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Abstract

The paper presents a model of innovation with multiple independently developed
technologies, whose individual values depend on other technologies. The main ap-
plication is technology standards involving many patented inventions. The paper
characterises the value-sharing rule that maximises the expected social value of innov-
ation and compares the associated second-best optimal investments to the equilibrium
investments under a competitive benchmark. In the presence of both potential comple-
ments and substitutes among technologies, the competitive benchmark fails to achieve
efficiency. The results imply that the rule recently endorsed by courts and policymakers
to determine royalties for standard-essential patents provides suboptimal innovation
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1 Introduction

Many modern products combine multiple inventions that are protected by patents. Tech-
nical standards in the information and communication technology industry are a prime
example. The LTE standard for mobile communications, for instance, has over 10,000
patents that are claimed as essential to the implementation of the standard (Baron and
Pohlmann, 2018). When many technological inputs are available and multiple are combined
to make a product, technologies from different innovators may be competing with each
other, with the extreme case of them being perfect substitutes. Alternatively, they may
complement each other meaning that the whole is greater than the sum of its parts, with
the extreme case being perfect complements.

In this paper, I study how the individual innovators should be rewarded when there
are multiple technologies whose values depend on which other technologies are available,
under the assumption that only the innovation outcome is observable but not research
investment. I also investigate how well the outcome arising from a competition between
the technologies compares to the optimal incentives. The optimal incentive scheme induces
research investments that maximise the expected value of the technologies net of the
research costs, restricted by a budget constraint that the revenues given to innovators come
from the values that they jointly create. In other words, external subsidies are not allowed.
The incentive scheme is therefore a sharing rule for the value created by the technologies.

If each innovator is paid the incremental value of the technology (i.e. the difference
between the values with and without the technology) then the innovation efforts would
be socially optimal. This follows the conventional economic wisdom that decisions are
efficient if the marginal private incentive aligns with the marginal social contribution.!
However, paying every innovator the incremental value is not always feasible given the
budget constraint. With complementary technologies, the sum of individual incremental
values could exceed the total value of the technologies, as discussed by, for example, Shapiro
(2007). With the binding budget constraint, the ‘second-best’ incentives mirror the Ramsey
pricing solution from the budget-balanced multi-product pricing problem (Baumol and
Bradford, 1970).

The competitive royalty that a patent holder can command if the patent holders engage in
a price competition after the technologies are invented is restricted by the incremental value
of the technology. However, the idea also applies to any arbitrary group of technologies.

Their combined competitive prices are restricted by their joint incremental value over the

! Pigouvian taxes (or subsidies) for externalities are one of the best-known applications of this wisdom. In
the work that introduces this concept, Pigou (1920, p. 161) uses patent laws as an example of a tool for
‘bringing marginal trade net product and marginal social net product more closely together’.



best alternative that does not contain any of their technologies. This means when there
are complements, the competitive royalties will be strictly smaller than the individual
incremental values. When there are possibilities of both complements and substitutes, then
the incentives given by competitive royalties are not second-best, and allowing royalties
greater than the competitive level can improve the expected social welfare. By imposing
competitive royalties within a specific realised state of innovation, it is possible that an
inventor has a competing substitute that drives down its competitive royalty (justifiably
in isolation) in one state of the world, but receives a competitive royalty smaller than its
incremental value in another state due to complementarities. By allowing supra-competitive
royalties in the former state, the marginal incentive in expectation over different states
moves closer to the marginal social contribution when the incentives are considered in
expectation over multiple possible outcomes.

In the context of standardised technology, a patent becomes a standard-essential patent
(SEP) if the patented invention is necessary to implement the standard. The outcome
from the competition between patent holders has been proposed as the benchmark for
patent royalties that the SEP holders can charge under the so-called fair, reasonable, and
non-discriminatory (FRAND) requirement that is often imposed by standard-setting organ-
isations (SSOs).? Determining whether a licensing term is FRAND is a contentious issue
in patent litigation and competition law enforcement.> An influential interpretation of
the ‘fair and reasonable’ part of FRAND is that royalties should reflect the outcome of a
hypothetical competition before the standard is set (Swanson and Baumol, 2005),* which
is said to equal the incremental value of the patented invention (Farrell et al., 2007). This
interpretation has been endorsed in the United States by the courts.?

Other than the hypothetical competition or incremental value, a few other interpretations

2 Lemley (2002) studies the policies of forty-three SSOs in the telecommunications and computer networking
industries and finds that the majority of them require FRAND licensing. Recent empirical studies suggest
that a more stringent restriction on SEP licensing may reduce the firms’ patenting incentives (Bonani, 2024)
and the contributions to the standardisation process (Rosa, 2023).

3 For example, in the case Microsoft Corp. v. Motorola, Inc., 696 F.3d 872 (9th Cir. 2012), the US court ruled
that the royalties that Motorola demanded for every Wi-Fi-enabled device were excessive and in breach of
Motorola’s FRAND licensing commitment. The royalties set by the court were substantially lower than the
initial offer. See also Pentheroudakis and Baron (2017) and Siebrasse and Cotter (2017) for summaries of
cases from multiple jurisdictions in which the court determined the FRAND royalty rate.

* This is often called ex ante competition in the literature, since it reflects the situation before the standard is
chosen. I do not use this terminology in the paper to avoid confusion, since such competition occurs before
standardisation but after the innovation process, which is the focus of this paper.

