfareurCanalysis suggests that social
welfare is maximized at some intermediate degreesmflovers. The policy

implication of this result is that neither complgtetection of intellectual property
right nor lax enforcement of patent laws is sogiajbtimal. Uncertainty and risk are
important factors in R&D, but they have been iguloire the literature. These factors
merit more attention. A more complete modeling lté innovation process should
include an examination of the major drivers infloiexg the degree of spillovers:
distance between the innovators, property righmd,the extent of telecommunication

networks.

Annex A: The Proof of Lemma 3

We prove Lemma 3 byeductio ad absurdumif Lemma 3 is not true, then we can
find a sequence,,k =0,1,.., with 8, < 1,8, T 1, such that for anyt and any
positive integern, at least one firm will expend a positive amounit®bwn resource
on R&D under the equilibrium witl$, as the degree of spillovers and as the
number of firms in the market. If the equilibriunumber of firm wheng, is the
degree of spillovers is finite, then a possibleueafor m is m; = n[B;]. When

n[Bx] = oo, a possible value fan is a positive integemn, that satisfies the condition

1
m, > .
K7 1By

According to (16), the following first-order conidih characterizes the own R&D
expenditure of a firm, say firmi, which expends a positive amount of its own
resource on R&D under the equilibrium wigh as the degree of spillovers amg as

the number of firms in the market:
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5 < a—m(c® = flx; + B Tz %;]) )
b(my+1)2 \ + Zj;ti(c f[x + ﬁk(xl + Z]r;n]r:#j ]’)])

< my f’ [xi + B Zj:tixj] ) ~ 0
— P Zj:tif’[xj + ﬁk(xi + Yjrsijrej xj')] .

(A1) —1

Now becausg, T 1 whenk — oo, all of the firms, regardless of whether they cleos
to expend their own resources on R&D or choosede fide on the R&D activities
of others, will have the same post-innovation nraabicost in the limit. Hence the
equilibrium number of firms, nameky[B,] will be indefinitely large wherk — oo,
and this impliesfim;._,.,m; = co. Furthermore, the total industry R&D expenditure
must tend to 0 wheh — oo. Indeed, if this is not the case, then the prodicnplus

— the total industry profits in the production staginus the total industry R&D
expenditure — will be negative, and this cannothiolequilibrium. Thus, in the limit,

the first-order condition (A.1) becomes

(A2) —1+ (€imgw——s)(@=cOf'[0] =-1<0,

b(my] +1)2

which is not consistent with (A.1) in the limit. [

Annex B: The Proof of Proposition 4

Let B be the least upper bound of the degrees of spiboge such that for all
0 < B' < B, the equilibrium associated witf’ is a symmetric equilibrium with
innovation. The existence of follows directly from Proposition 2. Using
Proposition 3, we can assert the existence of aeyalayB < 1, for the degree of

spillovers, such that for alf < g <1, the equilibrium that prevails is perfect
competition without innovation. To prove Propositid, we first establish a series of

claims.
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Claim 1:We have§ < B.

PROOF First, we claim that it is not possible to ha¥e< 8. Indeed, if this were the

case, then for each value pfe (E < E) the equilibrium associated withis both a

symmetric equilibrium with innovation under whiclkaah firm earns net positive

profit and the perfectly competitive equilibrium thout innovation, and this is

absurd. Thusg < B. n
Claim 2:8 # B.

PROOF The claim is proved byeductio ad absurdunSuppose thag = B. Using the

definition of 8, we can find a symmetric equilibrium with innovatiwhen the degree

of spillovers isf — % for large positive integer®. Such an equilibrium will converge
to the equilibrium withg as the degree of spillovers whé&n—- c. Furthermore,

because the first-order condition (18) must besBat by each of these equilibria, in

the limit, the equilibrium number of firms undesetkquilibrium Withg as the degree

of spillovers must be finite, i.en[f] < oo.

Using the definition of3, we can find a sequence of degrees of spilloy83%.,,

with B, | B, such that for each = 1,2, ..., the equilibrium withg, as the degree of
spillovers is a competitive equilibrium without iowvation. In the limit wherk — oo,

these equilibria converge to a competitive equilifor without innovation. Thus, the
equilibrium number of firms whef is the degree of spilloversﬁt{ﬁ] = oo. Thus, if
B= B, then the equilibrium number of firms when the @egof spillovers isﬁ will

be both finite and infinite, and this is absurd. n

Claim 3 For somee > 0 sufficiently small, there exists an asymmetricilégium

with g € (B, +€).
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PROOFR First, note that there is no perfectly compegitiequilibrium without
innovation for each possible value for the degréesmllovers g € (,8,[3+e).

Indeed, if this is not true, then we can find ausetge of degrees of spillovers

decreasing t®, such that the equilibrium associated with eaclthete degrees of

spillovers is a competitive equilibrium without mwation, and this cannot be true by

the argument used to establish Claim 2. Next, tloée if there is no asymmetric

equilibrium associated with sonfee (E B+ e), then the equilibria associated with

all g e (ﬁﬁ + e) must be symmetric equilibria with innovation, a&ht contradicts
the fact tha}(_? is the least upper bound of the valueg &fuch that for alp’ < g, the

equilibrium with B’ as the degree of spillovers is a symmetric equuiib with

innovation.

Together, the three claims constitute Proposition 4 ]

Annex C: The Proof of Lemma 4

To prove (i) of Lemma 4, first note that the consush surplus under a symmetric

equilibrium with innovation is given by

(C.1) ¢Sn,B] =5 (a—pln, BDQIn, B,

where, according to (9),

(C.2) pln[B],B] = L SXIELA)

n+1

is the equilibrium product price, and

_ na-n(c°~f[X[n[B1B1])
(C.3) Qn[plLAB]= (m[B]+1)b ’

according to (8), is the equilibrium industry outpu
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Now the equilibrium number of firms when there acespillovers isi[0]. As B rises
slightly from O, the equilibrium number of firmsmains at the same level, i.e.,
n[B] = n[0] when B is small. Next, note that fon[B] = n[0], the first-order
condition (18) shifts downward g rises slightly from 0. Hence the equilibrium
effective expenditure under the symmetric equilibriwith innovation falls — and
this means that the equilibrium product price (Ci2¢s — wherf rises slightly from
0. The rise in the equilibrium product price implia fall in the consumers’ surplus,
and (i) of Lemma 4 is proved.

To prove (ii) of Lemma 4, first, note that the puedrs’ surplus under a symmetric

equilibrium with innovation is given by

__nIBIXnBLE] | niB) o 2

which assumes the following form when the degregpdfovers is low:

_ _ n[o]X[n[0],5] n[o] 0 2
(C.4) PS[n[o], f] = — RO, 2l (q — ¢ + fIX[n[0], BTD?.

Differentiating (C.4) with respect {8, we obtain

(C.5) _1 ops[n[olA] _ 1 0X[n[0],8] | (n[0]-1)X[n[0],B])
' n[o] 9B 1+(n[o]-1)B 9B (1+([0]-1)B)?

_|_

+ 2(a—c®+f[x[n[0],811)f'[X[n[0],B]] 8X[n[0],B]
b(n[0]+1)2 ap

Multiply (C.5) with (n[0] — (n[0] — 1)), we obtain

(C.6)
(n[0]-(n[0]-1)B) OPS[n[0]B] _
n[o] ap -
__ (m[0]-(n[0]-1)B) 8X[n[0],5] n (n[0]=(n[0]-1)B)(n[0]-1)X[n[0],8]) n
1+(n[0]-1)B op (1+(n[0]-1)p)?

+ 2(n[0]-(n[0]-1)B)(a—c+f[X[n[0],B81])f'[X[n[0],8]] 2X[n[0],B]
b(n+1)2 B
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_ _ (n[o]-(n[0]-1)B) 9X[n[0].4] n (n[0]-(n[0]-1)B)(n[0]-1)X[n,B]) n
1+(n[0]-1)B op (1+(n[0]-1)p)?
0X[n[0],B]
ap

Note that the third line in (C.6) has been obtaibgdising the first-order condition
(18), which asserts that

2(n[0]-(n[0]-1)B)(a—c®+f[X[n[0].81])f'[X[n[0].8]]

b(n[0]+1)2 =1

Thus,

(n[0]-(n[0]-1)B) dPS[n[0],6] _ __ (n[o]-(n[0]-1)B) 9X[n[0].5]
(C.7) n[o] ap _( 1+(n[0]-1)B ) ap

(n[0]-(n[0]-1)B)(n[0]-1)X[n[0].B])
(1+(nf0]-1)B)?

+

Wheng — 0, (C.7) becomes

@3)@ﬂ%Mﬂ=u—nmpﬂ%%ﬂ+nmkmm—rmmmun>a

Note that the strict inequality (C.8) follows frotine result%;ﬁ] < 0 and the fact

thatn > 1. That is,

w > 0 whenp is small. Hence the producer surplus rises

with g wheng is small, and (ii) of Lemma 4 is proved.
To prove (iii) of Lemma 4, first, note that socialfare is given by
(C.9) SWin,B] = CS[n, ] + PSIn, Bl.

For low degrees of spillovers, we hdve

° The symbolic calculations were carried out\tgthematica
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aswin[0],0] _

(nl0]-1)9B
(n[O]—2)(a\/n[o]y+\/—2b(1+n[0])2+a2n[0]y)—4n[0]2\/—2b(1+n[0])2+a2n[0]y Log[Z[n[0],0]
an[0]y/-2b(1+n[0])2+a2n[0]y )

(C.10)

Becausei[f] > 2, and becausE[n, 8], as given by (30), is less than 1, the right side
of (C.10) is positive. Hence gbrises in a right neighbourhood of 0, social welfar

also rises witlg, and (iii) of Lemma 4 is proved. [
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3 The Search for New Drugs: A Theory of R&D in the
Pharmaceutical Industry

3.1 Introduction

In the economics of science and technology, ecostsndlistinguish between basic
research and applied research. The objective dt bbasearch is to increase our
knowledge about natural phenomena, not to devepmeific applications of this
stock of knowledge for pecuniary gains. Howevempliga research — often called
R&D or innovation in the economic literature — rsven by profits, and a firm carries
out applied research in order to develop a new ymbdr to find a more efficient
production process. Another difference betweenchasearch and applied research
is that the discoveries of basic research are wigdeblished and freely available to
all researchers, while the results of R&D actidti@re jealously guarded secrets of
the organizations that discover them in their @éfdo appropriate all the benefits

from these discoveries.

The economic analysis of basic research concest@tethe social value of the
increase in the stock of fundamental knowledge. Sdeal value of an increase in the
stock of fundamental knowledge is difficult to meses or even to predict. Because
basic research takes place at the frontier of kadgé, the economic benefits of a
program of basic research are highly uncertainthéamore, because scientific
discoveries are difficult to establish or to defends almost impossible to define the
property rights of these discoveries. The diffigulbvolved in the definition of

property rights in basic research implies that aisters of new fundamental
knowledge cannot appropriate all the commerciakbenof their research, and this
form of market failure is the basis for the assertithat the level of investment in

basic research is socially sub-optimal. This facteflected in the modest share of

Page |70



basic research in the R&D budget of profit-drivéimE. Yet for a program of basic
research, the social value can greatly exceediitatp value because advancements
in fundamental knowledge constitute important isput many applied research

programs and innovations.

Although R&D is profit-driven and mission-orientedt, shares one important
characteristic with basic research: information eaxdlities. The information
generated by the R&D activities of a firm mightelther firms in their search for a
new product or a new process with lower costs. Bleawvg the results of its R&D
activities to rival firms reduces a firm’s compgetét edge in its competition for profits
and market share. This is the reason why firms kibepresults of their R&D
activities secret. However, rival firms can appiag the fruits of the R&D activities
of other firms through imitation, reverse enginegrior information spillovers. These
factors tend to reduce the incentive of a firm &org out R&D activities, and a
solution to this problem is to offer some protectto a firm’s innovation by granting

it a patent.

Nordhaus (1969) was the first researcher to offerigerous analysis of the
fundamental trade-off between static efficiency dgdamic efficiency in the design
of patent policy. A patent gives its owner the liettual property right to exploit the
fruit of her discoveries, which encourages innawatiand thus benefits society. This
is the source of dynamic efficiency behind the granof a patent. However, offering
protection to an innovation allows the holder oé thatent to exercise monopoly
power, which is the source of static inefficiendjhe model of Nordhaus, op cit.,
deals with the length of a patent, i.e., the nuntfgrears that the patent is in forCe.
It proposes complete protection of an innovationgdimited number of years, and
can be taken as a simple description of the pagstem in its original purpose.
However, since the pioneering work of Mansfieldg1p researchers have found an
overwhelming volume of evidence on the inability pHtents to prevent imitation.

9|n the US, the statutory life of a patent is abbliyears.
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According to Mansfield (1984), about 60% of patenproducts were successfully
imitated within four years of patenting. Nordhad®972) dealt with the issue of
imitation by adding a second dimensiorpatent breadth or patent width to his

original model. Intuitively, the patent breadth taps the minimum degree of
novelty relative to the product purportedly proeetby the patent that a rival product

must possess so that it can be judged as notgmigron the patent.

Although the concept of patent breadth is intuliveppealing, its meaning is vague.
Nordhaus (1972) deals with process innovation, taedbreadth of a patent is taken
as the fraction of cost reduction not freely flogito rival firms through spillovers.
Klemperer (1990) analyzed patent breadth in thetestnof a model of spatially
differentiated products. The distance in space eetvithe patent holder’s product and
a rival product represents the transport costah@insumer must pay if she buys the
rival brand. The breadth of a patent is definedhesradius beyond which a rival
product is considered as not to infringe upon theeqt. Klemperer took the prize of
the patent, i.e., the discounted profits enjoyedth®y patent holder, as given, and
determined the length and breadth of the patemtiv@mizes the social cost subject
to the constraint that the patent holder earngjihen prize. In the model of Gilbert
and Shapiro (1990), patent breadth is simply defiag the flow rate of profit that a
patent holder is allowed to earn while the patenhiforce. The model is in reduced
form, and the optimal length and breadth for théeaare found by maximizing
discounted social welfare subject to the constriiat the patent holder is allowed to
earn a certain level of profits. What this levelpobfits is was not specified by these
researchers; neither was it explained in Klempenerddel. The varied definitions of
patent breadth in the literature lead to an arfayesvildering results. In some cases,
the optimal patent has maximum length, but minimoeadth. In other cases, it is
the opposite result. And in some other circumstgnttee length-breadth mix makes

no difference’ A consensus on the definition of patent breaslyet to emerge.

