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General Introduction

Are ideas getting harder to find? This question formulated by Bloom et al. (2017) stems
from the observation of a substantial diminishing of research productivity coupled with
a considerable rise in research efforts. Between 1930 and 2014, they estimate that the
effective number of researchers has been multiplied by 23 while the total factor productiv-
ity growth rate of the United States has been divided by 2 (Figure 1). This observation
seems confirmed in a wide range of cases. One of the most striking facts that emerge from
their paper concerns the Moore’s Law (Moore, 1965), which refers to the doubling of the
number of transistors in microprocessors every two years, a remarkably stable relationship
over time (Figure 2). To achieve the same annual growth rate of the number of transistors
(=~ 35%), the number of researchers required in 2014 is 18 times that in the early 1970s.
Other applications in agriculture and medical technologies show similar patterns with a

decrease in the research productivity at an annual rate around 3.5%.

The decline of research productivity in not a new question in the innovation economics
literature. Bloom et al. (2017) are resurrecting an older debate first introduced by Evenson
(1993) and later by Lanjouw and Schankerman (2004) who observe that the ratio of the
number of patented innovations to the research and development expenditures (or the
number of scientists and engineers) has been approximatively divided by two between the

1960’s and 1990 in the United States, United Kingdom, Germany and France.

1
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Figure 1: Aggregate Data on Growth and Research Effort. Source: Bloom et al. (2017).
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Figure 2: Moore’s Law - The number of transistors on integrated circuit chips

(1971-2016). Source: Wikipedia.

In the pharmaceutical sector, research expenditures have substantially increased while
the introduction of new molecular entities and new drugs on the market declines or re-
mains at best stable over time. Cockburn (2006) argues that these measures of R&D

efficiency overestimate the decline of research productivity: if the rising cost of new drugs


https://en.wikipedia.org/wiki/Moore's_law

is indisputable, a significant part is also due to increasing transaction costs and other
market inefficiencies. Nevertheless, a consensus is emerging among scientists on the fact

that research productivity is sharply declining.

This is a major concern since ideas and their adoption are at the core of economic
progress. The first economic growth models (Romer, 1990) suppose constant research
productivity implying that the growth rate of ideas is proportional to the number of
people working in the research sector. It results a scale effect: if the share of workers
devoted to research is constant over time, then the total factor productivity and the
growth rate of the economy are proportional to the size of the labor force. However there
is no empirical evidence of such a relation. Jones (1995) argues that the growth rate
of ideas does not only depend on the number of researchers, but also on the stock of
knowledge in the economy in two different ways. The first one implicitly assumes that
knowledge is infinite: the number of new ideas increases with the stock of knowledge
in the economy, signifying that previous discoveries make easier to find new ideas. The
second one infers that knowledge is finite: finding new ideas decreases the stock of those
not yet discovered, making the new ones harder to find. In both cases the growth rate
of ideas decreases with the stock of knowledge available in the economy. These models
assume that research productivity is constant over time. However the previous empirical
observations seem to support that research productivity is declining, meaning that these
models potentially overestimate the growth rate of ideas. Segerstrom (1998) is the first to
explore the consequences of R&D becoming more and more difficult over time in a R&D
endogeneous growth model. He assumes that research productivity is declining given
that the most “obvious” ideas are discovered first, making the new ones harder to find.

However the nature of ideas (obvious or complez) remains a fuzzy concept.

Naturally comes the question of why research productivity is declining. In the phar-
maceutical sector, Pammolli et al. (2011) observe that the R&D expenditures have sustan-
tially increased while the number of new drugs being approved remains stable. According
to the authors, R&D expenditures have been concentrated on high risk of failure research
areas. The productivity crisis in the pharmaceutical sector may be temporary since firms
have invested high amounts of money on risky research areas with the hope to innovate
disruptively rather than incrementally. This might momentary lead to a decline in the
research productivity that can be compensated in the future by a greater number of

patents, drugs and molecular entities on the market. According to Akcigit et al. (2013),
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the underinvestment of governments and private sector in basic research is detrimental
since basic research generates greater positive spillovers for the economy than applied re-
search. Given that collaboration in Science is becoming more the rule than the exception
(Adams et al., 2005), coordination costs and free-riding could also explain the decline in

the research productivity.

Perhaps the more natural reason to explain this phenomenon is that research is be-
coming more and more complex. According to the Ozford Dictionary of English, complex
has several meanings. The first one is “Not easy to analyse or understand; complicated
or intricate”. As knowledge accumulates, it becomes increasingly difficult to “reach the
frontier”. Jones (2009) argues that researchers need to spend more and more time in
education to the detriment of time to innovate as the knowledge frontier moves further.
There is an increasing educational burden so that age of first invention increases over
time, individual knowledge narrows leading to a greater specialization, and team size
grows. Consequently, the labor consumption increases and thus the associated costs,

leading to a decline in research productivity.

The second meaning of complezity is “Consisting of many different and connected
parts.” Doing research is intrinsically a productive problem: it requires to combine previ-
ous academic works in a particular way to produce new ideas. Here increasing the com-
plezity of research projects means that the knowledge production function has changed
over time, in a way that leads to an increase of the labor consumption and a decline of
research productivity. Such explanation does not exist in the literature yet, and is the
main subject of this thesis. To do so, we propose in Chapter 2 a theoretical model to
understand how variations in the knowledge production function that we suppose of the
constant elasticity of substitution form affects scientific output and productivity. Among
many results, we find that, at equilibrium, all the variables depend on a synthetic index
of the knowledge production function that we define to be its complexity. We show how

changes in this index modify the knowledge production and productivity at equilibrium.

To empirically test our model (Chapter 3), we consider one particular form of complex-

ity, called interdisciplinarity', which requires combining skills and efforts from different

1One important challenge in the Philosophy of Science has been to conceptualise different forms of
combining disciplines. These academic works led to different expressions such as multidisciplinarity,
interdisciplinarity or transdisciplinarity, which have been employed indifferently for a long time although
a clear classification exists since the paper of Choi and Pak (2006).



research areas or academic disciplines. More precisely, the National Academy of Science

defines interdisciplinarity as follows:

Interdisciplinary research is a mode of research by teams or individuals that
integrates information, data, techniques, tools, perspectives, concepts, and/or
theories from two or more disciplines or bodies of specialized knowledge to
advance fundamental understanding or to solve problems whose solutions are

beyond the scope of a single discipline or area of research practice.

If interdisciplinarity is a form of complexity, this is not the only form of complexity.
Our choice to study interdisciplinarity is motivated by the fact that this topic has received
a growing interest from the scientific community in recent years. Various stakeholders see
interdisciplinary research as a mean to increase the social returns to public funding of
academic research. This question is all the more important given that many studies point
out the barriers to interdisciplinary research raised by the intrinsic organization of sci-
entific communities. Journal editors and referees encounter difficulties to evaluate such
work since they are often specialised in a single discipline. While standards of evaluation
often exist for monodisciplinary papers, they are extremely rare or even non-existent for
multidisciplinary research (Pautasso and Pautasso, 2010). Reviewers often disagree con-
cerning the evaluation of the quality of those papers (Lamont et al.; 2006) which may
lead to higher rejection rates or at least complicates the process of publication. Multidis-
ciplinary researchers seem to be penalised for academic promotion and tenures (Rhoten
and Parker; 2004). Even though universities increasingly try to value interdisciplinary
research, their organisational structure is often based on monodisciplinary departements,

which limits interactions between researchers from different fields of science (S&, 2008).