> For example, in Ericsson, Inc. v. D-Link Systems, Inc., 773 F.3d 1201 (Fed. Cir. 2014), the court notes that
‘the patentee’s royalty must be premised on the value of the patented feature, not any value added
by the standard’s adoption of the patented technology ... to ensure that the royalty award is based
on the incremental value that the patented invention adds to the product, not any value added by the
standardization of that technology’.



of FRAND have been proposed. One of the simplest sharing rules proposed is numeric
proportionality, where each patent earns its owner an equal share of the total royalty.
Numeric proportionality has been adopted by some patent pools and put forth as an
interpretation of FRAND royalties (Layne-Farrar et al., 2007; Layne-Farrar and Lerner, 2011).
Another approach is to adopt the Shapley value (Shapley, 1953) or a similar axiomatic
approach to define FRAND (Layne-Farrar et al., 2007; Dehez and Poukens, 2014; Hougaard
et al., 2023). While this paper does not formally evaluate these approaches, they do not
generally coincide with the second-best scheme characterised in this paper.

This paper contributes to the economic literature of how innovation should be incentiv-
ised in the standardisation context. The model adds the innovation stage to models of the
standard-setting process that begin after the technologies have been invented. Lerner and
Tirole (2015) formally model standard selection and the notion of the pre-standardisation
competition, and the competitive benchmark in this paper follows the definition of com-
petitive equilibrium in their paper. Llanes (2024) similarly considers the incentives for
innovation that precede the standardisation process, focusing on how the price caps and
patent pools affect the innovation for two complementary inventions. A similar model
of innovation incentives is used by Layne-Farrar et al. (2014) to show that competitive
royalties are not sufficient to attract innovating firms to participate in standardisation
efforts when the choice of participation is endogenous. Other papers study different as-
pects of innovation incentives under FRAND licensing commitments. Layne-Farrar and
Llobet (2014) show that if the values are multidimensional and heterogeneous, there is
not necessarily a single incremental value that all parties can agree upon and that the
hypothetical competition may not select the optimal standard. Ganglmair et al. (2012) study
the enforcement of FRAND commitments through competition law and argue that damage
remedies against SEP holders suboptimally restrict innovation. Dewatripont and Legros
(2013) show that FRAND licensing requirements may lead to firms claiming SEPs that are
not really ‘essential’ to the standard.

More broadly, this paper is related to the literature on rewarding complex technologies,
especially complementary technologies. I focus on the scheme that distributes the fixed
social value of the technologies and abstracts away from licensing and downstream com-
petition.® The set-up of a static innovation game under a pre-determined incentive scheme
is similar to the literature on research contests and procurement, e.g. Taylor (1995) and

Che and Gale (2003), but these papers focus on competing (substitute) firms and do not

® See e.g. Méniére (2008), Denicold and Halmenschlager (2012), Biagi and Denicold (2014), D’Antoni and Rossi
(2014), Choi and Gerlach (2015), and Denicolo and Zanchettin (2022) for the licensing of complementary
technologies.



include complements. For complementary technologies, Gilbert and Katz (2011) study how
to divide the value of multiple perfectly complementary technologies among inventors.
Their paper uses a dynamic model in which inventors compete to discover each component
sequentially. In contrast to their work, my model does not feature a ‘winner-takes-all’ race
to discover a technology, but allows each invention to potentially have complementary as
well as substitute innovations.

The structure of innovation efforts in this paper can also be compared to the standard
problem of incentives for teams, in which multiple agents contribute to a common goal.
The model of multiple innovators contributing to the expected social welfare corresponds
to the team incentive model of Holmstréom (1982), with the key difference being that,
instead of contracting solely on the joint outcome, the principal can also contract upon
individual signals (i.e. research outcomes), even though actions of individual agents remain
non-contractible.

The rest of the paper is structured as follows. To set the stage, Section 2 presents a
simplified example that highlights the intuition presented in this paper. Section 3 describes
the model set-up for the rest of the paper, while Section 4 explains the result that the
competitive benchmark is not necessarily optimal. Section 5 concludes with discussions on

the policy implications and possible caveats of the model’s findings.

2 Example

Consider a standard that requires two perfectly complementary parts A and B and has a
value of 1 for the consumer. For each part A or B, there are two firms that independently
try to invent a technology for the part. Let {A;, A,} be the set of firms working on part A
and {B1, By} the set of firms working on part B. The two firms who work on the same part
pursue different but equally good technologies. The innovation process is probabilistic: the
probability that firm i successfully invents its technology depends on its costly innovation
efforts. There are therefore sixteen possible states of the world depending on whether
each of the four firms’ technology is invented. A standard can be created if at least one
technology is invented for each part. Otherwise, the technologies have zero value on their
own. The value of the technologies in each state of the world can be described as a function

of the set S of successful technologies

) 1 ifSn{A,A}#@and SN{B;,B} # @
v =

0 otherwise.



Table 1: The incremental values and the competitive prices in different states of the world

. Incremental values Competitive prices
Invented technologies

A1 Az Bl B2 Total A1 Az B1 Bz Total

o 0 0 0 0 0 0 0 0 0
1 0o 0 1 1 0o 0 1
1 1 2y Y, 1

We are interested in setting the incentives for the firms to maximise the expected social
welfare, defined as the expected value of the technologies net of total cost of efforts. The
firms’ efforts are not contractible, but an incentive scheme can condition the payment
to each firm on the state of the world. In addition, assume that there is no possibility
of subsidies, so the incentives must be provided by distributing the values created by
the technologies. Firms choose their efforts to maximise their expected profit given the
incentive scheme.

For this section, the effort costs of the firms are not modeled explicitly. However, we will
take as given that firms choose the unconstrained welfare-maximizing efforts if each of
them is paid the incremental value of its technology in each state, where the incremental
value of a technology is defined as the difference between the value of the standard in
that state and the value in the state that the technology does not exist: v(S) — v(S \ {i}).
This follows the economic intuition that an economic agent behaves optimally if they fully
internalise their marginal social contributions.

