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Abstract

A R&D Based Real Business Cycle Model

by

Terence Fung

Adviser: Professor Jonathan Conning

The New Keynesian Real Business Cycle model with staggeies adjustment

is augmented with a R&D producing sector. Two sources of econbimoks are
separately considered, namely random paricipation (perturbancedu® ofa
alternative investment opportunities in another sector) and financial
intermediation (shocks to the cost of raising capital in the finhmtermediation
market). We find that, when comparing to the baseline model, both random
participation and financial intermediation models can explain prilceydR&D
spending. Additionally the investment oversensitivity problem is ctadec
However, only the financial intermediation model is consistent thighobserved

finding that the volatility of R&D is larger than that of investment and output.
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Chapter 1

Introduction and the Baseline Model

1  Introduction

There are two competing theories in the growth literatune $olow and Swan neoclassical
model, that attributes growth to the accumulation of capital andeewog technological change.
The Romer (1990), Aghion and Howitt (1997) (hereafter AH model) shddels, that treat
technological development as a product of deliberate human effitmt accumulation of
Research and Development (R&D) effort. However, ever sincesthaal work of Prescott and
Kydland (1982), in which the neoclassical model with exogenous technaloggks was
demonstrated to be capable of exhibiting dynamics similar teethbserved U.S. ddtathe
Solow and Swan model reigns in business cycle theory.

This paper attempts to fill in the gap by combining the endogenouwglgand business
cycle theory. It focuses on ties between R&D and financing, yswlédferent from the standard
real business cycle model. The source of growth in the Solow aad Bwdel is exogenous
technological change. Cycles transpire when some external doties economy, reducing the
aggregate productivity during recession, vice versa for boom. Sinberdét R&D effort drives
the economy in the endogenous growth model, we will consider two shockse iR&D
production sector. Nonetheless, the proportion of R&D is at most 5% of iGDRe U.S.
economy, is it possible to demonstrate that shocks in this sreatiar can generate dynamics
similar to the standard shocks? If yes, how much new insight cgetfeom it? Does it explain

some stylized facts that traditional models fail to replicate?

YFora survey and comparison of real business c¢yolgels, see Rebelo (2005).
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This paper is structured as follows. In chapter 1, section 2 outheeNlew Keynesian
staggered price model augmented with a R&D production sector. Selctminchapter 2
describes the first source of shocks to the economy- one whergbpéidns arise from
imperfections in labor matching in the R&D sector. We will disctiee parameters chosen for
the calibration and examine the impulse response functions. Chajgals3wvith another variant
of the model: a surprise in the financial intermediation sector wWwuld affect capital
accumulation. Chapter 4 compares the calibrated second moments ande imgagdsense

functions to U.S. data.

1.1 Literature Review and Motivation

Important endogenous growth models include Romer (1990), Aghion and Howitt (2997),
Grossman and Helpman (1991). The specific one considered in this pAgéras and Howitt
(1997). We will examine the impact of interest rate, governmedtpaoductivity shocks on
R&D and output. For a nominal shock to have effect on real varjat#emin forms of market
imperfections have to be introduced. Thus, we synthesize the Nenes&iag Real Business
Cycle model (Clarida, Gaili and Gertler (1999) with staggeradegy with the AH R&D
producing sector. This forms the baseline model. An important unagrgsumption is the
existence of a perfectly competitive capital market. How @o&&D firm pay for its expense
before the investment turns profitable? Aghion and Howitt (1997) asshateeither the
intermediate firms own it and provide the funding; or the R&D foonrows money and repays
the loan by selling the patent to the intermediate firmey &fticcess. The second assumption is

maintained in this chapter.



The financing of innovation projects is not likely to be perfegstdad of modelling
complicated contractual arrangements between R&D firms anddagaity, we propose two
alternate sources of economic perturbations to model findrnicians: financial intermediation
shocks, and separately, random patrticipation in R&D sector. Thef@duresses the difficulty
of funding risky R&D projects. The latter can be construed as rRgehia outside opportunities
that drags away resources from the R&D sector, simildradrlybczynski effect in international
tradé. Both models suggest that R&D is procyclical. Our calibratechéiis intermediation
model is consistent with the stylized fact that the volatiifyR&D is larger than that of
investment and output - a result that models based on technologgresinate shocks cannot
replicate.

Combining the endogenous growth and business cycle models might add igétv Ins
fact, there has been no lack of criticisms of the Real Busi@gsle Models (RBC). Bernanke
and Parkinson (1991) argue that since the technology shock is roughbaiie as Solow
residual; if technology shocks are the source of economic flimbgatthen the covariance of
Solow residuals and output should be positive. Since it is genemdligvéd that the Great
Depression cannot be attributed to a technology shock but the postwssiagrses, then Solow
residuals and output should move together only in the postwar period. HoWeyefind that
the co-movement between Solow residuals and output has remaingdelselmtact. RBC
theorists posit that an exogenous shock hits the economy, and it gespagar time due to
workers' intertemporal substitution of leisure. To be more specsi@ @ositive technology
shock increases the marginal product of labor and real wagekeraaare more willing to

substitute labor for leisure during economic booms, and vice versa for recesskamslitéaally,

2 Assume that there are two industries (labor intenaind capital intensive) using two inputs (labod aapital);
Rybcznski (1955) proves that endowment increasssgdhe output of the industry using that factbensively and
decreases the output of the other industry. ThelDdisease is one notable example of this typdefpmenon.
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this implies that there is no involuntary unemployment during @sseen. Empirically, it seems
difficult, if not impossible for ideas to disappear. Hence, the @feiechnological regress is
impossible. Two modifications have been proposed: either assume masvdbinnovations, for
example government expenditure surprises (King Plosser and R&B&B) (), money shocks
(Gertler and Gali (1999)), sunspot activity (Farmer and Guo (1994Yeparture from the

neoclassical framework.

1.1.1 R&D and Growth

A natural alternative to the RBC model is a business cycle nwattelendogenous technology.
Most of endogenous growth theorists recognize the importance R&Doarthg Romer (1990)
contends that " technical change arises in large part becaustentional actions taken by
people who respond to market incentives." Thus, technical change iseandsginstead of
exogenous as portrayed in the standard neoclassical model. ObviouslyjsR#&® of those
"Iintentional actions", that can enhance the productivity of existipgataimprove the quality of
a continuum of products (Grossman and Helpman (1991)) or create new grédaang
(1995)). In RBC models based on the neoclassical growth framework, R8imply an
alternative form of capital investment. However, R&D and cajgital very different in nature.
First, technology and R&D are nonrival and, to a large extent, caiyafly excludable, but
capital is not. Second, capital return is the sum of the reakstteate and depreciation. R&D is
very risky and it requires a higher expected return as companséhird, strong spillover effect
of R&D is well documented. For instance, using the coefficientmaséis from regressions of
total factor productivity growth of advanced economy on R&D investndemgs and Williams

(1998) show analytically that while the private return of R&Bges 7 to 14 percent, the lower



bound of social return is 30 percent. Thus, the optimal R&D is attiwasto four times actual
investment. Below, we will briefly review the literature about R&D contributes to growth at
firm and macroeconomic levels.

Using data compiled by Scherer (1981) , Griliches and Lichteni®&y}) examine the
relationship between total factor productivity (TFP) growth and R&tBnsity. They argue that
effective quantity of intermediate input is not measured acdyrade adjustment is made for
input quality improvement. Griliches and Lichtenberg (1984) derive vese@ version of
measured TFP which "deviates from its actual TFP growtthéwveighted sum of errors in the
various materials deflators, using respective cost sharegights/. Using more disaggregated
data than Scherer (1981), they confirm the positive relationship between TFR.Rndtensity.
The authors proceed to break down R&D into own process, own product podachproduct
R&D (intermediate input quality improvement). Using average BERlifferent year§ they
conclude that the coefficients of own process and own product R&D are largeficaigni

Imitation and competition, nonetheless, can reduce the potential gairR&Df
Extending the Grossman and Helpman (1991) quality ladder model, $epef($991) develops
a dynamic general equilibrium model which allows both innovativeiraitdtive activities. The
winner of next-generation highest quality ladder will make monopolyitprdiowever, the
expected payoff is less than that of Grossman and Helpman (19%ljsbeaf imitation threat.
The model predicts that the innovative intensity has to excdeéshold value for subsidy to be
welfare enhancing; thus the impact of a government subsidy on R&D is ambiguous.