A remarkable fact is that this form of complexity is increasing over time. To the best
of our knowledge, such an empirical fact has not been established yet. We deal with two
databases to support this assertion. The first one contains more than 400,000 research
articles in academic journals published by at least a French researcher between 1999 and
2013. The second one is the full Web of Science between 2013 and 2017 which contains
around 8,000,000 publications over the period. In both cases, we observe that the average
complexity of academic publications increases over time at a constant rate, between 1
and 3.5% per year (Figures 3 and 4), whatever the index considered. Although many

factors affect research productivity, its decline rate calculated by Bloom et al. (2017)
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approximatively corresponds to our complexity growth rate. This observation goes in the
same direction than our theoretical conclusions on the relation between the complexity of
the knowledge production function and the research productivity. Nevertheless comes the
question of why researchers engage in more and more complex problems, if it depresses

their productivity. We open the debate in the last part of this document.

18 2 2224

14 16

Average interdisciplinarity (log scale)
1.2

1999 = 2001 = 2003 = 2005 = 2007 = 2009
Year

1

2011 2013

Berger-Parker Simpson
——e—— Shannon-Wiener ——=—— Nb Disciplines

Figure 3: Evolution of the interdisciplinarity of research articles published by at least a
French researcher over the period 1999-2013, Web of Science database (400,000
observations), OST disciplinary nomenclature.

In addition to the growing complexity, Science has evolved towards an incredibly in-
crease of the competition over the last decades. The scientific labor force has sustantially
grown. But above all, the number of selective procedures has considerably increased to
fund projects (creation of research funding agencies), to promote researchers or to grant
scientific awards for instance. Decision-makers aim to increase the efficiency of the allo-
cation of resources. However researchers often have to face uncertainty concerning the
number of competitors but also the prize structure, which can change their incentives to
exert effort. In this thesis, we theoretically address these questions. In Chapter 1, we are
interested in how competition and uncertainty concerning the number of prizes change
players incentives to exert effort. In Chapter 2, we aim to focus on the effect of com-
petition on efforts and output, both in the qualitative (greater efficiency of competitors)

and quantitative (number of projects) dimensions. We obtain interesting results that we



3.5
1

2.5
1

Average interdisciplinarity (log scale)
2
|

1.5

I I I I I
2013 2014 2015 2016 2017
Year
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———e—— Shannon-Wiener ———=—— Nb Disciplines

Figure 4: Evolution of the interdisciplinarity of research articles over the period
2013-2017, Web of Science database (8,000,000 observations), OST disciplinary
nomenclature.

develop all along these two chapters.
This thesis contains three chapters.

We propose in Chapter 1 an original contribution on the Tullock contest theory. We
consider multiple-prize contests where the number of prizes to be awarded is uncertain.
We determine the symmetric Nash equilibrium of the contest game. Under a specifica-
tion of the model commonly used in the literature, we show that the aggregate contest
expenditure decreases with the expectation on the number of prizes (first-order stochastic
dominance), with the risk in the number of prizes (second-order stochastic dominance),
and increases with the number of contestants regardless of the prize allocation mechanism.
We give sufficient conditions such that the same holds under a general specification. Ac-
cordingly, complete information concerning the number of prizes maximizes the aggregate

contest expenditure.

In Chapter 2, we propose a theoretical model to deal with the effect of the complexity
of the production function on the output and productivity at equilibrium. We model
competition in Science as a Tullock contest between research projects for the obtention

of a prize (a publication slot in a journal for instance). We conceptualize a research
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project as an idea and a team of researchers. Each idea is associated to a given knowledge
production function whose factors are subteam efforts, each one in a distinct field of
expertise. We abstract from free-riding issues and intra-team coordination to focus on
the characteristics of the knowledge production function, that we suppose of the CES form.
We characterize the Nash equilibrium of the corresponding contest game. We find that
all the variables are function of a synthetic index of the knowledge production function,
that we call complezity of the project given its properties. We derive comparative statics
with respect to this indicator and analyze the consequences of the number of projects in
the contest. Among the results, we show that teams treating more complex problems are
penalized since their participation, their impact, their productivity and their probability
to obtain the prize decrease. We find that competition exerts a differentiated effect on

project impact depending on their own complexity.

In Chapter 3, we analyze the effect of one form of complezity on the impact of research
projects, called interdisciplinarity. We first rewrite our index of complexity as a function
of the contributions of each field of expertise to the outcome and show that it belongs to
the family of Hill diversity indexes, a standard interdisciplinary measure. We confirm our
theoretical predictions on an original dataset of nearly four hundred thousand authorship
participations of approximately thirty thousand French professors and researchers over
the period 1999-2013 for which we have individual data. We show that interdisciplinarity

is increasing over time before discussing how this may affect the research productivity.

We finally conclude and give perspectives for further research dealing with the relation

between complexity and research productivity.



CHAPTER 1

Tullock contests with an uncertain

number of prizes!

1 Introduction.

Sisak (2009) surveyed the literature on multiple-prize contests®. She shows that this
framework can be relevant in many situations, taking examples from rent-seeking activ-
ities, patents and R&D races, licenses, labor markets; sports and so on. Sisak (2009)
classifies the literature along two main dimensions, based on the specification of the con-
test success function (Tullock versus fully discriminating contest success function) and
on the adoption of single versus multiple efforts (the contestants exert an overall effort
for all prizes or can allocate it more specifically to a sub-group of prizes). The central
finding is that with risk-neutral and symmetric contestants, a contest designer aiming
at maximizing the aggregate effort should always prefer to allocate a single prize rather
than splitting it into several smaller prizes. However, dividing the prize can be optimal

in situations with asymmetric players for instance (Szymanski and Valletti, 2005).

More recently, the literature on multiple-prize contests has been extended in several
ways. Fu et al. (2014) propose a prize allocation mechanism which selects-out losers
while the literature had so far considered a winner selection mechanism (Clark and Riis,
1996). Minchuk and Sela (2014) study an all-pay auction with multiple prizes, where the
players have a common value for all the certain prizes and a private valuation for the
uncertain one. Stracke et al. (2014) analyze the effect of the prize structure on effort in
a dynamic two-stage elimination contest. If a single prize maximizes the aggregate effort
when players are risk-neutral, a two prizes structure may dominate a winner-takes-all

contest if players are risk-averse. In a working paper, Balafoutas et al. (2017) propose

IThis paper is co-authored with Sébastien Rouillon.
2The very first contributions on multiple-prize contests are Glazer and Hassin (1988) and Berry (1993).

9
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to test experimentally an all-pay auction with multiple endogenous and uncertain prizes.
Keeping constant the expected number of prizes, they observe that more uncertainty leads

to a decrease in the effort spent by players.

