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1. Introduction

In the past few decades, innovative activity has fundamentally changed. For a
long time, the centralization of innovation within large ˛rms has been rightly un-
derstood to confer critical advantages (for an early comment on this, see Nelson,
1959) and analyzing the division of innovative labour across ˛rms (let alone across
individuals) was not crucial to grasp the dynamics of knowledge creation. Now
decentralized production of knowledge and innovation is the norm, rather than
the exception. Changes in technology, market conditions as well as in the institu-
tional environment where innovation takes place have led to a substantial increase
of technological collaborations of various sorts and to the emergence of extreme
forms of decentralization of innovative activity, such as for instance Open Source
Software.

A somewhat striking feature of these developments is that decentralization
is often accompanied by norms of \openness", i.e. by a commitment by each
participant to the collective innovation e¸ort not to exclude third parties from
access to her contribution(s) that is reminiscent of the norms of Open Science.
This is apparent in the context of software innovation (Maurer and Scotchmer,
2006; Rossi, 2006) as well as in a variety of other ˛elds, including semiconductor
process equipment (Lim, 2009) and sporting equipment (Franke and Shah, 2003).

The di¸usion of this sort of commitments is, to some extent, surprising, since
they appear to reduce the degree of private appropriation of the bene˛ts generated
by innovative activities and therefore incentives. If, as it is commonly assumed,
the relationship between the extent of appropriability/excludability of knowledge
and incentives to invest is a monotonically increasing one (more appropriabil-
ity/excludability is invariably a good thing for incentives), we should expect a
progressive reduction of the di¸usion of these commitments. In fact, the opposite
is the case. This suggests the possibility that a strategy of appropriability of the
bene˛ts from innovation that involves the explicit renounce to exclude from ac-
cess may, under certain conditions, positively a¸ect incentives|a possibility that
constitutes the starting point for our paper.

This paper aims at clarifying through a formal model the conditions under
which, in a context of decentralized knowledge production, a commitment to
openness (\openness strategy") dominates in terms of incentives a strategy of ap-
propriability based on the active enforcement of the right to exclude conferred by
intellectual property rights (\exclusion strategy"). This constitutes a signi˛cant
departure with respect to most accounts of the role of openness, as it places em-
phasis on ex ante incentives following from openness rather than on its well-known
ex post advantages.

The paper considers a context of collective innovation by multiple independent
agents whose innovative investments take the form of both the contribution to a
common input and investment into its subsequent individual use/exploitation by
the agent (to be understood in a broad sense, to include all individually bene˛cial
activities that require access to the input). Within this framework, the paper
shows that the standard result on the superiority of exclusion in terms of incentives
need not hold in presence of: (a) complementarity among contributions, i.e. when
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the joint value of individual contributions is greater than the sum value of those
contributions taken individually; and (b) complementarity between e¸orts exerted
by each innovator for the development of the common input, on one side, and
for its subsequent individual use on the other. The paper highlights that, when
such complementarities are of some relevance, exclusionary mechanisms result in
reduced incentives to invest as compared to a commitment by each contributor
not to exercise her right to exclude third parties from her intellectual property.

The intuition for our result is as follows. Exclusion allows to charge a price for
access to one’s contribution to the common input. This, in principle, should in-
crease appropriability and therefore incentives. However, when neither innovators’
investments nor the quality of the innovation itself is contractible ex ante|as it is
reasonable to assume|exclusion-based appropriability has two main drawbacks.
The ˛rst is that, in presence of contractual incompleteness, each contributor’s
share of pro˛t is determined by ex post bargaining. This, in turn, may result in
insu‹cient reward of contributors for their e¸orts, given that the ex post value
of a contribution is only imperfectly related to the bargaining power of its owner.
More speci˛cally, the greater the complementarity among the contributions to the
common input, the weaker is the link between the value appropriable through ex
post bargaining and ex ante investment. The second drawback concerns incen-
tives for the contributor to undertake a complementary investment in the use of
the common input. Ex post exclusion allows individuals to claim a share not only
of the yields from the \public" dimension of the investment (the contribution to
the advancement of the common input), but also on the return of the \private"
dimension, i.e. the e¸ect on its subsequent use by each developer. This is because
continued access to the common input is essential to reap the bene˛ts of the pri-
vate dimension of the investment. Thus, exclusion will have adverse e¸ects on
the private dimension of the investment, and explains why the overall e¸ect on
incentives can be di¸erent than conventional wisdom suggests, and why, on the
contrary, a commitment not to exclude others can be a better strategy to induce
joint investments.

The two conditions under which openness dominates exclusion|complementarity
among innovative e¸orts and cost complementarity between investment in the
common input and investment in the subsequent use of the resulting innovation|
are relevant in many instances of decentralized innovation.

Complementarity among contributions entails that the innovative process in-
volves the joint e¸ort of di¸erent innovators, which are not perfect substitutes one
for another. This means that the combined e¸ect of e¸orts xi by i and xj by j is
not the same in terms of e¸ects on innovation as the provision of e¸ort xi + xj by
i alone. That this may be the case follows, on one side, from the very possibility
of the division of innovative labour and, on the other, from the fact that di¸erent
individuals or ˛rms possess individual- or ˛rm-speci˛c human capital, knowledge,
and resources by virtue of learning and previous innovative activities (Cohen and
Levinthal, 1989). Although a single individual or ˛rm may be able to invest in
the development of all of the components of a given innovation or to acquire some
of them in the market, there are generally gains to be made from the division of
innovative labor and the coordination of complementary investments. Hence, com-
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plementarity might simply re‚ect the advantages of specialization among di¸erent
contributors, where each one invests in the production of a component which is
complementary to others. If it is costly to specialize in one task or another, the
joint e¸ect of n contributors cannot be easily replicated by a n-fold investment by
a single agent. Indeed, we think that perfect fungibility of contributions is more
the exception than the rule in the innovation context.

