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Abstract

A key metric for the assessment of innovative activity at the �rm level is R&D intensity.

R&D intensity is the ratio of a �rm's R&D investment to its rev enue (the percentage of rev-

enue that is reinvested in R&D). Empirical and anecdotal evidence suggests that R&D intensity

within an industry is remarkably consistent. Despite this consistency in R&D spending, �rms

tend to be di�erentiated with respect to their NPD portfolio strategy and overall performance.

This study aims to explain the observed consistency in R&D intensity for �rms within an in-

dustry, despite the varying choices in terms of how much the �rm invests in R&D and how

resources are allocated among projects in a portfolio. We consider the implications of �rm level

factors, such as NPD portfolio composition, as well as industry level factors, such as competition

intensity and environmental stability. We �nd that R&D inte nsity alone does not explain �rm

performance. Rather, it is the proper alignment between R&D intensity (how much the �rm

invests) and NPD portfolio strategy (how the �rm invests the money) that drives pro�tability.

More importantly, the proper alignment critically depends on two industry factors - competition

intensity and environmental stability.
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Portfolio Management; Evolutionary Systems.
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1 Introduction

A key metric for the assessment of innovative activity at the �rm level is R&D intensity, de�ned as

the ratio of a �rm's R&D investment to its revenue (the percen tage of revenue that is reinvested

in R&D). The consistency in R&D spending within an industry i s a well documented phenomenon

(Cohen and Klepper 1992, 1996). As an example, consider the R&D intensity for P�zer, Inc.

(Figure 1). Over a 10 year span between 1995-2005, P�zer's quarterly revenue grew from approx-

imately $2 Billion to almost $15 Billion. Over the same period of time, P�zer's R&D intensity

was approximately 13-15%. Despite an eight-fold increase in quarterly revenue, the percentageof

revenue invested in R&D remained relatively constant. Consistency in R&D intensity is not unique

to P�zer. Figure 2 provides the distribution of R&D intensit ies for �rms in the automotive and

pharmaceutical industries. The data show that consistencyin R&D intensity is a common trait

across these industries. In the automotive industry, R&D intensity typically falls between 3-5%.

In the pharmaceutical industry, R&D intensity is approxima tely 14-16%.

On the managerial front, informal interactions with senior executives suggest that the R&D

intensity phenomenon is robust (Freyre 2006, Kloeber 2007,Banovitz 2008). However, the same

executives recognize that �rms adopt signi�cantly di�eren t resource allocation and new product

development (NPD) portfolio strategies despite their desire to maintain a more-or-less constant

R&D intensity. It is common to hear a manager say that R&D inte nsity is simply the \cost

of doing business" in a particular industry. Nevertheless, this argument does not explain the

di�erences between �rms in terms of NPD portfolio strategies or �nancial performance. On the

academic front a number of researchers, primarily in the domain of economics, take note of the

consistency in R&D intensity. Almost without exception thi s research focuses on the industry as a

unit of analysis in an e�ort to show that R&D intensity exhibi ts less variance within an industry

than between industries. The extant research in economics remains silent as to the implications at
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Figure 1: P�zer Inc. (PFE) R&D intensity and revenue over tim e.

the �rm level (i.e. NPD portfolio strategy and �nancial perf ormance). Interestingly, both practice

and theory acknowledge that �rms are di�erentiated with res pect to NPD portfolio strategy. This

implies that �rms operate according to di�erent potential r eward, timing, and risk considerations

for R&D investments.

In light of these observations, we seek to understand the factors that explain the consistency in

R&D intensity for �rms in a given industry, despite the varyi ng choices in terms of how much the

�rm invests in R&D and how resources are allocated among projects in a portfolio. We also aim

to build upon research in economics and NPD to shed light on the question of how R&D intensity

is linked to NPD portfolio strategy and subsequently �rm per formance. We begin our analysis at

the individual �rm level taking into account the �rm's R&D in vestment decision and its e�ect on

sales growth. We then extend our analysis to the industry level where multiple �rms conduct R&D

in the face of competition. A key component of our analysis lies in understanding how the R&D

investment and it allocation across a portfolio evolve overtime to drive �rm performance.

We �nd that R&D intensity for the single �rm depends on portfo lio strategy (i.e. reward,
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Figure 2: Distribution of R&D intensities in the automotive and pharmaceutical industries.

risk, and timing) and contextual variables such as cost of sales and competition intensity. Lower

R&D return, risk, and cost of sales drive higher R&D intensity. Conversely, lower competition

intensity drives lower R&D intensity. At the industry level , we show that a simple evolutionary

process drives the consistency in R&D intensity - �rms within an industry tend to converge to an

equilibrium. However, R&D intensity alone does not su�ce as an explanatory variable for �rm

performance. It is the proper alignment between R&D intensity and NPD portfolio strategy that

determines �rm performance. In particular, the proper alignment is dictated by two industry level

parameters: competition intensity (the degree of lost sales due to competition) and environmental

stability (the rate at which �rms become extinct and the subs equent e�ect of new �rms that enter

the environment).

Our work makes a number of contributions to theory and practice. From the theoretical side,
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we link industry level economic concepts to operational NPDportfolio strategy. More importantly,

our results add to the discussion on R&D intensity by addressing how the R&D investment is

implemented through a portfolio of projects, and how these two concepts together impact �rm

performance. . From the practical side, our study opens the door for managers to understand

the combined impact of R&D investment and NPD portfolio stra tegy in the long run. Speci�cally,

given their NPD portfolio strategy and industry characteri stics, managers can use �rm level data

to estimate whether they are over or under invested in R&D .