Surprizingly, the case of multiple-prize contests with an uncertain number of prizes
has never been investigated theoretically, although this is a natural assumption and an
immediate extension of the literature just surveyed. Many real-life examples correpond
to this situation. In firms, workers may compete without knowing exactly the number of
promotions. In Science, researchers compete to obtain funds without knowing precisely
how funding agencies allocate their budget between projects. To publish their paper,
researchers have limited informations concerning the acceptation rate of journals. In the
academic job market, PhD students are not aware of the exact number of jobs of assistant
professors or researchers that will be available after their PhD defense. The purpose of
the present paper is to provide a first attempt to fill the gap concerning uncertainty on

the number of prizes in contests.

We consider a Tullock contest success function with risk-neutral and symmetric play-
ers, assuming that the number of (identical) prizes to be awarded is a random variable,
with a common knowledge probability distribution. We characterize the Nash equilibrium
of the corresponding contest game and identify some of its properties. Under a specifica-
tion commonly used in the literature on multiple-prize contests (Berry, 1993; Clark and
Riis, 1996), we find that the aggregate effort of the contestants increases when the uncer-
tain number of prizes gets smaller in the sense of the first-order stochastic dominance or
when the risk in the number of prizes decreases in the sense of the second-order stochastic
dominance. We discuss how the valuation function and the specification of the probability
function can modify the properties previously determined. We also provide a numerical

illustration to display less expected behaviors.

This paper also contributes to the literature from a technical point of view. Our
results follow from the properties (monotonicity and concavity) of a discrete function
first appeared in Clark and Riis (1996) then in Fu et al. (2014). We show here how
to extend it to a continuous and twice differentiable function, by using of the psi (or
digamma) function (Abramowitz and Stegun, 1964). This greatly eases the analysis of
its properties, which are obtained from first-order and second-order derivatives. We also

enhance the conditions of existence of a symmetric equilibrium of the contest games given
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in the papers of Clark and Riis (1996) and Fu et al. (2014).

Finally, this paper is related to Miinster (2006), Lim and Matros (2009), Myerson and
Wirneryd (2006), and Kahana and Klunover (2015), who extend the contest literature to
situations where the number of contestants is uncertain. They show that the (ez-ante)
aggregate effort in a contest with population uncertainty is smaller than its counterpart in
a contest with population certainty and the same expected number of contestants. Under

some conditions, our paper gives the analog finding for contests with prize uncertainty.

The rest of the paper is organized as follows. Section 2 sets out the model. Section
3 presents the prize allocation mechanisms and characterizes the Nash equilibrium of the
contest games. Section 4 deals with the properties of the equilibrium outcome. Section 5

concludes. Several proofs are given in the Appendix.

2 The model.

We consider n (risk neutral) players competing in a nested contest awarding k prizes, with
1 < k < n. All prizes have the same value, given by the valuation function V (k)*. The
contestants simultaneously exert an overall effort for all prizes in order to get a chance
to win one prize and no more. The individual effort of a player 7 is denoted by z; and
the aggregated effort is denoted by X = >°7_, z;. Let f(z;) be the impact function of
player i (Myerson and Warneryd, 2006), and assume that this is a strictly increasing and
concave function, with f(0) = 0%. To ease the notation, it will be useful below to define
9(@:) = f(zi)/ f' ().

In the literature on multiple-prize contests (Berry, 1993; Clark and Riis, 1996), it is
standard to use the specification where f(z) = 2", with 0 <r <1, and V(k) = V/k. To
ease the comparison, below we will sometimes refer to it as a benchmark case. However,
it is worth noting that most of the analysis and results will be derived within the general

model.

Let P; (zy, ..., zn; k) denote the (ez ante) probability that player ¢ wins one prize in the

certain case. The originality of our paper is that we assume that the players are unaware

3For technical reasons, it will be convenient to assume below that V (k) is defined and twice differen-
tiable for all k£ € [1,n].

4These assumptions are commonly used in the literature.

SRemark that g(z;) is increasing. Indeed, f(z;) > 0 and f”(z;) < 0 imply that ¢'(x;) =

1= f(za) f"(xa)/(f (21))” > 0.



12 TULLOCK CONTESTS WITH AN UNCERTAIN NUMBER OF PRIZES

of the exact number of prizes to be awarded and only know that this number is distributed
between 1 and K, according to a probability distribution 7 (k). In this setting with an

uncertain number of prizes, each player 7 expects to win one prize with probability

E [R (3:1: oy Ly k)] = Z ﬂ-(k)Pi (xla ey L k) :

k=1

We consider first the case where the players observe the number of prizes k to be
allocated before they choose their level of effort. We then deal with the case where the
players only know that the number of prizes k is distributed between 1 and K, according

to the probability distribution 7 (k).

When the number of prizes is known with certainty, each player i observes k and

chooses z; to maximize

P (zy,...;xzn; k) V (k) — z;. (1.1)

For an interior solution, the following first and second-order conditions must be satisfied

d
5‘—2:3-& (1, ...,z k) V (k) — 1 =0, for all 7,
52
FR (1, ..., zn; k) V (k) < 0, for all
T

1

as well as the participation constraint

Pi(z1,...;zn; K)V (k) — z; > 0.

Consider now the case where the players choose their effort under uncertainty. Know-
ing that k is distributed between 1 and K, according to a probability distribution  (k),

each player maximizes his expected utility with respect to his own effort

Z n (k) Pi (xla ey L k) 4 (k) - Z-

k=1
For an interior solution, the following first and second-order conditions must be fulfilled

K
> w (k) aiﬂ (1, ..., zn; k) V (k) — 1 =0, for all 7,

k=1 L
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K 2
> w (k) %R (1, ..., zn; k) V () <0, for all i,
k=1 Li

as well as the participation constraint

K
m (k) R (3:1: oy Ly k) 4 (k) —z; 2 0.
k=1

3 Prize allocation mechanisms and equilibrium out-

comes

We propose two specifications for the probability function P; (zy, ..., z,; k) here, each of
them associated to a different prize allocation process. We deal with the Clark and
Riis (1996) winner selection mechanism (WSM) and the Fu et al. (2014) loser elimination
mechanism (LEM). We also characterize the Nash equilibrium of the corresponding contest

games.

3.1 Winner Selection Mechanism (WSM)

The prizes are awarded in k rounds, according to the iterative process initially described
in Clark and Riis (1996)°. Let N (k) denote the set of players still remaining in the contest
at round ”. The conditional probability® that any player i in N (k) wins the prize in the

k-th round is equal to

fz:) J . .

P (zy, ey ) = 2jenm F@) i 2 jenew f(25) > 0
A sy Tp) = .
1
n+l—k

fz,=...=x,

If player i is drawn at random during round k, the set of remaining players then evolves

according to

N (k+1) = N (k) — {i}.