1 See Tandon (1982) for a discussion and a recatioiti of these contradictory results in a very
simple model of the optimal length and breadth patent.
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In the earlier literature on patent design, albef were concentrated on finding the
optimal length and breadth of a patent. The rolenfifrmation externalities was not

considered. Indeed, one of the conditions for gngra. patent is that the holder of the
patent must provide a disclosure of all the teciinitformation that enables another
researcher to replicate all the results claimedhieypatent. Furthermore, the analysis
was carried out in the context of a single innavatiand the inherent uncertainties in
R&D activities were ignored. An exception was Sbater and Green (1990), who

formulated a simple dynamic economic model thabiporates patent breadth and

the incentive of firms to keep secret their R&Dulées

In the model of Scotchmer and Green, there are twdy possible innovations: a
weak innovation and a strong innovation. The weatovation represents a slight
improvement in the quality of the product in questiwhile the strong innovation

represents a more pronounced improvement of thdupto The weak innovation

yields one extra unit of welfare in perpetuity, ighihe strong innovation yields two
extra units of social welfare in perpetuity. R&Dtigities are driven by research
expenditures, and the discovery time is modellethasarrival of a Poisson process.
In the model, the information externalities weredeited in the following manner.

The weak innovation requires one Poisson hit, wthike strong innovation requires
two Poisson hits. If a firm has obtained a Poishiinthen it only needs another
Poisson hit to obtain strong innovation. If thehteical information obtained by the
firm that obtained the first Poisson hit is diseldgo the other firm, which has not
made any Poisson hit, then the latter firm can fiefnem the information disclosure

and only needs one Poisson hit to obtain stronguvation. On the other hand, if the
former firm does not patent its weak innovatiorerththe latter firm must make two

Poisson hits to obtain strong innovation.
O’Donoghue et al. (1998) formulated a model in Wwhitms sequentially improve
the products of each other through time, and teognal progress occurs when a

non-infringing innovation displaces a patented picadin this model, innovations are
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ideas that arrive in a random manner accordingRoiason process, and there is an
infinite sequence of possible innovations. An idean ordered pair of numbers, with
the first component representing the quality imgraent of the innovation, and the
second component the investment required to redlzenovation. If the investment
embodied in the idea is not made, the idea is Tdstre are no strategic interactions
among firms, and a patent ceases to exist eithemwh reaches the end of its

statutory life or when it is displaced by a betird non-infringing product.

The purported goal of a patent policy is to encgareechnological progress. Yet, its
impact on the pace of technological progress haelyabeen ignored by researchers
in this field. Compared to the models of R&D in theerature on trade and
technological progress, the model of R&D found hee titerature of optimal patent
design is much less sophisticated. In the resgan@fram on trade and technological
progress of Eaton and Kortum (2001), ideas (diséesgarrive in time according to
a Poisson process whose parameter depends orotheo$tknowledge — taken to be
the cumulative effort of research workers. An ideaa draw from a Pareto
distribution, and the draw represents the efficgen€ producing the good by the
technology just discovered. Using the stock of kieolge to represent the parameter
of the Poisson process that characterizes theahinvtime of ideas does capture the
effect of cumulative knowledge gained from R&D aities. However, this aggregate
variable is not capable of capturing the impactirdbrmation externalities. To
formalize the information externalities in a rigasomanner, we need to descend to a
more disaggregate level and model how the findings the R&D activities of one
research organization can have a positive impacthenR&D activities of other
research organizations. The objective of our papéo fill part of this lacuna in the

literature.
To fix ideas, and also to rigorously formalize ttencept of information externalities,

we have chosen to model R&D activities as the mead searching for a drug to

treat a disease, with R&D activities being modeftean the perspective of the theory
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of optimal search and where the search is beindwzied on chemical compounds
housed in distinct chemical libraries. The mainsoeafor formulating the R&D

process in the context of the pharmaceutical imgustbecause much knowledge has
been gained in the process of drug discovery, &l allows for a less abstract

modeling of the R&D process.

In the model we formulate, it is a given that salé&rands of a drug are available at
any instant for treating a single disease, and pharmaceutical firms are carrying
out R&D activities to find a new drug to treat tilisease. It is assumed that the patent
on each brand is held by a single pharmaceutioal fand that after the patent for a
brand has expired, the brand can be manufacturadyaseric drug by a competitive
fringe. Furthermore, pharmaceutical firms behavategically both in the product
market and in R&D. Under this structure, three aceis are discussed: the first
scenario refers to the case where all chemical camgts in all chemical libraries are
already screened. The second scenario discusseadbeavhere the set of unscreened
chemical compounds include only one element. Utitisrscenario it is shown that
the firm which holds the earlier-expiring patentlyomhooses to screen the last
compound, when the patent it holds expires, ifekpected discounted payoff net of
R&D costs yielded by this action is positive. Theected discounted payoff net of
R&D costs obtained by this firm is then decreasingthe cost of screening;
increasing in the cumulative quality discovered tire past screenings of the
compounds in the chemical library, and decreasintpeé number of past screenings
carried out in this chemical library. The payoffalso higher if the marginal cost of
the drug manufactured from the last compound ifpwnd higher if the qualities
(marginal costs) of all the other brands — genériggs as well as the brands whose
patents have not expired — are lower (higher)s kIso shown that if the firm which
holds the earlier-expiring patent chooses not teest the last compound when the
patent it holds expires, the firm which holds treemt on the rival brand will not
choose to screen the last compound when its pakgntes. The expected discounted

payoff earned by the rival brand is shown to berekesing in the cumulative quality
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discovered in the chemical library, and increasimthe number of past screenings in
the chemical library; increasing (decreasing) ie tfuality (marginal cost) of the
brand and decreasing (increasing) in the qualitiearginal costs) of the generic
drugs as well as the brand whose patent has naoedxp

The third scenario refers to the case where thefsgtscreened chemical compounds
includes two elements. These elements may be kbdatéwo different chemical
libraries, or both being located in the same chahlibrary. Under the first case the
analysis suggests that if neither compound is sedy the firm which holds the
earlier-expiring patent when it stands alone assthgle remaining compound, then it
will not be screened either by this firm when it age of the two remaining
compounds. It is also shown that the expected diged payoff net of R&D costs
that the firm which holds the earlier-expiring pdtebtains by screening each of the
last two compounds is positive, then, every otherg equal, the compound with the
lower screening cost should be screened firstcéimepound from which a new drug
with much higher marginal cost is manufactured &howot be screened first, and the
compound with the potential quality that is stoc¢itadly much larger should be
screened first. When the elements are both lodatékde same chemical library the
penultimate compound in the chemical libragcreened by the firm which holds the
earlier-expiring patent, and if the revealed gyatit the penultimate compound, is
particularly high, then the probability that theatjty of the last compound in the
chemical library is higher than the quality of theenultimate compound is

particularly low, which means the last compound walt be screened.

Drug discovery is a long and arduous proc¢éss pharmaceutical company employs
thousands of researchers to find new drugs thahehmpeople with various diseases.
In spite of all the progress made in science aodn@ogy, drug discovery is still a

2 Our account of drug discovery is based upon thielarISOA/ARF Drug Development Tutorial,”
by Jens Eckstein found at http://www.alzforum.org/tut/ISOATutorial.pdf and the article “Drug
discovery,” by Citizendium found at http://en.cétimium.org/wiki/Drug_discovery.
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lengthy and costly process. In 2000 the global R&stment was $US 55 billidH.
On average it takes up to 15 years to develop @stdat new drug, and the required

investments might rise to $US 600 million.

In the past, drugs were discovered either by ifieng active ingredients in
traditional remedies or by serendipity. In the nparadigm of drug discovery,
researchers first try to understand how a diseas®ntrolled at the molecular and
physiological levels. The knowledge gained at sitiéggge helps identify a target, which
is the specific cellular or molecular structureatwed in the pathology. Next, through
a process known as high-throughput screening (Hargg libraries of chemicals are
tested for their ability to modify the target. $ estimated that only about 1 in 5000
chemicals thus tested results in a lead. Througtwatoirization and robotics, it is now
possible to screen millions of compounds againgfeta in a very short period of
time. Central to the new paradigm of drug discovesy the explosion of
computational techniques that help analyze enornaolusnes of data, prioritize HTS
hits, and guide lead optimization. If a pharmaaaitcompany decides to develop a
lead into a drug, the drug thus developed musthgough a series of clinical trials
before it can be approved by the authorities. treofor a drug to be approved it must

exhibit therapeutic effects against the target@ode non-toxic to the patient.

Novel chemical structures (new drugs) can be faamdng natural products or from
libraries of synthetic compounds created by contbiiel chemistry** The vast
majority of traditionally used crude drugs in Westenedicine come from roots,
leaves, and flowers of plants, and a pool of infaion about the potential of plant
species — as a source of novel chemical structutas-been accumulated. The
knowledge gained from ethno-botany can prove tedbgable in narrowing down the
search for novel chemical structures among planitsobes compete for living space

13 See Toullyet al. (2002).

1 1n the past, chemists traditionally synthesized oampound at a time. With the modern technique
of combinatorial chemistry, a large number of snuglly distinct molecules can be synthesized at a
time, and then submitted for pharmacological assay.
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and food. The chemical structures that they haveldped to compete against other
species — because they have been tested and poobedeffective in their struggles
for survival — can be sources of new drugs. Regeatime novel chemical structures

have been found among marine invertebrates.

A guiding principle in the search for a novel cheahistructure is the concept of
chemical diversity? which represents the current knowledge concernime
distribution of chemical compounds — based on thkysicochemical characteristics
— in the chemical space. An efficient search stratevhich tells us where to search
for a novel chemical structure at any point in timdaether to continue or stop the
search, or whether to go to another source to sdarcthe desired novel chemical
structure should exploit our knowledge concernihg themical diversity of the
various sources. Furthermore, because R&D in tlaenpaceutical industry is profit-
driven, the search for a novel chemical structlse depends on economics — search
costs, production costs, competition from rivainf;, and the appropriability of the

discoveries.

The paper is organized as follows. In Section @ ntodel, which is a dynamic model
in continuous time, is presented. In conventionatets of patent design, only one
brand — the brand with the highest quality — isilabée on the market at any time.
Furthermore, demand is completely inelastic: eamtsemer, regardless of income
and regardless of the price of the brand offerethermarket, buys exactly one unit
of the brand. In the model we formulate, severdfedkntiated products — the
products whose patents are still in force and tioeyrcts whose patents have expired
— are available at any time on the market. Furtbeemthe demand for a brand

depends on income, its own price, and the pricebhefther brands. In our model,

15 Chemical diversity is an important concept in ¢hecipline known as chemo-informatics, which is
the application of informatics methods to solvemtoal problems. Chemo-informatics involves the
study of chemical information or molecular simitgrand the development of computational methods
for the identification and optimization of activerapounds to the design of smart chemical databases
and comprehensive computational infrastructuregiterdisciplinary pharmaceutical research.
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the pharmaceutical firms with an active drug digggyrogram behave strategically
in both R&D and in the product market. The modeloatontains a competitive
fringe, which manufactures the brands whose pateat® expired. In Section 3,
some comparative static results concerning the eémphthe cost and the quality of
newly discovered drugs on the market are preseniéd. analysis of R&D is

presented in Section 4. Some concluding remarkgiaes in Section 5.

3.2 The Model

Time is continuous, and is denoted fy > 0. The model deals with the case of a
single disease, and in the model there lapharmaceutical firms indexed byi =
1,...,1, wherel is a positive integer, witlh > 2. Each of these firms has an active
R&D program to find a new drug for treating theegise. There is also a competitive
fringe, which produces generic drugs, using thanaal information disclosed in the

patent of a brand after the patent on the branakpised.

3.2.1 The R&D Process

The elucidation of the structure of a chemical coomqa serves to avoid the
rediscovery of a chemical agent that is alreadywknfor its structure and chemical
activities. A chemical compound can be identifieg its mass/charge ratio after
ionization with the help of mass spectrometry. Tthehnique known as nuclear
magnetic resonance (NMR) can be used to obtaimm#bon about individual atoms
of a compound, which allows for a detailed recangton of the architecture of the
compound. Most software used to address the chénivarsity of a population of
compounds describe each compound in the populatyoits molecular fingerprint,
which is a bit-string consisting of 0's and 1’s tthiapresent the answers to yes-no

guestions about the existence or absence of suttstal features in the molecular
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structure of the compound in questi§rMolecular fingerprints typically consist of
hundreds, or even thousands, of bits. Thus, a biidrgerprint is a point in a 1000-
dimensional chemical space. The Tanimoto dissiitylaindex, which is

1 — the Tanimoto simlarity index, is often used to express the dissimilarity, or the
distance'’ between two compounds in a chemical space. In auchemical space,
similar compounds are expected to be located dlos=ach other, while dissimilar
compounds are located far apart. A much handiertevalescribe a compound is the
BCUT*® approach, which represents a compound as a poiat 6-dimensional
Euclidean space. Adopting the philosophy of the BCHpproach, we shall
characterize a chemical compound as a point iwadimmensional Euclidean space,
and the Euclidean distance between two compoundsich a chemical space can
then be taken as how dissimilar they are as fathas chemical structures are

concerned.

The search for a novel chemical structure to titeadisease in question is conducted
among/ sources, or libraries of chemical compounds, whidsea positive integer,
with J > 2. For example, the search for a novel chemical stracmight be
conducted among plants (one source) or in the wadrtghcteria (another source). For
eachj =1,...,J, letX; = {x;,, ..., x;y,} represent the set of chemical compounds —
assumed to be distinct — that are housed injtthéibrary, with N; being the number

of compounds this library contains. Lt , — x;s ,,| denote the Euclidean distance
between two compounds,, andx; ,, in the chemical space. If the two compounds

are distinct, then their distance is positive, #r@lmore dissimilar they are the greater
will be their distance.

In what follows, we shall assume that the effestess of a compound, say,, in

treating the disease in question can be represéyted index, say; ,, that we call

15 Our account of representing a compound in the at&rapace is based on Pearlman (2009).
7 This distance is non-Euclidean.
18 pearlman, op cit.
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the quality of the chemical compound. The order&id(pcj_n, qj_n) will be referred to

as a drug. Before a drug can be manufactured, timeegs must be made to construct
a production plant. To concentrate on the R&D dindis carried out by the firms, we

choose to ignore capital investments, and simpbume that after a drug, say
(xj,n, qj,n), has been discovered, any volume of the drug camdreufactured at a
constant marginal cost, say,. The Iist(xj_n,q i cj_n) will be referred to as a brand
of the drug used to treat the disease in questiwtie that for two brands, say
(% @jnr 6in) AND (X is @jois Cor)s i Xjn = Xy s, then it is necessary that

qj,n = qjl,nl ande'n = le,nl'

Consider a brand, s&y; », q;n, cj)- Obviously, bothg;,, andc;, depend on;,.
For our purpose, we shall assume that the locaifat},, in the chemical space is
known and that; ,, the marginal cost of manufacturing this compoumdr¢at the
disease in question is also known. As far as tteevaf q; ,, is concerned, it is not

known before the compound is screened, and thusoofnbe represented by a

probability distribution that depends on the exigtstock of knowledge.