Scherer and Ravenscraft (1982), argue that both imitation and coorpetdély depress

R&D returns. However, Kamien and Schwartz (1978) shows that cdrmpesind imitation

3’Only a single year R&D data (1974) is availabl¢he Scherer (1981) data. The dependent variakdéeEFP grow
rates in other years.



would not undermine the growth effect of R&D. By optimal control thedtggmien and

Schwartz (1978) derive the optimal R&D spending time path and the plamnadliction date

of innovation when the R&D race is drastic (i.e., the new technoleggers the old one
unprofitable); and when the projects are fully funded by inteinah€ing. They find that the
cash constraint is not so prohibitive. As long as diminishing returagketinterest rates or
technology survival rate are not too high, the cash constraint wilbeditinding. Therefore, it
will be optimal to carry out risky R&D projects.

Jaffe (1986) estimates the effect of firm level R&D expemdion the number of patent
applications, firm's market value and profits, controlling for tecrhgiodd opportunity and R&D
spillover. However, the R&D spillover, defined as the positive extgmaaluction effect among
firms, is unobservable. Following the work of Griliches (1979), Jaf@86) assumes that firms
filing the same categories of patents should have higher spilboveach other. The spillover
effect on a particular firm is a weighted sum of all otlveng’ R&D expenditures. The weight is
a measure of firm proximity, which he applies the mathemlatizncept of weighted norm. Each
firm has a vector of relative R&D expenditure. Two firms aresidered to be close if the vector
product is large. The author estimates the elasticity of pafgplications, profit and market
value -which is approximated by Tobin's g- with respect to R&peasdliture, spillover and the
interaction of these two factors. By the Three Stage L®@sare estimation method, the results
support positive effect of R&D expenditure on growth. If each firm increas&s IR&L0 percent,
total patents would increase by 20 percent. The social rate of return for R&[pexcent.

Decomposing public sector capital into public infrastructure and pyiildnced R&D,
Nadiri and Mamuneas (1994) estimate the cost savings from mapital on twelve two-digit

SIC industries. Using intermediate input as the numeraire goadiyiNMind Mamuneas (1994)



express the cost in translog functional form. The average cosidetats are labor, capital, a
deterministic time trend, public infrastructure, public-financ&DRand the interaction terms of
the these variables. Using a panel with 360 observations ovemtipéesaeriod 1956-1986, they
find that the cost elasticities estimates of public infrastirecrange from -0.1089 to -0.2113;
while the cost elasticities of R&D range from -0.0088 to -0.0557 esimates are statistically
significant except for one industry. Hence, the impact of infrastructure ors@isinger.
The effect of R&D expenditure on profit is estimated by Connaily Hirschey (1984).

Since current R&D affects current and future profits, the stfeadback effect renders the OLS
estimates biased. The authors use a measure called rejat®ss @aluation as an instrument of
profit. The market value of a firm (observable) has two componemtgibta and intangible
assets. A proxy of the former is book value of stocks, thus ttex lzdn be estimated as an
residual, which includes R&D and advertising. To deal with the fesdle#ect problem, a
system of four equations are estimated simultaneously. The etsggariables are relative
excess value, R&D spending, advertising expenditure and markeint@tion ratio. Two Stage
Least Squares estimation results strongly support a simplgvpaslation between R&D on

relative excess value.

1.1.2 R&D and the Business Cycle

Despite the importance of R&D in the growth literature, neddy less effort has been made to
synthesize the theory of short-run economic fluctuations with endogenauih gheory. Howitt
(1998) is one of those few who attempt, in which final good and R&D sectampete for
labor use. He contents that the arrival of new ‘general techinaloknowledge’ retards the
current growth rate due to withdrawal of labor from manufactunte research sector. But his

model has some shortcomings: the time lag between the arrimalofechnological know-how



and the subsequent economic boom is unreasonably long, the business d@gtdeministic, and
it predicts that output is countercyclical.

Suarez and Sussman (1997) construct a model such that cyclesemebgirdefaults and
financial distress. In their model, producers borrow money fronméiahinstitutions. The profit
of the former is unobservable, so the producers have incentive to défaeltenforcement
problem can be resolved by writing a contract, that specifiestleest payment and articulates
the financial institution's right of liquidating the firms. When gheduction firms are illiquid at
the end of rising asset prices (e.g. end of a boom, beginning of awloyytihe production firms
may be forced to default, and the financial institutions are nikedy Ito liquidate the firms,
ending the life of a profitable firm earlier. However, the cycle is dgterministic.

Others simply augment the endogenous growth models with exogemmaegs.s
Schmitt-Ghrohe (1997) studies the business cycle fluctuations predigted two-sector
endogenous growth model with sector-specific external increastogns to scale. He focuses
on the autocorrelations between output, hours and consumption. In essentmdéies a
learning-by-doing business cycle model, in which aggregate ineastms the source of
increasing returns. The calibrated second moment of key variabiesync with filtered time
series. However, once the impulse response functions are exanm@ampiact of a shock is
miniscule. Canton (2002) analyzes the impact of cyclical vityatih long-term growth. An i.i.d
shock is introduced into the Lucas-Uzawa model's human capital actiome@quation. Stadler
(1990) shows that, with endogenous technical change, both real and money yreldelery
similar output processes. Learning-by-doing is again the sourcextefnality, which is
constantly perturbed by an independent and identically distributed hggiegate productivity

is a positive function of average labor.



All of the above models share three shortcomings. First, Boldrin and \Atdo(f990)
contends that most endogenous business cycle models share the siaras 8@ neoclassical
real business cycle models, in particular, an exogenous shock Hittireggregate production
function. Second, almost all real business cycle models rely orsshenption of a steady state.
It is believed that output deviates from its long-run trend by exogeteochsiology shocks-no
matter how one interprets the shock-output eventually will return tarehd. That justifies the
log-linearization procedure. However, in models like Stadler (1996galy state simply does
not exist, not to mention stability. Bolieau and Normandin (2005) showsdima¢ international
real business cycle models with incomplete financial adjustmenbtpossess a deterministic
steady state. They also warn that theorists should ensurbadive of parameters is consistent
with a stable system of stochastic differential equationsdTthe Research and Development
(R&D) sector-the essential component in most endogenous growth models- isl.omitte

Our model is different from the earlier works, in the way thatfinancial market is the
source of economic fluctuation. King and Levine (1993) demonstrate thighar degree of
financial development, in particular lower agency cost of raiseqgtal, has positive growth
effects. The agency cost is randomized in our model. The idbatisvhen positive R&D news
hits the market, it lowers the cost of raising capital, théscahg current output. As argued
above, it is hard to apprehend the concept of a negative technology shock ( for exansple, idea
cannot disappear). A negative R&D shock can however be interpreted easiybd dae to
unexpected delays of new invention, unsatisfactory research progressatiemmof a project or
competitors patent. The financial intermediation model should work for developed cauMee

will compare the calibrated moments to the observed U.S. data.



1.2 Empirical Motivation

The above papers establish the role of R&D in the growth litetatihat about the effect of
R&D expenditure on output fluctuation? Using the 1953-2003 U.S. annual indR&y
expenditure from National Science Foundation and real GDP from uheai of Economics
Analysis (BEA), we test if there exists a long run equilibri@ation between the two series by
cointegration; and if it does, the adjustment coefficient will stere&ated by the Error Correction
Model. Figure 1.1 and 1.2 are the Autocovariance functions (ACF) of |ogps ser R&D and
GDP respectively. Obviously, the two series are highly gergiand nonstationary. The first
differenced series are, however, stationary, as shown at figure 1.3 and 1.4.