The remainder of this manuscript is structured as follows: in Section 2 we discuss the related

literature, primarily from the vantage point of industrial organization, economics, and �nance. In

Section 3 we present an analytic model of R&D investment for the single �rm and in Section 4

we extend this model to a competitive setting. We conclude inSection 5 with a discussion of the

implications of this research for theory and practice.

2 Related Literature

There is an extensive literature in industrial organization that is focused on understanding two

hypotheses advanced by Joseph Schumpeter (1950) and re�nedby John Galbraith (1957). These

hypotheses are often referred to as the \Schumpeterian Hypotheses" and they are concerned with

R&D spending and innovative performance of �rms (Schumpeter 1950). The �rst hypothesis deals

with the e�ects of competition intensity (market concentra tion) on R&D spending. The second

hypothesis relates �rm size (sales or revenue) to R&D spending. A number of economic scholars

have re-examined these hypotheses using varied methods anddata (Kamien and Schwartz 1982,

Levin et al 1985, Cohen et al. 1987, Cohen and Levin 1989).

Both Schumpeterian Hypotheses are closely associated withour work. The �rst states that

competition intensity drives R&D investment - in the face of increasing competition, �rms must
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invest more in R&D to survive. The second hypothesis states that economies of scale drive R&D

investment - larger �rms will invest more in R&D because they have the necessary assets to take ad-

vantage of the investment and earn disproportionate rents.Although these insights seem intuitive,

their validity has sparked intense debate among industrialorganization and innovation scholars. In

any case, the myriad arguments do not explain why �rms within a given industry, regardless of size,

share a more-or-less common R&D intensity. Furthermore, because of its focus on economic level

attributes, this literature does not provide operational i nsights with respect to the management of

the R&D investment vis-a-vis the NPD portfolio.

A number of economic researchers have studied problems thatare closely related to the issue

of R&D intensity (Kamien and Schwartz 1978, Nelson 1988, Klepper 1996, Cohen and Klepper

1997). Similar to our work, the majority of these e�orts are based on analytic models of R&D

spending. However, with rare exception, these e�orts decouple revenue from the R&D investment

- they consider the case of exogenous growth. This decoupling transforms the problem from one

of R&D investment and innovation to one of consumption and wealth accumulation. The focus

on consumption and wealth accumulation is justi�ed becausethe goal of the this stream of re-

search is to provide guidelines for long-term economic growth. The interest in long-term economic

growth and the need to better understand what drives this growth has given rise to endogenous

economic growth theory. Endogenous economic growth theoryhas an important relationship with

our study. Whereas neoclassical economic growth models assume that the long-run rate of growth

is exogenously determined (i.e. it is determined by an exogenous rate of technological progress or

an exogenous rate of labor force growth), endogenous growththeory presumes that �rm activity im-

pacts the rate of technological progress. One important factor that drives this is investment in R&D

and innovation. Beginning with the work of Solow (1956) and advanced through the work of Romer

(1990), Aghion and Howitt (1992), Aghion and Tirole (1994), and Barro and Sals-i-Martin (1998),
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the endogenous growth literature attempts to explain long-term economic growth rates. Still, the

high-level macro-economic view does not describe the operational details of R&D investment and

the accompanying resource allocation and NPD portfolio decisions made by managers.

There is research in �nance that is tangentially related to the R&D intensity question primarily

from the viewpoint of investment strategy (Bradley et al. 1984, Myers 1984). The focus of the

�nance literature is capital structure (debt to equity rati o and dividend payments). In that light,

R&D is conceptually related to �nance in the sense that an investment decision is made taking into

account potential returns (Hall 1992, Shyam-Sunder and Myers 1999, Hall 2002). However, R&D

investment is de�ned by a number of properties that go beyondstandard �nancial investments.

The most important of these properties are non-linear returns and the fact that R&D investment

endogenously alters potential value and probability of success (Loch and Kavadias 2002).

Relative to the existing research in economics and �nance, we attempt to explain why R&D

intensity exhibits such consistency within an industry and to what extent consistency implies better

performance. In particular, we hope to provide a greater level of operational detail with respect

to how the R&D investment is allocated across a portfolio of innovation initiatives. Thus, our

analysis is similar in terms of the level of detail to previous work in R&D portfolio management

(Loch and Kavadias 2002, Setter 2005, Blanford and Weyant 2007). This detail allows us to make

the necessary link between economic factors, �rm strategy,and the NPD portfolio.

3 A Model of R&D Investment for the Single Firm

Our study consists of two distinct but related analyses. In Section 3 we develop an analytic model

of R&D investment for a single �rm. In Section 4 we use the single �rm results in an evolutionary

analysis at the industry level. Thus, our study can be thought of as a nested analysis in which the

single �rm results exist within the evolutionary structure of the industry. Evolutionary perspectives

have recently been advocated in managerial settings characterized by technological innovation and
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change (Hannan and Freeman 1977, Tushman and Anderson 1986,Stuart and Podolny 1996, Teece

et al. 1997, Fleming 2001, Fleming and Sorenson 2001, Loch and Kavadias 2007).