Conceptually, we can characterize the qualitieshef chemical compounds in a

library, say thejth source, by a cumulative distribution function @) ,, ...,qj_N].),

conditioned on(lel,...,le,\,j). However, because of the enormous number of

compounds in a chemical library, and because ofldck of knowledge on the
potential of these compounds, it is extremely diffi to postulate such a distribution
function for each source. Furthermore, given thiarge number — about 5000 to be a
little more specific — of compounds must be scrddvefore a lead is found, we shall
assume that at any point in time all the compounda source that have not been
screened have the same potential in the follomamges. First, within each source, the
cost for screening a compound is the same fromcongound to the next. We shall

lety;,j = 1,...,], denote the cost of screening a compound intheource. Second,
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within each source, say the random variableg; ;, -, qjN, are independently and

identically distributed. These assumptions imphattithe order in which the
compounds in a source are screened is immateraicé] we can assume that the
compounds in a source are screened sequentiallgeinncreasing order. Also, to
concentrate on the information externalities of R&D process, we shall ignore its
time-consuming nature, and make the simplifyingiaggtion that the time it takes to

screen a compound against a target is negligible.

We can modelg;,,j =1,..,J/,n=1,..,N;, either as a continuous or a discrete
random variable. For analytical convenience as weall for intuitive economic

interpretation, we choose to modeg}, as a discrete random variable. More
specifically, for eachj =1, ...,J, the potential qualitiesljil,...,qjl,\,]. are Poisson
random variables with parametgs i.e., their common probability mass function is

given by
Un

f[qj,nlﬂj] = (q]j'n)!e—lj, Qjn = 01,.., (n =1, ,Nj)

Observe thae™% represents the probability that a compound in @jithas zero
guality (completely ineffective in treating the elése). The Poisson process has been
used by researchers, such as Arrow and Chang (1882w (1981), Quyen (1991),

and Cairns and Quyen (1998) to model discoveriesinmeral exploration.

To model learning and the information externaligeserated in the search for new
drugs, we follow Quyen (1991) and adopt the approat Bayesian statistical
decision theory. Thus, for eagh= 1, ...,J, we postulate a prior density fdy, and
then revise it repeatedly via the Bayes formulaagishe most recent data available

on screening. We assume that at the begindjngas a gamma distribution with

parameters; andg;, say
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= e MBS > 0.
r(a)B;’

ey, [4]
In the statistical literature, the gamma densitgnewn as a conjugate distribution of
the Poisson process. The choice of a conjugate, grioaddition to making the
computations much simpler, allows one to begin waitbertain functional form for
the prior and end up with a posterior of the sanmetional form, with the parameters
updated by the sample information. Indeed, let

fa;pilajnl = fooof[CIj,n|/1j]gaj,ﬁj[/1j]dAj’ qjn =01, .., (n=1..,N).

be the marginal density af;,, given the parameter&y;, ;) that characterize the

prior density of;. The conditional density of;, giveng; ,, is

A.
2 ,
9a,8,[411f1a)n12)] e Pip %t ki im
O fylan) == =
faj’BJ' [9jn] F[aj].gj [Qj,n]!faj,ﬁj [qjn]

1 aj+tqjn
[laj + qjn] (Tl/ﬁ])

F[a]]ﬁ]a] [qj,n] ! faj.ﬁj [qj,n]

= 945141

Wherega}ﬁ]{ [4;] is the gamma density with parametefs= «; + q, 5; = T%’
]
Integrating (1) with respect &y from 0O toco, we obtain
1 aj+qj'n
F[“j'*“?j,n](m)

F[aj]ﬁ;xj [Qj,n]!faf]-,ﬁj[Qj,n]

(@)

Using (2) in (1), we see immediately th&h;|q;,) = ga}ﬁ]{(/lj), ie., ga}_ﬁ}(/lj) is
the posterior density df;, giveng; ,. Also, note that (2) can be rewritten as

.+ .
- . \Ytn
[aj+ajn] TF1/E;

rla;18; 7 [4;nl!

(3) faj,ﬁj[qj,n] = y Qjn = 01,.., (n =1, ,Nj)
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which is the marginal density of;,, given the parameter&;, §;) of the prior

density of4;. The distribution function associated Wﬂ;}_ﬁj [qjn] is

(4) Faj,ﬁ][Q] = EZ,=O faj,ﬁj[q,]; (q - 0,1, pee .)
The following lemma, due to Quyen (1991), gives sarseful properties dTaj,,;j [q]-

LEMMA 1: The distribution functionfajﬁj is stochastically increasing in each of the

parametersy; andg;. More precisely, for each given valuegt; = 0,1, ..., we have
the following results:
0] For each giveng;, the mapa; — Fa,p; [q] is strictly decreasing. Furthermore,
{’ima}._,ooFa}.,B}. [q] = 0.
(i) For each givery;, the mapg; — a}._ﬁj(q) is strictly decreasing. Furthermore,

#im[;j_,oFaj_[;j [Q] =1.

Before any compound in a source, sgy is screened, the potential quality of a
typical compound in this source is believed to bes$bn with parameterg, which

in turn has a prior density that is gamma with pm@rs(aj,ﬁj). The probability
mass functiorfajﬁj [ql,n =1, ..,n; as represented by (3), characterizes the quality
of a typical compound iX;. Now suppose that the first compound, namely, is
screened for its potential as a new drug to treatdisease in question, and the
screening reveals that its qualitygis;. The number of compounds ¥) that remain

to be screened is now; — 1, and the uncertain quality of a typical remaining

compound is believed to be Poisson with paramgtewhich in turn is gamma with

updated parameterg = a; + q;, andg; = ﬁ In particular, the probability mass
Bj

function that characterizes the quality of a typicamaining compound is
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a;_ﬁ}[q,-,n],nzz,...,lvj. Note that the higher is the revealed quality o€ th

compoundy; ; after it has been screened against the targettre optimistic our
beliefs will be concerning the potential of a tygdicemaining compound in sourge

If n compounds irX; have been screened and the qualities of theseaxordp have
been revealed ag;,...,q;,, then the potential quality of a typical remaining

compound is embodied in the distribution functi'bcy}[n]ﬁ]r,[n] [q], where we have let

a;[1] = a;, B;[1] = B;, and for eachk = 1,...,n, we have leta;[k + 1] = a;[k] +
Qo Bilk +1]=1/(1 +1/B[k]). In view of Lemma 1.(i), the higher is the sum
gj1 + -+ q;, of the revealed qualities, the more favourabld & the potential
quality of a typical remaining compound, and tlsiseconomically quite intuitive: the
more successful is the search for a new drug inemecal library, the higher will be

the potential quality of a typical remaining compdun this chemical library.

At the beginning, if we interpret; and%, respectively, as theumulative quality
]

revealed andhe number of compounds screenmedhe past, thew;[n] and1/5/[n]

represent, respectively, the cumulative revealedilityu and the number of

compounds that have been screened — past and {presdiern more compounds
have been screened. The 1itx;1,q;1,¢j1)s - (Xjn Qjm Cin)) YEPresents the
history of the search iX;, and the ordered pa(ra}[n],ﬁ]f[n]) embodies all the

learning from the R&D activities of all the firms ithe industry if the information

generated in their search programs is pooled.

3.2.2 Patent Breadth
As far as the granting of a patent is concerned hovel a new drug is obviously
depends on its distance from the patented bratiteichemical space. Furthermore, it
is also reasonable to consider a new drug as fratging on a patented brand if it

comes from a source that is different from the sedrom which the patented brand
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is manufactured. Pig insulin, cow insulin, and hanresulin produced by bacteria are
all various brands of insulin used to treat diadsetinsulin can be produced from
plantg® or fungi®® Recently, Symbiosis: a Calgary-based company, claimed to have
developed a technology for producing insulin frame safflower at a cost of 40%
lower than that of traditional processes, and that insulin produced from the
safflower is virtually indistinguishable from humamsulin. Insulin produced from
the safflower thus does not infringe on the pammthuman insulin produced by
bacteria according to the recombinant DNA technplothus, for patent purposes,

the distance — or novelty — between two brands, §é8y,q;. ¢,) and

(xj,,n,, qu,nan',n,). can be defined in the following manner

(5) d ((xj,n» qjn Cj,n)' (xj’,n’J q;' n'» Cj’,n’))

= €1|%), = %1 | + €2]@jm — @jr | + €3]0 — cjrr| + 81,

wheree,, €,, €; are positive parameters strictly smaller thannt] &;, = 1 if j # j,

8;;, = 0 if j = j'. Note that the distance between two brands, asetefy (5) is a
weighted sum of (i) their distance in the chemgjadce, (ii) their quality differential,
(iii) their cost differential, and (iv)y;;, a distance between two sources, with the
distance being assigned the value 1 if they atéendtsand the value O if they are the
same. Note that the distance defined by (5) captbath product innovation — the
first, second, and fourth term on the right-hartk 2f (5) — and process innovation —
the third term on the right-hand side of (5).

Using the distance between two brands, as repexsdnt (5), we can define the

breadth — or more precisely, the leading breadtlofa patent as a number

B,0 < B < 1, such that a new brand, s@, n., 4j, ., ¢j7 n/), is judged not to infringe

*%Commercial Production of Insulin and Insulin-lkeokeins in Plants,” United States Patent
7393998.

2 «process for the Production of Insulin by Gendljc@ransformed Fungal Cells,” United States
Patent 408 2613.

2 http://www.DefeatDiabetes.org.
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on a patented brand,  S&j. qjnCn) i Quw =g, and
d((xj,n’qj,nfcj,n)’(le,nnqjl,nncj’,nr))>B- In the literature on patent design,

another concept of patent breadth — lagging breadiralso proposed. The difference
between the two concepts of breadth is that thdingabreadth protects the patented
product from the competition by superior produetsile the lagging breadth protects
the patented product from the competition by imferproducts. An immediate
implication of the adoption of a leading breadththat the quality of the most
recently patented brand rises through time. Fooeerdetailed analysis of these two

concepts of patent breadth, the reader can coBdntinoghueet al, op cit.

We have characterized a brand as a(ligh, q; », ¢;»), Which describes, respectively,
its location in the chemical space, its qualitytri@ating the disease in question, and
its marginal cost (the cost of manufacturing oni¢ ofithis chemical compound). For
economic considerations, it is also necessary t adother dimension to the
characterization of a brand: the date on whichtttzad is patented. Thus, we shall
from now on represent a brand by a list= (xj,n, djn Cj,nij,n)' wherert; , is the

date on which the brand is patented. Also, wé lgénote the length of a patent.

3.2.3 Preferences

For eacht > 0, let Q[t] denote the set of brands that are available ormidudet at
time t. The setQ[t] consists of the brands whose patents have expitddare now
manufactured by the fringe as well as the brandsselpatents are still in force. In
what follows, we shall denote by~ [t] the totality of brands whose patents have
expired by timet. Because a generic drug must compete against ddénge brands
and against the other generic drugs, not all taads whose patents have expired will
be marketed by the fringe. Thus, only those brand%™[t] with a sufficiently low
production cost and a sufficiently high quality Wwide marketed by the fringe.

However, without any loss of generality we can assthatQ™[t] is a subset af)[t]
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by interpreting an element ¢f~[t] that is not marketed as a generic drug that the
fringe is willing to supply, but there is no demdlod it due to its high price or low
quality. Note that the sél™[t] gets larger with time as more and more brands &hos

patents have expired are added to it.

The representative consumer consumes a huméraick ggal various brands of the
drug available on the market, and her preferencegepresented by the following

Cobb-Douglas utility function:

- . n
(6) u(yo; (ya))weﬂ[t]) = y()1 "(eZwen[t] Log[qj_nyw+1]) .

In (6),0 <n <1, is a parametely, is the consumption of the numéraire good, and

Y is the consumption of the braad= (x; ., q; n, Cj n, Tjn)€Q[t].

The representative consumer chooses the consurmmlilmdie(yo, (yw)weg[t]) that
maximizes (6) subject to the following budget coaisit:

(7) v+ Za)eﬂ[t] PwYo = m[t].
In (7),p, denotes the price of the braad

If we interpret the quality of a drug as its thesafic contents, theiy, = q;,Y,
represents the effective consumption of the brandiet p = p,/q;, andc;, =
¢jn/q;n denote, respectively, the price and the margioai € normalized by its own
quality — of the brand. As definedp  andc;, represent, respectively, the price and
the marginal cost of effective consumption. In witdlows, we will simply refer to
p, andc;, as the effective price and the effective margic@dt of the brandy,
respectively. Adopting the interpretation of qualits the therapeutic contents of a
drug, we can restate the problem faced by the septative consumer under the

following simpler form:
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(8) max( yg_n (eztue.ﬂ.[t] Log[7w+1])77

yo’(yw)weﬂ[t])
subject to

(9) Yot Ea)eﬂ[t] 5(1,?&) = m[t]

This is a simple utility maximization problem whasa&ution is given by

— _ n m[t]+2mleﬂ[t] 50)[ _
10 ¥y, = e Po 1
_ n m[t]+2m’e(ﬂ[t]—m)5w’ ) _
o 1—n+nIQ[t]I< D, +1 !
___m (m[t]”fzm’e(n[t]—m)?w’) - (1 -1 )
1-n+7|Q[t]| Py 1-n+7|Q[t]|

_ n (m[t]+2m'e(n[tl—m)5w') _ 1-2n+n|Qf]|

T 1-n+n|Qt)| D, 1-n+n|Q[t]|
= —Klrg‘”[t] — Ko, (wen2[t]).

where|Q[t]| denotes the number of element§f], and

_ 1=2+7|Q[t]| _ n

(12) xo = -y’ "t T 1—p+niQlt)]

3.3 The Prices of Drugs

In practice, a pharmaceutical firm might marketesall brands of the drug at any
time. However, to keep the exposition from beconongrburdened with notations,
we shall make the simplifying assumption that ifermaceutical firm chooses to
market a certain brand of the drug that it hasrgatk then it will market this brand
exclusively during the statutory life of the patemt this brand. Because once the
patent on a brand has expired, it will be marketesda generic drug by the
competitive fringe at cost, the firm that held gegent on the brand will not make any
profit by continuing to market this brand. Thus, wafeall assume that when this

happens, the firm will stop marketing the brandj amust search for a new brand of
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the drug if it wishes to stay in the market. Fa irands whose patents have not yet
expired, their prices will be strategically setthg holders of these patents. To study
the strategic behaviour of these firms, we shatisader the simple case in which the
set of brands whose patents have not yet expireimatt consists of only two
brands, sayw’ = (Xj,u, Qjinn Cirp Tirn) AN @" = (X100 Qs nns Crrgrns Tirnnn)s
and that these two brands are held by two diffefiemts. Analyzing the case of more
than two pharmaceutical firms that are active m ¢karch for a new drug will force
us to consider the numerous combinations of datestoch the drugs discovered by
these firms are patented. While this adds moresraab the model, it does not yield
any more insights into the R&D process. Also, $onplicity we consider in this
section the simple case of a single generic dragus= (X;n, qjn Cjn Tjn), Which

is manufactured and sold by the fringe at productost, i.e., p, =¢;,. The
generalization to the case of more than one gedeuig on the market can be made

in a straightforward manner.