The complementarity between investment in the common input and investment
in the subsequent use of the resulting innovation, in turn, relates to the fact that
the outcome of the collective project to which agents contribute may be an input
in some pro˛table activity they engage in. When this is the case, the private
bene˛t agents receive from using the innovation is often positively a¸ected by the
fact that they contributed to its development and, at the same time, their direct
use of the technology may generate improvements to the common input.

Thus, there may be signi˛cant spillovers between the e¸ort aimed at contribut-
ing to the common input and the e¸ort aimed at increasing the value of the private
dimension of the innovation. For example, by participating to a collective inno-
vative project, contributors gain direct knowledge of a certain technology. The
resulting increase in their technology-speci˛c human capital allows them to derive
a pro˛t from activities requiring knowledge of and access to the technology devel-
oped as a common input. This is a frequent instance in circumstances in which
agents market goods or services complementary to the common input, such as as-
sistance to third parties in the use of the technology, customization of the jointly
developed input to the needs of speci˛c users and provision of complementary
products and services.

Similarly, in many cases, the investment made in learning how to use a tech-
nology, while not directly aimed at developing it, may reveal limitations, ‚aws and
bugs, suggest solutions to them or help identify improvements and further appli-
cations. Hence, investment in the private exploitation of a common knowledge
input may increase the value of the input itself.

The paper is organized as follows. We present the model in section 2 and
introduce two of its applications|Open Source Software and the production of
scienti˛c knowledge under the Open Science system|in section 3. Section 4 brie‚y
concludes.

2 Related literature. Complementary innovations have been analyzed mostly
from two angles. On one side, the literature on cumulative innovation (Green
and Scotchmer, 1995; Matutes, Regibeau and Rockett, 1996; Scotchmer, 1996;
O’Donoghue, 1998; Denicol„o, 2000) has explored circumstances in which a basic
invention constitutes the input to a subsequent complementary innovation, focus-
ing on the issue of the division of pro˛ts that induces e‹cient ex ante incentives.
On the other side, a number of contributions have analyzed complementary inno-
vations that are not invented sequentially, disregarding the question of incentives
to invest ex ante in their development; such contributions have focused on the
negative e¸ects of transaction costs and bargaining failures in terms of their ex
post exploitation (Merges and Nelson, 1990; Heller and Eisenberg, 1998) and/or
on the standard ex post ine‹ciency arising from monopolistic pricing and the
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associated ine‹cient exclusion of low demanders (Shapiro, 2001; Depoorter and
Parisi, 2003; Lemley and Shapiro, 2007; M«eni„ere, 2008). The present paper shares
elements of both sets of contributions as it focuses on the issue of ex ante incen-
tives to invest while analyzing complementary innovations none of which can be
considered \basic", i.e. the foundation for any of the other innovations.

Closest in spirit to our paper is the recent contribution by (Gilbert and Katz,
2010), who study e‹cient incentives to produce complementary intellectual prop-
erty (IP) assets. The two authors emphasize the relevance of the misalignment
between an IP holder’s bargaining power and the true contribution of her IP to the
value of the ˛nal product|a point also stressed by (Lemley and Shapiro, 2007)
and crucial to our model. However, their analysis di¸ers from ours in many re-
spects. In particular, in their model the complementary innovations are invented
sequentially in the context of a Poisson discovery process, while in our model
development of complementary innovations is simultaneous and does not involve
stochastic elements. Most importantly, Gilbert and Katz’s contribution does not
take into account the possibility of a complementarity between investment in the
common input and investment in the subsequent use of the resulting innovation.

The latter sort of complementarity|an aspect essential to the present paper|
is emphasized in the literature on collective invention (for a seminal contribu-
tion, see Allen, 1983), and particularly on the phenomenon that von Hippel and
von Kogh (2003) have de˛ned as \private-collective innovation model"|a model
whereby innovators publicly disclose innovations they have invested in. In this lit-
erature, however, the focus is on incentives to disclose existing innovations rather
than on incentives to invest in their development, as it is the case in our pa-
per. Moreover, no distinction is made between free revealing and the choice to
make an explicit commitment not to exclude. Our paper, by contrast, stresses
the importance of making an explicit ex ante commitment, echoing insights of-
fered in this connection by the transaction cost literature, and particularly by the
Williamsonian notion of safeguard (Williamson, 1983).

Finally, it is worth highlighting that, in the characterization of the innovation
\production function", the paper draws on some insights from the stream of lit-
erature on public goods that emphasizes the role played by complementarity of
contributions (Hirshleifer, 1983; Cornes, 1993).

2. Formal analysis

2.1. Model setup

We consider a group N ” f1; 2; : : : ; ng of individuals who can pro˛t from the use
of a common input X. Individual pro˛t for i 2 N is ıi = „iX.

Each individual can invest xi in the development of X (the \technological
quality" of the common input) and yi in improving her private input „i, which
can be interpreted as her ability to pro˛t from X. Let „i = „(yi) with „(yi) > 0
for all yi > 0, „0 > 0 and „00 < 0. The e¸ect of xi on the public input X
will be speci˛ed below, according to di¸erent hypotheses about the joint e¸ect of
individual investments.
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The cost of the two investments is given by ’(xi; yi), which is assumed to be
increasing in its arguments and satis˛es ’xx > 0, ’yy > 0 and ’xy 6 0. The
latter property means that there is some cost complementarity between xi and yi,
i.e. by investing in the development of the common input, the individual can
increase her ability to use it and pro˛t from it; conversely, the investment yi can
generate spillovers on the input used by all other individuals.

The amount of the investments xi and yi cannot be contracted in advance,
hence no individual can commit to a speci˛c value of xi. This is reasonable if we
think of xi and yi as unobservable e¸orts and of X as an index of technological
quality, which can be very di‹cult to measure in an objective way and specify in
advance in a contract.

Individuals choose xi (and yi) independently, then merge their contributions,
possibly making some payments to have access to others’ contributions. We will
use the language of cooperative game theory, and say that a coalition of indi-
viduals is made of all individuals who give each other reciprocal access to their
respective contributions.