3.1 R&D Investment and Sales Growth

We begin by considering the in�nite horizon problem of investing in R&D to drive sales growth (the

in�nite horizon structure is appropriate since senior managers are expected to make investment

decisions and face the same problem for the foreseeable future). Let r (t) be the �rm's R&D

investment at time t 2 (t0; 1 ). The R&D investment has a positive impact on sales through

an R&D return function f (r ), which is increasing and concave on (0; 1 ) with f 0(0) = 1 and

f 0(1 ) = 0. Of course, R&D investments require time to materialize and often fail before delivering

results. To capture the time lag in e�ectiveness of R&D investments we de�ne ! (t � � ) 2 (0; 1) as

the portion of the R&D investment made at time � that has an impact on sales at timet � � . With

this de�nition in hand, we can write the total portion of the R &D investment made at � that has

an impact on sales atany time in the future as
R1

� ! (t � � )dt = � 2 (0; 1). Note that 0 < � < 1

implies that some R&D dollars are not e�ective since they maybe invested without ever having an

impact on sales. In this sense,� is a proxy for the risk in R&D investment. Lower � results from

more uncertain (higher risk) R&D investments while higher � results from less uncertain (lower

risk) R&D investments.

The triplet � = f f (�); ! (�); � g is a broad characterization of the �rm's NPD portfolio. Each of

the elements of� represents a combination of product development functionsthat together char-

acterize the overall NPD portfolio. If the �rm has a preponderance of incremental NPD programs

in its portfolio, then f (�) will be relatively small, ! (�) will be such that the time lapse from R&D

investment to payo� is relatively short, and � will be relatively large. This structure for � is aligned

with a low risk, low reward strategy. Conversely, a �rm that h as a substantial number of radical

NPD programs in the portfolio will have f (�) that is relatively large, ! (�) such that the time lapse
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Figure 3: Representation of NPD portfolio strategies (adapted from Cooper et al. 1998).

from R&D investment to payo� is relatively long, and � that is relatively small. This character-

ization of � embodies a high risk, high reward NPD portfolio strategy. For the sake of realism,

we limit our study to �rms that exist along a continuum from lo w-risk, low-reward to high-risk,

high-reward. This modeling convention ensures that we havean unbiased system in terms of �rm

strategies. Alternatively, if we allow �rms with strategie s such as low-risk, high-reward to enter

into our analysis, they would clearly dominate all other strategies. Figure 3 provides a schematic

of potential NPD portfolio strategies.

Given the �rm's R&D investment and portfolio structure, we c an de�ne the impact of R&D on

sales. LetdS=dt =
Rt

�1 f [r (� )]! (t � � )d� � �S (t) be the change in sales att. The change in sales

is the di�erence betweengrowth due to previous R&D investments anddecline due to lost sales in

the absence of R&D activity. While many factors may ultimately lead to sales loss, we focus our

attention on the e�ects of competition intensity. Therefor e, we say that � 2 [0; 1] is the per-period

percentage loss in sales that the �rm su�ers due to competition intensity. Note that growth in sales

at time t depends on R&D investments made prior tot. The time at which the R&D investments

actually deliver results (if they deliver results at all) depends on the form of ! (�) and the value
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of � . Having de�ned the �rm's R&D investment and its impact on sal es, we can write the �rm's

pro�t maximizing problem as

V(S0) = max
r (t )

Z 1

t0

��
1 � c(t)

�
S(t) � r (t)

�
e� �t dt (1)

where c(t) is the cost of sales (as a percentage of sales) and� 2 (0; 1) is the discount factor. The

maximization in Equation 1 is subject to dS=dt =
Rt

�1 f [r (� )]! (t � � )d� � �S (t), S(t0) = S0 > 0,

and
R1

� ! (t � � )dt = � 2 (0; 1). We allow process improvement and learning to take place so

that dc=dt < 0, d2c=dt2 > 0, and limt !1 c(t) = �c. Thus, the cost of sales is decreasing over time,

but cannot be reduced beyond a limiting value �c. Finally, we assume that r (t) and ! (t � � ) are

known for t 2 (�1 ; t0). This �nal assumption simply states that the �rm is aware of its past R&D

investments.

3.2 Equilibrium R&D Intensity

In this section we discuss the analytic solution to the problem presented above. To ease exposition,

all technical details are presented in the Appendix and functional notation is suppressed when the

intended meaning is obvious. In describing the analytic solution, we �rst characterize the �rm's

optimal R&D investment and then proceed to analyze the equilibrium values for R&D investment,

sales, and R&D intensity. The problem stated in Equation 1 results in an intuitive solution for the

�rm's optimal R&D investment over time. We state this result formally in Proposition 1.

Proposition 1 . Optimal R&D Investment. The �rm's optimal R&D investment, r � (t), is de�ned

implicitly by @f=@r�
R1

t � (� )! (� � t)d� = 1.

The �rm's optimal R&D investment equates the expected marginal bene�t from R&D (i.e. the

expected impact that R&D investment has on sales including all future bene�ts) to the marginal

cost of R&D at time t. This insight is aligned with previous work in economics (Cohen and Klepper

1992, 1996). Based on this result, we seek long-run equilibrium values for the �rm's R&D investment
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and sales rate. An equilibrium is achieved when two conditions are satis�ed. First, the marginal

bene�t from all future sales (discounted to t) is balanced against the marginal bene�t at t. Second,

the expected increase in sales att (due to all previous R&D investments) is balanced against the

decline in sales (due to� ). Together these conditions de�ne a stationary equilibrium (Kamien and

Schwartz 1991, Sethi and Thompson 2000). Proposition 2 characterizes the equilibrium conditions.

Proposition 2 . Equilibrium R&D investment : �r = g� 1 [(� + � )=(1 � �c)� ] where g� 1(�) is a de-

creasing and convex function de�ned byg(r ) = @f=@r. Equilibrium Sales Rate: �S = f (�r )�=� .