6More details are given in Appendix 6.1.
"Clearly, N (1) = {1, ...,n}.
8The contest success function has been axiomatized by Skaperdas (1996).
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The process is repeated until all prizes are allocated. Assuming that z; = z, for all j # 1,

Clark and Riis (1996) show that

o f(z:)
P, (zi,z,...,x; k) f(zi)+(n—1) f(z)

N L B f(z:) f(z:)
ol (1 @)+ (n— ) f(w)ﬂ @) + (n—r) f(@)°

Considering the symmetric equilibrium (letting z; = z for all i), we can calculate that®

%Pi (2, ...z k) (Z RS 1) (=) (1.2)

rlT rlr 3?

Proposition 1 gives the conditions of existence and the expression of the Nash equilib-

rium of the game when the number of prizes is known with certainty:.

Proposition 1 There exists a symmetric pure strategy equilibrium z} = z* for all i if

the following sufficient condition is satisfied

n 1 n—kl
)DL SEES! (13)
r=1T =17
where all the players exert an effort satisfying
9(z*) = Awsm (k,n), (1.4)

where we denote'®

AWSM’ (k,n) = V (k) n- k (i

%—Ec%) (1.5)

Proof is given in Appendix 6.4.3. We draw attention to the fact that our proof improves
the precedent ones concerning the conditions of existence of the Nash equilibrium. Clark
and Riis (1998) give a sufficient condition on the number of prizes k and the parameter r

of the impact function f(z) = z" to obtain a local maximum, so that the utility function

9For reasons that will become clear below, the expression of the first-order condition used here, though
equivalent, differs from that in (Clark and Riis, 1996). The proof is given in Appendix 6.4.1.

10Clark and Riis (1996) write Awsar (k,n) =V (k) (k - Ef;& (k—37)/(n— j)) /mn, which is equiva-

lent.
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is concave around z; = z*. Here we give the proof for any impact function f(z) and show
that player i’s utility function is concave with z; over the interval [0; z].

When the players choose their effort under uncertainty, we establish in Proposition 2

the symmetric Nash equilibrium of the game and its conditions of existence.

Proposition 2 There exists a symmetric pure strategy equilibrium z} = z* for all i if

the following sufficient condition is fulfilled

n—K

"1 1
— -<1
rgl r r=1 T }
where all players exert an effort satisfying
K
- Z ™ (k) filﬂv’Sl‘!/lr (k? n) ’ (16)

k=1

with

Awsar (k,n) =V (k) *— ¢ (TZ; g %)

Note also that effort at equilibrium in the uncertain case is a linear combination of

equilibrium efforts in the certain case weighted by the probabilities.

3.2 Looser Elimination Mechanism (LEM)

Instead of selecting-in the winners in each nested round like in the model of Clark and Riis
(1996), Fu et al. (2014) propose a mechanism which selects-out losers'!. In each round
k, one player and no more is eliminated and doesn’t receive any prize'?. The elimination
process continues until £ players survive, or equivalently n — k players are removed from
the initial set of contestants. At the end of round k = n — k, each survivor receives a

prize of value V (k).

Let S(k) denote the set of survivors remaining in the contest at round x'3. The

conditional probability'* ¢ that a player i in S(k) is eliminated in the k-th round is

"' More details are given in Appendix 6.2.

12Fu et al. (2014) allows eliminated players to receive a prize of positive value. Here we make the
assumption that eliminated players get no prize to have a perfect match with the Clark and Riis (1996)
prize structure.

13Clearly S(1) =1,...,n

14The contest elimination function has been axiomatized by Lu and Wang (2016).
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equal to
1
iEn) -
s if Yjesw fzj) >0
q% (xlj jxﬂ) — EjES("') f(-"-'_-,i)
r}-_ﬁ ].f fE] — ... = .’L'n

If player i is eliminated at round k, then the set of survivors in next period evolves

according to

S(k+1) = 8 (k) — {i}

Since only one player is eliminated in each round, the process ends at round kK = n—k.
Assuming x; = x for all j # i, the probability that player i wins one prize with the looser

elimination mechanism simplifies to

N xs T n_n) f(xi)
P@( ir T 1;[ fn,—fﬁ)f(ﬂ?i) +f($)

We obtain that!®

611:;(3:. (z“jl zkjl) @) (1.7)

=17 fE

Proposition 3 gives the conditions of existence and the expression of the Nash equilib-

rium of the game when the number of prizes is known with certainty:.

Proposition 3 There exists a symmetric pure strategy equilibrium z; = z* if the follow-

ing sufficient condition is satisfied

n k
yioyla, (1.8)
r=1 r r=1 r
where all the players exert an effort satisfying
9(z*) = ALpm(k, n), (1.9)

with

%—ij%) (1.10)

15The proof is given in Appendix 6.5.1.
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Proof is given in Appendix 6.5.2. Since Fu et al. (2014) have used the same specification as
Clark and Riis (1996) (f(z) = z"), our proof enhances the Fu et al. (2014) one. Indeed we
consider a more general impact function f(z) and we show that player #’s utility function
is concave with z; over the interval [z;+o00[, not just around z; = z. Here the sufficient
condition in (1.8) involves that we are able to prove the existence of a symmetric pure
strategy equilibrium when f(z) = z as long as the total effort spent by players doesn’t

exceed the total value distributed in the contest.

Now we turn to the case where the players choose their effort under uncertainty.
Proposition 4 gives the conditions of existence and the expression of the symmetric Nash

equilibrium of the game.

Proposition 4 There exists a symmetric pure strategy equilibrium =} = z* if the follow-

ing sufficient condition is satisfied

IEDIE (1L11)
—r Or )
with k € [1; K| the minimal integer such that (1.11) is true, and
(k) =0 Vk <k,
where all players exert an effort satisfying
K
9(37*) = Z ™ (k) Arem (k: ﬂ») ’ (1-12)

k=1

with

--'sIH

=

Mw
Sl
~——

Arem(k,n) (i

r=1 r=

Proof is given in Appendix 6.5.2. The sufficient condition in (1.11) means that when
f(z) = z, we are able to prove the existence of a symmetric pure strategy equilibrium
as long as the aggregate effort exerted by players is lower than the total expected value
distributed in the contest. Again, effort at equilibrium in the uncertain case is a linear

combination of equilibrium efforts in the certain case weighted by the probabilities.
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4 Comparative statics

Here we derive some comparative statics of the equilibrium outcome under uncertainty.
We show how the probability distribution of the number of prizes and the number of
participants affect the aggregate contest expenditure. For convenience, we sometimes
drop the subscript relative to the prize allocation mechanism (WSM or LEM). Thus, this

means that our assertions are valid regardless of the prize allocation mechanism.

4.1 Distribution of the number of prizes

We consider here the effect of the probability distribution of the number of prizes. For-
mally, we compare the equilibrium outcome under two distributions, denoted by = (k) and
7 (k). We let z be the equilibrium effort in the contest with 7 (k), and Z the equilibrium
effort in the contest with 7 (k). We search for conditions on the valuation function V (k)

such that z > Z, considering in turn first-order and second-order stochastic dominance!®.