We will indicate byX(S) the quality ofX when the contributions of individuals
in the coalition S are used. A natural assumption is that additional contributions
cannot reduce X, i.e. for given (x1; : : : ; xn), X(S) > X(R) if R  S. Assuming
that X(S) is twice di¸erentiable,

@X(S)

@xi

8<
:> 0 if i 2 S

= 0 otherwise

@2X(S)

@xi@xj

8>><
>>:
> 0 if i 6= j and i; j 2 S

6 0 if i = j and i 2 S

= 0 otherwise

(1)

so that investments made by individuals belonging to the coalition increase X and
are to a certain degree (to be speci˛ed below) complementary.

We will distinguish between two cases, or appropriability strategies, namely:
(1) the case in which individuals retain and enforce a right to exclude others from
access to their contribution, this ability to exclude being granted by technical
means or by intellectual property rights (or both); (2) the case in which they
agree at the beginning to give up this right and grant each other free access to
their contributions. In the former case and only in that one, individuals can
ask a price to grant access to their contribution: this will be named the ex-post
exclusion case.

Since investments xi and yi are both assumed to have no value outside the
activity that uses input X|i.e. investments are speci˛c to X|the price of access
cannot be determined in a competitive market; instead, bargaining will take place
among developers in order to allocate the surplus from innovations. Each devel-
oper’s share in this surplus is determined by her bargaining power, which in turn
is a function of how important is her own contribution to a group (or subgroup)
of ˛nal users, and of its alternative uses outside of it.

We will make the assumption that bargaining is e‹cient, i.e. the coalition
N will always be formed provided that X(N) > X(S) for all S  N . This is
certainly a strong assumption, on which we will come back below. The fact that
the coalition includes all individuals does not mean that subcoalitions S play no
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role. Indeed, the fact that a contribution can have a value in coalitions di¸erent
from N increases the bargaining power of the contributor.

In order to quantify the expected share of surplus accruing to each developer,
we will make use of the concept of Shapley value. The use of this concept has an
established tradition in the economic analysis of incomplete contracts and property
rights (see, for instance, Hart and Moore, 1990). The Shapley value considers the
share of a bargainer as a function of her contribution to the value of each possible
coalition of bargainers S „ N .

Let
˝(S) =

X
j2S

„jX(S) (2)

be the total pro˛t obtained by coalition S. ˝(S) ` ˝(Snfig) is how much the
pro˛t of coalition S is reduced if i leaves it. The share for developer i|her
Shapley value|is X

S„N ji2S

(S)
h
˝(S)` ˝(Snfig)

i
; (3)

where

(S) =
(jSj ` 1)!(jN j ` jSj)!

jN j!
: (4)

This share can be thought of as a weighted average of the contribution of i’s
development to all possible subsets of developments1. The formula is often justi˛ed
by imagining that the coalition N is formed by adding one individual at a time,
with each individual getting her contribution to the coalition (as if she could make
a take-it-or-leave o¸er to the agents already in the coalition), and then averaging
over the possible di¸erent permutations of individuals, i.e. all possible orders in
which individuals can join the coalition2.

The ˛rst order conditions identifying the optimal investment choices x˜i and
y˜i for individual i are:

„0i(yi)
X

S„N ji2S

(S)X(S)` ’yi(xi; yi) = 0 (5)

X
S„N ji2S

(S)
X
j2S

„j(yj)
@X(S)

@xi
` ’xi(xi; yi) = 0 (6)

The exclusion case will be compared with the case in which contributors agree
in advance not to exclude each other from access to their respective contributions
(openness strategy).3 In this case, all contributions will be included in X, and the
payo¸ of developer i will be:

„iX(N): (7)

1Note that
P

S„N ji2S
(S) = 1.

2Taking all possible orderings of jN j agents as equally likely, (S) represent the probability that
i will be ranked just after the agents in the set Snfig.

3This case can also be described as one in which contributors do not have access to any exclusion
mechanism ex post, but this situation would be less relevant from a practical standpoint.
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The ˛rst order conditions for the optimal choice x˜˜i and y˜˜i , are

„0i(yi)X(N)` ’yi(xi; yi) = 0 (8)

„i(yi)
@X(N)

@xi
` ’xi(xi; yi) = 0 (9)

Both cases of exclusion and openness can be compared with the social optimum,
which is reached when xi and yi of all individuals are chosen so that ˝(N) is
maximized, or

„0i(yi)X(N)` ’yi(xi; yi) = 0 (10)

X
j2N

„j(yj)
@X(N)

@xi
` ’xi(xi; yi) = 0: (11)

We can state the following:

Proposition 1. For all i, the level of investment xi and yi in the two equilibria
implied by exclusion and openness is lower than the socially optimal level. 2

Proof. The Proposition can be easily proved using results in monotone compar-
ative statics. We ˛rst check that the interaction among contributors, both with
exclusion and without exclusion, is a supermodular game: under the assumption
that ’xy 6 0 and (1), expression (5) and (8) are nondecreasing in xi, and expres-
sions (5), (6), (8) and (9) are nondecreasing in xj and in yj (for all j 6= i).

Moreover, consider the game in which agents maximize social surplus ˝(N)
(\social surplus game"), with optimal strategies characterized by (10) and (11)
and representing the socially e‹cient level of investment. This is supermodular
as well.

We know from Milgrom and Roberts (1990) that a su‹cient condition for the
highest equilibrium of a supermodular game to be not lower than the highest
equibrium of another supermodular game is that the e¸ect of an increase in i’s
strategies (xi and yi) on i’s payo¸ is larger in the former game at each point in
the strategy space.