Equilibrium R&D Intensity : There exists an equilibrium R&D intensity given by: �� = �r= �S.

The equilibrium R&D investment balances the marginal expected bene�t from R&D expendi-

ture (in terms of R&D return and higher sales) with the cost of the investment. Becausec(t) is

decreasing over time, it can be shown that the R&D investmentincreases over time until reaching

the equilibrium value. This R&D investment drives sales growth over time. The equilibrium sales

rate is de�ned at the point at which the expected sales growthdue to R&D expenditure o�sets the

sales decline. Because the R&D expenditure increases towards the equilibrium, it follows that the

sales rate increases until reaching the equilibrium value�S. Given the equilibrium R&D expenditure

and sales rate, we de�ne the equilibrium R&D intensity as the ratio of R&D expenditure to sales.

The existence of an equilibrium R&D intensity is guaranteed if the �rm optimally invests in

R&D at the point at which the bene�ts from the R&D expenditure balance against the cost of the

investment. An important element of our analysis lies in understanding the factors that drive lower

or higher R&D intensity. We state this formally in Propositi on 3.

Proposition 3 . Comparative Statics Analysis for R&D Intensity : �� is higher if: (i) f (�) is lower,

(ii) � is lower, (iii) � is higher, (iv) �c is lower.

The comparative statics results in Proposition 3 hint at the factors that drive R&D intensity
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lower or higher for �rms within an industry. Equilibrium R&D intensity is higher, ceteris paribus,

if the �rm is subject to conditions that result in lower sales (i.e. lower f (�), lower � , and higher � ).

In such cases, the �rm must invest more in R&D to maintain a comparable level of sales and the

result is a higher equilibrium R&D intensity. It is interest ing to note that f (�) and � are portfolio

metrics that are internal to the �rm while � is an external e�ect. Lower cost of sales (�c) drives

higher R&D intensity because the �rm can invest more dollars in R&D without sacri�cing pro�t.

The results discussed above apply to a single �rm. Because �rms have di�erent NPD portfolio

strategies and are subject to di�erent competitive forces,one might expect R&D intensity to di�er

across �rms. However, theory and practice point to a consistency in R&D intensity for �rms within

a particular industry. In the analysis that follows we build upon our analytic model to explain the

factors that drive the consistency in R&D intensity for �rms within a given industry.

4 An Evolutionary Model of R&D Investment

The previous analysis discusses equilibrium R&D intensityfor a given NPD portfolio strategy.

The equilibrium value of R&D intensity implies that there ex ists an optimal rate at which �rms

should invest in R&D (as a percentage of sales). Firms that invest beyond �� will have lower pro�ts

because R&D productivity is subject to diminishing returns. Firms that invest below �� will have

lower pro�ts because they leave potential sales on the table. Of course, R&D investment is risky

since investment decisions must be made today but sales growth is realized in the future.

In this section we extend our analytic model of the single �rm to account for the fact that

multiple �rms coexist in a competitive environment and we ta ke an evolutionary perspective on

the R&D investment problem (Nelson and Winter 1982). That is to say, �rm strategies evolve

over time based on variation, selection, and retention mechanisms. An evolutionary perspective is

appropriate given the fact that �rms must often make R&D inve stment decisions without knowing
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the strategies or decisions made by competitors. Indeed, corporate R&D investments and NPD

portfolio decisions are highly guarded secrets and are onlycommon knowledgeex post.

Our line of inquiry lies along two fronts. First, does the distribution of R&D intensities converge

to a value (given that �rms make di�ering choices with respect to R&D spending and NPD portfolio

strategies), and if so, what value does it converge to? Similar to the analytic model of Section 3, we

look for equilibrium values R&D intensity. Second, how do equilibrium R&D intensity and NPD

portfolio strategy together determine �rm performance in a competitive technology/market space?

4.1 The Competitive Environment

A signi�cant portion of the risk inherent in R&D stems from co mpetition intensity, which manifests

itself through two distinct factors. First, and most immedi ate, is lost sales due to a strategic position

that o�ers insu�cient di�erentiation. Second, there is a re al threat that some �rms may cease to

exist before their R&D investments pay dividends. In order to capture these e�ects, we turn

our attention to the situation where �rms �nd themselves com peting with one another based on

their technological and market positioning. The notion of competition highlights the importance

of relative performance (pro�tability) between �rms, and t he fact that poor performing �rms do

not exist in perpetuity. This �nal insight merits study beca use previous work in economics that

considers equilibrium R&D intensity does not consider the implementation of the R&D investment

(through the NPD portfolio) or the performance impact of the se decisions.

Suppose that a population of �rms exists at t = t0. Each �rm, i = 1 ; 2; : : : ; N , is located at

a point, x i = ( a1; a2; : : : ; aM ), which re
ects its technological and market position. The attributes

(a1; a2; : : : ; aM ) represent a �rm's operational, technology, and market choices, such as organization

design and structure, core technologies used in products, services, or processes, and key customer

segments to target, among others. Note that �rm i 's position establishes a distance metric,di =
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1=N
P N

j =1 jx i � x j j, between it and other �rms in the technology/market space.1 Drawing from the

marketing and economics literature, we say that a �rm experiences a higher loss in sales the closer

it is positioned relative to other �rms. Let this loss be � i = h(di ) where h(�) is a decreasing function

of di . In other words, � i represents the competition intensity experienced by �rm i , which is lower

(higher) the further (closer) �rm i is positioned relative to other �rms in the technology/mark et

space.