Letp, , (@, resp.) denote the effective price of the bramd (w",resp.) set at

time t by the firm which holds the patent on this brafide profit earned at timeby
the brandw’ is

13) @, ~ ) (1022~ i)

Maximization of (13) with respect tp, , we obtain the following reaction function

for the firm that holds the patent on the brard

_ o \/m[t]+5w,,+aj_n \/Ej,,n;
(14) ¢(D’: pw” - pw, = \/K_() .

Note thatg,,, is strictly increasing and strictly concave, andttits slope tends to 0

whenp = — oo.
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Similarly, we obtain the following reaction funatidor the firm that holds the patent
on the brandv’':

L Ny \/m[t]+5w,+5j'n \/Ej,,,n,,
(15) ¢w”: pw, - pwn = \/K_O '

Like the reaction curve,,,, the reaction curve,,,, is also strictly increasing, strictly
concave, and its slope (with respect to the price axis) approaches O when
p,, — . The reaction curves of the two firms are depicteBligure 6.

P

Figure 6. The equilibrium effective prices of drugs

The two reaction curves intersect at a unique povhich is depicted as poiiit in
Figure 6 and which represents the effective pristsby the two firms under the

equilibrium at each instant.
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An alternative — and more effective — way for fimglithe equilibrium prices and for

carrying out comparative static exercises is thiotlg two composite maps

_ _ — _ m mt]+D,,+Cjn E-Il'nll
(16) @ui:p,, = P [P, [Py]] = J%—Ox/KT Cj’,n’\]m[t] +Tpp + | N i :
and
17)

— _ 1 _ _ Vi /m[t]'*'?wn"'ej,n\/%
Pt Pon = P [d)w’[pa)”]] - \/T_OX/K—lV 'n" m[t] + Cjn T Vo .

The curve depicting the composite mdp,, is depicted in Figure 7. It begins at
ﬁw, = 0 above the 45-degree line. It is strictly incregsistrictly concave, and its
slope approaches O Whg?nw, — oo, Hence the curve crosses the 45-degree line at a

unique point, which represents the equilibrium eiffee price of the brand’. In the
same manner, the unique fixed point of the compomiap ®,,, represents the

equilibrium effective price of the brand".
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Figure 7. The composite mapp,,[p, | = ¢ (¢, [P, 1]

In what follows, the market share of a brand israf as the revenue it earns relative
to the total revenues earned by the industry. Tdileviing proposition gives the
comparative static results of a variation in théeefve marginal cost of a brand
marketed by a firm that holds the patent on thatr
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PROPOSITIONL: For a brand whose patent has not expired, the highés effective

marginal cost,
() the higher will be its effective price, the lowel e its market share, and the lower
will be the profits it earns;
(ii) the higher will be the effective price, the markkare, and the profits of the rival
brand;

(iii) the higher will be the total revenues and marketstof generic drugs.

PROOF The proof of Proposition 1 is given in Annex A.

The following proposition describes how the quabtyd the prices of generic drugs

influence the pricing behaviour of the firms thatdhthe patents currently in force.

PROPOSITION2: The higher is the effective cost of the generigsyu
0] the lower will be their revenues and their markwdre;
(i) the higher will be the effective price, the outplne market share, and the profits

of each of the brands whose patents has not expired

PROOF The proof of Proposition 2 is given in Annex B.

In  what follows, we shall let uv,,[t,m[t],0, 0", Q" [t]] and
vt mlt], 0, w",Q~[t]] denote the profit earned at timévy the brandv’ and the

brandw"’, respectively.

3.4 R&D and Information Externalities

In this section, as in Section 3.3, we shall asstimagin the industry there are two
firms each of which has an active drug discovengmm and a competitive fringe,

which markets the brands whose patents have exaggeneric drugs. Also, we shall
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assume that the income of the representative carsisnmot varying over time; that

is, m[t] = m = constant.

In a drug discovery program, a pharmaceutical fias to decide which compound in
which chemical library to screen as well as theirtgnof the screening. To
concentrate on the information generated in the R&bvities of the pharmaceutical
firms and to keep the model from becoming too caxple shall eschew the
modeling of the timing of the screenings as a atjiatdecision variable, and shall
make two simplifying assumptions on R&D. First, eapmaceutical firm with an
active drug discovery program will only screen &mical compound to find a new
drug when the patent on the brand it currently mtsrkexpires. Second, if a
pharmaceutical firm chooses not to carry out amgesung when the patent on the
brand it currently markets expires, it will termieaall R&D activities and exit the
market. With these simplifying assumptions, the yordtrategic decision a
pharmaceutical firm needs to consider is the chalniorary and the compound in
that chemical library to concentrate its efforts. ofo study the evolution of
technological progress in the pharmaceutical ingluste try to find the sub-game
perfect Nash equilibrium of the dynamic game plapgdhe firms in this industry.
The sub-game perfect Nash equilibrium is found égkiward induction on the set of

chemical compounds not yet screened.

If all the compounds in all the chemical librartesve been screened, there is nothing
left to discuss as far R&D is concerned, and @t tieeds to be done is to analyze the
strategic behaviour in the product market of thieléas of the patents on the brands
which have not yet expired. This task was carriedim Section 3.3. So, we begin the
backward induction with the case in which the datheemical compounds that have

not been screened contains only one element.
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3.4.1 One Remaining Unscreened Chemical Compound

Suppose that among all the chemical libraries themeains only a compound that has

not been screened, say the compo(u'}f_;{,]., ajn;» cj_N].), which is the last compound

in the jth chemical library. Also, suppose that the informatobtained from the past
screenings in this chemical library leads us taebel that the potential quality of this

chemical compound is represented by the probabilityass function

F (sl g ;)

Let o' = (X1 Qs Cjrurs Tjnr) ANAW"" = (Xj1r1010s Qjiruins o Tinnnar) 0 the two
brands currently marketed by the two pharmaceutical that hold the patents on
these brands. Without any loss of generality, waume thatr’” < t’. That is, the
patent on the bran@” was granted before that on the brasidand thus the patent
on the former brand will expire before the patemtlee latter brand. According to the
assumption that a pharmaceutical firm will onlyrgaput the screenings needed to
find a new drug when the patent it holds on thethia currently markets expires, the
last chemical compound will be screened by the fivhich holds the patent on the

brandw if this firm finds the screening to be profitable.

If the pharmaceutical firm which holds the patenttbe brandv’ chooses to screen
the last compound, then the newly discovered deuganly be patented if its quality
is at least equal to the quality of the brand thahost recently patented, namely the
brandw’, and if its distance fromy’ is greater than the breadth that protects thedoran

w'; that is, iqu,N]. belongs to the set

(18) Qj,N]- [w'] = {qj,Nj|qj,N]- 2 Gjinn d ((le,nn 9jrne Cj/,nr)' (xj,Njf aj.n» Cj,N]-)) > B}-

In this case, the discounted value — discountageadime the patent on the brand

expires — of the stream of profits earned by thelydiscovered drug is given by
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Tag 1+l  _ —T. —L _ —
19) Ailagj] = 1 e s m, 0, 0, 0 Tsl]ds
Tj”'n”+2L
+ e "=y _ [s, m,w”, 0~ [s]]ds.
T]'['n[+L

In (19), r is the market rate of interest, and = (xj,Nj,qj,Nj,cj,Nj,Tj_Nj) represents
the newly discovered drug, withyy; = 7j,n, + L as the date on which the last
compound is screened, which is also the date oohathie newly discovered drug is

patented. AlsoQ~[s], we recall, represents the set of brands whosentsateve

expired by timss.

The first integral in (19) represents the discodntalue of the stream of profits

earned by the newly discovered drug from the tifngsadiscovery until the time the
patent on the brana’ expires. During the time intervat; . + L, 7,7 ,» + L), the
newly discovered drug has to compete against taadan’ marketed by the rival
pharmaceutical firm which holds the patent on thiand as well as against all the
generic drugs — which include its own predecestar lfrandw’”) and all the brands
whose patents expired by time:,,, + L. Under the integral sign, the expression
V-5, m 0™, w', Q7 [s]] represents the profit earned by the newly diseveirug at
each times during the time interve{lrjn_nu + LT + L). According to Proposition
1, vw—[s,m,a)_,a)’,ﬂ_[s]] is strictly increasing (decreasing) in the marbioast
(quality) of the rival brando’. According to Proposition ,-[s,m, 0™, w’, Q7 [s]]

is strictly decreasing (increasing) in the quafiarginal cost) of each generic drug.
The second integral in (19) represents the disesuwmalue of the stream of profits

earned by the newly discovered drug from tirpe + L until the end of its statutory
life. During this time interval, the newly discoeerdrug only faces competition from

the generic drugs, which include the brasidvhose patent expired at tinag ,, + L.

The expressiorvw—[s,m,w‘, Q‘[s]] under the integral sign represents the profit
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earned by the newly discovered drug at each tirdaring the time interva[lrj,_n, +
L, Tj, i + 2L). Note thatv,-[s,m, 0™, Q" [s]] is strictly decreasing (increasing) in

the quality (marginal cost) of each generic drug.

According to Proposition 341[611',1\1,-] Is strictly increasing irqj,N].. It is also higher if
the quality (marginal cost) of the bramdis lower (higher). According to Proposition
2, Al[qj,Nj] is higher if qualities (marginal costs) of the gaa drugs are lower

(higher).

Under the event that the screening of the compc(mp,dj, ajn;» cj_Nj) does not yield

any patentable drug, the firm that holds the paberthe brandv’’ incurred the R&D

costy; without obtaining any benefits.

The discounted value of the stream of profits edrbg the firm which holds the
patent on the brand’ if it chooses to screen the last compound whes phtent
expires — as a function of the quality of this cammpd — is then given by

Al[qj,Nj] l’f qj,N]' € Qj,N]'[w’]l

20) A,[qin. ={
(20) Z[q]’N]] 0, otherwise.

From the discussion on the propertiesAQ[qj,Nj], we can assert that, [qj,Nj] is
increasing (decreasing) ia[nj,Nj (cj_n). It is decreasing (increasing) in the qualities

(marginal costs) of all the other brands — thosesghpatents have expired and those
whose patents have not expired. The expected disedyrofit net of R&D costs —
with the discounting being carried back to the tithe patent on the brand”
expires — that the firm which holds this patentaiig from by screening the last

compound is then given by

(21) A3 =-y; + Zq]-,NjEOAZ[qj,Nj]f(aj[Nj],ﬁj[Nj])[qj.Nj]-
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Let
(22)

an [(L)’, (‘-)”' (O [Tj”,n” + L] [(xj_Nj; CIj,Nj' Cj,N]-) ’ f(a]-[N]-],,Bj[N]']) [qj,Nj]] = max{O, A3}

denote the expected discounted payoff net of R&Et eodiscounted to the time the
patent on the brand’’ expires — that the firm which holds the patentt@brando”
obtains, given that (i) the patent on the brarfdwas granted before the patent on the

rival brandw’, and (ii) the probability mass function which chaesizes the quality

of the last compound &, ] 5,(v;])[)n;]-

PROPOSITION3: The firm which holds the patent on the brand only chooses to
screen the last compound when the patent it haidhe brandw’ expires ifA; > 0,
i.e., if the expected discounted payoff net of R&3ts yielded by this action is
positive. Furthermore, if this is the case, thea &xpected discounted payoff net of
R&D costs obtained by this firm is

0] decreasing iry;, the cost of screening;
(i) increasing inq; [N]] the cumulative quality discovered in the past soiegs of
the compounds in thigh chemical library, and decreasing g?[lN—J] the number

of past screenings carried out in this chemicaldily;

(i) decreasing in the marginal cost of the drug manwf@d from the last
compound.

(iv) decreasing (increasing) in the qualities (margioakts) of all the other brands —
generic drugs as well as the brands whose pateats hot expired.

PROOF The proof of Proposition 3 is given in Annex C.
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LEMMA 2: If the firm which holds the patent on the brand chooses not to screen
the last compound when the patent it holds on thedw'’ expires, then neither will
the firm which holds the patent on the rival bramdl choose to screen the last

compound when this patent expires

PROOF The proof of Lemma 2 is given in Annex D.

Now let

(23) le [a),i (J)”, Q- [Tj”,n” + L] [(xj,Nj’ qj,Nj' Cj,N]') ) f(a][N]],ﬁ][N]]) [qj,N]]]

denote the expected discounted payoff — discoutdeithe time the patent on the
brand w' expires — that the firm which holds the patenttio@ brandw’ obtains,
given that (i) the patent on the bramdl was granted before the patent on the rival
brandw’, and (ii) the probability mass function which chaemizes the quality of the

last compound isf (v 1.4, [v])[4)x,]- This expected discounted payoff can be

computed as follows.