We proceed to test for unit root by the Philips-Perron testeofdal series Assuming
that the trend is a constant, the Phillips Perron test statastc-2.595 (p=0.1) and -0.76 (p=0.82)
for log R&D expenditure and log real GDP respectively. The nylbthesis of unit root cannot
be rejected. Then we test for the existence of cointegrédotgr. Assuming that the trend is
constant, the trace statistics is 17.67, which is significanotat 1% and 5% leveHence, there
exists a long-run equilibrium relation between US R&D expenditure and. GB® two series
show similar cyclical patternThe normalized cointegration factor is (1, -1.1) and the Vector

Error Correction Model (VECM) is reported as follows:

0.721 0.16
{Ardt }: (0.21)) N (0.046)){1 —1.1}{ rdt_l}r
Agdp | |0.0957| | 0.014 (0.08)| gdp_,

(0.11) | | (0.024)

“The augmented Dickey-Fuller test is not used bexthestest statistics is contingent on the selecifo
autocorrelation order. Philips -Perron test dogsdepend on AR order and it accounts for hetercestécty and
serial correlation.
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0.47 0.52

(011) (029) ard,, ] [e
0.014 0.043 | Agdp., | | &
(0.024) (0.147)

1.3  Model Outline
We will develop the New Keynesian business cycle model (Cla@Ga@di and Gertler (1999),
Gertler (1992)) which generates endogenous growth (Aghion and H&@8T)). The outline of
the model is illustrated at diagram 1. The competitive final geotbs combines a continuum of
intermediate goods into a single final good, in the spirit ofitDand Stiglitz (1977). The
monopolistic intermediate sector uses capital and labor as ingkitsg the demand from the
final goods sector as given. The production is a modified neodasdabb-Douglas function.
With the assumption of monopolistic competition, sticky prices, money adiner nominal
rigidities can easily be incorporated into the model. The intdate firms charge a
countercyclical price markup, as portrayed in Rotemberg and Woodford (I9@5¢onsumers
supply capital and labor to the intermediate firms. They ownhaees of the intermediate firms.
At the end of each market period, the consumers sell the used tapgtatapital producing
sector and repurchase them later. The capital producing firmlastgseriod's capital and new
investment from the final goods sector to produce the current cagmtd which to be used in
the intermediate good's sector. Capital output is a function ohvestment good - capital stock
ratio.

An innovation production sector is added to the Gali and Gertler rypeel. As in
Aghion and Howitt (1997), the invention of intermediate goods along the quatitjer,

stemming from R&D is the source of endogenous economic gtowth the Aghion and Howitt

>Romer (1990), in contrast, ascribes growth to iasieg varieties of intermediate goods- that iszmial growth.
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(1997) model, the R&D firms use labor and capital as inputs. We ddxoatethe early work
and adopt a simple assumption that the final good is the sole inptindlegy innovations
arrive randomly with a constant Poisson arrival rate, which is iay@oginction of R&D input.
In this way, while the stock of technology accumulates over witle a deterministic long-run
trend, unlike other real business cycle models, technology regress is ruled out.

The R&D sector delivers blueprints to the intermediate firfifseir relation can be
modeled in different ways. For instance, it can be portrayed innaiai-agent relation. The
R&D firms enter into contractual agreement with the interatedirms, which provided funding
for innovation and promise to buy the next generation technology. Altezlyathe financing of
R&D projects is supported by a perfect capital market. Thegyrépe debt by selling the next
generation patent to the intermediate firms. The former isdtigng of chapter two and the latter
for chapter three. We intend to model two types of economic partogbin R&D sector related
to financing. Two modifications will be made to the baseline modehapter 1. The impulse
response functions and calibrated moments will be compared in chapter 4.

That completes the outline of the New Keynesian with an augad®d&D sector. The

next section is devoted to the delineation of the baseline model.

2  General Equilibrium Model

2.1 The Representative Consumer

This section establishes the baseline model. Section 2.1 - 2.4 folsesyahe New Keynesian
business cycle model with staggered prices by Clarida, GaliGantder (1999) and Gertler
(1998¥. To extend the model, a new R&D sector will be added in the next section. Moreover, we

assume that the only form of financial asset that consumerdsshal@dero coupon bondp().

6 . . . . .
Staggered price is necessary for nominal shockave impact on real variables.
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Money plays no role in the utility function. A continuum of infinitdéilyed consumers, indexed
from zero to one, in each market period, purchase a final gggd They provide labor,) to
the intermediate firms, and rent physical capit|)(to them. The representative household

chooses final good consumption, labor supply, capital supply and quantigl dbrel holdings
at each market period to maximize the following time sepanailigy function conditional on

information available at time t:

e : 1 _ an 1+y
2 : i Cl 7 _ N, /n 1
=2/ L—y T Ley, }] "
subject to
1 BB
W, : i
=N+ ZK [[o@7(2)dz+TR -2 5 —QIK —(1-9)K.] (2)

t t

where y <1,y, >0 are the consumption and labor elasticity of stnsbin respectively.
p is the subjective discount rate@, is the disutility coefficient of labord denotes the
depreciation rate of capital. These are the exageparameters.

%t is the real wage.Z, is the rental cost of capital. The consumers oWwa t

monopolistic intermediate firms and the final ggmadduction sector.z,(z) is the profit from
owning intermediate firmz, @(2) is the number of shares of the intermediate firfihe

government transfersTR to the consumers each perioR., is the nominal interest rate.

L denotes the price of a zero coupon bond that pagsollar next periodQ, is the price of

n
Rt+1

renewed capital.

7Ownership of final good sector is irrelevant. Canstreturns to scale guarantees zero profit, dods not enter the
consumers' budget constraint.
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For simplicity, it is assumed that utility is seghle in consumption(,) and labor {\, ).
Unlike many other more simple setups, in this mptle consumption good is not a perfect

substitute for capital. Equation (2) is the consusndudget constraint. The representative

household supplies laboN() to the intermediate good sector, earning a reuirnvg each
t

period. He possesses the initial capitig] (), rents it to the intermediate firms, making airet
of Z, . They own the intermediate firms. The total prdrtitj':w(z)zzt(z)dz. They invest in the

bond market, making a nominal return &f,. At the end of each market period, the household
enhances the capital by selling it to the capitabipcers at a pricez/ -that will be zero around

steady state as shown in section 2.4 - and repsgdhat a price,Q, .

The functional equation can be represented by &ienan equation:

B, 1 ., a i B
o| — K, [=maf{——C 7" ———N, "+ pEuv —,K 3
(R ] O N R K ®

Substituting the budget constraint into the obyectunction, define real interest rate as

_ el R
Rt+l = RHlEt[ Rﬂj (4)

we get the following first order conditions:

W N
Clkrs (5)
C. = E(RL.ACL) 6)
1= E{ Rila(PiJﬂ[%] } @)
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1= E[{ Zt+1 + (]é_ §)Qt+1 ﬂ(%ﬂ} } (8)

Equation (5) is the marginal rate of substitutiostween consumption and leisure.
Equation (6) is the intertemporal consumption studgin condition. Equation(7) represents the

Euler condition, while equation (8) denotes thetehgupply condition.

2.2  Final Goods Output

The final good is produced by combining differeatigties of differentiated intermediate goods

ze[0,1]. Without loss of generality, the number of vasstiis held constant, meaning all

innovation is aimed at improving existing varieflesThe final good sector is perfectly

competitive. The CES production is given by:

Y= (IJYJ (z)g?ldzjg'l 9)

—£ is the constant elasticity of substitution betw#enintermediate goods.

A l"a Dixit-Stiglitz CES production exhibits diminishirmgarginal return, a property that

will drive the firms to diversify and produce usiad] the intermediate goods. The final good

firms chooseY,' (z) to minimize cost

. 1 f
Min ; [R@Y (2)dz (10)
1 &1 Tg—l —
st“oth(z) e dzj >Y
Using the fact that elasticity of substitution beém final good and intermediate good is 1, the

first order condition, and equating supply and dedydhe lagrangian multiplier can be verified

8For a treatment of increasing varieties, see Yqd8§5). Basically, there will be an additional etipra that
determines growth rate of varieties. The key ingilans of the model remain unchanged.

With the assumption of constant returns to scateparfect competition, the size of each firm isgtmtminate. We,
therefore, derive the input demand by cost minitora

15



to be P, i.e. the composite price index; while the optinrdaimand for intermediate good is

given by:

Y.(2) {@] Y (11)

t

The demand price elasticity is the constantThe composite price index is given by:
1

1 e o1
R=([lr@Idz)” (12
The baseline model considered here is differemhfeertler (1998) in the way that, the

final good is used not only for consumption; thpita producers and R&D firms purchase it as

input.

2.3  The Intermediate Sector

There is a continuum of monopolistically compestiwvms owned by consumers, with compact

support z0,1]. The profit is reimbursed to the consumers at titead each period. Each firm

z faces the downward sloping demand given by egudfil). Gertler (1998) assumes that the
intermediate firm uses both capital and labor gsut® The production technology takes

Cobb-Douglas functional form:
Y.(2) = AN, (2K, ()" (13)
where A is a technology parameter, and its growth ratetermined by R&D sector.

N,(z) and K,(z) are the labor and capital input demands respdgtiveonsumers supply
labor and rent capital to intermediate firms. Takative wage is%t and the rental price i<, .

The intermediate goods are sold to the final gawdsfat P, which can be fixed at each market

period. The price adjustment mechanisms will bewdised at next subsection.
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The input demand is derived by cost minimization.