4.2 Evolution: Variation, Selection, and Retention

To implement the evolutionary model, we de�ne variation, selection, and retention mechanisms

for the population of �rms. Aligned with our analytic model, we assume that �rms are initially

di�erentiated with respect to R&D intensity ( � i ), portfolio strategy ( � i ), and technology/market

position (x i ). The discount factor � is assumed to be the same for all �rms.

The following activities take place in each periodt = 0 ; 1; 2; : : : for each �rm i = 1 ; 2; : : : ; N :

Variation occurs as �rm i determines its R&D investment, r i = � i Si where � i is �rm i 's R&D

intensity. Firm i 's R&D investment has an impact on future sales: Si (t + 1) = (1 � � i )Si (t) +

P t
� = t0

f i [r i (� )]! i (t � � )� i . Note that the �rm's portfolio strategy ( f (�), ! i (�), and � i ) determines

the impact of past R&D investments on current sales.2 Selection occurs in each period based on

�rm pro�t. Pro�t for �rm i is � i (t) = (1 � �ci )Si (t) � r i (t) and the lowest (1 � s) � 100% of �rms

(in terms of pro�t) are eliminated from the population. The p arameter s 2 (0; 1) captures the

stability of the environment. It is the proportion of low performing �r ms that cease to exist and

is related to the notion of environmental change or turbulence.3 Low stability implies that the

1di is implemented as the average distance between �rm i and every other �rm in the technology/market space.

Our results remain unchanged if di is implemented as a weighted distance or k-nearest neighbor distance.
2Our model of R&D investment is deterministic in the sense tha t ! (�) is drawn from a probability distribution at

t = t0 , not in each period. Nonetheless, ! i (�) behaves similarly to a probability mass function. Our key i nsights do

not change when we create a stochastic impact in each period by drawing ! (�) from a known stationary distribution

at t = 0 ; 1; 2; : : :.
3The use of the phrase \ceases to exist" does not necessarily imply physical termination. It could be the case the
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technological market space changes quickly and many �rms become extinct in each period (the

equivalent of a 
uid phase in the industry lifecycle, Abernathy and Utterback, 1978). Conversely,

high stability implies that few �rm become extinct in each pe riod (the equivalent of maturity in the

technology/market space). New �rms enter the population with random portfolio strategies and

technology/market position.4 Retention occurs as new �rms that enter the population benchmark

R&D intensity from the highest performing �rms (in terms of p ro�t). 5 We repeat these steps

until the system reaches an equilibrium. Complete details regarding the implementation of the

evolutionary model, including the functional forms and parameter distributions employed, can be

found in the Appendix.

4.3 Equilibrium R&D Intensity

Our �rst challenge in analyzing the results of the evolutionary model is to con�rm that R&D

intensity indeed reaches an equilibrium. We then concern ourselves with the question of how this

R&D intensity aligns with NPD portfolio strategy to determi ne performance. Figure 4 depicts the

distribution of R&D intensities at t = 0 and t = 100 (steady-state) for the base case analysis.

Figure 4 con�rms that an equilibrium R&D intensity exists wh en a population of �rms is subject

to competition and evolutionary mechanisms.6 Note that the initial ( t = 0) distribution of R&D

intensities ranges from approximately 0.10 to 0.40. This re
ects the fact that �rms initially di�er

with respect to R&D intensity. At t = 100 (steady-state) the distribution of R&D intensities is

the �rm ceases to exist in its current organizational struct ure or form.
4The assumption that �rms enter the population at random posi tions in not as limiting as it seems. If �rms were

to behave strategically, they would position themselves so as to maximize the distance between one another. This is

essentially what we achieve through random initial positio ning.
5We feel it is realistic to assume that �rms can benchmark R&D i ntensity. However, it does not make sense to

use NPD portfolio strategy as a retention mechanism because the composition of the NPD portfolio tends to be a

highly guarded corporate secret - not viable for benchmarki ng.
6Extensive experimentation con�rms that the convergence re sult depicted in Figure 4 is robust. In particular,

the variance in R&D intensity at t = 100 (steady-state) was substantially lower than the varia nce at t = 0 for all

experiments.
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Figure 4: Distribution of Firm R&D Intensities at t = 0 and t = 100 (steady-state).

characterized by substantially lower variance. This result indicates a convergence to an equilibrium

R&D intensity.

We now turn our attention to the value of the equilibrium R&D i ntensity. Table 1 shows

the mean of the distributions at t = 100 (steady-state) for pro�t, sales, R&D investment, and

R&D intensity. Each experiment (E1-E5) highlights a changed parameter relative to the base case

experiment. We also report the standard errors for each output measure to highlight the fact that

convergence is robust. The results in Table 1 mirror the comparative statics analysis of Proposition

3. As with the analytic result, we note that the equilibrium R &D intensity is lower if R&D return is

higher, uncertainty is lower, competition intensity is lower, and cost of sales is higher. Based on the

results in Table 1, we can explain the factors that drive a change in equilibrium R&D intensity for a

population of �rms. In experiment E1, both the equilibrium s ales and equilibrium R&D investment

are higher. The equilibrium R&D intensity is lower because the sales e�ect dominates the R&D

investment e�ect (the same reasoning is true for experimentE2 and E3). Conversely, experiment

E4 results in lower equilibrium R&D investment and sales. For this experiment R&D intensity is

lower because the R&D investment e�ect dominates the sales e�ect. Interestingly, experiments E1,

E2, and E3 consist of factors that have a direct impact on sales growth or decline while experiment

E4 directly impacts �rm pro�tability.
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Table 1: Equilibrium pro�t, sales, R&D investment, and R&D i ntensity at t = 100 (steady-state).