From our previous analysis, we know that the equilibrium efforts respectively satisfy
K K
9(2) = S m (k) A(k,n) and g (z) = 37 (k) A (k,n).
k=1 k=1
As g (z) is increasing, the condition for z > T writes
K K
m (k) A(k,n) > Zﬁ(k)A(k:n): (1.13)

k=1 k=1

where we recall that

and

A () =V (9 5 (3512 321)

r=1

Below, we investigate properties of the valuation function V (k) such that inequality

(1.13) will hold true, dealing in turn with first-order and second-order stochastic domi-

16See Appendix 6.3 for definitions of these concepts.
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nance. Assuming that 7(k) first-order stochastically dominates m(k), it will be sufficient
to find shapes of the valuation function V (k) generating a function A (k,n) decreasing
in k (Courtault et al., 2006). Assuming that m(k) second-order stochastically dominates
m(k), it will be sufficient to identify shapes of the valuation function V' (k) inducing a
function A (k,n) concave in k (Rothschild and Stiglitz, 1971).

Remarking that A (k,n) is a discrete function of k7, our strategy for investigating its
properties is as follows. Using the psi (or digamma) function (Abramowitz and Stegun,
1964), for all real numbers k € [1,n|, we construct a continuous and twice differentiable
function F' (k), coinciding with A (k,n) for every integer k'®. We then calculate the first-
order and second-order derivatives of F' (k). We finally use the derivatives to give sufficient

conditions on V (k) ensuring the monotonicity and the concavity of A (k,n) with respect

to k.
Effort Effort
z
|
k k
(a) Decreasing and first-order stochastic (b) Concavity and Second-order stochastic
dominance dominance

Figure 1.1: Influence of the probability distribution on the number of prizes (first-order
and second-order stochastic dominance) on effort

Example 1 To illustrate our methodology, we provide an example in Figure 1.1. Panel (a)
considers two contests where the number of prizes is uncertain and distributed according to
two probability distributions: w(3) = x(7) = 0.5 and 7(9) = w(13) = 0.5. Obviously, 7(k)

first-order stochastically dominates m(k). We represent the function F(k) which coincides

"This is due to the presence of the term Y"_F1/r or YF_ 1/r.
8Formally, F (k) = A (k,n) when k=1, ...,n.
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with A(k,n) (the equilibrium effort when the number of prizes is certain) for every integer
k. Since equilibrium effort in the uncertain case is a linear combination of equilibrium
efforts in the certain case weighted by the probabilities, we can easily determine on the
graph the efforts x and T (respectively in orange and blue). Here the decrease of F'(k) leads
to x > T. Panel (b) considers two contests with the same expected number of prizes but
with a different variance. The probability distributions are given by m(6) = m(10) = 0.5
and (1) = 7(15) = 0.5, meaning that w(k) second-order stochastically dominates (k).

Given that F (k) is concave with k, we observe z > T.

For all k € [1,n], let us define

Fwsu (k) =V (k) @ (n+1)-¢(n-Ek+1)), (1.14)

Fuew () =V (£) © (6 (n+1) o (k + 1)) (1.15)

where 1 is the psi (or digamma) function (Abramowitz and Stegun, 1964), defined for

any positive real y by
—1

J+1 )G +x)

¥ (x ——1«+Z (1.16)

where 7 is the Euler constant. Knowing that
Yn+1)=—7+ Z =

where 7 denotes any positive integer (Abramowitz and Stegun, 1964), we can verify that

Fwsu (k) =

(Z nZk 1) = Awsm (k,n)

rlr

Frem (k) = (i o i 1) = Areum (k,n)

r=17T
for all integer values k = 1, ..., n. Moreover, knowing that the first-order and second-order

derivatives of ¥ are (Abramowitz and Stegun, 1964)

o0

1 >, 2
V=L G LG

iz G+ k) j=o0 \J

(1.17)

we know that F' (k) is twice differentiable.
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We can calculate that

, —(V'(k)k+V(k -k
mo (k)l( (V! () K VR) 5o G sen ) s

n

j+1
V(k)E X520 Grmngratrn?

Frpu (k) =— (1.19)

3 |

1 ( — (V/(k)k + V (k) £52 ﬁ )
( )kzj 0(J+k+1)

_% (V” (k) k+ 2V (k)) EJ =0 (j-l—n—f—l;]lfjfn k+1)

i 2
Fysm (k) = ——| (VR Ek+V(K) T, u+n+1>fg++1n T (1.20)

j+1
Vk)E X520 Grarmgrairn®

[ R W) T G
Fion W =—==|  +(VBk+VR) gt |- (12D

+V(k)k (z;;oo msr)

Before we derive general results, it is worth considering the benchmark specification,
where V (k) = V/k, which is the one used in the literature (Berry, 1993; Clark and Riis,
1996). For the first-order derivatives, we obtain clearcut results, as the two conditions

respectively simplify to

VE j+1
EZ <0

F, =
wen ( ZG+n+1)(G+n—k+1)

and

o Va
Lem (k) = n

iz y+k+ G+k+1)7°

Proposition 5 With the valuation function V (k) = V/k, equilibrium effort z is larger
than T when T (k) first-order stochastically dominates m (k).

Proposition 5 parallels the results of (Clark and Riis, 1996; Berry, 1993), showing that
when the number of prizes is certain, the contestants expend more in a contest with a

single prize than in a contest with several prizes. Roughly speaking, our result means that
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when the number of prizes is uncertain, the contestants exert more effort in the contest
that awards the smallest expected number of prizes (in the sense of first-order stochastic
dominance). With a valuation function V' (k) = V/k, each contestant has more chances to
win a prize but of lower value. As a consequence, this creates less incentives for players

to exert effort in the contest.

Looking at the second-order derivatives, we also obtain clearcut results with the bench-

mark specification V (k) = V/k:

Y E j+1
F — < 0.
and
" V+m
FLEMr :_2 Z

3+k+1)

Proposition 6 With the valuation function V(k) = V/k, equilibrium effort z will be

larger than T when 7 (k) second-order stochastically dominates 7 (k).

This result is new in the literature. This means that when the number of prizes is
uncertain, the contestants expend more in the contest with less risk in the number of prizes
(in the sense of second-order stochastic dominance). Note first that Proposition 6 doesn’t
depend on the prize allocation mechanism. Remark that the first-order and second-
order derivatives of F'(k) (expressions (1.18) to (1.21)) are functions of V (k). With a
general specification for the valuation function V (k), we can extend our results in several

directions.

Using condition (1.18) and (1.19), we see that F' (k) < 0 whenever the aggregate
value at stake (i.e., V(k)k) is non-increasing in the number of prizes to be allocated (i.e.,
V' (k) k+V (k) < 0). Then, assuming that 7 (k) first-order stochastically dominates 7 (k),
condition (1.13) is true and z > Z. In other words, the contestants exert more effort in

the contest with 7 (k) than in the contest with 7 (k).