Given the assumption of no subsidies, it is not necessarily possible to pay each firm
its incremental value in each state. The incremental value of a technology in a particular
state is either 1 or 0, depending on whether the technology is pivotal for the standard
or not. The middle column of Table 1 summarises the incremental values in different
types of states of the world in which the standard is created. For example, if all firms
but A, successfully invent their technologies, then A;’s technology is pivotal since the
standard cannot be created without it. Its incremental value is therefore the whole value 1,
whereas the incremental value for each of By and B;’s technologies is 0. If instead exactly
one technology is invented for each part, for example A; and B;’s, then both invented
technologies are pivotal, meaning that the incremental value of each technology is the full
value of 1. In this case, it would not be possible for our incentive mechanism to pay each
firm its incremental value with the value of the technologies in that state.

One mechanism that we consider is one whereby the payments the firms receive are



Table 2: The competitive prices in different states of the world in cases of perfect substitutes and perfect
complements

Substitutes Complements

Invented technologies
C D Total Value C D Total Value

(© (0 0 0 0 1 % %11
(© 1 11 0 o 0

determined by price competition after the state of the world is realised, which is the
economic interpretation of ‘reasonable’ royalties as proposed by Swanson and Baumol (2005)
and formalised by Lerner and Tirole (2015). In this competitive process, each successful firm
simultaneously announces a price for its technology to the user. The user then observes the
prices and chooses the set of technologies to buy. The competitive prices are shown in the
right column of Table 1. Through the usual Bertrand argument, if two firms working on
the same part, A or B, are both successful, perfect substitutability will drive the equilibrium
price down to zero. If there is one pivotal firm in the realised state of the world, then
with the take-it-or-leave-it offer the firm that owns the pivotal technology can command
the whole value of the standard. In this case, the competitive prices coincide with the
incremental values of the technologies. However, when there are two pivotal technologies,
for example when only A; and B, are invented, the total payment that these two firms
can jointly command is the value of the standard, since the user will not be willing to pay
in total more than the value. In this case, the symmetric competitive price is % for each
technology.

Can a social planner who wishes to maximise the expected social welfare do better
than the competitive prices given the budget constraints? Although firms are paid less
than the incremental values of their technologies in the states of the world in which two
technologies are pivotal, it is not possible to pay more in those states without breaking
the budget constraints. However, the planner can bring the expected incentives closer to
the ideal case of paying incremental values. In the state of the world in which all firms
successfully invent their technologies, the competitive price for each technology is zero,
so the budget is not used up in this state. By increasing the payment for each firm in this
state by ¢ > 0, the planner brings the expected payment that each firm receives when
its innovation succeeds closer to the ideal level that is given by the incremental value.
Paying more than the incremental value in the state where it is possible compensates for

the insufficient payment in other states.



We can contrast this example to simpler cases of two technologies that are either only
perfect complements or perfect substitutes, as shown in Table 2. Suppose there are two
firms C and D, similarly working on their own technologies. If the two technologies are
perfect substitutes, such that only one is needed for the standard, then the competitive
price is the full value 1 if only one firm successfully invents and 0 if both firms succeed.
This is perfectly in line with the incremental values, so the competitive prices lead to the
socially optimal efforts. On the other hand, if C and D are perfect complements, such that
the standard has value only if both firms succeed, then we have again the problem of two
pivotal technologies and the competitive price for each technology is %, which is smaller
than the incremental value. However, in this case the social planner cannot increase the

incentives, since there is no longer leftover budget in any states of the world.

3 The model

Consider the following model of innovation in which multiple technologies can be invented.
There is a set N = {1, ..., n} of risk-neutral firms. Each firm is endowed with an idea for a
single technology. Firm i successfully invents its technology with probability x; if it invests
ci(x;). Assume that each function ¢; is increasing and convex with ¢;(0) = 0 and ¢/(0) = 0.
Let x denote the vector of research efforts (xi, ..., x,). All firms choose their research efforts
simultaneously.

Given the binary outcome of each technology, there are 2" possible states of the world,
each state characterised by the set of successfully invented technologies. I will refer to the
state of the world in which S is the set of successfully invented technologies as state S. The
set of all possible states is the power set of N, denoted P(N).

If S is the set of available technologies, the technologies jointly create a value of v(S) to
the user. The value function v is assumed to be monotonic, meaning for any sets S and T,
we have v(T) < v(S) if T C S, and normalised such that v(®) = 0.7

Let 0(x) denote the expected value of v(S) given the research efforts x,

5(x) = ). Pr(S|x) oS,

SeP(N)

7 It is conceivable that including more technologies into a standard may reduce the value of the standard,
meaning that the value function of the standard is not monotonic (see Lerner and Tirole, 2015). Since
the standard selection process is not modelled in this paper, the monotonicity of v can be justified by
interpreting v(S) as the value of the best standard that can be chosen in state S. In other words, invented
technologies can be ex post freely disposed of.



where

Pr(S|x)=Hxi H (1—xj)

i€S  jEN\S
is the probability that state S is realised given the research efforts x. The social objective

function is the expected net value of innovation

w(x) = 0(x) = ), ailx).
ieN

As the first-best benchmark, let x* be the research efforts that maximise the expected social
surplus w(x). Assume that x* is the unique local and global maximum that is an interior
point of [0,1]".% The first-best research efforts x* must be a solution to the first-order

conditions 25(x")
o(x .
= C:\X; 1
S =) o

for all i € N. The marginal contribution of the effort is the expected incremental value

o0(x)
axi

= Y Pr(S\{it] x2) [u(S) — (S \{i})]

SeP(N)
where x_; = (x1, ..., Xi—1, 0, Xj41, ... , X ). For S such that i € S, the probability Pr (S \ {i} | x_;)
can be interpreted as the probability that other firms in set S—and only them—succeed

independently of firm i’s effort, and we have
Pr(S|x)=xPr(S\{i}| x). (2)

Throughout this paper, the research efforts x are assumed to be unobservable, but it
is possible to specify how much each firm is paid in a particular state of the world. Let
r;(S) > 0 denote the revenue that firm i receives in state S. A full schedule of revenues
for all i and S is referred to as a revenue scheme. I will also use r(S) and r to denote the
revenues for firms in state S and the entire revenue scheme. Given a revenue scheme, the
innovation decisions can then be characterised as a strategic game with n firms, in which

each firm i chooses its research effort x; to maximise its expected profit

> Pr(S|x) r(S) - cilx).