4.4 R&D Intensity and NPD Portfolio Strategy of the Top Perfo rming Firms

The analysis above shows that R&D intensity indeed reaches an equilibrium value, but it says

nothing of �rm performance or the portfolio strategy that mu st be implemented to deliver this

performance. We now go deeper into the distribution of R&D intensities to understand how a

�rm's R&D investment and portfolio strategy impact perform ance. Figure 5 is a sample experiment

showing equilibrium pro�t as a function of R&D intensity and portfolio strategy. Note that there

exists a maximum pro�t achieved at approximately � = 0 :20 along with a portfolio strategy that

balances risk, reward, and timing. Nevertheless, there area number of viable strategies in the

sense that �rms need not have the optimum R&D intensity or por tfolio strategy to survive, and

indeed achieve substantial pro�ts. In Figure 5 we highlight the top performing �rms and base

our subsequent analysis on the characteristic R&D intensity and portfolio strategy of these �rms.

We performed an additional 30 x 30 = 900 experiments, the details of which are located in the

Appendix, to understand how stability and competition inte nsity impact the equilibrium R&D

intensity and NPD portfolio strategy of the top performing � rms.

Figure 6 is a contour graph that presents iso-R&D-intensity and iso-portfolio-strategy regions.
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Figure 5: Sample experiment highlighting equilibrium R&D i ntensity and NPD portfolio strategy

of the top performing �rms.

The left panel of Figure 6 depicts the equilibrium R&D intensity of the top performing �rms as a

function of competition intensity and stability. 7 For a given level of stability, the R&D intensity of

the top performing �rms increases in competition intensity. The evolutionary model con�rms the

directional results of the analytic model, and highlights the magnitude of the e�ects. For low levels

of competition intensity (0 :00 < � < 0:10), the R&D intensity is not a function of stability. Howeve r,

for higher levels of competition intensity, R&D intensity i s an increasing function of stability. Note

that there is a second order e�ect of stability and competition intensity on equilibrium R&D

intensity for the top performing �rms, and it appears that co mpetition intensity is the dominant

driver of equilibrium R&D intensity for the top performing � rms.

While competition intensity is the key driver of equilibriu m R&D intensity for the top perform-

ing �rms, the same cannot be said for NPD portfolio strategy. The right panel of Figure 6 depicts

the NPD portfolio strategy (innovativeness in terms of f (�); ! (�), and � ) of the top performing �rms

as a function of competition intensity and environmental stability. For a given level of competition

intensity, the portfolio strategy of top performing �rms is increasing in stability. Said di�erently,

lack of stability leads to an incremental focus in the NPD portfolio. From a managerial perspec-

7Our results are robust if we de�ne the top performing �rms as t he highest 15%, 20%, and 25% in terms of pro�t.

Of course, the variance of �rm strategies increases using these scenarios.
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Figure 6: Equlibrium R&D intensity and NPD portfolio strate gy of the top performing �rms (top

10% in terms of pro�t) as a function of competition intensity and stability.

tive, in an environment characterized by low stability, rad ical innovation initiatives do not have

time to deliver results and the outcome is that top performers tend to be those �rms that pursue

incremental innovation. Note that the e�ect of competition intensity on NPD portfolio strategy

for the top performing �rms is smaller compared to the e�ect d ue to stability. For low levels of

stability, the top performing �rms reach an equilibrium cha racterized by an incremental strategy,

while for higher levels of stability, the equilibrium portf olio strategy is balanced.

4.5 Aligning R&D Intensity and NPD Portfolio Strategy as the Industry Evolves

There is strong evidence that industry evolution proceeds from low stability and low competition

intensity to high stability and high competition intensity . Early in an industry lifecycle, many
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�rms tend to take \creative bets" - di�erent approaches that are distant from one another in terms

of technologies or target markets, and do not cannibalize other o�erings in the industry. As time

passes, new entrants emulate the positioning of successful�rms and competition intensity increases.

Low performing �rms cannot survive in part due to the risk of t heir creative bets, management

capabilities, and cash position, among others.

Our preceding analyses imply that R&D intensity (how much th e �rm invests) and NPD

portfolio strategy (how the �rm invests this money) must be c orrectly aligned during the di�erent

stages of an industry lifecycle. Early in the industry lifecycle, when competition intensity and

stability are both low, pro�tability is a result of a lower R& D intensity and a more incremental

portfolio. At this stage, incremental implies exploitatio n of a �rm's current position rather than

radical, long term initiatives. Later in the industry lifec ycle, when competition intensity and

stability are both high, the best performing �rms have higher R&D intensity and a more balanced

portfolio. Depending on how these two industry factors evolve, managers must maintain careful

alignment between R&D intensity and NPD portfolio strategy .

Figure 7 highlights potential evolutionary pathways for an industry, and the accompanying

R&D intensity and NPD portfolio strategy that together deli ver superior performance at each

stage. If competition intensity ramps up before the industry becomes stable, then �rms should

increase R&D intensity while maintaining an incremental focus in the NPD portfolio. This scenario

calls for investing more dollars in relatively safe projects (exploitation). Conversely, if the industry

becomes stable and then competition intensity increases, �rms should maintain a relatively low

R&D intensity and shift resources to more radical NPD initia tives. This scenario calls for investing

less dollars in more risky projects (exploration).
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Figure 7: Aligning R&D intensity and NPD portfolio strategy .