Miny o i N (2)+ 2K, (2] (14)
SLAN,(2)°K, (2" -Y,(2) =0 (15)
The first order conditions give:
Yi(2) _ W
a N,(2) =(1+ 1) P (16)
o) =Wz, (17)

where the markupy, is the inverse of real marginal cost, i.e ]+

1C 19 Equations (16) and

t

(17) relate the demand for labor and capital tontlaek-up wages and rental cost.

2.3.1 Optimal Pricing Setting
The staggered price component of Gertler (1998)vi@ closely the Calvo (1983) model. Price
adjustment follows a Bernoulli distribution, withpaobability & that price remains fixed. In
each market period, onlyl{£ &) fraction of intermediate firms can readjust psic&ince the
draw is independent of history and we do not neekeep track of firms changing prices. The
expected time over which the price is fixed, itag expected waiting time for the next price
adjustment is¢%; .**

In each period, a fraction off firms will be able to change price to maximize fiiro
The remainingl—¢ firms can only adjust output to meet demand. Bgeeani constant returns

to scale, the size of intermediate firms cannaddtermined.

10 Note that the mark-up is time-variant. Equatio8)(is one of the profit maximizing condition of anopolistic
firm that marginal revenue product equal to a maslef marginal cost.

11 . . Y ¢y PJ t
Alternatively, we can assume an adjustment Cdij = ?(P_
jt-1

degree to which firms dislike to deviate in theiicp setting behavior from the steady state irdtatiate[t .
Shordone (1998) contends that this price settimpservationally equivalent to Calvo's model.

~\2
— 1)7Y, where ¢, measures the
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Define MC" as the intermediate firm's nominal marginal cosm€® = PMC,, and

A= (Cé—:'y as the ratio of the marginal utility of consumptiat t+i to marginal utility at t.
A firm that is allowed to change its price at tiehoosesP (z) to maximize:

E 3 (05) A, {?Y @)-, (z)} (19)

t+i t+i

stY,.i(2) = {?J Yt

t+i

where B'A,; is the stochastic discount factor &ti, Y, (2) is the demand for intermediate

goods fromt to t+i. The intermediate firms tak®C",P and Y, as given. The first order

condition gives

R =(1+ 1) ¢, MC, (19)
i=0
where

e l@py v ()]
E[g(eﬂw ALY )‘5}

Hence, desired price is a weighted average of dugimal cost in the future. The weight

(20)

(A

is a function of discounted income &ti, and expected life time income. The perfect price
adjustment case is given by settigg=0. Last, given that all firms that adjust price imé t
choose the same price, the average price of finaisdo not adjust is simply price of last period.
The price index can be expressed as:
1
R=[R + 1+ )R e (21)

which is a weighted average of lagged price anar@btprice.
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2.4 Capital Production

We take the initial level of capital as exogenduasthe Gertler (1998) setup, there are a large

number of identical competitive capital producersgjexed by j €[0,1]. Households each
period rent capital to intermediate firms, and lehwdds later sell it to the capital producers at
the price Zand then repurchases it at the beginning of nesibghet the price ofQ 12 The

production function for the new capital takes thef

V() = c{ “} ()

K. (1)

#(.) is the adjustment cost in the growth literaturéhwhe properties:qﬁ' ()> O,¢' ()<0,and
at steady stateg(0)=0,4(+) =+, which s the steady state ratio of investmentatpital. The

capital production satisfies the Inada conditiohe Tmarginal value of product is positive and

strictly decreasing with higher investment - cdpitio. Investment is perfect substitute of

consumption good. The zero profit condition witepect to |,(j) gives

1.(J)
Q¢ (K( ))

All capital firms are identical. Their optlmal% is the same. The industry first order
J
t

condition is given by

— It
=0() (22)
where
()=t (23)
PG

and K _, = _[:Kt(j)dj. By constructiong(c) =+ at steady state. Thu$2' ()= 4&ndthe

2 This approach is used in Gertler (2000) building on Dixit and Stiglitz (1977).
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steady stateQ is 1. Z*can be ignored.

Proposition 1. The capital priceZ is zero around steady state.

Proof. The first order condition forK () is:

RONRROPARO NI
() K(n¢(&uﬂ} t

By construction, in the steady staté(—) =+, ¢ (%) =1, and Q=1, then
Q14 ¢ ﬂ {——i}-o

Q

—_

K K

Q.ED

Intuitively, one can interpretQt—Zt" as net cost of reinstalling capital, Witﬂtkzo as

normalization. We have delineated the New Keynesmdel with fixed price. A modified

Aghion and Howitt (1992) R&D sector will be appedde

2.5 Research Sector

The following extension to the model is built on lAgn and Howitt (1992). There is a

continuum of research firms for each intermediatedy z, indexed by z<[0,1]. Each of them
innovates by building on existing cutting-edge teslbgy in the economyA™ -which is

shared by all R&D firms. A perfect capital markebyides financing to each R&D firm who
repays the debt by selling the patent to the ineeliate firms.

The R&D and intermediate firm relation is differeinbm AH, in which the research
sector is portrayed as in the patent-race liteeathat has been surveyed by Tirole (1988) and
Reinganum (1989) and the creative destruction byu®peter (1950). The innovator will

become the monopoly in the next market period. Gaipn is drastic in the sense that the
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existing firm will be replaced by the next innovateho can set price without restrictions from
the incumbent. Chapter 2 will depict a principaéagy relation; and that explains the change of

assumption. Unlike the AH model, each R&D firm ufieal good (E,(i)) as input, instead of

—
=
—t

(2 , the industry Poisson arrival rate,, is given by

m

labor alone. Defineé, (i) =

Py = lp(ij) (24)
where 2>0.,p ()>0p ()<0p(0)=0,& = [0

A is the productivity parameter of researgh(;) measures the intensity of research, exhibiting
diminishing marginal produ¢t. Hence, technology is not exogenous as hypottisiae
neoclassical model. Instead, technological growtthe result of deliberate use of final goods.
There exists no diffusion barrier across sectdrs, dutting-edge technology becomes a public
good to all R&D firms. Each innovation at dateby any firm i permits the innovator of all

firms to produce using the leading edge technolddgfine A,, as the technology level at

intermediate sectorz. Any innovation raisesA,, by a constant factor of >1 for that firm.

Each innovation raises technology up along theityukdder, as depicted in Grossman and
Helpman (1991).

It can be shown that the growth rate of the econuwitiype:

&max
Amax

9 = =2p(&)Iny* (25)

At any point in time, there will be a distributiarf productivity parametersA,, across

BIn the Barro and Sala-i-Martin, X (1994) model, Bh@isson arrival rate is a negative function ok ta@mplexity.
It shows diminishing returns and scale effect caeliminated.

Y The proof can be found at Aghion and Howitt (1997).
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the sectors of the economy, with suppf@t A™], shifting rightward over time. However, the

Azt

max

long-run distribution of relative productivity pangters a=

will be stationary.

Proposition 2. The distribution of relative productivity paramestea, is invariant over time.

The stationary distribution is given by:

1
H(a)=a"",0<a<1 (26)
Here, we replicate the proof from Aghion and Ho\1992) .
Proof.

Pick any A>0 that was the leading-edge parameter at some dgta0, and define
O(t) = F(A1)

d(t,) =1
Because all sector are less advanced than A.
% = -O(t)Ap(& (1)for allt > t, (27)

After t,, the rate at which the mass of sectors behind I8 fa the overall flow of
innovations occurring in sectors currently behind Bhere are ®(t) such sectors, each
innovating with a Poisson arrival rate of, (i) .Equation (27) is a first order linear differential

equation with d(t,) as the initial condition. The unique solution is:
t

-2| p(g ds
ot)=e " forallt>t,
By definition, ﬁax = ap(&(i)Iny ,and A:Amoax’
Any tpufta))ds
A™=Ae 0 forallt > t, (28)
Thus,
Ii
ny
Dd(t) = ( ﬁ\axj (29)
A
Q.E.D
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Define V,,, as the value of the patent. The expected profitesproduct of innovation

arrival rate andV,,,. Assuming that final good is the sole input, aitgp research firmi
maximizes

Fp(az)
max

EX0)

}i (Ver = (1= 52)E, (1) (30)

t
where £, is government subsidy to research. Notice thatasncreases, the arrival time of
next generation technology expected to be shdtteryalue of the next generation patent will be

lower. In contrast with the endogenous growth ditere like Romer (1990), we assume

diminishing returns in the R&D sector. The firstler condition is given by

Fp(az)
&

j|0t+1 = (1_ ﬂn) (31)

max

where v, = Atv—t is productivity adjusted value of the firm.