SeP(N)

Assume that if the game has multiple Nash equilibria, the equilibrium that produces the

8 The assumption of an interior optimum rules out the possibility that it is socially optimal for a firm’s effort
level to be at a finite upper bound. Specifically, it excludes the case where the corner solution is optimal to
avoid duplicative efforts to invent substitute technologies (Denicolo and Polo, 2018).



highest welfare w(x) is chosen. In a Nash equilibrium of this game, the equilibrium

investment x satisfies the first-order condition

D Pr(S\{iH] £20) [1(8) = (SN D] = /(&) 3)
SeP(N)

for all i € N. From this first-order condition, we see that any revenue schemes that feature
the same value of the difference r;(S) — r;(S \ {i}) across all i and S will induce identical
equilibrium research efforts. Therefore, for the rest of the paper, I will restrict attention to
revenue schemes that pay the firms only if they succeed: r;(S) = 0if i ¢ S. Comparing (3)
with the first-best efforts (1) also shows that if the revenue r;(S) equals the incremental
value v(S) — v(S \ {i}) for all i and S, then the system of equations characterised by (3)
coincides with the welfare-maximizing first-order conditions. This correspondence reflects

the notion that paying the incremental value aligns the social and private incentives.
However, it is not necessarily possible to pay the incremental values to all firms. In
this paper, I consider a principal who sets a feasible revenue scheme to maximise the
expected social surplus w(x), given that the research efforts are the equilibrium (3) under
the condition that external subsidies are not possible and the revenues that firms receive
can only come from the value created by the technologies. A revenue scheme can then
be thought of as a sharing rule for a joint project. In particular, I consider two types of
such budget constraints. Under the ex ante budget constraint, the expected revenue given to

firms must not exceed the expected value

D Pr(S[%) Y, n(S) < > Pr(S|%)u(s) (4)

SeP(N) i€S SeP(N)

given the firms’ equilibrium efforts x determined by the revenue scheme. Under the ex post

budget constraint, the budget constraint exists in every possible state of the world:

> ri(S) < o(S) (5)

ieEN

forall SC N.

10



4 Analysis

4.1 Optimal revenue scheme under the ex ante budget constraint

To simplify the exposition, let 7 denote the expected revenue that firm i receives if its

research succeeds given other firms’ research efforts x_;,

Fi= ) Pr(S\{i}| x) r(S), (6)
SeP(N)
and let 7 denote the vector (7y,...,7,). Given (2), firm i’s expected profit can then be

rewritten as x;7; — ¢(x;) and the condition (3) for the equilibrium research efforts can be

rewritten as
7= c{(%) (7)

for all i € N. The effort x; that satisfies (7) is unique for each 7 and increasing in 7.
With the formulation, the principal’s problem under the ex ante budget constraint

becomes choosing 7 to maximise w(x) subject to (7) and

> & < 0(%).

ieN
This simplifies the problem to a standard contracting problem with one budget constraint.’
Since (7) defines a one-to-one mapping between the expected revenue 7 and the equilibrium
effort x;, the problem can be further rewritten as a problem of choosing the equilibrium
effort:

max w(x)
X
subject to Y %ic/(%) < (). (8)
ieN
Proposition 1 below describes a condition for the solution of this constrained maximisation

problem.

Proposition 1. Under the ex ante budget constraint, the optimal expected revenue scheme 7

satisfies, for alli € N,
815(32)/8321-—?[ _ m (9)

T €

? The structure in this model is similar to that of Holmstrém (1982), which can be characterised as follows.
Given a vector of agents’ actions x, a joint value of w(x) is created. A principal specifies a sharing rule s;(w)
such that Y, s;(w) < w for all w. Agent i’s pay-off given the action profile x is s;(w(x)) — ¢(x;). Comparing
the constraints with s;(w(x)) and x;7;, the sharing rule s;(w(x)) is not necessarily linear in x, while in this
paper x;7; must be.

11



with some constant m > 0 and
o ¢ (%:)
Ca ()

The result from this maximisation problem is analogous to the Ramsey pricing for-
mula, which in the simplest case is usually presented with a monopolist who supplies
n independent goods (see Baumol and Bradford, 1970). The Ramsey pricing formula for
good i, determining the deviation from the first-best marginal-cost pricing, is given by
(pi —mc;)/ pi = p/€i, where p; denotes the price of good i, mc; its marginal cost, ¢; its price
elasticity of demand, and y a constant that is identical for all i. Equation (9) is the flip side
of this formula with a monopsonist and n suppliers of research efforts. For all firms, the
deviation of their marginal revenues 7; from their marginal contributions 9 9(x)/d %; is
inversely proportional to the ‘elasticity’ of effort that measures the change of equilibrium

effort x; in response to the change in the expected revenue 7;.

4.2 Competitive benchmark

In this section, I define the competitive benchmark that captures the notion that royalties
should reflect the hypothetical competition before the industry has committed to a standard.
Then I present the conditions under which the research efforts induced by the benchmark
are neither first-best nor second-best under the ex ante budget constraint.

Suppose that the revenue scheme is determined through the following competitive
process after the innovation outcome is realised. The firms that have successfully invented
their technologies engage in a Bertrand-like pricing game with a single user who values
the technologies according to the function v. In state S, each firm i € S simultaneously
proposes a price r;(S) to the user. The user then chooses a subset of technologies T to

maximise the net value

max v(T) — Z ri(S).