We check that this is the case when we compare the exclusion game (conditions
(5) and (6)) with the social surplus game (conditions (10) and (11)). Indeed, from
X(N) > X(S), and @X(N)=@xi > @X(S)=@xi when S  N , follows that:

X(N) >
X

S„N ji2S

(S)X(S) (12)

X
j2N

„j(yj)
@X(N)

@xi
>

X
S„N ji2S

(S)
X
j2S

„j(yj)
@X(S)

@xi
: (13)

Similarly, to compare the openness game with the social surplus game, we check
that the expression in (9) is lower than the expression in (11), while (8) and (10)
are equal.

Finally, note that a set of strategies cannot satisfy at the same time the ˛rst
order conditions for the social surplus game and the ˛rst order conditions for the
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exclusion or the openness game. This allows us to conclude that the equilibrium
level of investment must be strictly lower (in one or both dimensions) in the exclu-
sion and in the openness games compared to the level in the highest equilibrium
in the social surplus game, which corresponds to the socially optimal level (for a
discussion on how to proof strict monotonicity, see Edlin and Shannon, 1998). �

This conclusion is by no means surprising. With regard to the openness case,
the circumstance that contributors cannot appropriate the value of their contribu-
tions reduces incentives to invest in the common input X. This is the well known
public good problem that is taken to justify the granting of intellectual property
rights.

The fact that the incentive is reduced also in the case of exclusion should not
be surprising either, since appropriation takes place through ex post bargaining,
and this weakens the link between e¸ort and pro˛t.

Without exclusion, individuals have an incentive to free ride in their investment
because they do not take into account the positive e¸ect of their e¸ort on others’
pro˛t. Exclusion can reintroduce some incentive, as individuals can \sell" the
result of their e¸ort ex post; in this way, they are able to appropriate at least in
part their contribution to the improvement of the public input. Still, excludability
is not enough to secure e‹cient incentives to invest, and individual investments
are suboptimal even in this case.

Moreover, the possibility to appropriate part of the e¸ect of xi through ex-
clusion comes at the cost of reducing the incentive to provide yi: indeed, as it is
clear from the ˛rst order conditions, for a given xi, the marginal bene˛t from yi
is higher under openness than under exclusion. The possibility to exclude others
from access to one’s contribution results into the ability to appropriate part of their
(complementary) private investment aimed at increasing „. Hence, with respect
to the social optimum, direct comparison of ˛rst order conditions shows that with
exclusion the bene˛ts from both y and x are reduced, while with openness it is the
incentive to provide x which is a¸ected. However, a direct comparison between
the two cases is not possible without further assumptions about the interaction
between x and y and about the degree of complementarity among di¸erent con-
tributions. In the following sections we will consider some possible speci˛cations
of the model, re‚ecting di¸erent characteristics of the technology used to produce
X.

2.2. Input quality as the sum of individual investments

The outcome of innovative activities is commonly described as a public good,
because its use is nonrival. Moreover, it is often implicitly assumed, both with
reference to public goods in general and to the outcomes of innovative activities,
that their total available quantity is the sum of the quantities provided by the
various contributors (this assumption underlies the so-called \summation" model
of public good provision). This amounts to assuming that the contributions of
di¸erent individuals involve no duplications and a minimum degree of complemen-
tarity. They are perfectly modular, and the value of each individual contribution
is independent of the value of others’ contributions.
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We claim that this assumption is not reasonable in most cases of innovation
involving a plurality of individual contributions. However, it is useful to start from
this speci˛cation, as it allows us to obtain the standard justi˛cation for exclusion
as an e¸ective response to free-riding.

We assume that
X(S) =

X
i2S

xi: (14)

It follows that @X(S)=@xi = 1.
We make the simplifying assumption that individuals are symmetric. In a

symmetric equilibrium, where xi = x and yi = y for all i, X(S) depends only
on the size/numerosity of S (jSj = s), so that X(S) = sx. The equilibrium
conditions (5) and (6) in the exclusion case become4

n+ 1

2
„0(y)x = ’y(x; y) (15)

n+ 1

2
„(y) = ’x(x; y) (16)

This must be compared to the case of openness, where the ˛rst order conditions
are, under symmetry,

n„0(y)x = ’y(x; y) (17)

„(y) = ’x(x; y): (18)

In order to compare the optimal values of x and y in the two cases under
di¸erent assumptions about the cost complementarity between x and y, we need
to specify the functional form of „(y) and ’(x; y). We assume „(y) = y˛ with
0 < ˛ < 1, and

’(x; y) = (xb + yb)‚=b b > ‚ > 1 (19)

where ‚ is the elasticity of cost with respect to an increase in both investments.
Condition b > ‚ is necessary to secure that ’xy 6 0 (i.e. a higher x does not
increase the marginal cost of y and viceversa).

This formulation allows us to consider di¸erent degrees of complementarity
between the two kinds of investment by changing the parameter b. At one extreme,
when b = ‚, we have ’(x; y) = x‚+y‚ and the marginal costs of investments x and
y are independent. At the other extreme, as b tends to in˛nity, the cost function
tends to maxfx; yg‚ , i.e. the marginal cost of increasing y when x > y is zero.

Conditions (15) and (16) become

n+ 1

2
˛y˛`1x = ‚yb`1(xb + yb)‚=b`1 (20)

n+ 1

2
y˛ = ‚xb`1(xb + yb)‚=b`1 (21)

4Note that in the left hand side the sum across all S „ N containing i can be replaced by the
sum across all coalition sizes, considering that the probability that i belongs to a coalition of size
s is 1=n.
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so that the equilibrium investment with ex post exclusion (x˜; y˜) satis˛es y =
x˛1=b and

n+ 1

2
˛˛=bx˛ = ‚(1 + ˛)‚=b`1x‚`1: (22)

Proceeding as above in the case of openness, from (17) and (18) we have that
the equilibrium investments (x˜˜; y˜˜) must satisfy y = x(n˛)1=b and

(n˛)˛=bx˛ = ‚(1 + n˛)‚=b`1x‚`1: (23)

In both the case of exclusion and of openness, from the second order conditions
for an internal solution follows that ‚ > 1 + ˛.