If the firm which holds the patent on the bramd chooses to screen the last
compound and obtains a patentable doagfrom the screening, then the discounted
value — discounted to the time the patent on theddw'’ expires — of the stream of

profits earned by the brand from timez;,, ,,,, + L until the end of its statutory life is

T 1+L _ —T. L _ _
4 Adain]=1""..¢ (s )vw,[s,m,w ,w', Q7 [s]]ds.
n

On the other hand, under the event that the firnthvholds the patent on the brand
w'' fails to obtain a patentable drug from screeniglast compound, the discounted
value — discounted to the time the patent on theddsw'’ expires — of the stream of

profits earned by the brand from timez;,, ,,,, + L until the end of its statutory life is
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(25) A5 _ Tj’,n’+L e_r(S_Tj”'n”_L)Uw,[S, m,a)’,Q_ [S]]dS

Tjn'nn+L

Thus, if the firm which holds the patent on thertsta'’ chooses to screen the last
chemical compound when the patent on the brafidexpires, then the expected
discounted value of the stream of profits earnetheybrandw’ from timez;,, ,,,, + L

until the end of its statutory life — with the demting being carried back to the time

the patent on the brand’ expires — is given by
(26) A6 = qu'NjEQ]-,Nj[w’] A4-[q],N]]f(a][N]],,B][N]]) [qj,N]]

+4s (1 = Zaj €z Tl fla v 1800, [qf:Nj])'

If the firm which holds the patent on the braonl chooses not to screen the last
chemical compound, then according to Lemma 2, #s ¢ompound will not be
screened by the firm which holds the patent onbtfaedw’ either, when the patent
on the brandw’ expires. Under this scenario, the expected diseoumalue —
discounted to the time the patent on the brafidexpires — of the stream of profits

earned by the brand’ is also given byis.

We are now ready to give the explicit expression(28) as follows:

(27) Voo [w’;w,,;ﬂ_[Tj”,n” + L] [(xj,zvj; CIj,Nj,Cj,Nj),f(aj[zvj],ﬁj[zvj])[UIj,Nj]] =

{ Ag if the firm which holds the patent on the brand w' screens the last compound,
As if the firm which holds the patent on the brand w''does not screen the last compound.

PROPOSITION4: The expected discounted payoff — discounted tairtiee the patent
on the brandw’ expires — that is earned by the firm which holds patent on the
brand " from timez; ,,,, + L until the end of the statutory life of the patentthe

brandw’ is
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0] decreasing ina]-[Nj], the cumulative quality discovered in thigh chemical

library, and increasing mﬁ the number of past screenings in tjté
J

chemical library;
(i) increasing (decreasing) in the quality (marginaktjoof the brandv’
(i) decreasing (increasing) in the qualities (margiaabkts) of the generic drugs as

well as the brands whose patents have not expired.

PROOF The proof of Proposition 4 is given in Annex E.

3.4.2 Two Remaining Unscreened Chemical Compounds

Let @' = (Xjini Qjrnn Grnn Tirn)  ANA @ = (Xjirq00 Qjirguins Cirnmns Tiner), - With

" < 7/, be the two brands currently marketed by the twarplaceutical firms which
hold the patents on these brands. Suppose that teenain only two chemical
compounds that have not been screened, (3aYin(e}, qjie1nie) Siieinie ) € = 1.2-
There are two possibilities to consider: (i) theotaompounds are located in two
different chemical libraries, and (ii) the two cooumds are located in the same
chemical library. Under the first possibility, sereng one compound yields only
information about this compound, but no informatiaoout the other compound.
Under the second possibility, screening the péenate compound vyields

information about this compound and informationu#tibe last compound.

3.4.2.1 The Two Chemical Compounds are Located in Two Diffeent Chemical
Libraries

Suppose that the last two compounds that have eert bcreened are located in two
different chemical libraries. Under this scenagach compound is the last one in a

chemical library, i.e.,

(Xjternter djiernien Sienier) = (xj[e].zvj[eyqj[e],zvj[eyCj[e].zvj[e])' (£ =12),
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with j[1] # j[2]. Also, suppose that the qualities of these compsuade

characterized by the probability mass functiqﬂ@% w][Njw]]ﬁjw][ij])[qf[f’]-ij]'{) =

1,2.

For eact¥ = 1,2, let
(28) A5 =

Veorr [(U’; o, Q" [Tj”.n” + L] |(xj[4’],Nj[e]’ aj[e1N e Cj[‘g]ij[{’])’f(aj[e] [Njter) Bjre [N jrar) [qj[l’],Nj[e]]]

denote the expected discounted payoff net of R&Riscthat the firm which holds the
patent on the brand »” obtains under the assumption that

(xj[{;]_N],Wqj[{;]_NM,cj[g]_NM) stands alone as the single remaining compoundasot

one of the two remaining compounds.

LEMMA 3:

0] If A’; <0,¢ =1,2,i.e.,if neither compound is screened by the firm whichi$
the patent on the brand)’ when it stands alone as the single remaining
compound, then it will not be screened, eitherthiy firm when it is one of the
two remaining compounds. The same result holdghierfirm which holds the

patent on the brand’ when this patent expires.
(ii) If 45 >0,4% <0, then the COMPOUNd;je)n ;> i1 il ) Will DE

screened by the firm which holds the patent onbtfaed " when this patent
expires. Furthermore, regardless of the outcomthefscreening, the compound

(xj[{,,]’ij,qj[{,,]_N}_[f,],cj[{,,]'Nj[f,]) will not be screened by the firm which holds

the patent on the brand’ when this patent expires.

PROOF The proof of Lemma 3 is given in Annex F.
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If A% >0,¢£=1,2, then neither compound can be summarily rejected, the
guestion concerning the order in which the compsard screened arises.

Suppose that the firm which holds the patent onbtlamdw’’ chooses to screen the
compound(xj[g],,\,jm,qj[g],Nj[{,],cj[f],ij) immediately after the patent on the brand
" has expired. Under the event that the screenidgléo a patentable drug, i.e., if
djien, € Qjlen,lw'], where

(29) Qjew;plw’] =

{Qj[{’],Nj[f] |qj[{’],N]-[[] 2 Qjrnn d((le,nn qjinr Cji,n!)' (xj[{’],N]-[f]' Qj[{’],Nj[[]' Cj[{’],N]-[f])) > B},

then the discounted value — discounted to timep#tient on the brand’ expires — of
the stream of profits earned by the newly discayetrig during the time interval

[tj nr + L, 75 7 + L) is given by

(30) A} [qj[{)]’Nj[f]] = fo""’JrL e‘r(s‘fj".nn—L)vwz [s, m, w*’,w’,ﬂ‘[s]]ds,

TjinnntL

where o’ = (xf“’]'Nj[f]'qf[f’]'Nj[f]'CJ'V’]-NM'TJV],NM)’ With  Tjta i = T + L,
denotes the newly discovered drug. Furthermoréipe 7;, ,, + L, when the patent
on the brandv’ expires, the two pharmaceutical firms find thewsglexactly in the
situation analyzed in Sub-section 3.4.1, but withirt roles reversed. Now there is

only one compound left for screening, namely the mpound
(xj[{ﬂ]N.m,qj[{,,]N,[f,],cj[{,,]N,[{)’]),{” # ¢, and the two brands marketed by the two
" " )

pharmaceutical firms a@’ andw’, with the patent on the latter brand being granted
before the patent on the former brand. Under swsitenario, the expected discounted
payoff — discounted to the time the patent on ttendw’ expires — earned by the
firm which holds the patent on the braad after the patent on the braad has

expired is given by
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3BL)  ASlajreny,] =

AN A o T
Ve [ @7 % Q0G4 L OG0 1y Gl Ay e ) T (“f[e'l[Nf[e'ﬂ'/”f[eq[Nj[e']])[qf[f"]"vf[e'l]]'

The discounted payoff — discounted to the timepdient on the bran@d’’ expires —
earned by the firm which holds the patent on tlenteo”” under the event that the
screening of the compour(djw],,vjm,qj[f],,v]m,cj[f],,vjm) results in a patentable drug
is then given by

(32) A‘{O [qj[f],Nj[g]] = Ag[qj[f],Nj[g]] + e_r(rj,'n’_rj”'n”)Ag[qj[f],Nj[g]]'

On the other hand, if the screening of the compc(uﬂ@l],,\,jm,qj[f],,vjm,cj[f],,vm) is
not fruitful, then the two firms also find themsesvin the same situation analyzed in
Sub-section 3.4.1, W'tmxf[f’].lvj[ﬂ]’qj[f’].N,-[fr]'Cf[t”].N,-[{,r]) being the last remaining
chemical compound. The expected discounted paydfteounted to the instant the
patent on the brand’’ expires — that this firm earns after the first uctessful

attempt isA¥’, according to (28).

If the first screening was not fruitful, and 4%’ > 0, then there will be a surge in
R&D activities: the firm which holds the patent dre brandw’” will continue the
search by screening immediately the remaining cam@p namely the compound

(xf[f’].N,-[gr]'qf[f’]-N,-[gq'Cf[f’].N,-[gq)' Under this scenaricd?’ represents the discounted

payoff net of R&D cost — discounted to the time plagent on the brand’ expires —

that is yielded by the second screening.

The expected discounted payoff net of R&D costssealinted to the time the patent

on the brandw” expires — that the firm which holds the patenttbe brandw"

obtains by screening the compOL(r:xgi{f],NM, qj[eLN gy CJ'H’]-NW]) is given by
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(33)

£ _ {
All - _yj[f] + qu[[]'Nj[f]EQj[[]'Nj[f][wl] AlO [qj[{’],Nj[[]]f(aj[{;][N]'[{;]],,B]'[{J][Nj[[]]) [qj[f],Nj[{)]]

£r _ , .
+47 (1 Zqi[f]'Nj[e]EQJ'[fLNj[e][“’ ]f(“j[el[Nj[e]]'ﬁj[e][Nj[e]])[qf[f’]zNj[f]])'

Obviously, ifA; < 0, then thefth remaining compound will not be screened by the
firm which holds the patent on the braatl when this patent expires. In particular, if
Af, <0, for each? = 1,2, then the firm which holds the patent on the braridwill
shut down its R&D activities and exit the marketeathe patent on the brand’ has

expired.

When both4¢, andA?f; are positive, it is necessary to compare thenrderato find
out which compound should be screened first. Becafishe numerous parameters
involved — the dates on which the patents on thedsw’ andw’’ were granted; the
screening costs of the two remaining unscreenedooands; the potential qualities
of these compounds; and the marginal costs of thgsdmanufactured from these
compounds — it is difficult to determine unambigsiyuthe sign of the payoff
differential Af, — A%}. Intuitively, we expect that the order of screenisigould
favours the compound with lower screening cost higher potential quality. It
should also favour the compound from which a drith & lower marginal cost could
be discovered. The following proposition confirms antuition of the influence of
screening costs on the order of screening.

PROPOSITION5: Suppose tha#l{, > 0,¢ = 1,2. Then, every other thing equal, the

compound with the lower screening cost should beesed first.

PROOF The proof of Proposition 5 is given in Annex G.
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PROPOSITION 6: Suppose thatd?, > 0,¢ = 1,2. Every other thing equal, the
compound from which a new drug with much highergma cost is manufactured

should not be screened first.

PROOF The proof of Proposition 6 is given in Annex H.

PROPOSITION 7: Suppose tha#i{, > 0,# = 1,2. Then every other thing equal, the
compound with the potential quality that is stodlwdly much larger should be

screened first.

PROOF The proof of Proposition 7 is given in Annex I.

Let
(34)

Vi [a)’, w', Q0 [Tj”,n” + L]

2
((xf[*’]""iw]' el o SN i) f (e N jal Bialvja)) [qf["]:Nj[ﬂ])kl]

= max {0, (4,)°_,}

denote the expected discounted payoff for the fivhich holds the patent on the
brandw"’, given that (i) the patent on the brand was granted before the patent on

the brand w’, (i) there are two remaining unscreened compounds,
2
((Xj[,g]'N],[[],q]'[{)]'N],H)],Cj[,g]'N],[[])){)zl, which are located in two different chemical

libraries, and (iii) for eaclf = 1,2, the potential quality of the remaining unscreened

compound ¢ is represented by the probability mass function

f(aj[t’][Nj[t’]]vﬁj[f][Nj[t’]])[qj[{)]’Nj[f]]'
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Let
(35)

2
Vor|@' 0", Q7[tjmpr + L] |((xf[f]-1"j[e]’qf[f]-”j[e]’Cf[f]-”j[e])’f(dj[e][Nj[e]]-ﬁjm[Nj[el])[qf[f]-Nj[el]){;:l]
denote the expected discounted payoff — discoutdetthe time the patent on the
brandw" expires — for the firm which holds the patent be brandw’, given that (i)

the patent on the brand’ was granted before the patent on the brahdii) there
2
are two remaining unscreened compouvﬁds,-[f],,vjm,qj[f],,vjm,cj[g],ij)){:l, which

are located in two different chemical librariesddii) for each? = 1,2, the potential
quality of the remaining unscreened compouni$ represented by the probability

mass functior]f(am[NM]_BM[NM])[qj[g],Nj[f]]. This expected discounted payoff can

be computed as follows.

4

First, if the firm which holds the patent on theafd w' chooses to screen the

compound(xj[{;]l,\,jm,qj[{;]_ij,cj[g]_ij) immediately after the patent on the brand

14

w"” has expired, and if the screening results in aemable drug
0 _ ; _

w" = (xj[f],Nj[e]l Qj[f],Nj[{,]; Cj[f],Nj[g]lTj[f],Nj[g])) Wlth Tj[f],Nj[g] - Tju,nn +L1 then the

expected discounted payoff — discounted to the tihee patent on the brand”

expires — for the firm which holds the patent oa handw'’ is given by

T+l —T.r_1n—L I} —
(36) Alalajiany o) = Iy, T vy [s,mf, o 07l ds + e

_r(Tj’,n'_Tj”,n”) x

V., [ w?, W', [Tj nr + L]

(xj (271N jier 4iT€ILN jion? CJ'[{”]:Nj[fr])' f(a]-[g/] [Njten).Bjren[N jren]) [qj [{”].Nj[f/]]]'

In (44),07[11 r + L] = Q7 [t + L] U{w'}.