Likewise, using (1.20) and (1.21), we see that F”'(k) < 0 whenever the aggregate value
at stake (i.e., V(k)k) is non-decreasing and weakly concave in the number of prizes to be
allocated (i.e., V' (k) k+V (k) > 0and V" (k) k+2V'(k) < 0). Then, assuming that = (k)
second-order stochastically dominates 7 (k), condition (1.13) is true and z > T, meaning

that the contestants expend more in the contest with « (k) than in the contest with 7 (k).
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Finally, it should also be noted that the set of functions V (k) such that F’(k) < 0 and
F" (k) < 0, is stable to positive combinations of its elements. Indeed, it should be clear
that if V; (k) and V; (k) are two valuation functions satisfying F”(k) < 0 and F” (k) < 0,
so is the valuation function V (k) = AV; (k) + pV5 (k), with A > 0 and p > 0.

We have discussed some conditions on the valuation function V (k) such that Propo-
sitions 5 and 6 still hold. In the following, we propose an example to illustrate the case

where these conditions are no more satisfied.

Example 2 We use the specification where f(z) =z, withr =1, V(k) = V/k*, V =1
and p > 0. We consider the (Clark and Riis, 1996) prize allocation mechanism. The
number of contestants n is set equal to 100. We consider a class of probability distributions
w(k), characterized by two parameters 1 < k < 8 and 0 < v < 1, as represented in
Figure 1.2.1° Accordingly, the number of prizes has an expected value equal to k and a

variance equal to v.

(k)

1—v{

b

k—2k—1_k k+1k+2

Number of prizes k

Figure 1.2: Probability distribution on the number of prizes

This class of probability distributions is convenient to deal separately with the first-
and second-order stochastic dominance effects that we are interested in. An increase of
k alone gives a new probability distribution that first-order stochastically dominates the
initial one. A decrease of v alone yields a new probability distribution that second-order

stochastically dominates the initial one.

Y¥Formally, n(k) =1 — v, n(k — 1) = n(k + 1) = v/2 and 7(k) = 0 otherwise.
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Let us first illustrate the effect of a larger expected number of prizes. Figure 1.3
represents the total effort X as a function of the expected number of prizes k, the variance
v being set to 0.5. The two panels 1.3(b) and 1.3(c), dealing with the cases where p = 1
and p = 1.05, are meant to illustrate our previous findings in this section. We observe
that the aggregate effort is decreasing as the expected number of prizes increases. In fact,
we have shown theoretically that this will be the case whenever V (k)k is non increasing
(i.e., here, for all p > 1). Panel 1.3(a) supplies an example, dealing with the case where
1 = 0.95, such that the aggregate effort is increasing with the expected number of prizes

k.

Let us now illustrate the effect of a larger variance of the number of prizes. Figure 1.4
plots the total effort X as a function of the variance v, the expected number of prizes k
being set to 5. The two panels 1.4(a) and 1.4(b), dealing with the cases where p = 0.95
and i = 1, are given to confirm our previous results in this section. We observe that the
aggregate effort is decreasing as the variance of the number of prizes increases. In fact,
we have proved theoretically that this will be the case whenever V (k)k is non decreasing
and weakly concave (i.e., here, for all p < 1). Panel 1.}(c) provides an example, dealing
with the case where p = 1.05, such that the aggregate effort is increasing with the variance

of the number of prizes v.

Another factor that can modify the sign of the second derivative of F'(k) is the speci-
fication of the conditional probability to be selected or eliminated. In this paper, we have
only considered those developed by Clark and Riis (1996) and Fu et al. (2014). However
in the literature, there exists other forms for the conditional probability to be selected
or eliminated (Berry, 1993; Chowdhury and Kim, 2014), the former being largely crit-
icized by Clark and Riis (1996) for instance. Given that equilibria in the certain and
uncertain case are easy to obtain with these specifications, and that effort at equilibrium
can be considered as a continuous function of the number of prizes, we do not report the
calculations and the proofs. Results are unchanged concerning the first-order stochastic
dominance but may change concerning the second-order stochastic dominance. In partic-
ular, we obtain that z is larger than T when 7(k) second-order stochastically dominates
(k). In other words, increasing the risk in the number of prizes in the sense of the
second-order stochastic dominance increases effort. Naturally comes the question to find
general conditions on the probability function P; (zy, ..., z,; k) such that the latter gen-

erates a function A (k,n) concave or convex with k. The main difficulty is that nothing
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Figure 1.4: Total effort as a function of v

ensures that A(k,n) is a continuous function of the number of prizes k, and that we can
find a continuous and twice differentiable function to extend A(k,n) like for these two

prize allocation mechanisms.

4.2 Number of contestants

We now consider the effect of the number of participants in the contest. Formally, we first
derive the comparative statics of the aggregate contest expenditure X = nz with respect
to the number of contestants n. We then provide conditions on the impact function such

that X is increasing in n.

From our previous analysis, we know that the equilibrium effort satisfies

g(z*) =) (k) A(k,n).

k=1
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Let us use the following expression of Ay sy (k,n) found in Clark and Riis (1996),

JOnJ

and of Apgy (k,n), that we can deduce from Fu et al. (2014),
V(k nFln—k—j
Arpm (k,n) = # (n —k— ) u) : (1.23)

Letting

:1

Bwsu (n Ei (k) (k—’ilk_j)

k=1

K k n—k—1 —k—
Brgum (n) =Y (k) )(ﬂ»—k— Z u)}

Fl

=1

Remarking that Apgy(k,n) is a discrete function of n, we use again the digamma
function to construct a continuous and once differentiable function F(n) coinciding with

Arem(k,n) for every integer n. Using (1.15), we obtain immediately
k
From(n) = V(k)— (¥(n +1) =4k + 1))

and we can verify that

Buow (n) = S w(K)V () (s(n +1) — bk + 1))

k=1

for all integer values n.

Using the implicit function theorem, we can show that

dz _ B'(n)
dn g (z)°
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By differentiation of X = nz, we then find that

From this, knowing that g(z) = B(n) and ¢’(z) > 0, we can show that

dX g (z)z _ B (n)n
o >0e MO IOR

Now, knowing that

[
ﬂ.
I~
|
L)

and since

B (n)n is increasing in n, implying that

B(n)+ B (n)n>0

B (n)n

_Tﬂ)<1

Therefore, a sufficient condition for dX/dn > 0 is

> 1.

Proposition 7 Aggregate effort at equilibrium increases with the number of contestants

whenever the elasticity of g(z) is at least equal to one.
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In particular, the benchmark specification f () = z" satisfies Proposition 7, for all 72°.

5 Conclusion

This paper is the first one to analyze the case of multiple-prize contests with an uncertain
number of prizes. We extend the multiple-prize contest initiated in Berry (1993) and in
Clark and Riis (1996), assuming that the number of (identical) prizes to be awarded is a

random variable.

Using the same specification as Clark and Riis (1996) (contest success function and
prize valuation function) then Fu et al. (2014) (contest elimination function), we find that
the aggregate contest expenditure increases when the number of prizes to be awarded is
expected to be smaller and less risky, in the sense of first-order and second-order stochastic
dominance, and when the number of contestants increases. We discuss the robustness of
these properties (valuation function, specification of the conditional probability), both by
providing sufficient conditions such that they still hold true and by proposing numerical

illustrations showing opposite results.