Proposition 2. When X(S) =
P
i2S xi, for n > 1, we always have x˜ > x˜˜,

i.e. the investment aimed at improving the public input X is higher under
the exclusion regime than under the openness regime. 2

Proof. By comparison of (22) and (23) we have that x˜ > x˜˜ as long as

2n˛=b

n+ 1
<

 
1 + ˛

1 + n˛

!1`‚=b

(24)

it can be easily veri˛ed that this inequality is satis˛ed for all n > 1 and for all
b > ‚. �

2.3. Complementarity among individuals’ investments in input quality

The assumption that individual e¸orts simply sum up, so that the output (in
terms of quality improvement of X) is a function of the total e¸ort of contribu-
tors, cannot be easily reconciled with the coordination problems that a›ict large
development projects. Usually, e¸orts by di¸erent individuals must ˛t together in
a speci˛c way, and the value of a single contribution depends on the availability
of complementary and coordinated contributions. This aspect is particularly rel-
evant when innovation investments are decentralized among a plurality of agents
taking their decisions independently.

This implies that we should consider other speci˛cations of the way individual
contributions aggregate to determine an increase in X. The economic analysis
of public goods has considered speci˛cations of the \social composition function"
other than the summation model, allowing for di¸erent degrees of complementar-
ity among individual contributions.5 Economic analysis has thus shown that, as
we depart from the summation model, the incentive to contribute may be very
di¸erent than in the standard case (Cornes, 1993).

We replace (14) with

X(S) =
“X
i2S

xai
”1=a

0 < a 6 1 (25)

5A case which is polar with respect to the summation model is the weakest-link (Hirshleifer,
1983): under a weakest-link technology, where complementarity among contribution is maximal
so that the amount of the public good is the minimum among individual contributions.
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this is the familiar expression for a constant elasticity of substitution (CES) pro-
duction function; (1 ` a)`1 is the elasticity of substitution, which is in˛nite in
the case a = 1; note that in this case (25) reduces to (14). As a tends to zero,
contributions become necessary for X to be valuable to the individuals. We re-
strict our attention to positive values of a, because for a < 0 the amount of the
public good is always zero when the coalition N is not formed, i.e. when at least
one individual decides not to participate,6 hence the result is qualitatively the
same we have with a ! 0+. Note that the limiting case of a approaching zero
corresponds to the O-ring production function, introduced by Kremer (1993). In
Kremer’s words (p. 551), such production function describes a situation \in which
production consists of many tasks, all of which must be succesfully completed for
the product to have full value".7

We start from the case of openness. With the new expression for X(N), under
symmetry, the equilibrium conditions (8) and (9) are

n1=a„0(y)x = ’y(x; y) (26)

n1=a`1„(y) = ’x(x; y) (27)

Using the same speci˛cations of the previous section for functions ’ and „, we
have that y˜˜ = (n˛)1=bx˜˜ while x˜˜ satis˛es

n1=a`1(n˛)˛=bx˛ = ‚(1 + n˛)‚=b`1x‚`1: (28)

Consider now ex post exclusion. By substituting for X(S) in (3), the equilib-
rium conditions (5) and (6) are

–n(a)n1=a`1„0(y)x = ’y(x; y) (29)

–n(a)n1=a`1„(y) = ’x(x; y) (30)

where –n(a) =
Pn
s=1(s=n)1=a > 0 is increasing in a and in n, with –n(1) = (n+1)=2

and lima!0 –n(a) = 1.
We observe that, as a decreases, the left hand size of conditions (30), express-

ing the marginal bene˛t from investment in the improvement of X in the case of
exclusion, tends to coincide with (27), the marginal bene˛t in the case of openness.
The latter is (1=n)(@X(N)=@xi), i.e. investment is made under the expectation
that each contributor claims an equal share (1=n) of the increase in the common
input, regardless of her actual e¸ort. Indeed, when individual contributions be-
come essential to the innovation, the bargaininig power of the parties is not related
to the intensity of individual e¸ort; exclusion becomes less and less e¸ective in
reducing free riding in the production of the public input X. Moreover, when
all contributions are equally essential, bargaining not only reduces the bene˛cial

6Note that, with S = N , as a ! `1 we have maximal complementarity, and X(N) =
minfx1; : : : ; xng. This corresponds to the weakest-link technology mentioned in the previous
footnote.

7Kremer refers to the case of labor skills. As he puts it (p. 553): \The O-ring production
function di¸ers from the standard e‹ciency units formulation of labor skill, in that it does not
allow quantity to be substituted for quality within a single production chain."
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e¸ect of exclusion, it also has an adverse e¸ect on the private incentive to invest,
given by the e¸ect of y on „, as it is apparent from (29). With exclusion, each
party is able to claim (expropriate) a share of each other party’s private bene˛t,
and the overall incentive is reduced.

By making the required substitutions for „ and ’ in (29) and (30), we have
that y˜ = x˜˛1=b and x˜ satis˛es

–n(a)n1=a`1 ˛˛=bx˛ = ‚(1 + ˛)‚=b`1x‚`1: (31)

We reach the following:

Proposition 3. Let x˜ and x˜˜ be the symmetric equilibrium investments re-
spectively when exclusion is possible and under an openness regime. Under
the assumption (25), for all n > 1 and for all b > ‚, there exists a˜(b) > 0,
increasing in b, such that x˜ < x˜˜ if and only if a < a˜(b). 2

Proof. By comparing expressions (31) and (28), we ˛nd that a necessary and
su‹cient condition for x˜ ≷ x˜˜ is

–n(a) ≷ n˛=b
 

1 + n˛

1 + ˛

!1`‚=b

(32)

where the r.h.s. is always strictly larger than one for n > 1. Since lima!0 –n(a) =
1, the inequality is not satis˛ed for a small enough. From monotonicity and
continuity of –n(a) in a follows that there exist a˜ > 0 such that the expression (32)
is satis˛ed with equality at a˜ and with ‘>’ for a < a˜.