If the screening of the compou(djml,\,jm,qj[f],,vjm,cjml,\,jm) is not fruitful, then

immediately after this screening, we have the sitnaanalyzed in Sub-section 3.4.1,
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and the expected discounted payoff — discountdtiédime the patent on the brand

w'" expires — for the firm which holds the patent lo@ brandw’ is given by
(37) Afs =

Voor [w ", 07 [TJH"” + L] |(x1 N jren DTN jren CiLENLN i"]) f(“] en[Njienl.Bjten[Njen]) [qf[{)’] Njter ]]

Thus, under the scenario that the firm which hohdspatent on the branrd’ chooses
to screen the compour(dj[g]_,\,jw QLN gy cj[{;]_NM) immediately after the patent on

the brandw' has expired, then the expected discounted paydieounted to the
time the patent on the bramd’ expires — for the firm which holds the patent ba t

brandw’ is given by

(38) A14 - Zq EQ] [ 4 A12 [q] [£], N ]f(aJ {1] BJ g][N ])[qj[‘g].NJ[g]]

_ , ¢
+ <(1 qu[t’].N,-[f]EQj[fl.Nj[f] () f (a1 [N 121 8510 [Nj[e]])[ql[{’]'l\’jw]])) Atz

Second, if the firm which holds the patent on thanld w" chooses not to carry out
any screening when the patent it holds on the baghexpires, then it will shut down

its R&D activities and exit the market. Under tBisenario, the discounted profit —
discounted to the time the patent on the brafidexpires — earned by the brand

from timez;» ,,, + L until timez;: ,, + L is given by

g 1+L

(39) A15 — J n e_r(S_Tj”'n”_L)le[S, m,,a)',ﬂ_ [S]]dS

T i’ II+L

At time 7 ,,, + L, when the patent it holds on the bramdexpires, this firm might

choose to screen one of the remaining compoundy, tsk& compound

(Xj[{)]INjH)],q]'[{)]le[f],Cj[{)]'N],[[]). If the screening is fruitful and results in a pdtble

drug, sayw’ = ( XieLN jig AiTELN jrop» CHLELN e ) then the expected discounted payoff —

discounted to time;: ,,, + L — obtained by this firm is given by
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‘L'./n/+2L _ —T.g - _ _
(40) Af(,[qj[{;],,vm] =7 e (s tj'm L)vwe [s,m, w?, Q [s]] ds +e "L x

le'nl +L

Vot [Q_[Tf""' +2L] |(xf [N geny e Njren N 1o S (atgeen N en) Brgen[en]) [ [*”]'wafl]]'

On the other hand, if the screening of the compc(qug],,v]m, QLN cj[f],,v]m) is
not fruitful, then the expected discounted payoffliscounted to time;: ,, + L —
obtained by the firm after the patent on the brahtlas expired is given by

(41)

1 _ -
A17 = Vo [Q [7j7n + L1 (% [N jen DilerLN jren» Ci V’]'Nj[f'])'f (ajen [Nj[ff]]ﬁj[m[Njwr]])[qf[f']-Nj[m]]'

The expected discounted payoff — discounted taithe the patent on the bramd

expires — earned by the firm which holds the patenthe brandv’ after this patent
has expired, given that (i) the firm which holdg thatent on the brand’’ chooses
not to carry out any screening when this patentregpand (ii) the firm which holds

the patent on the brandw’ chooses to screen the compound
(xj[f]l,\,jm,qj[{;]l,\,jm,cj[g]_,\,jm) when the patent on the braad expires, is then given

by
(42)

e _ . AL g .
Aig = =Yjte) + Lajun g, s gl A16 91w (wjia vl a1 ) [itan ]

_ , . o
+ (1 qum.zv,-[e]le[fLNj[e] (1] (ajq [N 1211 B [N 121) |95 H’]:Nj[f]]) A7

The expected discounted payoff — discounted tdithe the patent on the bramd’

expires — earned by the firm which holds the patenthe brandv’ after this patent
has expired, given that (i) the firm which holdg thatent on the brand’’ chooses
not to carry out any screening when this patentregpand (ii) the firm which holds

the patent on the brandw’ chooses to screen the compound
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(Xj[{)],Nj[{)],q]'[,g],Nj[f],Cj[.g]'Nj[[]) when the patent on the braad expires, is then given

by
(43) A19 = A15 + e_r(Tj,vn’_Tj”'n”)maX {0, Aﬁg, Ailg .

We are now ready to give the explicit expression3d) as
(44)

2
Vo [“) Y@, QT[T + L] |((xj[{)]'Nj[¢’]'qj[{)]'Nj[f]'Cj[{)]'Nj[f’])'f(“j[f][Nj[f]]-ﬁj[t’][Nj[t’]D[qj[{)]'Nj[f]]){;zl]

A, if the firm which holds the patent on the brand w''chooses to screen
_ ) the compound (Xj[{)],Nj[{)], TILELN Cj['g]'N]'[l’]) when the patent on the brand w''expires,

LAlg ifthe firm which holds the patent on the brand w' chooses not to screen one of
the two remaining ompounds when the patent on the brand w' expires.

3.4.2.2 The Two Remaining Compounds are Located in the San@hemical
Library

Suppose that the last two chemical compounds & hot been screened are both
located in thejth chemical library, i.e., the two remaining compounds are
(xj_Nj_l,qj_Nj_l, Cj,Nj—l) and (xj,Nj, qj,Nj,cj_Nj). Furthermore, their uncertain qualities
are characterized by the same probability masstibmgf(aj[,vj_1],,;],[,\,]__1])[qj,Nj_l].

The firm which holds the patent on the brasiihas only two possible choices when

this patent expires: to screen or not to screen.

Suppose that the firm which holds the patent onbtlamdw’’ chooses to screen the
penultimate compound immediately when the patenthenbrandw’’ expires, and

that the screening results in a patentable drug, y sa
1 H —
W = (xj,Nj—lfqj,N]-—lfCj,N]-—lij,N]-—l)' with TiN-1 =Tt L, Qi1 €

Qjn,-1l'], where
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(45) Qjn,-1[0'] =

{Qj,Nj—1|Qj,Nj—1 2 G d((xjr,nn qjinn er,nr)’ (xj,N]-—li 4jN;-1 Cj,Nj—l)) > B}

then the discounted value — discounted to timgp#tent on the brand”’ expires — of
the stream of profits earned by the newly discayetrig during the time interval
[Tj”,n” =+ L, Tj’,n' + L) is

Tj[,n[ +L

(46) |

1L e T L)y 4 [s,m, 0!, 0, Q" [s]]ds,

Furthermore, at time;, ,, + L, when the patent on the braad expires, the two
pharmaceutical firms find themselves exactly ingheation analyzed in Sub-section
3.4.1, but with their roles reversed. Now thereordy one compound left for

screening, namely the compom)g{,vj, qj,Nj,cj,Nj), and the two brands marketed by

the two pharmaceutical firms are and !, with the patent on the former brand
being granted before that on the latter. Furtheemtire probability mass function
that characterizes the uncertain quality of the paund (xj,Nj,qj,Nj,cj,Nj) IS now
revised — in light of the revealed quality of thenpltimate compound — to be
f (v 1.8, ) [ wherea;[Nj] = a[N; — 1] + gy, andﬁ =1+ ﬁ
Also, according to Lemma 1, the revised distributtbat characterizes our beliefs
concerning the uncertain quality of the last renmgncompound is stochastically
increasing in the quality of the newly discoveredgl Under such a scenario, the
expected discounted payoff — discounted to the tihee patent on the brand’
expires — earned by the firm which holds the patenthe brando! after the patent
on the brandv’ has expired is given by

(47)

Az [Qj,Nj—l] =Vt [(‘)1' W', Q7 [t + L] (xj.Nj' 4jNj Cj,N]-) 'f(a]-[N]-],,Bj[N]-])[qj.Nj]]-
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The discounted payoff — discounted to the timepdient on the bran@d’’ expires —
earned by the firm which holds the patent on tlentieo” under the event that the

screening of the compour(otj_Nj_l,qj_Nj_l, Cj,Nj—l) results in a patentable drug is

then given by

T-r' r+L —r(s—-1. —L _
(48) A, [qj,Nj_l]: T_’”"”+Le ( Tttt )vwl[s,m,wl,w’,ﬂ [s]]ds

Jon

+ e—r(‘l’j/_n/—‘l'ju,nu)Azo [qj,Nj—l]'

On the other hand, if the screening of the compc(wﬂgj_l, qj,Nj—lﬂcj,Nj—l) is not

fruitful, then the two firms also find themselvas the same situation analyzed in

Sub-section 3.4.1, wittvcj_Nj,qj_Nj, cj_Nj) being the last chemical compound. Under

this event, this firm might give up, or it mightreen the last compound immediately
after the first unsuccessful attempt. The expedisdounted payoff — discounted to
the instant the patent on the braat expires — that this firm earns after the first
unsuccessful attempt is

(49)

A2 [aj0,11 = Vo | @', 0", Q7[5+ L1 | G Gy 0 ) f (v ) 9] |

If the first screening was not fruitful, and A‘zz[qj,Nj_l] > 0, then this firm will
continue the search by screening the remaining oanmgh namely the compound
(xj_Nj,qj_Nj, cj_Nj) immediately, and under this scenario, (49) reprissethe
discounted payoff net of R&D cost — discountedhe time the patent on the brand

w' expires — that is yielded by the second screening.

The expected discounted profit net of R&D cost mhgehe firm which holds the
patent on the brand” — discounted to the time this patent expires #hi firm
chooses to screen the penultimate compound imnedgiafter the patent on the

brandw’ expires is then given by
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(50) Ay =—y; + qu,Nj_ler'Nj_l[w’]A21[Qj,Nj—l]f(aj[Nj—l],ﬁj[Nj—1])[Qj.N]-—l]

+ (1 - qu_Nj_ler,N]._l[w’] f(aj[Nj—l],ﬁj[Nj—l])[qj,Nj—l] )Azz[UIj,Nj—l]

Let

(51) an I(J)’, (4)”, O~ [Tj”,n” + L]

((xj,n' 4jn Cj.n)):iNj_l ’f(aj[Nj_l]lBj[Nj_l]) [qj’Nj‘l]]

= max{0, 4,3}

denote the expected discounted payoff — discoutuetthe time the patent on the
brandw' expires — for the firm which holds this patenyegi that the remaining two
compounds are the last two compounds in jfkechemical library and that the

uncertain quality of each of these two compoursdshiaracterized by the common

probability mass funCtiorf(a]-[Nj—1],ﬁj[1vj—1])[Qj,N]-—l]- The firm which holds the

patent on the brana’ will only carry out the screening if this expectpayoff is

positive.

The information generated from the screening ofgheultimate compound in the
jth chemical library resolves not only the quality of this compoundi hualso
yields information about the potential quality betlast compound. The information
thus obtained on the potential quality of the tashpound will have a bearing on the
decision whether or not this compound will be seegke According to Lemma 1, if
the screening of the penultimate compound is natigogarly fruitful, then
expectations concerning the potential quality of thst compound will be much
lowered, and this compound might never be screersggcially when there are many
brands competing for a limited amount of drug exjiemes. On the other hand, if the
screening of the penultimate compound is fruittbken the potential quality of the
last compound will also be stochastically largeowdver, this does not necessarily

mean that the last compound will be screened fwossible new drug. Indeed, if the

Page |114



screening of the penultimate compound is partitulanitful, then no efforts will be

expended in screening the last compound, as addwrtde following proposition:

PROPOSITION 8: Suppose that the penultimate compound in the
jth chemical library is screened by the firm which holds the patenthenbrand

14

" when this patent expires. lf]-,N}._l, the revealed quality of the penultimate
compound, is particularly high, then the probakilithat the quality of the last
compound in thgth chemical library is higher thanqj,,\,j_1 — so that the drug

developed from the last compound can be patentedparticularly low, and this

means that the last compound will not be screened.

PROOF The proof and a numerical example in support ripBsition 8 is given in

Annex J.

Let

’ "noA- Nj
(52)V,yr |o', ", Q[T + L] |((xj,n, qjn Cj,n))n]:Nj_l,f(aj[N]._l],gj[Nj_l])[qj,zvj_1]

denote the expected discounted payoff — discoutuetthe time the patent on the
brandw” expires — for the firm which holds the patent be brandw’, given that the
remaining two compounds are the last two compoumdie jth chemical library
and that the uncertain quality of each of these dampounds is characterized by the

common probability mass functiorf(aj[N],_l]ﬁj[,vj_l])[qj,N]._l]. This expected

discounted payoff can be computed as follows.

4

First, if the firm which holds the patent on theafd w'' chooses to screen the

compound(x;y;-1,qj,n;-1, ¢jn;-1) immediately after the patent on the brasitihas

expired, and if the screening results in a patéatabdrug say

(1)1 = (xj'Nj_l, qj,Nj—l’ Cj,Nj—l’Tj,Nj—l)’ with Tj'Nj_l = Tj”,nll + L, then the expected
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discounted payoff — discounted to the time the itab@ the brandv” expires — for
the firm that holds the patent on the brasids given by
(53)

Tit ot TL —r(s—r.n n”_L)

_(J'mn 1 7 A= 1T _1=T.
Ay = e j vwr[s,m,a) ,w',Q [s]]ds +e tim

j ,n”) x

Var | @', 0", Q7500 + LY | Gy @107 €10, S oy o) [,
In (53),Q7[7js v + L] = Q7 [tjr v + L] U{w'}.

If the screening of the compoun(ile,\,j_l,qj,Nj_l,cj,Nj_l) is a failure, then

immediately after this screening, we have the sitnaanalyzed in Sub-section 3.4.1,
and the expected discounted payoff — discountdtigdime the patent on the brand

w'" expires — for the firm which holds the patent lo@ brandw’ is given by

(54) A25 = Vw, [0),, (J)”; O~ [Tj”,n” + L] (xj,N]" qj,N]" Cj,N]')’ f(a][N]],B][N]])[q],N]]]

Thus, under the scenario that the firm which héhdéspatent on the brand’ chooses
to screen the compour(m‘j,Nj_l, qjNj-1, Cj,Nj—l) immediately after the patent on the
brandw’’ has expired, then the expected discounted paydféeounted to the time
the patent on the brand’ expires — for the firm which holds the patent be brand
w' is given by

(55) Az = qu_Nj_IEQj_N]._l[a)’]A24f(aj[Nj—1],ﬁj[Nj—1D[qj,Nj—l]

+ (1 - ZQj,Nj—ler,Nj—l[w’] f(a’j[Nj_l]'ﬁj[Nj_lD[qj'Nf_l]) Azs.
Second, if the firm which holds the patent on thenld w” chooses not to carry out
any screening when the patent on the bralidxpires, therthe expected discounted

profit — discounted to the time the patent on thent w'’ expires — earned by the

brandw’ from timet; ,,, + L until timet; ,,, + L is given by
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(56) A27 _ ‘L'].I'n/+L e_r(S_Tj”'n”_L)Uw'[S, m,a)’,ﬂ_ [S]]dS

Tjn'nn+L

Furthermore, the firm which holds the patent onhhendw’ is the only one left in
the R&D sector. At time; ,,, + L, when the patent on the brand expires, this firm

might choose not to screen one of the two remainorgpounds, and the game ends

at timet;r ,,,

+ L. On the other hand if it chooses to screen thelparaie compound,
and obtains a patentable drug, say = (xj,Nj—l'qj,Nj—l'Cj.Nj—l'Tj,Nj—l)' with
Tjnj-1 = Tjru + L, then the expected discounted payoff — discountedtirne

Tjs », + L — Obtained by this firm is given by

T.r _1+2L —T‘(S—T .