TeP(S) T

Each firm i’s pay-off is the price r;(S) if its technology is in the set chosen by the buyer and
zero otherwise.

A competitive benchmark for state S is defined as a price vector r°(S) that is part of a
subgame-perfect equilibrium of the pricing game in which the buyer buys from all firms in
the set S.1° This definition of the competitive benchmark in this paper aligns with that of
Lerner and Tirole (2015).!

19 This condition rules out equilibria with coordination failure, in which firms with complementary technologies
both choose too high prices. Alternatively, Lerner and Tirole (2015) impose that the competitive prices of
technologies not bought by the user must be zero.

' Tn particular, the description given of the competitive prices in Lemma 1 is identical to equation (1) of Lerner

12



The following Lemma 1 characterises the competitive benchmark.

Lemma 1. A price vector r(S) is a competitive benchmark for state S if and only if

D riS) <u(S)—u(S\T) (10)
i€T
forall T C S, and for every firmi € S, there exists a subset T C S such thati € T and
condition (10) holds with equality.

Remark: The competitive benchmark as defined is not necessarily unique. Take for
example the four-firm setting described in Section 2. In the state {A;, B;} in which there
are two perfect complements, any split of the full value to these two firms is a competitive
benchmark, not just the symmetric one. We can impose further restrictions to narrow
down the set of competitive benchmark, for example an assumption on symmetry or
proportionality, but they are not necessary for the results that follow.

The inequality (10) represents the notion that the license fees that the firms can command
for their technologies must be restricted by their incremental values. This incremental value
rule applies not only to individual technologies but also to any subsets of technologies in
that state. This means the competitive price for firm i may be strictly less than its individual
incremental value v(S) — v(S \ {i}).

From (1) and (3), the efforts induced by the competitive benchmark are first-best if 7
equals the expected incremental value (1). Since Lemma 1 shows that rf(S) never exceeds
the incremental value, the efforts induced by the competitive benchmark deviate from the
first-best if r7(S) < v(S) — v(S \ {i}) for some state S. Let x¢ denote the equilibrium efforts
given the competitive benchmark. Proposition 2 provides a sufficient condition for the

competitive benchmark not to lead to first-best efforts.

Proposition 2. If there exists a state S such that Pr (S | x°) > 0 and for a subset T C S
D [0(8) —v(S\{D] > v(S) — v(S\ T), (11)
ieT
then the first-best research efforts are not implemented by the competitive benchmark.
The inequality (11) means that for the firms in the subset T, the sum of their individual

contributions in state S exceeds their joint contribution. The restriction imposed by the

joint incremental value means that at least some firms in the set T must get paid strictly

and Tirole (2015) when there is no distinction between ‘within-" and ‘across-functionality’ substitution and
the demand is perfectly inelastic.

13



less than their individual incremental value in the competitive benchmark for state S. Note
that the result only requires this relationship in a single state.

Even in the case that the competitive benchmark does not achieve the first best, it may
still implement the second-best efforts if the first-best efforts are not feasible. The following
Proposition 3 provides the necessary condition that the competitive benchmark does not
lead to the second-best efforts under the ex ante budget constraint. If the competitive
benchmark is not on the boundary of the set of efforts that can be induced by a permissible
revenue scheme, loosely speaking, there is ‘money’ left on the table that can still be
distributed, and increasing the revenues over the competitive benchmark can improve

welfare.

Proposition 3. If the first-best efforts are not implemented by the competitive benchmark and
there exists a state S such that Pr (S | x) > 0 and for a partition T of S

D (S) = v(S\ D] < (), (12)
TeT
then the second-best efforts under the ex ante budget constraint are not implemented by the

competitive benchmark.

With Proposition 2 and Proposition 3, we see that with complementary technologies, it is
possible that there is room to improve welfare without breaking the budget. This happens

if in some states the full value is not paid out in the competitive benchmark.

4.3 Ex post budget constraints

The previous sections consider the problem of providing innovation incentives under the
single ex ante budget constraint (8) that is formulated in expectation across all states.
Implementing a revenue scheme that only satisfies the ex ante constraint may require a
principal who can absorb the risk. However, if such a mechanism does not exist and the
principal is only allowed to distribute the available value within each state, then we need
to consider the more stringent ex post constraints (5).

In Section 4.1 it is possible to simplify the problem to choosing the efforts x from the
feasible set of efforts, since there is a one-to-one mapping between x; and 7. However,
the correspondence between a revenue scheme and the vector 7 is not unique, so multiple
revenue schemes can be mapped to the same equilibrium efforts x.

It should also be noted that even if the ex post budget constraints hold with equality
for some states, it does not necessarily mean the budget is really ‘binding’ in the sense

it is not feasible to increase every firm’s equilibrium effort. In the example in Section 2,
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Table 1 shows that the competitive prices use up the budget in all states except the state in
which all firms are successful, but it is still possible to increase the expected revenue (and
equilibrium efforts) for every firm by paying more than the competitive price of zero when
all firms are successful.

The following result means that the problem with ex post budget constraints can be
similarly converted to a similar problem with the set of feasible 7 (and thus x). The lemma
restates the constraints (5) into a set of constraints on 7. This means the problem of choosing
a revenue scheme that satisfies (5) can still be reduced to that of choosing the expected
revenues 7 subject to the following set of constraints (13), without specifying the (not

necessarily unique) implementation of the revenue scheme.

Lemma 2. Given research efforts x and expected revenues 7, there exists a revenue scheme
that implements 7 according to (6) and satisfies the constraints (5) for all states, if and only
if 7 satisfies
> &f < > Pr(S | 2)u(s), (13)
i€T SeQ(T)

for any subset S C N, where
O(T)={SeP(N)|SNT + ¢}
is the set of states that has at least one of the firms in set S.