That a˜ is increasing in b follows from the fact that the r.h.s. of (32) is increas-
ing in b. This is veri˛ed by considering the logarithm of the r.h.s. and calculating
the derivative w.r.t. b, which has the same sign as

‚ log

 
1 + n˛

1 + ˛

!
` ˛ logn > (˛ + 1) log

 
1 + n˛

1 + ˛

!
` ˛ logn =

= logn+ (˛ + 1) log

 
1 + n˛

n+ n˛

!
> logn+ log(1=n) = 0 (33)

where we have used the fact that 0 < ˛ < 1`‚ (the latter inequality follows from
second order conditions). �

The proposition states that, provided that contributions are complementary
enough, it is always possible that the openness regime induces higher investment
in the development of the public input. Moreover, the higher the complementar-
ity between xi and yi (i.e. the higher b), the lower the complementarity among
individuals’ contributions (i.e. the higher the value a˜) which is necessary to make
openness advantageous.

To give an idea of the relation among parameters, we calculate a˜ for di¸erent
values of b and n, under the assumption that ˛ = :7 and ‚ = 2:8

8Note that b is limited from below by ‚.
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b = 100 10 5 3 2

n = 5 .73 .62 .52 .42 .32
10 .70 .55 .42 .30 .20
20 .68 .48 .34 .22 .13
50 .67 .41 .26 .15 .07

The ˛rst column (b = 100) identi˛es the case of maximum complementarity be-
tween the two dimensions of investment/e¸ort, where xi = yi.

3. Applications

The model presented in the previous sections highlights that, if certain conditions
hold, a reciprocal commitment not to exclude others from access to one’s intel-
lectual asset(s) can be a better strategy to induce investments than a strategy
based on the active enforcement of IP and/or on technical exclusion. This con-
clusion holds under the twin hypotheses of the existence of (a) complementarity
among the e¸orts made by di¸erent innovators at developing knowledge that has
the nature of a common input to contributors’ activities; and (b) complementar-
ity between contributions to the common innovative input and investment in the
subsequent (private) use of the resulting innovation.

As it was brie‚y mentioned in the introduction, both the adoption of an ex-
plicit ex ante commitment not to exclude third parties from one’s IP and these
conditions are more common than it may ˛rst appear. This section provides a
concise analysis of two salient real-world examples of the sort of phenomena cap-
tured by our model, namely the system of Open Source Software licenses and the
mechanics of production of scienti˛c knowledge under the Open Science system.

3.1. Open Source Software

Open Source Software (henceforth OSS) licenses grant to licensees (a) free access
to the program source code, i.e. to the human-readable instructions expressing
the di¸erent tasks that have to be performed by the computer, and (b) the free-
dom to use (run) the program, to study how it works, to modify and improve
it, to redistribute it with or without modi˛cations. Once a given software is dis-
tributed under an OSS license, it becomes permanently accessible to all those
willing to subscribe such licenses. Thus, this kind of licenses amounts to a devel-
oper’s pre-commitment not to exclude third parties from access to their software
contributions.

The strenght of this pre-commitment varies with the speci˛c type of OSS
license used, and particularly according to whether the license is \copyleft" or
\non-copyleft". Copyleft licenses, such as the General Public Licence (GPL),
are the most restrictive in terms of the freedom of developers to exercise the
right to exclude from their copyrighted contributions to the OSS project to which
they participate. Non-copyleft licenses (as the Berkeley Software Distribution -
BSD), by contrast, preserve the freedom of subsequent developers to exercise ex
post the right to exclude from their copyrighted improvements to the original
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software and therefore grant developers the possibility to exclude other users and
developers from access to an improved version of the software or from a software
using the original one as a component. Thus, copyleft licenses imply a much
stronger commitment not to exclude than non-copyleft licenses.

In spite of their greater restrictiveness for licensors, copyleft licenses have by
far the greatest di¸usion in the OSS world and are adopted by more than 80% of
OSS projects (Lerner and Tirole, 2005; Fershtman and Gandal, 2007; Comino, Ma-
nenti and Parisi, 2007). The quantitative prevalence of copyleft licenses appears
puzzling in light of the standard view that more e¸ective exclusion is invariably
associated to greater incentives. According to this view, non-copyleft licenses
should be preferred to copyleft licenses because, by ensuring greater appropriabil-
ity through exclusion, they should be more highly valued by licensees. Perhaps
for this reason, this empirical fact has mostly been rationalized by reference to
ideology-based explanations, such as the need to attract ideologically-motivated
contributors or an intrinsic (and unexplained) superior ability of copyleft licenses
to prevent forking9 or reduce free-riding (Lerner and Tirole, 2005; Maurer and
Scotchmer, 2006; Gambardella and Hall, 2006). The model presented in this pa-
per, by contrast, may provide an e‹ciency-based explanation to this phenomenon.
It suggests that copyleft licenses tend to be most di¸used exactly because they
entail a more e¸ective pre-commitment not to exercise exclusion rights and, as a
consequence, greater incentives to invest.

The economic environment where OSS development takes place displays the
main features captured by our model. Indeed, OSS software developers may both
invest in an open source software program that has the nature of a publicly avail-
able common input and in the private exploitation of that input through activities
such as the provision of complementary services in the form of software customiza-
tion, support and assistance and the sale of the OSS software input in a bundle
with other hardware or proprietary software. These investments are characterized
by the crucial features highlighted by our model.

First, developers’ investments in the jointly developed software program are
complementary. The presence of complementarities among di¸erent developers’
contributions to OSS collaborations may be understood to follow from the peculiar
division of labour taking place within OSS projects. Indeed, the usual specializa-
tion bene˛ts inherent to the division of labour tend to be particularly pronounced
in OSS development because OSS developers may self-select for the tasks that
best match their abilities (Benkler, 2002), so that contributions tend to be made
by those that possess the best human capital and knowledge for a given task. Sec-
ond, in a context of decentralized development, each of the separately developed
software components tends to be co-speci˛c to the other components making up
a given program. This tends to be the case particularly when time to market is
an issue, i.e. when lack of access to one of the components would signi˛cantly
undermine pro˛t opportunities by delaying market release of the program.