(57) Ayg=/["T" e 1’,n’_L)vw1[s,m,wl,ﬂ‘[s]]ds

TjI’nI +L

+e_rL Va)l [Q— [Tj',n’ + ZL] |(xj,Nj’ qj,Nj’ Cj,Nj)’ f(a][N]],ﬁ][N]])[qj,NJ]]'

On the other hand, if the screening of the compc(wﬂg]._l,qj_,v]._l, Cj,N]-—l'Tj,N]-—l)
is not fruitful, then the expected discounted péyotliscounted to time; ,, + L —

obtained by this firm after the patent on the brahtias expired is given by

(88) Azo = Vi | Q7 [5j0r + L1 | vy @1v s 650 ) F v )i ) [0, 1|

The expected discounted payoff — discounted taithe the patent on the bramd

expires — earned by the firm which holds the patenthe brandv’ after this patent
has expired, given that (i) the firm which holdg thatent on the brand’” chooses
not to carry out any screening when this patentregpand (ii) the firm which holds

the patent on the brana chooses to screen the compOl(mgNj_l,qj,N]._l,cj,Nj_l)
when the patent on the bramd expires, is then given by

(59) Azo=-v; + qu_N]._ler,N]._l[w’]A28f(aj[Nj—1],ﬁj[Nj—1D[qj,Nj—l]

+ (1 = Lajnj-1€0m-al0)f (ayfj-1)[;-1]) [qf""f‘l]) Azo.
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The expected discounted payoff — discounted tdithe the patent on the braad’
expires — earned by the firm which holds the patenthe brandv’ after this patent
has expired, given that (i) the firm which holtie fpatent on the brana’ chooses
not to carry out any screening when this patentregpand (ii) the firm which holds
the patent on the brana’ chooses to screen the CompOl(WgNj_l,qj,Nj_l,Cj'Nj_l)

when the patent on the bramdexpires, is then given by

—T(T !

(60) A3y =Ay,;,+e 75 ) max {0, 4303

We are now ready to give the explicit expressian%@) as
(61)

1o = Nj
Vo |0, 0", Q7 [tjm yi + L] |((Xj'n,q]',n, Cj,n))niNj_l.f(a].[N]._l]ﬁj[Nj_l])[qj,Nj_l]

A, if the firm which holds the patent on the brand w' chooses to sreen the
penultimate compound when the patent on the brand w" expires,
Asq if the firm which holds the patent on the brand w' chooses not to
screen the penultimate compound when the patent on the brand w' expires.

3.4.3 Three or More Remaining Unscreened Chemical Compouds

When there remain three unscreened compounds, riiiglyt be located in three
different chemical libraries or two of them in te&@me chemical library and the third
one in another chemical library. The analysis edrout in Sub-section 3.4.2 can be
used as the basis for the backward induction netxledlve the sub-game in which
three unscreened compounds remain. Because ofothelexity of the model, a

simple recurrent relation between the sub-games doeexist.

As we move backward through time to the root of gaene tree, we find fewer and
fewer brands on the market and less and less iattwmon the potential qualities of
the unscreened compounds. The small number of &ramdthe market at the
beginning means less competition on the producketaHowever, the small number

of compounds screened also means less informasicavailable on the potential
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qualities of the unscreened compounds, and thisnsn@aore risk is involved in
searching for a new drug. According to Toulgt al. (2002), international
pharmaceutical companies now concentrate their R&forts not on well-known
drugs but on very risky new drugs. This choice migilect the presumption that the
risk involved in carrying out R&D activities in Igswvell-known libraries might be
more than compensated for by the market sharengltaf the R&D activities are

fruitful.

3.5 Concluding Remarks

Using a dynamic model of optimal patent design i@nthe presence of information
externalities, the evolution of technological pregg in the context of a
pharmaceutical industry is studied. The preceditggature on the topic works with
only one brand, the brand with the highest quahiywell, the demand is assumed to
be completely inelastic. In the conventional modedispatent design the role of
competitive fringe firms is also discussed implicitThe model discussed in this
research is a continuous in-time dynamic model vipiovides a rigorous structure
for studying the context. It considers several edéhtiated products, both those
whose patents are still in force and those whosenpahave already expired, at any
point in time. Furthermore the demand for a brasidaken to be a function of
income, its price, and the prices of other brafdee interaction of the fringe firm
with other patent-holding firms is also explicittpnsidered under this framework.
Unlike the previous literature on the context, thedel incorporates both product and
process innovation concepts and provides real goete to measure the patent
breadth. Under this structure, pharmaceutical fimmig an active drug discovery
program behave strategically in their R&D and ie @hroduct markets. Under this
structure, three scenarios are discussed: thesfiestario refers to the case where all
chemical compounds in all chemical libraries areeady screened. The second
scenario discusses the case where the set of enecrehemical compounds include
only one element. Under this scenario it is shohat the firm which holds the
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earlier-expiring patent only chooses to screenldbecompound, when the patent it
holds expires, if the expected discounted payoffaieR&D costs yielded by this
action is positive. The expected discounted pagetfof R&D costs obtained by this
firm is then decreasing in the cost of screeningraasing in the cumulative quality
discovered in the past screenings of the compoumdbse chemical library, and
decreasing in the number of past screenings caouaédh this chemical library. The
payoff is also higher if the marginal cost of theigl manufactured from the last
compound is lower, and higher if the qualities (gnaal costs) of all the other brands
— generic drugs as well as the brands whose pabeves not expired — are lower
(higher). It is also shown that if the firm whicloltls the earlier-expiring patent
chooses not to screen the last compound when teatpaholds expires, then neither
will the firm which holds the patent on the rivalabd choose to screen the last
compound when this patent expires. The expectezbaiged payoff earned by the
rival brand is shown to be decreasing in the cutivdaguality discovered in the
chemical library, and increasing in the number a$tpscreenings in the chemical
library; increasing (decreasing) in the quality (giaal cost) of the brand and
decreasing (increasing) in the qualities (margoudts) of the generic drugs as well
as the brand whose patent has not expired. Thetsbéenario refers to the case where
the set of unscreened chemical compounds includesetements. These elements
may be located in two different chemical libraries both being located in the same
chemical library. Under the first case the analgsiggests that if neither compound is
screened by the firm which holds the earlier-exgirpatent when it stands alone as
the single remaining compound, then it will notdoeeened either by this firm when
it is one of the two remaining compounds. It isoakhown that the expected
discounted payoff net of R&D costs that the firmiethholds the earlier-expiring
patent obtains by screening each of the last twopominds is positive, then, every
other thing equal, the compound with the lower echeg cost should be screened
first, the compound from which a new drug with mualgher marginal cost is
manufactured should not be screened first, andctirepound with the potential

quality that is stochastically much larger shouddsiereened first. When the elements
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are both located in the same chemical library teaufiimate compound in the
chemical libraryis screened by the firm which holds the earlierbémg patent, and if
the revealed quality of the penultimate compoursdparticularly high, then the
probability that the quality of the last compoundhe chemical library is higher than
the quality of the penultimate compound is paradyl low, which means the last
compound will not be screened.

This work briefly discusses the concepts of patength and breadth. An interesting
extension to this work would be to use the modé&bsnulation to abstract the
optimal values for the breadth and length of patdite model also provides a
rigorous structure for analyzing the context undestrategic timing framework. A
possible extension to the current work would theraldiscussion that offers insights

on the impact of strategic timing and the pateoé ran the subject.

Annex A: The Proof of Proposition 1

PROOE A rise in the effective marginal cosft;,, of the brand
" = (X, 1> Qs s Cjsos Tjse) Shifts both curvespb,,, and @, upward, inducing a
rise in the effective prices of both brands. Beeatlr® expenditure on the numéraire

good is a constant fraction ei[t] +p , +p ,, + Cjn, Which is higher at the new

equilibrium, total expenditures on drugs must lvedounder the new equilibrium.

Using the fact thain[t] +p , +p,,, is higher under the equilibrium, we can assert

that the demand for and a fortiori the total reveniearned by the generic drugs must
be higher under the new equilibrium, and this metfwesmarket share for generic
drugs is higher under the equilibrium.
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The rise inp_,, by raisingm,,,[t] = m[t] + P, + ¢, shifts the inverse demand

curve fory . upward by the same proportion at each level of ateinand this

means an upward shift in the marginal revenue cassociated with this inverse
market demand curve. At the new equilibrium, thgay the total revenue, and the
profits earned by the brand’ are all higher. Also, the market share for thendia’

is higher under the new equilibrium.

Using the results just proven that the market sf@ar¢he brandw’ and the market
share for generic drugs are both higher under éwe eguilibrium, we can assert that
the market share for the bramdis lower under the new equilibrium.

Intuitively, we should expect that a higher effeetmarginal cost of a brand reduces
its profitability. However, the technical argumemégjuired to support this intuition
are not straightforward. On the one hand, a ristaéneffective marginal cost of the
brand w’, every other thing equal, reduces the profit earnmgdhis brand. On the
other hand, the firm that holds the patent on & brandw' behaves strategically
by raising the per-therapeutic-unit price of itsrofarand, and this action induces an
upward shift in the demand curve for the braridwhich has a positive impact on the
profitability of the brandw’. Because these two effects are in opposite dimregtithe
net impact of a higher effective marginal costha brandw’ on its own profitability
cannot be determined unambiguously without somartsff First, let us rewrite (13),

the profit earned by this brand, as follows:

— - mw;[t] i’ ' mw/[t] —
(D By =T (2 w0) = (1-22) (20 - )

w' w'

Note that (A.1) expresses the profit earned bybtlamdw’ as the product of its total
revenue and the factc(rl —;j'—'”'). We have already argued that the total revenue

earned by this brand is lower at the new equiliriiHence we will succeed in

showing that the profit this brand earns will bevéw under the new equilibrium if we
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E-I !
can show that the ratigi is higher under the new equilibrium. To this eretall

that the equilibrium effective price of the brandis the fixed point of the composite

map®,,,; that is,

\/K_l\/m[t]+5w/+5j,n E-llnll
_ 1 — _ 7
(AZ) P, = J?O\/Kl ’er_nr\jm[t] +Cip+ = \/ )

Squaring (A.2), and then rearranging the resultpttain

_ 1/_1\/m[t]+?w,+fj_n\/au p
pwl ] n
(A.3) T wa/_\/ /CJ n\/ t]+¢int T :

It can be seen immediately that the expressiomemight-hand side of (20) is strictly

— Cirpt . A
decreasing ip . Hence the ratlez;'— will be higher under the new equilibrium, as
desired. -

Annex B: The Proof of Proposition 2

PROOF. A rise in the effective marginal cosf, of the generic drugs shifts both
curvesd,,, and®d,,, upward, inducing a rise in the per-therapeutid-prices of both
brands. Because the expenditure on the numéramd goa constant fraction of
m[t] +p,, +D,,, * Cjn, Which is higher at the new equilibrium, total emgéures

on drugs must be lower under the new equilibrium.

The rise inp_, andc;,, raisesm,,,,[t], which shifts the inverse demand curveor,

upward by the same proportion at each level of awinand this means an upward
shift in the marginal revenue curve associated thithinverse market demand curve.
At the new equilibrium, the output, the total remenand the profits earned by the

brand "’ are all higher. Also, because the total expenetuon drugs are lower
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under the new equilibrium, the market share for thendw’’ is also higher. The

results just established for the brand also hold for the brand’.

At the new equilibrium the lower total expenditumesdrugs coupled with the higher
expenditure on each of the brandsandw’ imply a lower level of total revenues
earned by generic drugs. Also, because the maheet Sor the brand’ and the
market share for the brand’ are both higher under the new equilibrium, thekatr

share for generic drugs must be lower under theewwlibrium. [

Annex C: The Proof of Proposition 3

PROOE Statement (i) is obvioud.o prove (ii), first note thaﬂz[qm}.] is increasing
in gj», and then apply Lemma 1, which asserts that thengiat quality of the last
compound is stochastically increasingdf{N;| and g;[N;]. Statement (iii) follows

immediately from the properties df [qj,Nj]. [

Annex D: The Proof of Lemma 2

PrROOE If the firm which holds the patent on the brand chooses to screen the last
compound when the patent it holds on the braHdexpires, then at each age below
Tj i — Tj" ny during its statutory life, the newly discoveredugrhas to compete
against the brand’ whose patent has not expired and which is sold/abts
marginal cost, as well as against the generic diugs [Tj",n" + L]. After that and
until the end of its statutory life, the newly disered drug has to compete against all

the generic drugs i~ [ v + L] = Q7 [tjr v + L] U{w'}.
Now suppose that; < 0; that is, the firm which holds the patent on thaniokw”
chooses not to screen the last compound. If tia fivn, which holds the patent on

the brandw’ chooses to screen the last compound when thetpaberds on the
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brandw’ expires, and if the screening leads to a patemtdiig, then at each age
during its statutory life the newly discovered dhag to compete against all the
generic drugs i@~ [ty v + L] = Q7 [ty v + L] U{w'}. Thus, at each age during its
statutory life, the patent on the newly discovedady allows its holder to earn more
or the same profit under the scenario that itssavered by the firm which holds the
patent on the brand’’ than under the scenario that it is discoverechbyfirm which

holds the patent on the brand [

Annex E: The Proof of Proposition 4

PrROOF If the firm which holds the patent on the brand chooses not to screen the
last compound when the patent on the braficexpires, then the discounted payoff
for the firm which holds the patent on the brasids given byAs. If the firm which
holds the patent on the bramd’ chooses to screen the last compound when the
patent on the bran@’ expires, then the discounted payoff for the firtmiak holds

the patent on the brand is still given byAs if the screening is not fruitful. On the
other hand, if the screening yields a patentablg,dthen the discounted payoff for

the firm which holds the patent on the brawids given byA4[qj,Nj], which is lower

than As;, and which is decreasing in the quality of the newlscovered drug.
Invoking Lemma 1, we can then assert that the disteal payoff for the firm which
holds the patent on the bramd is lower when the potential quality of the last
compound is stochastically larger. That is, whendhmulative quality discovered in
the jth chemical library is higher and when the size of this chemical hpres
smaller, the expected discounted payoff obtainethbyfirm which holds the patent
on the brandw’ will be lower. The remaining statements of Profosi5 can be

proved by applying Propositions 1 and 2. [
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Annex F: The Proof of Lemma 3
PROOE (i) Suppose that the firm which holds the patmthe brandv” chooses to

screen the compour(dj[f]l,\,j[ o GiLELN g CTTELN {,]) first.