The value ofV,,; is determined by the following asset equation

RVii = 71 = Ap(6)Ven (32)
This equation has the following meaning: the nespnt value of the next generation technology
(RV,,,), is equal to the profit when the patent remasthe leading edge technology,(;),

less the expected capital loss that will occur wih@&replaced by a new generation patent

Zp(§t+l)\/t+1 16'

Note that the research curve can be lifted up um feays: (a) decrease in interest raises

B\t the leader innovates, as shown in Barro and-Bilartin, X (1994), the asset equation becomes:
th+1 =T~ — }“n[+1\/t+l + ﬂ‘n[Jrl\/HZ'
16 Implicitly, it is assumed that the existing patent holder does not perform R&D. The heuristic reason is that all

potential competitors have access to existing technology (business stealing effect); thus the patent holder and
competitors have same chance of success. Once successful the outside research firm will monopolize the whole

market; the marginal reward isV, ;. This is known as the ‘Arrow effect’ in the industrial organization literature.

However, the marginal gain to the current patent holder is Vt+1' Vt .
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the present discounted value of monopoly; (b) aneimse in the magnitude of innovatigp)

also raises monopoly profit next period; (c) arré@ase in labor force represents scale effect; (d)
an increase ini increases the marginal benefit of research orotfeehand, but increases the
rate of creative destruction on the other hand. (A892) showed that the former effect would
dominate. Suppose the representative consumeskisaverse, though the capital curve will be

upward sloping, all comparative static will remaitact.

2.6 Equilibrium
We hereby characterize the equilibrium conditiohthe baseline model. All intermediate good
firms are identical, the symmetric equilibria ofermediate good price, output and labor demand

are characterized by the following conditions

R(2)=R vz
(2 =Y, vz
N,(2) = N, vz

At equilibrium, the consumers are indifferent betwdending and borrowing, s&, =0. The

aggregate production can be expressed as

&

Y= (E{A N, ()" Kt(z)“]i*ldzj” (33)
It can be shown that, around the steady stateggpgpeximate aggregate production function is
Yo = ANCKE (34)

The aggregate demand for the final goods is
Y, =C +1,+G, +&, (35)

where G is government expenditure. The government maistaibalanced budget, thus
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The capital accumulation equation is

K, = d( |

)Kt + (1_ 5) Kt—l (36)

t-1

Combing equation(4) and equation(16), the labotketazondition is given by

Y _ 1 N
A/ 37
“N. " mC 37)
Combining equations(6), (7) and (17),
MC, (1—2) Yt 1 (1- 5)Q
Bl =Gy glr, 2, Gy (39)
Q " C, "R, C

The other equilibrium conditions are equations,(8)), (22) and (31).

The symmetric equilibrium is characterized by,C,,1,,N,,K,,Z,,Q,,R,MC,R") — a
vector that maximizes the constrained present vallidbe stream of utility of the representation
household, the constrained present value of inteiiattesfirms and expected profit of R&D firms,
subject to an exogenous shock.

That completes the description of the baseline mdtle will introduce new shocks and

generate impulse response functions in the neaétbihapters.
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Chapter 2

Outside Opportunities Changes and Impulse Response
Functions

1 Literature Review

In this chapter, we will append a shock to the Rmduction sector. The model being
considered is called random participation, in tpeitsof Rochet and Choa (2002), which is
an adverse selection model with random reservaiitity. The randomness is change in outside
opportunities. This shock can be interpreted agriaa$ Dutch Diseases-brighter prospect at an
outside sector - that drags away resources from Re&ibiilar to the Rybczynski effect in
international trade theory.

For instance, the R&D expenditure level in Hong gommained low before 1998,
because entrepreneurs invested heavily in theinlgrikeal estate market. After the 1998 Asian
financial crisis, the economy contracted and irdierate became higher. The real estate and
stock market cooled down quickly. The governmerd private corporations launched many
new R&D projects. The explanation is that, dueh® iHong Kong linked exchange rate system,
the Hong Kong interest rate has to follow U.S. resé rate change. Before 1998, the U.S.
interest rate was low, while the Hong Kong inflatiovas high. The real exchange rate
appreciated as nontraded good prices rose relaiteadable. Returns of investment in real
estate market were higher than that of nontradsdsteor; and this pulled resources and talent out
of tradable goods. After the 1998 financial crisiéthose prerequisites disappeared. The relative
return of R&D became higher.

There is no lack of work purporting that asymmeiniormation affects innovation and

adoption of new ideas. James, Ickes and Samuels®d0) examine a principal offering
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contracts to agents who make unobservable effgiedding moral hazard), occupy jobs of
differing productivity (yielding adverse selectian)a repeated relationship, concluding that low
rates of adoption is a response to prohibitivescohigher adoption rate. Basu (1989) provides
a theory of technological stagnation to explaindtemeously why it will not be worthwhile for
both principal and agent to innovate, in which ghincipal is unaware of the probability that
agent would drop out of the contractual relatiopshi

Larson and Anderson (1994) develop a risk-shariogehto eamine the impact of risk
preferences and future innovation possibilities eetgtions on patent payments and agents'
incentives to innovate under technology licensi@gllini and Wright (1990) show how a
licensor - who knows the true intrinsic value ofianovation - signals his technology type with
an output-based payment. Shi (1996) identifies itimm$ that asymmetric information induces
agents to take high-risk projects. Once successiwill generate faster evolution of knowledge
and faster economic growth.

In fact, the extension to incomplete contractriesvork is natural, since R&D takes

place either within firms where employees-inventars subject to contractual obligations; or

between independent research units and usersioirthevations or financiers.

2 Random Participation Model

A modification will be made to equation (30), th&R firms' objective. For simplicity, it is
assumed that the intermediate firms contract with types of research firms such that an
inefficient research agent has higher cost of @eling blueprint§’. The true type of R&D firms

is hidden, i.e. there is a form of adverse selacfithe intermediate firms offer two contracts to

Y The extension to continuous type is natural andogafound in Rochet and Stole (2002).
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induce efforts (the amount of final good that theCRfirm allocates to innovation); and distort

the inefficient firms' output downward to reveakttrue firm type. The contractual payment
provides financing to R&D firms during the innowati process; and the R&D firm has

obligation to sell the patent, if there is any Ire tfuture, to the intermediate firm. Since the
payment is lump-sum, it has no first order effecthe profit functions of the intermediate firm

and R&D firm.

Moreover, the reservation utility is randomizedcapture the idea of changes in outside
opportunities to R&D entrepreneurs. For instandéedigcovery can drag away capital inputs
from manufacturing - the classic Dutch Disease agenand abnormal returns in the real estate
sector generated by the pegged exchange rate slkéehiong Kong, might drag resources and
talent out of R&D.

Another interpretation is that the R&D firm may riorstrategic relationships with other
principals in other sectors. The random reservatitlity model assumes competition amongst
principals. For instance, real estate industrynpa tradable) can compete with maufacturing or
R&D industries. Business cycle can change theivelgirofitability of different industries. In
each market period, the R&D firm has the optiomesfegotiating the contract or entering into a
new contract with another principal. The randomtipgation model is a simple way to
formulate this kind of shifting strategic relatioms.

Diagram 2 summarizes the timeline of principal-dgeation. The R&D firms, first,
discover their true types. The intermediate firrfferahem a contract. The R&D firms have the
option to accept or reject the contract. The R&BnE engage in delivering blueprints. An
outside opportunity shock hits the economy. The Ri&Bs weight in the impact, renegotiate

with the intermediate firms at the next market peri
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Now, we proceed to describe the random participatmodel. The participation

constraints of the risk-neutral R&D firms are givan

Uz =T — A™EE () > 5, (39)

u =T' - A™%E! (i) > 6, (40)
where k¥ >1 is the inefficiency parameter - inefficient firnmequire more input;l and E
denote inefficient and efficient type respectively; is the exogenous reservation participation
utility; T" is the contractual payment to research firms fefivdring blueprints. The
intermediate firms offer two contracts each pero™®,£5) and (I'',&') - to induce efforts

from the R&D firms. Equation (40) indicates thag #tost of an inefficient firm is higher.

We perturb the agent's participation constrainaligwing some randomness in the decision to
participate. Let the following be the probabilitgresity function of participation.