Second, developers bene˛t from advancement of the common input. Bene˛ts

9Forking indicates the circumstance that a developer legally acquires a copy of a software source
code and starts independent development of a distinct software program based on that code. The
development of the original program thus forks in multiple directions.
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may be intrinsic and/or extrinsic. Intrinsic bene˛ts may take the form of the
enjoyment of programming per se (Moglen, 1999) and the satisfaction following
from respect of an ideological commitment to the norms of OSS communities
(Bergquist and Ljungberg, 2001)10. Extrinsic bene˛ts may be in the form of
reputation and signalling advantages (Lerner and Tirole, 2002), satisfaction of
speci˛c user needs (von Hippel, 2002), and monetary pro˛ts associated to the
mentioned complementary activities.

Third, complementarities exist between investment in the common input and
investment in its subsequent use for private purposes. On one side, investment
in the common input enhances the value of investment in the private input since
active participation to the development of OSS software code constitutes an es-
sential precondition to engage in these private activities, which require ˛rst-hand
knowledge of the software program that constitutes their input. On the other
side, investment in the private input enhances the value of investment in the com-
mon input. Indeed, by using the innovation that incorporates the common input
in complementary private activities, developers may identify bugs or possible im-
provements and applications, thus generating positive spillovers in terms of quality
of the common input.

Finally, consistently with our model, the ability of developers to derive bene˛ts
from both the public and the private dimension of their investment depends on
their having on-going access to the jointly developed OSS code.

Thus, our model provides a rationale for OSS licenses in general and more
speci˛cally for the quantitative prevalence of copyleft licenses over non-copyleft
licenses, contributing to the limited theoretical literature on the matter.

3.2. Production of Scienti˛c Knowledge under the Open Science system

Although the analysis has so far been developed by reference to decentralized
innovation, i.e. to the commercial application of newly developed knowledge, it
can also be applied to understand the framework within which the production
of scienti˛c knowledge has traditionally taken place. Indeed, the most extreme
instance of ex ante commitment not to exclude third parties from access to one’s
intellectual assets can be identi˛ed in the rules that have for long disciplined
\Open Science" production of scienti˛c knowledge.

As is well known, the expression \Open Science" refers to the combination of
norms and conventions that make up the ethos of scienti˛c research, and partic-
ularly to the norms of the scienti˛c community that facilitate disclosure and the
di¸usion of knowledge. For our purposes, the distinctive feature of such a system
rests in the fact that individual appropriability of the bene˛ts from research is not
based on exclusion of third parties from access to scienti˛c ˛ndings but rather on
the widest possibile access to those ˛ndings, which feeds, in turn, a reputational
system based on scienti˛c publication and peer validation of research results (Das-
gupta and David, 1994). The norms of the \Republic of Science" (Polanyi, 1962)
thus amount to a pre-commitment not to exclude of the sort that interests us in

10Note that enjoyment of this sort of intrinsic bene˛ts, depends on continued access to the
common input.
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this paper.
Most importantly, it appears that the rules of \Open Science" have emerged in

a context characterized by features consistent with our model. Researchers may
typically invest their time and intellectual resources both in contributing to the
existing stock of scienti˛c knowledge and in mastering and exploiting such body
of knowledge through activities that use the latter as an input such as lecturing
and providing consultancy services.

First, that the production of scienti˛c knowledge results from the complemen-
tary e¸orts of di¸erent individuals is self-evident. Di¸erent individuals contribute
to the scienti˛c enterprise di¸erent intellectual resources, ingenuity and human
capital. Also, to the extent that scienti˛c research is characterized by serendipity,
the outcomes achievable by multiplying the e¸ort exerted by any single individ-
ual will never be the same as those achievable through multiple research e¸orts.11

Indeed, the joint contribution to the same research endeavour by more than one
scientist allows to attain results that are more valuable than those attainable by
correspondingly increasing the e¸ort exerted by a single scientist, among other
things because reciprocal inspection allows to validate scienti˛c ˛ndings. The
scienti˛c knowledge accepted by the community is reliable exactly because it is
tested and developed by multiple scientists (Ziman, 1976).

Second, researchers bene˛t in many ways |again, both intrinsic and extrinsic|
from the fact that their research ˛ndings may increase the relevance and recogni-
tion of the stream of research they are engaged in, which is a public good for a
community of scientists/researchers.

Third, there is certainly no doubt that contribution to the advancement of
science (xi) and investment aimed at becoming an \expert" in that ˛eld (yi) are
complementary, to the point that they might coincide in many cases.

Finally, continued access to the existing stock of scienti˛c knowledge is indis-
pensable to engage in the above-described investment activities: absent access to
existing knowledge, neither further advancement of the stock of scienti˛c knowl-
edge, nor its exploitation in the context of related activities would be possible.

The model presented in this paper may thus allow to explain the emergence
of the system of \Open Science", contributing to the recent literature rationaliz-
ing this institution (see e.g. Stern, 2004; Aghion, Dewatripont and Stein, 2008).
Moreover, it may provide insights on the implications of the emergence, within the
scienti˛c community, of a framework of rules alternative to the \Open Science"
system and based on the active enforcement of IPRs over the results of scienti˛c
research.

The shift towards this alternative framework has been induced to a large extent
by the progressive extension of patentability to the results of basic research12 and
the introduction of legislation that, following the U.S. Bayh-Dole Act of 1980,13

11The notion of serendipity refers to the fortuitous discovery of useful scienti˛c results and to the
associated perception of the unpredictability of the research areas with greater potential payo¸.

12Scienti˛c facts and principles and natural phenomena have traditionally not been patentable.
However, given the blurry lines existing between natural substances and man-made ones, this
limitation has not in practice been binding.