Applying S = N to inequality (13) yields the relaxed budget constraint (8), so the
constraints on other subsets of N restrict the share of 0(x) that can be given to firms in
those subsets. The intuition of Lemma 2 is that the maximum expected payment a principal
can assign to a group of firms is the portion of the available expected value 7(x) that comes
from states that have at least some firms in that group. If all the value in any states with at
least one firm from set S is used, then it is not possible to pay more to firms in S without
taking it from another firm in the set.> When the values of x and 7 satisfy the whole stack
of such conditions, it is possible to find a revenue scheme that requires no transfers across
different states, as prescribed by (5).

With constraints defined by expected revenues, the problem is now in a form similar to the
problem considered in previous sections. A principal chooses expected revenues 7, subject
to the constraints (13), to maximise the surplus w(x) given the investment equilibrium (7).
It is still the case that if the efforts are not first-best and are interior in the feasible set, then

the efforts are also not the constrained optimal or second-best efforts.

12 Note that the formulation of 7; works only under the assumption that firm i does not receive any reward
when it fails. Paying firm i when it fails does not increase its incentive to invest as shown by (3).
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Proposition 3 still directly applies in this case, with the constraint (8) replaced by the set
of constraints (13); the expected surplus from the competitive benchmark is not optimal,
neither in the first-best nor second-best senses, if some technologies are complementary
and the benchmark research efforts are interior in the feasible set defined by (13). The
proof of Proposition 3 applies to a compact feasible set, it holds for the feasible set defined
by these budget constraints.

However, given that the feasible set defined by (13) is more restricted than (8), it remains
to be seen whether the efforts that are interior under the laxer constraint are also interior
in the set defined by (13). The following Proposition 4 shows that a competitive benchmark
that is interior in the feasible set defined by (8) is also interior in the feasible set defined
by (13). Thus, Proposition 3 still holds.

Proposition 4. Given the equilibrium research efforts x such that x; > 0 for alli, if the compet-
itive benchmark does not implement the second-best efforts under the ex ante budget constraint,

it also does not implement the second-best efforts under the ex post budget constraints.

The idea of the proof is that for a constraint (13) to be binding for a set of firms S, the
values in all states that contain at least one firm in S must be fully paid only to the firms
in set S. However, some of the states also include firms outside of set S that have positive
values by themselves. Since the revenues in the competitive benchmark are limited by
(joint) incremental values, it cannot be the case that the full values in those states are
distributed to only the firms in set S.

Proposition 4 means that while the extra state-based budget constraints considered
in this section potentially reduce the feasible set, they do not affect the main results on
the competitive benchmark described in Proposition 2 and Proposition 3. It is possible
that, with complementary technologies, the competitive benchmark does not lead to the
welfare-maximizing research efforts under the condition that the incentives given to the

firms can only be from the values created by the available technologies in a particular state.

5 Discussion

In this paper, I analyse incentives for innovation in the context of complex technologies
with multiple interacting inventions. The model allows us to study how the value jointly
created by the inventions should optimally be appropriated by their inventors and how the
competitive outcome, as commonly defined, performs compared to the optimal rule.

The paper shows that allowing supra-competitive rewards for innovators may enhance

economic welfare. Specifically, it increases the expected welfare by allowing innovators
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to reap more benefits when there are competing substitutes that drive the rewards down
in order to compensate for the suboptimal incentives that arise from complementarities.
This result provides a caveat to the attractive notion in the standard-related intellectual
property rights policy that SEP holders should be restricted to charging pre-standardisation
competitive prices (Swanson and Baumol, 2005). The presence of complementarities in
complex innovations is well-recognised in the literature (e.g. Shapiro, 2001; Méniére, 2008;
Denicolo and Halmenschlager, 2012; Spulber, 2016; Denicolo and Zanchettin, 2022). For
example, a standard for mobile telephony requires inventions related to, among other
things, radio communications, e.g. modulation, and resource management, e.g. power
control (Goodman and Myers, 2005), which are likely complementary in nature.

While the results in this paper show that the competitive outcome is not optimal in
plausible settings of complex technologies, it is not necessarily apparent how the second-
best reward scheme should be implemented as formulating the optimal reward scheme
requires more information than the competitive outcome. The incremental value rule
rewards firms solely based on the characteristics of the invented technologies, i.e. the
rewards when the set of invented technologies is S can be computed based on observing v(T)
for all T C S and nothing else. The authority may be able to observe that the incremental
value rule is not optimal based on the invented technologies. For example, under the
setting described in Section 2, the authority can observe the presence of both complements
and substitutes in the state in which all technologies are invented. However, how much
the optimal rewards deviate from the incremental values depends on the innovation cost
functions. If the first-best solution is interior in the feasible set, then the optimal reward
scheme does not distribute the entire value to the innovators. If instead the first best is not
feasible, then the second-best reward scheme distributes the entire value to the innovators.
Whether the first-best solution is feasible depends on the cost function. The second reward
scheme may also depend on the unobserved failed technologies. While it may be impractical
for the social planner to fully acquire all the required information to formulate the optimal
reward scheme, the planner may at least exercise caution in adhering to the competitive
benchmark rule, especially in the case that complementarity is already observed among
the invented technologies.

Under this paper’s framework, we can also analyse other proposed rules for dividing
the values among the innovators. One such rule is that each patent earns its inventor an
equal share of the total value, a rule implemented by several patent pools (Layne-Farrar
and Lerner, 2011). In the context of this paper’s model, dividing v(S) equally among the
successful firms in state S is generally not optimal, although it has merit in requiring

minimal information to implement. Alternatively, Layne-Farrar et al. (2007) propose that
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the value of a standard is divided according to the Shapley value (Shapley, 1953). In general,
rewarding the innovators according to the Shapley value in each realised state of the world
does not coincide with the second best. Firstly, the Shapley value by design distributes
the entire value in each state, which, as previously mentioned, is not necessarily optimal.
Even when the second best prescribes distributing the entire value to the innovators, in
theory, the Shapley value does not necessarily induce the same investment as the second
best. However, as the Shapley value is based on the average incremental contribution, the
Shapley value could be numerically a good approximation of the second-best scheme.Given
that the Shapley value requires only the knowledge of the value function, similar to the
competitive benchmark, it would be an interesting question for future research to find
the conditions under which the Shapley value is a good approximation of the second-best
scheme.