M (u,.&) = P((6,.%) 6, <u,)
where i=ILE, This formulation allows the possiljilithat 5§ and « to be correlated. The

inverse Mill's ratio is defined as:

M (u,,
Hu,x) = ﬁ (41)
Equation (41) is non-decreasing in. M, (u,x) is the first derivative with respect to, .
Direct revelation is implied by the incentive cortipgity constraints.
Ug =I5 —A™EE(0) 2T - A™E () (42)
u =T — A™%E! (i) > TF — A™%EE (i) (43)
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p(&)

t

If there is no asymmetric information, as shownchapter 1, A v, =1 and

t

v, =k are the optimal first order conditions for efficieand inefficient firms

respectively.
Intermediate firms in each sector, under adverszisen, maximize the expected payoff

function,
Max, ¢, W (g ) APEL S GV, - (1- £,)E5 ()
@MU RS2 kv, - - 52 6) (44)
st 6. = A™E! (i) (x-1)+ 6, (45)
v is the fraction of efficient research firms, whiisha known constant by assumption.
Other parameters are the same as those defindthjptec 1. Comparing to equation (30), the

intermediate firm can only maximize expected profitlifferent types of R&D firms, multiplied
by the participation probability. Moreover, the R&3penditure will be below optimum due to
adverse selection. Notice tha, , equal to =, at the steady state. As typical in the adverse
selection literature, equations (40) and (42) aredibg. Combining them gives (45). The
intuitive reason is that the efficient type haseimiive to pretent that he is an inefficient firmga
equations (40) and (43) imply equation (39).

The first order necessary conditions are:

z[%]vm = (1-B,)A™ (46)

t+1

ﬂ[p(fltil)]vm - 1-4) (M (Ug, ) (x —1)+ (1-v)M (u, , ¥))

&, 1M U .x) AT *7)
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Following Rochet and Choe (2002), we assume thdt(u.) =1-e &' ,M(u,) =1-e " i.e.

exponential distribution. The participation probipidoes not depend onx. A constant has no
effect on the linearized equation. Rochet and Ghof2002) assume that efficient firms
participate with probability equal to one. We asstiimt their participation is a contant. Since it
can be set arbitrarilyp. is normalized to be one. The change is immataritile sense that a
constant has no first order effect.The participapoobability is randomized by assuming that
o, follows a stationary first order Markov process.

s = P50+ €0
where &, ~ N(0,52) . Implicitly, we are assuming that inefficient firia the only group that

would switich to another production sector. Eachqgk a change ofs, forces the intermediate
firms to change the contract and the R&D payments.
The new equilibrium conditions are (5) ,(21), (284), (35), (36), (37), (38), (46) and

(47).

3 Calibration

To derive the quantitative calibrated resultstfitse steady state values are computed; second,
the nonlinear system of differential equations v log-linearized around the steady state;
finally, the system will be solved by various methoto compute the second moments of

simulated time series and generate impulse resganstons. Uhlig (1998) proposes using the
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method of undetermined coefficieltsThe advantage is that it has exact solution. R&cehe
AIM iterative algorithm has become more popular.wideer, it provides only approximate

solutions. We choose Uhlig's method in this paper.

3.1 Parameter Specification
This section describes the benchmark values usembrgpute the impulse responses of the
economy to various shocks. The forth column ofdablreports the parameter values of the
random participation model. For the steady stateevaf labor, we set it to 1/3, i.e., a third of
total endowment of time. The scaling technologytdac A is normalized to 1. Following
Hansen(1985) and Backus, Kehoe, and Kyland (1998)abor share of outpufl—«) is 0.64.
We set the steady state gross interest rate egdadi per quarter (Prescott and Kydland (1982)
and Backus, Kehoe, and Kyland (1995)) and 1.04 @hnuvhich implies thats equal to
1/1.01. The depreciation rate, is set equal t05).03

The coefficient of relative risk aversiory,is 0.5; meaning the representative household
is slightly risk averse. We find that moderate @egof risk aversion is sufficient to simulate the
second moments of investment, output and R&D. Labtartemporal substitution is 1. The
random participation outside opportunity is assumeele first order stationary Markov process,

with AR(1) coefficients equal to 0.75. The Phillipdation is derived by log-linearing equation

Let x(t) be a vector of state variables, y(t) besator of endogenous variables and z(t) be a vedtexogenous
shocks. Write the equilibrium equations as follows:

0= AAXt) + BBXt —1)+ CCy(t) + DDz(t)
0=E t[FFx(t+1)+ GGXt) + HHx(t —1)+ JIWt +1)+ KKy(t) + LLz(t +1) + MMZz(t)]
z(t+1) = NNZt) + epsilorit +1)
where epsilon(t+1) is a vector of white noise.
Solving by method of undetermined equations, allesand endogenous variables can be expressedgesl latate

variables and shocks. Then, we can generate thédsmpesponse functions and calculate the simulatatdents.
For detail, please see http://www2.wiwi.hu-berlewipol/html/toolkit/toolkit.pdf.
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(22):
= A, MC, + fE, 7t (48)
Gali, Gertler, and [0 pez-Salido (2001) suggests that the coefficient in Phillips is

either 0.014 or 0.024; we choose the former.
The steady state consumption-output ratio, investroetput ratio, and R&D-output

ratio are chosen to be 0.5, 0.4 and 0.1 respegtiVéle government plays no role in this setup.
Thus, the G, term in equation(35) will disappeay?, at equations (44), (46) and equations (47)
will equal to zero, i.e. no government subsidy.

For Y/K, Andres, Lopez-Salido D and Valles (2002pcse 1/8 and the steady state

marginal cost equal to 1/1.2. They argue that a&ewahge choice of marginal cost can be used

for calibrating their model. The labor disutilitgdtor a, is a free parameter in our model. We

choose 1.3 to make the values of steady stateblesiaonsistent with our choice of steady state

ratios. The capital production function is expresas

ANIE
it )

where ¢, can be interpreted as the adjustment cost cosfliciThe Steady state probability of

raising capital is set to be 0.15. The R&D ratamival is given by :

p(E) =4, (5)? (50)
The Poisson arrival rate exhibits diminishing refuwhich is consistent with the idea that
invention becomes more difficult as the degree arhplexity increases over time. Parameters
that have no second order effect, such as the rofsgaoductivity coefficient1, on the

log-linearized system can be safely ignored. Hnalhe steady statex - the inefficiency
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parameter of R&D firms -is equal to 1.5.

3.2 Impulse Response Functions

Every stationary vector autoregressive system hasque Wold decomposition. We are going
to investigate the impact of a structural shockrenpath of economic variables.
The y axis of figure 2 measures the percent devialrom the steady state. A one

standard deviation shock t6, drives down the R&D spending of efficient firms @y percent

at the initial period, and it returns to the loegn path after 6 periods. Each period represents a
year, because the predicted model moments will dmpared to the actual data, which is
observed annually. The impact on inefficient firrmsmaller, approximately 0.3 after 1 period.
One possible explanation is that the efficient ®rrparticipation and incentive compatibility
constraints are binding, so it is more sensitiveltange in reservation utility. Another reason is
the relative large portion of efficient firms inettmodel - v equal to 0.8.

Demand for final goods as R&D input will decreasiijch reduce the demand for capital
and investment inputs. Eventually, the capitalgrigll drop. As shown in figure 2, output drops
by 0.25 percent at period 0. It settles down tostieady state after 4 years. Capital price change
is negative 1.2 percent. The investment drop idbipgest among the variables being considered.
The initial period drop is almost 2.5 percent. Bo#ipital price and investment overshoot after 3
years.

The R&D expenditure of exhibits hump-shaped dynamavement, since both current
period and next period R&D appear in the log-linesd equation. For the inefficient type, it can

be expressed as:
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MC [ 71— (1_@a'
Et[y(t+1)_1_M—CmQ+1_o-5§t _0'&.!:t+1]_ (l € )rt+5l (51)

One contribution of this paper is that, random ipgmation in R&D sector alone, is
capable of generating enough dynamic as most nesihéss cycle models do. Boldrin and
Woodford (1990) note that many of "endogenous lassircycles" studies have the same basic
structure as RBC- that is, it relies on an exogershwock which hits the aggregate production
directly and then propagate through time. Howeirerpur case, the source of shock is only
confined to the R&D sector; and it is assumed B&D makes up at most 10% of GDP. In a
word, we have a shock in a small sector, but @ieugh to generate sufficient deviation from
steady state time series. We have calibrated diffevalues ofv (the percentage of efficient

R&D firms) and, most of the results noted aboveaenmvariant.
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Chapter 3
Financial Intermedation Shock and Impulse Response
Functions

1 Introduction

In the literature, financial shocks most often take form of monetary policy surprises (for
instances King and Plosser (1984), Altig, Chrigsidgichenbaum and Linde (2004), and Clarida,
Gail and Gertler (2002)) or exchange rate regimangks (for instance, Baxter and Stockman
(1989)). Once nominal frictions, like fixed pricaad wages, are introduced, these models can
generate impulse responses similar to those ohtdoyy shocks. For instance, in the Christiano
and Eichenbaum (1992) model, the household allscatefraction of money holding to
consumption goods, and the remaining lent to firdmatermediaries. The household is liquidity
constrained, in the sense that current consumggorsion is not a function of time-t realization
of monetary policy. In this way, they can show ttied interest rate decreases as money supply
increases - a result that the authors claim that mmonetary RBC models fail to replicate- and
that the liquidity effect is persistent.