13The Bayh-Dole Act has allowed federally funded agencies, including universities, in the U.S.,
to claim title to the results of federally-funded scienti˛c research on the basis of the presumption
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has promoted the attribution of IPRs to universities and research institutions.14

As a consequence of these developments, scientists face a choice between publi-
cation and patenting (or between \openness" and \exclusion", in the terminology
of this paper) since publishing research ˛ndings may compromise their right to
patent. Indeed, a patent cannot be obtained if an invention was previously known
or used by others in the country where patent protection is sought or patented
or published anywhere in the world. Thus, presentations at conferences or semi-
nars according to the rules of \Open Science" as well as publication on scienti˛c
journals are, to some extent, incompatible with patenting. In some jurisdictions,
notably in the U.S., publishing and patenting may in principle be reconciled by
submitting a provisional patent application that allows to obtain priority before
publishing. However, even when this is the case, scientists interested in commer-
cializing their discoveries will keep them con˛dential during the patent application
process, which may take 5 to 7 years, and in any case will only disclose their ˛nd-
ings in a way that is not su‹ciently detailed to enable someone to reproduce the
invention. This, of course, severely limits the possibility to exploit the comple-
mentarities among the multiple individual contributions to the public stock of
scienti˛c knowledge.

Thus, the alternative framework that is currently developing appears to be one
where access to the complementary intellectual assets indispensable to the pursuit
of scienti˛c research requires ex-post contracting, as in the \ex-post exclusion case"
considered in our model. The insights of the model may thus be regarded from
a normative standpoint as suggesting caution with this kind of policies. Indeed,
preserving the pre-commitment not to exclude from access to scienti˛c ˛ndings
that has for long been the distinguishing feature of Open Science appears more
consistent with the characteristics of scienti˛c knowledge.

4. Concluding remarks

The production of innovative knowledge is ever more frequently decentralized.
Understanding the implications in terms of incentives of alternative arrangements
disciplining access to each of the separately developed inputs to a collective in-
stance of knowledge creation is thus important for both organizational decisions
and policy-making. In this paper, we have provided a framework for analyzing the
choice between a strategy of exclusion-based appropriability and an ex-ante com-
mitment not to exclude third parties from one’s own intellectual assets (openness
strategy) in a context of contractual incompleteness. The framework’s key advan-
tage is that it allows to jointly consider two aspects of knowledge production that,
though empirically relevant, tend to be neglected in most theoretical analyses,
namely: (a) the complementarity among contributions to a common knowledge
input; and (b) the complementarity between investment in the common input and

that government ownership would result in under-exploitation.
14Within this context, the U.S. Court of the Federal Circuit has concluded, in the well-known

case Madey vs. Duke, that universities (and, of course, their scientists) are in the business of doing
research and that therefore, as any other business, they should take out licenses on the patented
material they are willing to use.
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investment in a privately appropriable component. Our main conclusion is that,
when the degree of complementarity is su‹ciently high, an ex ante commitment
not to exclude from access to one’s intellectual assets may provide greater incen-
tives than a strategy of exclusion. This conclusion on the relative ine¸ectiveness
of IP-based exclusion as an incentive mechanism is reached under conditions that
are particularly favourable to IP, namely the assumption that ex-post bargaining
for one’s share of surplus from the common input comes at no cost. Taking into
account ex post transaction costs and monopoly deadweight losses would in all
probability strenghten our result.

The two applications of the model presented in the paper|Open Source Soft-
ware and the production of scienti˛c knowledge under the Open Science system|
do not exhaust the range of possible applications. By way of example, consider
that many on-line collaborations of various sorts may ˛t the hypotheses of the
model, as well as the allocation of IPRs within Research Joint Ventures15. Thus,
the model has a number of empirical implications that it would be worth investi-
gating.

Needless to say, the model su¸ers from some limitations. First, it does not
address the issue of the comparison of the innovative performance of centralized
and decentralized systems of knowledge production. In principle, within a cen-
tralized system, incentives for all of the agents making innovative investments
could be appropriately adjusted to obtain results akin to those obtained through
the combination of openness and decentralization. However, centralization also
entails costs, and in many cases it is not a viable solution. The coexistence of
large centralized companies and decentralized forms of organization in the same
environment, e.g. OS and proprietary forms of software production, suggests that
centralization and openness may represent alternative ways to coordinate individ-
ual e¸orts, characterized by strengths and weaknesses whose analysis is outside
the scope of this paper.

Second, in considering the applicability of the model’s results it should be
stressed that they have been obtained in a setting characterized by symmetric
agents. Considering asymmetric agents may bring further insights and it may
possibly change some implications of the model.

The third, more relevant, limitation concerns the fact that we assume that the
pro˛ts of the agents contributing to the common input are independent one from
the other. Indeed, there are reasons to think that pro˛ts will actually tend to
be negatively correlated. Contributors to the common input may, for instance,
compete for a ˛xed amount of research funds or compete in the same ˛nal market.
Considering the possibility of negative correlation of pro˛ts appears, prima facie
to reduce the convenience of the \openness" solution. However, this is not at all

15In this regard, the model presented in the previous sections allows to compare the e¸ects of two
extreme alternative arrangements allocating the IPRs over the partnership’s innovative outcomes
and o¸ers insights that may be regarded as both positive and normative. On the positive side,
it suggests that we should observe the choice of an IPRs arrangement that implements a pre-
commitment not to exclude when the two conditions identi˛ed in the model are veri˛ed. On the
normative side, it suggests that the choice of this type of IPRs arrangement should be made if these
conditions hold, so as to provide greater incentives to invest than it is the case under alternative
IPRs arrangements.
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obvious, as su‹ciently strong o¸setting factors such as, for instance, the existence
of network externalities, may well come into play. To fully grasp the implications
of modifying the assumption of independence of pro˛ts, a thorough analysis would
be necessary.

In spite of these limitations, we think that this paper o¸ers a valuable contri-
bution to the understanding of decentralized forms of knowledge production.
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