If the screening is fruitful, then during the tinerval [z, + L, ;7,7 + L) the
newly discovered drug competes against the sanwf beinds — the generic drugs in
Q|1 + L] and the brandw’ whose patent is still in force — as if it were
discovered under the hypothesis that it standsead@nthe last remaining compound.
At time ;s ,,» + L, when the patent on the braad expires, the firm which holds the
patent on this brand will choose not to screen tle®mpound
(Xj(enN jign AiLerN ey Cilen N p,)- INDe€d, if the firm which holds the patent on the
brandw’ chooses to screen the compOWREe ;.\, djienn i, Ciler v g,,) When the
patent it holds on the brana’ expires and if the screening is fruitful, then trew
drug it discovered will face competition from theug manufactured from the brand

(Xjte1n 00 djeln gy CilelN ) — DOth before and after the patent on this bramires
— as well as from the generic drUgSﬂﬁ[‘[jnlnu + L] U{w'}. Such an action will

yield an expected discounted payoff net of R&D sdbiat is lower tham? < 0,
which is clearly not profitable. Thus, if the firmhich holds the patent on the brand
" chooses to screen the COMPOURGe v, djeln e Ciel) first, then the
expected discounted payoff net of R&D costs thaibtains will also be given by
A% < 0. In the same manner, we can show that the firm whadds the patent on the
brandw” will not choose to screen the compouBGen v, djtern i Cilern )
first when the patent it holds on the brand expires. We have just shown that when
A% <0,¢ = 1,2, the firm which holds the patent on the bran'd will shut down its

R&D activities and exit the market after this pateas expired.

Invoking Lemma 2, and using the assumptién< 0,¢ = 1,2, we can assert that the

firm which holds the patent on the bramd will not choose to screen either
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compound — if it stands alone as the single remginompound — when the patent it
holds on the brand’ expires. The argument used for the firm which bdlte patent
on the brando” can be repeated to assert that the firm whichshtiid patent on the
brandw’ will also shut down its R&D activities and exietimarket when the patent it

holds on the brana’ expires.

(i) Suppose tha#? > 0,44 < 0. We have argued that if the firm which holds the
patent on the brand” screens the compoutgie ., jte1n ;- Citeln ) first, then
the firm which holds the patent on the brasidwill shut down its R&D activities and
exit the market when the latter patent expires.sTaction yields an expected
discounted payoff net of R&D cost¥ > 0 for the firm which holds the patent on
the brandw’’. Furthermore, becausé? < 0, when the patent on the new drug

manufactured from the compour@;,, Niter TiTELN 1 CiTeLN o ) expires, the firm

e]’
which holds the patent on the drug manufactureah fitus compound will not choose
to screen the remaining compound because sucht@am &aall not yield a positive
expected discounted payoff net of R&D costs. Thesexpected discounted payoff
net of R&D costs that the firm which holds the paten the brandv’ obtains by

screening the compour(dj[g],,\,jm,qj[[],NM,cj[f],NM) first will be equal tad? > 0.

If the firm which holds the patent on the brand chooses to screen the compound

(x AL ,qj[{,,]'N_[fl],cj[{,l]'N_[fl]) first, and if the screening is fruitful, then thewly
J J

discovered drug faces competition from same grdwgompeting brands which exist
under the scenario that the preceding compoundst@one as the single remaining
compound, not as one of the two remaining compgyplds possibly the potential
competition from another new drug that the firm ethholds the patent on the brand
' might develop if the latter firm chooses to scrd@ncompound

(xjml,\,, o GLELN oy CITELN g ). Thus, the expected discounted payoff net of R&Bt€0

that is yielded by screening the compowrg, ey DNy Siler ) first is
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not positive, and the firm which holds the patemtiee brando’ will choose to

screen the compour(dj[g]l,\,jm, Q1IN 1 CiTELN 1o ) immediately after the patent it

holds on the bran@'’ expires. Furthermore, the firm which holds theepabn the

brandw” will not choose to screen the compOL(vrﬂ{,,]IN,ﬂ], L) gy Sl N'[f’])

when the patent it holds on the brandexpires. This firm will shut down its R&D
activities and exit the market at time ,, + L, and so will the firm which holds the
patent on the brand” once the patent on the drug it develops from tmepound

(X111 i 1ELN 7 CTLELN ) EXPITES. .

Annex G: The Proof of Proposition 5

PROOE Let us rewrited?, as follows:
(G.1)

Al = =Yy + qu[el.zv,-[g]EQjm.Nj[g][w’]Aio{qi[f’]""j[el]f(aj[el NjtalBjialv D) i1
+ (1 = Zajiam; €011 f (@l B e ) [99 [{’]’Nj[t’]]) ((A{;I +¥jten) = Vjte ’])
= qu[f],Nj[e]EQj[f],N [w']AIO[qj[{’]N I (@i 8110 e D (D141
+(1-3, (€011 F (@ el B ) [ 1L jed) (47 + 7,10

- (y][f] + (1 - ZQj[{’],Nj[[]EQ]’[[],N]-H,][Cl)’] f(a][f][N][{;]],ﬁ][[][N][[]])[q][f],N][[]]))/][fl]>

= H{ + H{ — H{.

Note thatA’;' + ¥;j1e) represents the discounted profits gross of R&Dscearned by
the firm which holds the patent on the brasid from the screening of the compound

(xj[{,,]'ij,qj[{,,]le[g,,cj[{,f]le e,) after the unfruitful screening of the compound

(Xj[,g]'N],[[],q]'[,g]_N],H)], iTELN e )Also recall that
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T, 1+L
£ _ n —r{s—T.r_rn—L V4 —
Al [qj[f],NM] = [ e ( j'n )vwe [s,m,a) ,w', QO [s]] ds

T]II’ nm+L

e AL gy

Note that the higher is the <cost of screening thempound

(xj[f’].N,-[[r]'qj[f’]-N,-[[q'Cf[f”]-N,-[y])’ the lower will be the incentive for the firm which

holds the patent on the bramd to screen this compound in which process might
discover a new drug that could compete againstithg discovered by screening the

compound (X e) n . 471eLN i SiTELN )+ THUS, Ag[qj[f],,vjm] will be higher, the

h|gher|sthecostofscreenlngthecompo(u')gp ; ,q][] e j[e],\,{,)
J

Suppose - that;,y jte — G, and f (ajiaNjialBjtalNjial) = f (ajien[NjienlBjrenINjienl)’

i.e., the marginal costs of the drugs manufactin@a the two remaining compounds
are the same, and the probability mass functiom$ tharacterize the potential

qualities of the two remaining compounds are id@hti If v, <vyjjeq, then
Atolajin ] > Aloljenn,,, ], Which implies HY > HY', and A7 + ;i) = A +

¥je, Which impliesHZ = HE'. Also, if yjjs < ¥j(e), then
£ fr __
—H3 + H3' = (viten = Vi101) Zajion € 0 f (gl Gt a] > 0

Hence ify;i < ¥jren, thenH{ — H{' — H{ + HY' > 0 & Af, > Af); that is, every
other thing equal, the compound with the lower echeg cost should be screened

first. n

Annex H: The Proof of Proposition 6

PROOF. Suppose thagji = ¥jie1 and f (v ;41,6141 = f @iV BN i)

i.e., the screening costs and the probability nfasstions that characterize the
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potential qualities of the two remaining compouagds identical. Also, suppose that
iy > CilaN 2 l.e., the marginal cost of the drug manufactureainf the

compound(xj ]) is much higher than the marginal cost of

' ) i[e ;C' '
[5]’1\]][[’] q][f]'NJ[[’] j[f],N} l
the drug manufactured from the compourid;i,,, djian;, Citan,,)- The
differential expected discounted payoff between #tion of screening the
compound (xj[g],,\,jm,qj[f],,vj[l],cjm,N.[]) first and the action of screening the

compouno(xj[ ]) first is given by

Mgy by it
(H1)AL, — Al =

¢
=it + Zajan g, €m0 1 A10[GteLn i 1 (sl 810V i) (910N 1))

Njlel

— | —. n A Tg. )

( Yiten + ZQj[{’I],Nj[[,]er[{’l],N]-[{,,] (w1410 [qj[f'].Nj[er]]f(aj[g,] [N jten).Bjten [Nj[g,]])[qj[{"].Nj[er]]>
— Vi . f,

+ (1 qu[t’].Nj[f]EQj[t’].N,-[f] (w1 f (ajia Vil BN ) [9) V]'Nj[fl]) 47

£
(1 Saenn sy ool syoninen ) te11) 49

= Hf — H}' + HY' — H;

Now if Cilenn; is high enough so that the discounted profits egifinom the new

(]

drug manufactured from the braisl, b ) are not sufficient

Py S
to justify the R&D costs, theﬂi' = 0. Whean[[,]'Nj[W] is high, but not prohibitive,

A*">0, but not too high. Under this scenario, if the cononpd

(x F16LN jrop iTELN jrop CiLELN e ) Is screened first, and if the screening is frijtfioen the

drug manufactured from this compound will not fawech competition from the drug

manufactured from the compour(otj[{,,]le[[l],qj[{;,]le[{),],cj[{,,]INj[{),]). In this case,

Hf = AY andHY' < A%, and the differential expected payoff can be apipnated by
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(H.2) A%, —Al =
£ v £ v
(47 - 47) - (1 - Eq/'m.zv,-[f]EQjm, 1 1 (@108 a1 81611 D[qf[f’]'ij]) (47 - 47)

— gt
- Eq}'[e].w,-merwl.NM ' (a0 M a8V D) L DiteL (47 -47) >0,

which implies that the compoung JTELN o TITELN 1 j[[]'N].[[]) should be screened

first. n

Annex |: The Proof of Proposition 7

PROOFE The expected discounted payoff differential betwscreening the compound

(xj[{’],N]-[[]; qj[e1N i Cj[.g]_N].[[]) first and screening the compound
(xj[e1), Ny ,q,-[fr],,\,j[[,],cj[ff],,\,j[[,]) first is given by
(1.1) A%, — A% =

—Yite) +qu[f1.zvj[g]Eij (w1 A10laj1e1n st (ajiavjal Balv D [Dite1 1]

T
¢
+( = Lajt 1 €1 1 [0 (i Nl BV jea ) [ DsteLN ])A
f’
- (_yf e + quwrl.zvj[[,]e‘?j[m,zv jtent@’] Avol4jtennjonl (@jeninjen) Bjentv e [te ’]-Nj[fr]]>
¢
- (1 - Zq]'[{’l],Nj[{,,]EQ]'[{’I],N]-H;,] [w'] f(aj[{’l jtenlBjrenNjen ])[qf[f’] Nijren ]>A7'
If we let
(1.2)
¢ _
Hg = ~vjte + Zqpn N1 SQteLN gy [ ]Alo[qJ[ﬂN ]f(a [N jrer) Bjter [N jre Dlajtengl
¢ =1,2),

then we can rewrite (38) as
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(1.3)

_Atl’l‘Atlnl_l_F 1-3 f [ ] A n
H 411N 1 €Q5teN ;[0 (e [N i) Bjrar [N s ) LD TN jia ) ) HZ — HE

45
(1 qu[f’]'Nj[{’l]EQJ'[W]'N]'[[I][wl]f (@jten[NjtenlBjten [Nj[t"]])[qj[{)']'Nj[t”]])H_é“

If the potential quality of the compoundxj[g]_,\,jm,qj[g]_,\,jm,cj[g]_ij) is
stochastically much larger than the potential dyaliof the compound
(xf[f’].N,-[[r]'qj[f’]-N,-[y]'CJ’[{”]-N,-[['])’ thenA; is much larger thad o877 IS small.

Furthermore, when the former compound is screeingtd there is a greater chance of
obtaining a drug of high quality from this acti@nd thus less chance that it will face
competition from a possible new drug that mightdiscovered by the firm which

holds the patent on the brand when this patent expires, and this me#gs= A%.

£ p
Also, 25 is small becausH?' < A%
HG
Thus, when the potential quality of the compou,(ngg],,\,jm,qj[{],ij,cijjm) is
stochastically much larger that of the compou[wﬂ{,,]N_m,qj[{,,]N.V,],cj[{,,]N.[e,]),
) " "

we have

(1.4)
Agl_Agll ~ 1 _

HE (1 - Eqi[frl,zvjw,]EQ;’[W],NW,] 1 (@jgen[Vjen) BjtentVjren)) 195 V”]-Nj[frl]>

- Zqi[f’],Nj[[,]EQJ'U”],N]'[{,] (1 (ajten [N jgen) Bjten [V jrenD LD tenN on] > 05

and this means that the compoube v, aje1n ;. Citelnyg,,) Should be screened

first. n
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Annex J: The Proof of Proposition 8

PROOE The probability mass function that characterittess potential quality of the

last compound in thgth chemical library, after the quality of the penultimate

compound has been revealed g v 1 4,v;)[¢jn;], Whereq;[N;] = aj[N; — 1] +

qjn,-1 andB;[N;] = H;l The probability that the quality of the last cayopd
#5lN=1]

exceedslj,,\,j_1 is

(J.2)

Prob {CIj,Nj > qjN;-1 [Qj,zvj—1} =

o WL
Jo (Zq>qf""j—1 ¢ AE) g(aj[Nj_ll+Qj.Nj—1-ﬁj[Nj])[A]dﬂn

With a heavy dose of limiting arguments, we can wshthat Prob {qj'N]. >

ajnj-1 [UIj,N,-—1}—’0 when qjn;-1 = . However, we eschew these technical

arguments and offer a numerical example to illastthis result. For the simple
numerical example, suppose that there are threebra one generic drug and two
leading brands — on the market. The quality ofgéeeric drug is 3. As usual the two
leading brands, whose patents have not expired,dar®ted byw” and w’,
respectively, with the patent of the former bramihg granted before the patent on
the latter. Also, for simplicity suppose that thard '’ is obtained from screening
the(Nj — Z)th compound in thejth chemical library and thatV; = 3. The quality
of the brandw’’ is assumed to be 4. As for the brasidit is obtained from a different
chemical library, and its quality is assumed tdbeThe following table presents the

results of the numerical exercise.
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Table H.1. The Probability that the Last Compound h a Chemical Library will be Screened as a
Function of the Revealed Quality of the Penultimat&Compound

qjn;-1 (the revealed quality of thepy,p {qlej > Qinj-a [qlej_l} (the

penultimate compound) probability that the drug developed fram
the last compound meets the leading
breadth requirement for a patent)

6 0.263

7 0.223

8 0.191

9 0.163

10 0.140

11 0.121

12 0.104

20 0.033

21 0.029

22 0.025

As can be seen from the preceding table, the pililyaihat the drug manufactured
from the last compound meets the leading breadthirement for a patent declines
steadily as the revealed quality of the penultincat@pound rises. When the outcome
of the screening of the penultimate compound isiqdarly fruitful, this probability

is so low to render the expected discounted pyodided by the potential new drug

developed from the last compound insufficient teezats R&D costs. [
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