5 Implications for Theory and Practice

The goal of this study is to understand an often-observed phenomenon regarding the consistency

in R&D intensity. To accomplish this goal we developed an analytic model of R&D investment for

a single �rm. We then extended the analytic model to a competitive setting in which a population

of �rms evolves over time until reaching an equilibrium state. Our results show that R&D intensity

for the single �rm depends on a combination of portfolio metrics (i.e. risk, reward, and timing)

and contextual variables such as cost of sales, competitionintensity, and stability. Lower R&D

return and cost of sales drive higher R&D intensity. Conversely, lower uncertainty and competition

intensity drive lower R&D intensity. At the industry level, we show that a simple evolutionary

process drives the consistency in R&D intensity. The evolutionary model suggests that multiple

�rms within an industry tend to converge to an equilibrium R& D intensity.

Our results contribute to both the theory and practice of R&D investment. From the theoretical

side, we \open the black box" to discuss how NPD portfolio strategy a�ects and is a�ected by the

consistency of R&D investment within an industry. Most impo rtantly, we note that the only way

that �rms can ensure success at di�erent stages of the industry lifecycle is through careful alignment
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between R&D intensity (how much money to invest) and NPD port folio strategy (how to invest

that money). We �nd that how the industry evolves is as import ant as when it evolves. This is an

important theoretical contribution as it adds a performance dimension to a long standing question

in the economics of R&D investment.

From the practical side, this study opens the door for managers to understand the long-run

impact of R&D investment and NPD portfolio strategy. Speci� cally, �rm level data such as cost of

sales, overall NPD portfolio composition, and R&D intensity can be used to estimate whether a �rm

is over or under invested in R&D . Furthermore, managers can benchmark industry competitors

to ensure that their R&D intensity and NPD portfolio strateg y are aligned. We view our work

as an important step that can help academics and practitioners develop a better understanding

of an often-observed phenomenon in R&D investment. Indeed,understanding where the R&D

investment comes from, what drives this investment, and howit delivers performance is the �rst

step towards e�ective resource allocation and NPD portfolio management.

Appendix

In A.1 we provide proofs for Propositions 1, 2, and 3 and in A.2we provide details of the experimen-

tal design for the evolutionary model. We restate equationsfrom the manuscript when necessary

to ease exposition. As a convention, we denote the partial derivative of any variable x with respect

to its argument as x0 when the argument is unambiguous. We denote the time derivative for any

variable x as _x.

A.1 Proofs

The problem stated in Equation 1 is solved using optimal control theory (Kamien and Schwartz

1991, Sethi and Thompson 2000). Below we state the current value Hamiltonian (H ):
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H = [1 � c(t)]S(t) � r (t) + f [r (t)]
Z 1

t
� (� )! (� � t)d� � � (t)�S (t) (2)

The necessary conditions for optimality are:

@H
@r

= 0 (3)

_� � �� = �
@H
@S

(4)

Equation 3 is the necessary �rst-order conditions for the optimal R&D investment, r � . Equation 4

is the necessary condition for the co-state variable� (t) (marginal value function for sales). We can

now state the proof for Proposition 1:

Proposition 1 . Optimal R&D Investment. The optimal R&D investment, r � (t), is de�ned implic-

itly by @f=@r�
R1

t � (� )! (� � t)d� = 1.

Proof of Proposition 1 . The proof follows directly from the necessary condition inEquation 3.

Di�erentiating H with respect to r and setting this term equal to zero gives:@f=@r�
R1

t � (� )! (� �

t)d� = 1. The left hand side of this expression is the marginal expected bene�t from a dollar

invested in R&D . The right hand side of the expression is the marginal cost of investing the dollar

in R&D . Note that the marginal expected bene�t takes into account all future marginal bene�ts

from the R&D investment (captured in the term
R1

t � (� )! (� � t)d� ). QED.

Based on the result in Proposition 1, we seek long-run equilibrium values for the �rm's R&D

investment and sales rate. The necessary conditions for a long-run equilibrium are:

_� = 0 (5)

_S = 0 (6)
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Proposition 2 . Equilibrium R&D investment : �r = g� 1 [(� + � )=(1 � c)� ] where g� 1(�) is a de-

creasing and convex function de�ned byg(r ) = @f=@r. Equilibrium Sales Rate: �S = f (�r )�=� where

f (�) is an increasing and concave function.Equilibrium R&D Intensity : There exists an equilibrium

R&D intensity given by: �� = �r= �S.

Proof of Proposition 2 . To prove the �rst part of Proposition 2 we make use of Equations 4

and 5. These conditions de�ne a long-run equilibrium for the co-state variable (marginal value

function). We have _� = 0 ) @H=@S= � �� ) �� = (1 � �c)=(� + � ) where �� is the equilibrium value of

the co-state variable. Note that we have assumed that su�cient time has passed so that _c = 0 and

the cost of sales has reached its limiting value (a valid assumption given that Equation 5 de�nes a

long-run equilibrium). We now make use of Proposition 1 and the expression for the optimal R&D

investment. We can remove� (� ) from the integral because it is no longer a function of time. Also,

recall that we de�ne ! (�) such that
R1

t ! (� � t)d� = � . Finally, let @f=@r= g(r ) and note that

g(r ) is decreasing and convex inr becausef (r ) is increasing and concave inr . We can now write

the complete expression for the equilibrium R&D investment as �r = g� 1[(� + � )=(1 � �c)� ].