The effects illustrated in this paper should be interpreted as one of many relevant factors
that affect innovation incentives. Since the model assumes that the technologies generate
fixed welfare that is unaffected by royalties, it shuts down effects associated with non-
perfectly-inelastic demand such as the deadweight loss from royalties and the multiple
marginalisation problem (also known as royalty stacking in the patent licensing literature)
whereby the cumulative royalties demanded by multiple patent holders exceed even the
monopoly level.

The model assumes that each firm simultaneously pursue a distinct, independently
patentable invention, which follows from how the notion of incremental value is discussed
in the literature (see e.g. Farrell et al., 2007; Layne-Farrar et al., 2014). In the case of technical
standards, this modeling choice may be a reasonable approximation of the situation where
there are multiple means to achieve a certain functionality and each firm pursues a different
mean (see e.g. Farrell et al., 1992), and the approach that each firm takes may be influenced
by factors such as existing expertise that the firms possess. There are ways that the
assumptions can be relaxed. If multiple firms pursue the same technology with only one
winner obtaining the patent (for example, there is a common idea of how a functionality
might be achieved), a situation known as a patent race, firms may have the incentives to
over-invest in research.'?

Multiple technologies can also be invented by a single firm. In the model, if multiple pro-
spective technologies belong to a single firm, then the firm can internalise the externalities
between the technologies. This can be welfare-improving in the case of complementary
technologies. However, if the technologies belonging to the same firm are substitutes,

then the firm may have the incentives to under-invest if the firm is rewarded based on the

13 See Tandon (1983) and Wright (1983) for probability-of-discovery models of patent race.
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competitive benchmark at the individual technology level.'* This modeling approach can
also be used to analyse the case where each firm can choose between multiple research
directions, with the different directions corresponding to imperfect substitute technologies.
Multiple research directions may also include, for example, the choice between pursuing
a substitute or a complement to another firm’s technology. If a firm can independently
pursue both directions at the same time, then the model would suggest that the investment
in the complementary technology may be too low compared to the actual contribution to
society. However, if the firm has to decide on a single direction, it might be the case that
allowing supra-competitive rewards for substitute technologies may make investing in the
substitute technology relatively more attractive, diverting the investment away from the

valuable complementary technology.
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Appendix A Proofs
Proof of Proposition 1. The Kuhn-Tucker necessary conditions imply that the solution to

the maximisation problem satisfies

au(x)
oX;

u(x)
oX;

cl’(fc,) + /‘l [ - cl/(f,) - J%,'Cl-//(fi) =0 (14)

for all i € N, and the complementary slackness condition

=0,
ieEN

A [Z xic{ (%) — 0(%)

with A > 0 being the Lagrange multiplier for the budget constraint. If the first-best efforts x*
are not feasible, then in the solution we have A > 0 and 9 i(x)/d x; — ¢/(%;) > 0. Rearranging
equation (14) yields
a(x)/o%; —c' (%) A K (%)
¢ (%) T1vd IR

Letting m = A/(1 + A) and ¢/(;) = F; we arrive at equation (9).

If the first-best efforts are feasible, then 9 9(x*)/d x; — ¢/(x;) = 0 and equation (9) holds
with m = 0. O

Proof of Lemma 1. Given a price vector r°(S), buying the entire set S is optimal for the user
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if and only if (10) holds, since (10) is equivalent to

o(SNT) = D ri(S) < v(S)— ), rf(S)
IES\NT i€S
forall T C S.
The next step is to show that the price vector is a competitive benchmark if and only if
each firm faces at least one binding constraint in (10).
Suppose that in the equilibrium that constitutes a competitive benchmark, the condi-
tion (10) holds with equality for a subset T. If firm i € T increases its price by ¢ > 0, then

for the subset T we have
Z rf(S) +¢e>v(S)—v(S\T).
ieT
Rearranging this yields
o(S\T) - Z ri(S) > v(S) - Z ri(S) —e.
iES\T ieS
Since in this equilibrium, buying from the set S is optimal for the user, it follows that
o(S\NT)= > rf(S) >uo(T) = ) rf(S)—e
ieS\T €T’

for any subset T’ such that i € T’. This means if firm i unilaterally increases its price, the
user will no longer buy technology i and it is not profitable for firm i to raise the price.
Therefore, all firms face at least one such binding constraint, it is not possible for any firm
to gain by unilaterally increasing its price.

For the other direction, if there exists i € S that faces no binding constraint, then there
exists ¢ > 0 by which firm i can increase its price and not be dropped from the user’s
basket. [

Proof of Proposition 2. From (1) and (7), the first-best efforts x* must satisfy

X[ F = Z Pr(S| x") [U(S) —uv(S\ {l})] foralli € N.
SEP(N)

If there is a state S such that for T C S,

o(S) —u(S\T) < Y. [u(S) —v(S\ {i})],

ieT

23



then by (10) we have

D reS) < Y [v(S) —v(S\ D).

i€T ieT
Define 7 analogously to (6). Multiplying both sides by Pr (S | x¢) and sum over all states
yields, with Pr (S | x¢) > 0,

Y < Y Pr(S| £ ) [0(S) — (SN ).
i€eT SeP(N) i€eT
This cannot be the case with the first-best efforts x*, therefore x¢ = x* and the first-best

efforts are not implemented by the competitive benchmark. OJ

Proof of Proposition 3. If the first-best efforts are feasible under the budget constraint, then
they are also second-best and the proposition holds trivially.