This paper also illustrates how to use the psi (or digamma) function (Abramowitz
and Stegun, 1964), in order to extend a discrete function appearing in Clark and Riis
(1996) and Fu et al. (2014) to a continuous and twice differentiable function, which helps
deriving the comparative statics of the equilibrium outcome. Our belief is that this trick
may prove to be useful in other settings in the contest literature (uncertainty on the

number of players for instance).

Future work includes risk-aversion and different prize valuations in a multiple-prize
contest with an uncertain number of prizes. Indeed the literature exposed in introduction
has shown that these assumptions may clearly modify the results. However this leads to

complex calculations and we are not sure to obtain a tractable form.

2Indeed, when f (z) = z", we have g (z) = f (z) /f' (z) = z/r and ¢ (z) z/g(z) = 1.
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6 Appendix

6.1 Winner Selection Mechanism (Clark and Riis (1996), sub-

section 3.1)

The prize allocation mechanism described by Clark and Riis is the following : “ The players
make one rent-seeking contribution which is valid for all k rounds of a nested contest. The
winner of the first prize is decided by using the probability distribution which arises after
the rent-seeking outlays of all n players are collected. The winner of this round is then
eliminated and the second prize is distributed by using the probability distribution which
arises when we exclude the outlay of the first winner. This process continues until all k
prizes have been distributed. Thus the probability distribution is updated afler each round

to reflect the fact that previous winners are eliminated from future rounds.”

Let’s give an example with & = 3 prizes and n = 10 players. The contest designer
organises three rounds to allocate the prizes. Consider that player i is the blue player.
The other contestants that we suppose symmetric are represented in black. In the first
round (Figure 1.5(a)), player i has a probability p; to win the prize (issue W). If he really
wins, he is excluded from the other rounds of the contest as he can’t win no more than

one prize.

Otherwise, player i loses (issue L) with the complementary probability 1 — p! and a
black player wins the first round. The latter is excluded from the future rounds while
player i participates to the next round. The contest designer organises the second round
(Figure 1.5(b)) to allocate the second prize where 9 players still remain. If player ¢ wins
(with probability p?) then he is excluded from the future rounds. Otherwise, he loses with

probability 1 — p? and a black player wins the second round.

A final round is organised to allocate the third and last prize (Figure 1.5(c)). 8 players
still remain : player i and seven symmetric contestants. Player ¢ wins with probability
p; or loses with probability 1 — p}. As there are no more prizes to award, the process of

allocation stops.

Finally, the probability that player i wins a prize in a contest where three prizes are

allocated is :

pi+(1=p)pi+(1-p!) (1-p) P
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which corresponds to P; (z;, z, 3).

(a) First round

2" round

|14
L]
L
L ]
(b) Second round
2" round 374 round

(c) Third round

Figure 1.5: Mechanism of Clark and Riis (1996)
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6.2 Looser Selection Mechanism (Fu et al. (2014), subsection 3.2)

The prize allocation mechanism proposed by Fu et al. (2014) is the mirror image of the
mechanism of Clark and Riis (1996). Here, losers are sequentially eliminated to obtain
the set of winners. Consider a contest among n > 2 players with 1 < k& < n prizes.
Each player exert effort only once. The loser elimination process lasts several rounds
through which n — k£ among the n players are eliminated. In each period, one player is
eliminated, and when k players are left, the identical prizes of value V (k) are distributed

to the survivors.

To illustrate this mechanism, let’s take an example with n = 10 players and £ = 7
prizes. This means that three players need to be eliminated to obtain the set of winners ;
thus three rounds are organised. In the following, we only describe the edges of the game

tree in which player i appears.

Consider that player i is the blue player. We suppose that the other contestants are
symmetric and represented in black. For each round, note E the event “the player is

eliminated” and S the event “the player is a survivor”.

In the first round, player i is eliminated with probability ¢;. Otherwise, he survives
with the complementary probability 1 — ¢}, which means that a black player has been re-
moved from the contest. In this case, the set of survivors after the first round is composed

of player 7 and eight symmetric black players.

Then a new round is organised to eliminate one of the nine remaining players. Player
i is removed from the contest with probability ¢?. Otherwise, a black player is eliminated

and contestant 7 survives in the second round with probability 1 — ¢?2.
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1% round 274 round

A final round is organised to exclude one of the eight remaining players. Concerning
player i and conditional to be a survivor in the first and the second round, the event E
occurs in the third round with probability ¢? and the event S occurs with probability
1 — ¢}. If player i has survived, the final set of winners is composed of player i and six

other symmetric players.

1% round 274 round 3" round

The probability that player ¢ wins a prize in a contest where seven prizes are allocated

is :

P (zi,2,7) = (1_%1) (1—%2) (1_9’3)

This expression can be generalized for any k£ < n :

P (z;, z; k) :1:[ (1—4f)
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6.3 First Order and Second Order Stochastic Dominance

In economics of uncertainty, it is convenient to use the first-order and the second-order
stochastic dominance to compare different lotteries according to the wealth they dis-
tribute. In our model, we compare contests according to the number of prizes they
allocate. Using the first-order and second-order stochastic dominance on the number of
prizes seems more relevant than on the total value distributed in the contest. As justi-
fication, consider the valuation function V' (k) = V/k. The total value distributed in the
contest is V', whatever the number of prizes and the probability distribution. However
the way V is split in different prizes changes the players incentives to exert effort. In the
following we present the criteria of first-order and second-order stochastic dominance on

the number of prizes.

6.3.1 First-Order Stochastic Dominance

Denote by II(k) and II(k) the cumulative distribution functions corresponding to the
probability density functions of the number of prizes m(k) and 7(k). We say that a
contest with II(k) dominates a contest with II(k) in the sense of first-order stochastic
dominance if for all k € [1;+oo:

TI(k) < II(k)

6.3.2 Second-Order Stochastic Dominance

We say that m(k) is less risky than 7(k) in the sense of the second order stochastic

dominance if

Vit € [1; +o00], /1 (k) dk < /1 “Ti(k)dk,

Or equivalently
vt € [1;-+ool, | " (1K) — TI(k)) i < 0. (1.24)

It is convenient to consider a special case of the second order stochastic dominance
where the expected number of prizes is the same for both probability distributions (mean-
preserving spread). We give an illustration in Figure 1.6. Consider the two following

probability density functions such that 7(k) is a mean-preserving spread of (k).

Note that the expected number of prizes is equal to 5 for both probability distributions.