To prove the second part of Proposition 2 we make use of equation 6 along with the state

equation that de�nes the change in sales. From equation 6 we have _S = 0 )
Rt

�1 f [r (� )]! (t � � )d� =

� �S where �Sistheequilibriumsalesrate . To �nd the equilibrium sales rate we make use of the

equilibrium R&D investment established above and we note that
Rt

�1 ! (t � � )d� ! � as t ! 1 .

This leaves us with �S = f
�
g� 1(1=��� )

�
�=� .

To prove that there exists an equilibrium R&D intensity give n by �� = �r= �S we consider the

locus of points in (S; � ) space for which the equilibrium conditions in Equations 5 and 6 are satis�ed.

The curve de�ned by the points for which _S = 0 is an increasing and concave function of� . Using

similar logic, the curve de�ned by the points for which _� = 0 is not a function of S. The point

at which these two curves intersect in (S; � ) space de�nes the long-run equilibrium R&D intensity.
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QED.

Proposition 3 is a comparative statics analysis for �� . The comparative statics allows us to

understand the factors that drive lower or higher equilibrium R&D intensity.

Proposition 3 . Comparative Statics Analysis for R&D Intensity : �� is higher if: (i) � is higher,

(ii) � is lower, (iii) f (�) is lower, (iv) �c is lower, (v) � is lower.

Proof of Proposition 3 . Using the results established in Proposition 2, we can de�ne the equi-

librium R&D intensity as an implicit function of the other pa rameters in the problem:

F (�) = ��f
�
g� 1(y)

�
� � g� 1(y)� = 0 (7)

where y = � + �
(1� �c)� . For any parameter x the comparative statics are given by:

d��
dx

= �
@F=@x
@F=@��

(8)

Note that @F=@�� = f (g� 1(�)) � > 0 so we need only consider the sign of@F=@xin our analysis.

We prove each part of Proposition 3 in succession. (i)@F=@f(�) = ��� > 0 ) d��=df (�) < 0.

(ii) @F=@�= ��f (g� 1(�)) > 0 ) d��=d� < 0. (iii) @F=@�= � g� 1(�) < 0 ) d��=d� > 0. (iv)

@F=@�c = ��� (@f=@g� 1) � � < 0 ) d��=d �c < 0. QED.

A.2 Experimental Design for the Evolutionary Model

In this section we detail the functional forms, parameter values, and experimental design for the

evolutionary model described in Section 4. The functional form of f (r ) ensures that R&D produc-

tivity is subject to diminishing returns. The functional fo rm of the time lag of R&D e�ectiveness

is a Gamma function with parameters (n1; n2). Recall that � 2 (0; 1) limits the total e�ectiveness

of R&D investment.

f (r ) = A
�
1 � e� ar �

(9)
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Table 2: Parameter values used to test the comparative statics results of Proposition 3.

! (t) =
nn2

1 t (n2 � 1)e� n1 t

(n2 � 1)!
(10)

Throughout the simulation there are a number of parameters that remain static. In each

experiment we limit the number of �rms to N = 500. We conducted 100 replications to test

for initialization bias and found that our results are robust. We also �x the shape parameter

for ! (t) at n1 = 2. Finally, we assume that the number of �rms that enter the p opulation at

each point in time is equal to the number that exit. The convention that population size remains

constant is aligned with other work in evolutionary systems and population dynamics. Table 2

depicts the experimental design used to verify the comparative statics results of Proposition 3. For

each experiment, we report the parameter value that changesrelative to the base case (all other

parameters are the same as the base case experiment).

Table 3 depicts the complete experimental design for the evolutionary analysis. The choice of

M = 15 and ai 2 f 0; 1g de�nes the size of the technology/market space (we have 215 = 32; 768

possible positions). Because our interest lies in understanding performance interactions rather than

system size, we have limited these variables to static values. This assumption is in line with other
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Table 3: Complete experimental design for the evolutionaryanalysis.

work in spatial landscapes and it does not alter the qualitative results of our study. Using each �rm's

position, we calculate the competition intensity experienced by �rm i as � i = h(di ) = � � (�=M )di

where di = 1=N
P N

j =1 jx i � x j j is the average distance between �rmi and all other �rms in the

technology/market space.

Our full experimental design varies� and s as shown in Table 3 (30 x 30 = 900 experiments).

We control for initial sales by setting S0 = 30 for all �rms. This ensures that success is determined

by strategy rather than a favorable initial condition. Simi larly, we let �c = 0 :10 to ensure that

a favorable cost position does not drive the results. We tested the robustness of the model with

respect to S0 and �c and found that our insights remain qualitatively the same.
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Simulation of the evolutionary model takes place through a discrete time approximation to the

analytic model. The following steps take place in periodt = 0 ; 1; 2; : : : for each �rm i = 1 ; 2; : : : ; N :

1. Each �rm determines its R&D investment: r i = � i Si

2. The R&D investment has an impact on future sales, which depends on the time lag in R&D

e�ectiveness: Si (t + 1) = (1 � � )Si (t) +
P t

� =0 f i [r i (� )]! i (t � � ).

3. Firm pro�t is calculated: � i =
�
1 � �ci

�
Si (t) � r i (t). The lowest (1 � s) �rms (in terms of

pro�t) are eliminated from the population.

4. New �rms enter the population with random portfolio strat egies (� i ) and technology/market

position (x i ). R&D intesnity ( � i ) is copied randomly from one of the top performing �rms

(top 10% in terms of pro�t).

The above process of variation, selection, and retention takes place until the system reaches steady

state, which we de�ne as the period after which parameter values do not change by more than

0:50% for 100 consecutive periods. Steady state is achieved ator around t = 100 for the majority

of experiments.
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