Other researchers examine how financial marketidris (for example credit constraints)
affect the ways that real variables respond toneldgy and money shocks (see Bernanke,
Gertler and Gilchrist (1999)). An important extemsis the International Real Business Cycle
(IRBC) model with incomplete financial markets. Ras, Kehoe and Kyland (1995) argue that
IRBC is consistent with the international stylizéatt that the cross-country consumption
correlation is less than the cross-country outputetation. Williamson (1987) illustrates how

financial intermediation, bankruptcy costs and tredtioning propagate the effects of a
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stochastic disturbance. He argues that monetagkstgenerate cycles that are inconsistent with
empirical evidence, lending support to RBC.

Sutherland (1997) constructs an international RB@ wtaggered prices and trading
frictions across countries. Simulations show thalatiities of a number of variables increase
with monetary shocks and increasing financial miankeegration. The opposite holds for real
demand and supply shocks. Fuerst (1995) adds fedaimtermediaries into a RBC model to
examine the effect of real and monetary shocks.ifipellse responses are remarkably weak, so
he concludes that “we have plenty of sources ofless cycle shocks, but little in the way of
propagation.”

Our model is different from the earlier works, retway that the financial market is the
source of economic fluctuation. King and Levin (2p@emonstrate that a higher degree of
financial development, in particular lower agenogtcof raising capital, has positive growth
effects. The agency cost is randomized in our mdde idea is that when positive R&D news
hits the market, it lowers the cost of raising talpithus affecting current output. As argued
above, it is hard to apprehend the concept of athegtechnology shock ( for example, ideas
cannot disappear). A negative R&D shock can howbeemterpreted easily. It can be due to
unexpected delays of new invention, unsatisfaatesgarch progress, termination of a project or
competitors patent, which render both internal @&xdernal financing more difficult. The
financial intermediation model should work for deyed countries. We will compare the

calibrated moments to the observed U.S. data.

2 The Model

In the AH model, the consumers are risk neutrakyTharn their wages and dividends from
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owning intermediate firms, and pay the R&D firmgithexpected wage even though there is no
invention. However, consumers in this paper ate aigerse, thus financing R&D outlays at the
time of no invention becomes an issue. It is assumechapter one that R&D projects are
financed by a perfect capital market. Here, wethddassumption that raising capital involves an
agency cost.

It is sometimes argued that technical know-how saidntific theories are abundant. The
key problem is funding the experiments, applying itteas for practical usage. King and Levine

(1993) demonstrate how financial development bedidpe gap. Lettingf be the agency cost
of identifying a capable researcher, apd be the probability of raising sufficient capital t

finance the research projects, through the finAmeaaket. The new arbitrage equation (revision

of equation (31) is

ﬂ{" (”Z‘)}m = (1- )1+ 1) (52)
¢ 72

t
The research arbitrage equation is essentiallyséime as Aghion and Howitt (1992).

Profit depends on both labor and some exogenousmeders. The effective input cost is

increased by a factor of;— due to adverse selection. Higher financial develem is

represented by a lowef . A lower y, raises the agency cost. It is generally beliehati when

the stock market collapses, the financial intermees lose their functions of reducing moral
hazard and adverse selection. The agency costasesesharply during economic slump. For
instance, corporate profits drop significantly dgrirecession - a macroeconomic factor
unrelated to firms' characteristics. However, firlagerage increases at those times. Banks and
bond holders may have reason to worry about defaudian market cannot function properly,

thus increasing the cost of raising capital.
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Berthelemy and Varoudakis (1996) come up with thes conclusion by augmenting
Aghion and Howitt (1992) model with a banking sectehich employs labor to raise loanable
funds for R&D and intermediate sector. The arbigragpndition remains unchanged, but the
resources devoted to securing more savings depl&®. However, if only R&D sector
demands for funding, then the intermediation coit affect the arbitrage equation, and his
result will be similar to King and Levine (1993).

We further assume thay, - the probability of access to capital - followstationary
Markov process, perturbed by an independent andicddly distributed shock.
Via = PV +EG (53)
el ~N(0,07) (54)
The idea is that investors are sensitive to R&D g)efor instance, new formula, new
design and research progress. A negative shockbeannexpected delay of new invention,
unsatisfactory research progress, terminationpbgect or competitors patent. The stock market
before 2000 is arguably such an instance. Invedtwas stimulated by waves of technology

break-through news. A positive shock makes fundingi easier. The capital accumulation

equation can be rewritten as:

K= &K+ (10K, (55)

t-1
Where e'”tqﬁ(ﬁ)Kt is effective investment. The equations that charae the

equilibrium are (5) ,(21), (22), (31) (34), (3587), ( 38), (52), (53) and (55).
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3 Parameter values

The parameter values are reported at the fifthronlof table 1. They are the same values used
for chapter 2, except two parameters. The coeffiadé relative risk aversiony, is 0.9 for the

financial intermediation model. The AR(1) coefficief the shock is 0.5.

4 Impulse Response Functions

A positive shock improves the chance of raisingtefjfor reduction in agency cost); thus the
output (R&D firms use final good as input), investmh (for capital production). The R&D
spending effects are all positive as shown in 8g8r The output change after a shock is mild -
0.25% increase; it settles down to the steady sféte 4 periods. Investment increases by 0.75%;
the hump-shaped time path is attributed to lagghdstment of capital stock (equation (55)).
Similar to the random patrticipation model, investirghock dies out at the sixth period.

Capital price adjustment is almost one to one; viershoots after 2 period. The
propagation effect diminishes rather slowly. R&DpeRrditure, on the other hand, rises by 2
percent - the sharpest change among all variablesidered. It returns to the long run path after
6 periods.

Notice the order of series volatilities: R&D, folled by investment and output. This can
be explained by the fact that the random shockodstR&D outlay directly, and capital
indirectly through the capital accumulation equati©utput drops can be reconciled by the
decrease in derived demand for final good. Thebraid moments of this model will be

compared to the U.S. data at next chapter.
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Chapter 4

Model Comparisons and Calibrations

Most economists agree that many economic serieistdeaway from a stationary trend due to
some exogenous shock, and then propagates itselfgin time. Typical perturbations include
the famous Prescott and Kyland technology shockss@tt and Kyland (1982)), government
expenditure surprises (King Plosser and Rebelog)J1R8noney shocks (Gertler and Gali (1999))
and sunspot activity (Farmer and Guo (1994)). Ia tmapter, we will examine the traditional
new Keynesian models shocks - technology, interatd and government shocks -in the
Gertler-Gali model augmented with a R&D sector e thaseline model of chapter one. The
impulse response functions will be compared to éhok random participation and financial
intermediation models. Finally, we will compare thredicted moments to the actual economic

data.

1 Baseline Model and Parameter Values

The equilibrium equations of the baseline model(&)e (21), (22), (31), (34), (35), (36), (37)
and (38) from chapter 1. The parameter values eperted at the third column of table 1.
Readers should notice that there are 9 equatiodsl@nunknowns. RBC theorists assume a
stochastic process for one of the variables to dem@phe model. Three scenarios will be
considered here: a surprise of government expeaediguproductivity shock and an unexpected

interest rate change. The first two scenarios ¥olkkostationary first order Autoregressive (AR)
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process. The AR coefficients are 0.8 and 0.95Hergovernment expenditure and productivity
shocks respectively. The steady state consumptigpubd ratio, investment-output ratio,
government-output and R&D-output ratio are set.6 0.15, 0.2 and 0.05 respectively.

Additionally, we can assume that the interest imtnchored by the Taylor's rule

PY* (YY)
R,=R [—) [—j et (56)
' P,) LY

R" is the real rate of interest at steady stafé; is the potential output level under flexible

prices. &' is a sequence of uncorrelated monetary policylsteow wherey, >1 and y, > 0.

Under the Taylor rule, the target inflation rateéso.

The inflation coefficient of the Taylor ruler, should be larger than 1, and the output
coefficient y, should be non-negative number. Based on the esapstudies of Gali, Gertler,
and Lopez-Salido (2005), we set, and y, equal to 1.5 and 0.5 respectively. The other

parameter values are the same as those considaeapters 2 and 3.