Suppose that the first-best efforts are not feasible. From the assumption that there is a
unique local and global maximum in [0, 1]", if the first-best efforts are not in the feasible
set, then there is no local maximum in the interior of the feasible set. Since a maximum
must exist in the compact feasible set, the maximum is located on the boundary of the
set. If the competitive benchmark corresponds to an interior point, it must not induce
welfare-maximizing efforts in the feasible set, i.e. it does not implement the second-best

research efforts. From the constraint (8), the efforts are interior if

DPr(S|%) ) rf(S) < Y Pr(S| %) v(S).
SeP(N) ieEN SeP(N)

I will now show that the efforts induced by a competitive benchmark are interior under
the condition described in this proposition. Since the sum of competitive prices in any
state S does not exceed the value v(S), the above strict inequality is true if and only if there
exists a state S such that Y, rf(S) < v(S). If there exists a partition 7 of the set S such
that (12) is true, then we have

Z ré(S) < Z [U(S) —v(S\ T)] <v(S)

i€S TeT

where the first weak inequality follows from the condition of the competitive bench-
mark (10). O

Proof of Lemma 2. First, I will show that a revenue scheme that represents 7 and satisfies

the ex post budget constraints (5) exists only if 7 and the corresponding x satisfy (13) for
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all S. From (6) and (2), a revenue scheme representing 7 implies
Z Xify = Z Pr(S|x) Z ri(S)
ieT SeP(N) ieT

for all T C N. The imposition r;(S) = 0if i ¢ S implies that

IRIOEOIWO

i€T i€S
for any S and T, and it also means we can safely ignore the states that do not intersect with

DA Y Pr(S|R) ) n(S)

i€T SeQ(T) i€S

T, yielding

for all T C N. If the revenue scheme satisfies the ex post budget constraint (5), then

> &f < > Pr (S| 2)u(s)
€T SeQ(T)
for all T C N. Therefore, a scheme represents 7 and satisfies (5) only if 7 and x satisfy (13).
Next, I will show that there exists a revenue scheme that satisfies the ex post budget
constraints if 7 and x satisfy (13). The existence of a revenue scheme that represents 7
and satisfies the ex post constraint (5) for all states means the minimum in the following

constrained minimisation problem is zero:

2

min 3o &A = Y Pr(S| #)n(S)

iEN SeP(N)
subject to (5) forall S C N
and r;(S) > 0foralli e Nand S C N.

I will show by contrapositive that if the constrained minimum is not zero, then condition (13)
is violated.

Suppose the constrained minimum is strictly greater than zero and is attained at r°. The

25



Kuhn-Tucker necessary conditions for this minimisation problem are

2Pr(T | %) |%fi— D Pr(S|®)r(S)|+ ir=pr  forallieNand TCN  (15)
SeP(N)
UT [Z r(T)—uv(T)| =0 forall TC N (16)
ieT

Airri(T) =0 forallie Nand TC N (17)

with the multipliers yr > 0 for each ex post budget constraint and Ajr > 0 for each
non-negativity constraint.

Since x;7; > 0 and we can always decrease r;(S) down to zero, we can focus on the case
that

%7 > Y Pr(S| %) rl(S)

SeEP(N)

for some i € N. Let A be the set of every such i,
A= {i €N | %7 > ZPr(S | %) rP(S)}.
SeP(N)

Equation (15) implies pr > 0 for every T such that T n A # @. By (16), the ex post budget
constraints must be binding for all such sets T. Given pyr > 0, we have that A;7 > 0 for
j ¢ A since the first term in (15) is zero, which then implies through (17) that r;(T) = 0.
This means, for j € Aand T such that Tn A # @,

> rT) = u(T)

jeA

and

DPr(S[%) ), r(S) =) Pr(T | %)u(T).

SeP(N) JjEA TeQ(A)

From the definition of set A, we then have

> %7 > Y Pr(T | 2)u(T)

JjEA TeQ(A)

which contradicts condition (13). Therefore, if 7 satisfies (13), the minimum must be zero,

which means there exists a feasible revenue scheme that represents . OJ

Proof of Proposition 4. Consider the research efforts induced by competitive benchmark rf(S)
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that are interior in the feasible region defined by (8). The following steps show that the
efforts induced by a competitive benchmark cannot be interior in the feasible region of (8)
but not interior in the feasible region of (13).

From the definition of expected revenue, the competitive benchmark being interior under

constraint (8) means
> Pr(T |29 ), rf(T) < Y, Pr(T| %) o(T), (18)
TeP(N) ieEN TeP(N)

while not being interior in (13) means, given that the competitive benchmark satisfies (10),
the inequality (13) holds with equality for some state S € P(N) such that S # N, that is

> Pr(T[2)). rf(T) =Y Pr(T | %)u(T). (19)
TeQ(S) i€S TeQ(S)

From Lemma 1, equation (19) is true only if
>, (1) = u(T) (20)
iesnT

for all T € Q(S). That is, only firms in set S can receive a positive revenue in any states in
the set Q(S) and the values in those states are fully distributed. Subtracting (19) from (18)
yields

D Pr(T %)) ré(T)< > Pr(T | %)u(T).
TeP(N)\Q(S) iIEN\S  TeP(N)M\Q(S)
This is true only if there exists a set T such that Tn S = @ and
0< Y r(T) < o(T).
ieT
Consideraset U suchthat T € Uand UNnS # @. From Lemma 1, the competitive benchmark
satisfies, given that v(T) > 0,

> () < (V) = o(T) < v(U).
i€eU\T
But since U € Q(S), then by (20) we should have
> rfU) = o(U)
ieSnU

with § n U being disjoint from T. Therefore, it is not possible that the expected revenue

from a competitive benchmark is interior under (8), but not under (13). OJ
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