2 Comparing Models

The impulse response functions of interest rat@rs@, productivity shock and government
expenditure surprise are presented in figure 42.aAd 4.3 for the baseline model. One typical
observation of this class of staggered price madelthe countercyclical markup. The

monopolistic intermediate firms set price beforétigg to know aggregate demand. The ex-ante

profit maximizing condition is given by
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E[{ RF(,Z)J = .l e 57)

where 1+ 4, is the steady state desired markup. Ex-post, thec@mmitted price cannot be

changed. The firms have to readjust markup:

R(@
P

t

= (1+ ¢4 MC, (58)

For instance, an unanticipated increase in demanéinfal goods increases demand for
intermediate goods. The increase in derived dendsivés up wages, marginal cost and thus
depresses markup. A negative productivity shockthenother hand, reduces marginal cost and
thus increases markup. We find the same countéceygattern in all models with technology
and government expenditure shocks.

In the first scenario, the monetary authority atfjunterest rate according to the Taylor
rule with policy surprise. The impulse responseth wespect to a one standard deviation interest
rate shocks are reported in figure 4.1. The intee shock can explain the variation in R&D
expenditure by affecting discounted profit of reshgproject. An unexpected interest rate hike
depresses output (since both capital and laboedses) and investment. Output drops by eight
percent initially and returns to the steady stdter &ix periods. Capital price and investment
decrease by eighteen and seventy percent respgctiereover, both series overshoot after
four periods.

However, R&D slightly increases, i.e. countercyalicThe reason is that, while higher
interest rate (due to crowding out effect) loweiscdunted franchise profit, lower output
demand depresses output price, which R&D sectas asanput. In this case, the latter effect

dominates.
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Figure 4.2 shows the impact of one standard dewigtositive technology shock. The
result is analogous to the traditional real busirssgle model that it has positive effect on output
consumption and investment. The existence of staggprice mechanism explains for the
declining marginal cost, since a positive technplegock increases marginal product of labor
and capital. For a one standard deviation changeoductivity, output increases by two percent,
capital price by four percent. While research aedetbpment expenditure does not change at all,
investment expenditure overshoots - for every opecgnt increase in technology shock,
investment increases by sixteen percent.

As shown in figure 4.3, a one standard deviatioregument expenditure surprise crowds
out consumption and investment and depresses ma@utput drops by half percent initially
and returns to the steady state after four periGdgpital price and investment decrease by one
and five percent respectively. Both series overshadter four periods. The oversensitivity
problem of investment is reduced. R&D expendithmyever, remains countercyclical.

Let's compare the results to chapter two and tl®ee.virtue of the random participation
and financial intermediation model is that the stweent oversenstivity issue disappears.
Moreover, the R&D investment is consistently prdcat. The introduction of R&D sectors and
alternative shock channels improve the empiricalopmance of the baseline model. Note that
the order of volatility is investment, output folled by R&D, which will be confronted with

actual data in the next section.

3 Comparing to the US Data

It is worth noting that the government, technolagyerest rate shocks in baseline model, as well

as the random participation, all imply that theiaace of investment is largest, followed by
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R&D and output. The financial intermediation modeh the other hand, predicts that R&D
volatility is highest, followed by investment andtput.

Column two of table 2 reports the U.S. volatilitiesaggregate output, investment and
R&D expenditure, using 1953-2003 Chained-type @aP and Gross Domestic Investment data
from Bureau of Economic Analysis, Department of @uence. National Science Foundation
collects data for industry, government, univerd®§D expenditure. We choose to report the
result for industry R&D, since it makes up 70% atfat expenditure and the computed volatility
with other R&D categories remain the same. All daa denominated in 2000 constant dollars.
Following the real business cycle literature, wenpate the logged series, demeaning them by
Hodrick-Prescott filter, and finally compute vari@s and covariance by the residual series. The
results are reported in table 2.

We found that, R&D expenditure has highest variafméowed by investment and then
output. Henceonly the financial intermediation model is consisteith this finding.The second
moments of U.S. filtered series is compared to ¢h&brated moments of the financial
intermediation model. Following Hansen and Wrigh®47), we compute the relative standard
deviation of investment and R&D expenditure relatie GDP. As seen in the third column, the
calibrated output and R&D volatilities are relativiarger than observed U.S. data; however, the
calibrated relative investment volatility is verjose to actual U.S. data equal to 3.5. The
predicted R&D- output standard deviation is 9.4jcevas high as the observed series. If,
however, the assumed R&D share is increased frdmt@.0.15, the model now predicts a
volatility of R&D of only 5.1, closer to the actualata. The table also examines the
autocorrelations. As a whole, the signs of caldmtatorrelations are correct, though it over

predicts them.
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4 Conclusion

There is relatively limited work on endogenous gitowand business cycle models. This paper
attempts to bridge the gap in the literature. SIR&D is the core component in most of the
endogenous models, we try to introduce shocks enRBD sector and then to examine the
impact on the rest of the economy. In this papewedl-studied New Keynesian Model is
augmented with a R&D production sector depictedghion and Howitt (1992). Two sources of
exogenous shocks to the economy are proposed, ywaamelom participation (shocks to outside
opportunities to R&D resources) and financial intediation (financial market imperfection).

We find that the new Keynesian model, when augntemigh an R&D sector; the
traditional shocks like interest rate, governmexpenditure and productivity shocks do not
perform well. Investment is very sensitive to amgenous shock. For instance, as shown in
figure 4.1, a one standard deviation shock in ederate reduces investment by 70 percent.
Moreover, R&D is either counter-cyclical or acyelic

In each of these new models considered in thisrp&#&D is procyclical, consistent with
the U.S. data. Also, the financial intermediatiowdl @andom participation models do not suffer
from the strong investment overshooting problenthef baseline model. Finally, we find that
only the financial intermediation model is congiterith the observed fact that the volatility of

R&D is larger than that of investment and output.
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Diagram 1
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Diagram 2
Timeline of R&D Firm and Intermediate Firm Contractual Relation.
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Table 1 Parameter values of various models.

Symbol

4

Definition

Relative risk aversion of
consumption

Gertler-
Gali

0.5

Random
Participation

0.5

Financial
Intermediation

0.9

Autoregressive
Coefficients

Technology shock

0.9

Interest rate shock

0.75

Government expediture
shock

0.8

Random Participation
shock

0.75

Financial intermediation
shock

0.5

Standard deviation of
shock

0.712

0.612

0.612

<o

Steady State Consumptior
Output ratio

1 0.6

0.5

0.5

<I-

Steady State Investment
Output ratio

0.15

0.4

0.4

<|®

Steady State Government
Expenditure Output ratio

0.2

Nil

Nil

Steady State R&D
Expenditure Output ratio

0.05

0.1

0.1

Steady state of employme

1/3

Technology parameter

Gross interest rate per
quarter

1.01

Steady State Capital Outp
ratio

1/8

Steady State Marginal Cos

5t

5/6

Inefficiency Parameter of
R&D firms

15

Labor income share of
Output

0.64

Consumer’s subjective
discount rate

1/1.01

Labor Disutility Coefficient

1.3

Depreciation rate per
quarter

0.035

Fraction of efficient R&D
firms

0.8

Vn

Labor intertemporal rate ot
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substitution

raising sufficient capital

7, Inflation coefficient of 1.5
Taylor Rule

7y Ouput coefficient of Taylor 0.5
Rule

A Inflation Coefficient in 0.024
Phillips equation

Y Steady state probability of 0.15
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Figure 2 Impulse Responses to Random Participation Shock
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Figure 3 Impulse Responses to a Financial Intermediation Shock
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Figure 4.1 Impulse Responses to a Shock in Interest Rate Policy
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Figure 4.2 Impulse Responses to a Shock in Technology
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Figure 4.3 Impulse Responses to a Shock in Government Expenditure
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Table 2. U.S and Calibrated Second Moments of Financial Intermediation Model

U.S Calibrated
€=05;-=0.4;%2 =01 | £=0.5;1=0.35;8L=0.15
o, 0.026 0.062 0.19
2 3.5 3.7 4.8
O-y
Zrd 4.0 9.4 5.1
O-y
Corr(y,,RD_) | 0.35 0.64 0.62
Corr(y,,RD) | 037 0.97 0.86
Corr(y,,RD,,) | 0.26 0.28 0.25
Corr(y,,l,,) 0.39 0.65 0.66
Corr(y,,1,) 0.78 0.95 0.99
Corr(y,,l,,,) 0.69 0.86 0.75
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