The cumulative distribution functions are given in the following table:
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(k) (k)
04 | 04 |
03| 03|
02| 02
0.1 0.1

1 2 3 4 5 6 7

8 9 10
Number of prizes k

12 3 45 6 7 8 910

Number of prizes k

Figure 1.6: Mean preserving spread

[L;2] | [2;3[ | [3:4[ | [4;5] | [5:6] | [6;7[ | [7;8] | [8;+o00]
k) | 0 0 |005| 03] 07 |095] 1 1
(k) | 0 |0.05]015]| 035 | 0.65 | 0.85 | 0.95 1
O-T| 0 |-005]|-01 |-005]| 005 0.1 |0.05 0

In Figure 1.7, we observe that condition (1.24) is satisfied.

t | Ji (k) - (k) dk Ji (W) — Ti(k)) dk
[1; 2] 0 .. Number of prizes k
[2; 3] —0.05t + 0.1 1 23 456 7/8 910
[3; 4] —0.1¢ +0.25 —0.05 +
[4;5] —0.05¢ + 0.05 o1l
B 0.05¢ —0.45
6;7 0.1¢ — 0.75 —0.15
7:8 0.05t — 0.4
[8; +o00] 0 —0.2

Figure 1.7: Illustration of the Second-Order Stochastic Dominance on the number of
prizes
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6.4 Proofs associated to the Winner Selection Mechanism (WSM)
6.4.1 Proof of expression (1.2)

Considering player i’s point of view, we assume that z; = z, for all j # 7. Then, for all

round k, we can write

If £k =1, player i chooses x; to maximize

D) o
e+ D@, W

Therefore, the first-order condition for x; to maximize player i’s payoff is

(n—1) f(z)f'(x) L
(f(zs) + (n—1) f(x))2v (1)—1=0.

If z; = =z, this simplifies to
n—1f(z)

@

V(1)

If £ > 1, player i chooses z; to maximize

P’i (I.E._,;?.’E?...?.’E;k) 4 (k) — Ty,

where
_ J(z;
oo s ) = 0 T -1 F)
o L= f(z:) f(z:)
+,§2 L=1 (1 fz:) + (ﬂ»—)\)f(ﬂ?))] f(@i) + (n — k) f(z)

(zi,x, ...,z k) = - ﬂ - (n—2) f(z)
At n =3 o (I ey )

By differentiation, we can get
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bl k f(x:) (HH‘, (n=X)f(z) )

——Pi(z,z,...,x;k) =) =R)f(@) 1A=L J@)+(n-2)f(2) ‘

U2 e R LC2) (- 3o, e et )
B (n—k)f(x) $=1 (f(zs)+(n—A)f(x))? LHFEX f@:)+(n—p) f(2)

which can be rewritten after some arrangements

P o 73H) = Z [(%) (H f(xi()nf(i)— S)f(ﬂr)) (1 - Z 7@ +f(fi) N F@

If z; = z, this simplifies to*!

We can show by induction that
3] LD S S [ SR DK
= on—A+1 -\ T r)’

which implies that

21Rema1'k here that H;:]_ #_—AA = nﬂ;"_
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6.4.2 Proof of Proposition 1

Second-order condition A sufficient condition for a global maximum of player i’s

payoff is obtained if

P o 73H) = Z [(%) (H f(xi()nf(i)f S)f(&r)) (1 - Z 7@ +f(fi) N /@)

is decreasing with z;. If we consider the following condition

Y /(@) or a K
L= e T i@ lrallises<k

then, the expression under square brackets above is the product of three terms, each
positive and decreasing in z; (given that f’ (z;) > 0 and f”(z;) < 0). Clearly, this implies
that

82
mpg (.’,C._:;;,.’L'} ceey &Ly k) < O}

which gives a sufficient second-order condition for a global maximum 22.

Nevertheless the proposed inequality is not necessarily satisfied for all z;2. However
no player will invest more than V (k) in the contest (otherwise his utility is negative) so

we need to verify this condition for all z; € [0; V (k)].

Moreover remark that our condition holds true for all 1 < x < k if it holds true for

k = k. Thus we obtain a sufficient condition for a global maximum:

— S f(xi) or xI; ; or a
1 ;f(xi)ﬂn_)\)f(x)m,f all z; € [0; V (k)], for all k.

Given that this condition may not be necessarily fulfilled, we can at least show that player
i’s utility function is concave over the interval [0; z] if the number of prizes is such that
k
1
> — <1
n—A+1

A=1

which can be rewritten as
—k

3

_ <1

b

1
r

=N | =

NE

r=1

hg
I
-

22(Clark and Riis, 1998) provide a sufficient second-order condition for a local maximum only. It writes
1-305, n—i-% > 0, for all 1 < k < k. Clearly, it can be derived from our analysis in the case where
Irj = T.

23For instance, if £; — 400, then J"[T)-I-f((f% tends to 1 and the left hand side of the inequality
tends to 1 — k < 0.
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and approximated by k < 0.632n for large values of n according to Clark and Riis (1998).

Indeed, since f(z;) =0 when z; = 0 and given that

is true for all z; € [0; z].

Participation constraint At equilibrium each player spends effort such that

g(z*) = A(k,n)

if his participation constraint is fulfilled

P, (z* k) V(k) — z* > 0.

Consider first g(z) = z**. If we suppose

k
1
1-— 0
En—)k—kl) ’
that we can rewrite
il_n—k1<1
r=1r r=1T_ ’
then we obtain
V() [ & 1 k 1
Pi(z*; k)V (k) — 2" = ——= —_— 4+ k(1 _— 0.
(@ )V (k) -2 n n)gln—)\—kl—'— ( En—)&—kl >

Thus each player participates to the contest.
For a general g(z) function, we proceed as follows. Given that g(z) is a continuous and
increasing function of z on [0; +oo[, with g(0) = 0 and lim,_,, », g(z) = +o0, then g is a

bijection from [0; +oo[ to [0; +oo[ and admits an inverse function g~ : [0; +oo[— [0; +o0.

24This correponds to f(z) = z for instance.
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It follows that the participation constraint can be expressed as

Fy(z* k)V (k) — g7" (A(k,n)) > 0.

If we find a function g;(z) such that the participation constraint is fulfilled
Py(z*k)V (k) — g1 " (A(k,n)) > 0,

then this is also the case for any function g,(z) > g,(z)?®. Or we have found that this
is the case for g,(z) = z. Thus we can conclude that for any function g(z) > z, the

participation constraint is fulfilled. Given that

we can rewrite g(z) > z as

Jﬂr(ﬂ:)$ S 1.

In other words, all the impact functions f(z) with an elasticity lower or equal to one

satisfy the participation constraint.

%5 Consider two functions g (z) and go(z) such that g;(z) < go(z) Vz. Then
g1 (91(2) < 97" (92(x))
since gi is a continuous and increasing function of x. This leads to
r< g7 (92(2))
Since = = g5 ' (ga(z)) we deduce that
gz ' (92(2)) < 97" (92(x)).
It follows that if g1(z) < ga(z) then

92" (A(k,n)) < g; " (A(k,n)).
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6.4.3 Proof of Proposition 2

First-order condition An interior solution satisfies the following first-order condition
if

K 0

> w(k)=—P, (zi,z, ...,z; k) V (k) — 1 =0, for all i,

k1 6.’51;
Given that we have calculated the derivative of P;(z;, z; k) in subsection 6.4.1, we easily

obtain equilibrium effort in the uncertain case

K n— n n—k
o) = L mV ) (L1 -3 1).

k=1

Second-order condition An interior solution satisfies the following second-order con-
dition if

K 2
> w(k) %R (zi,z,...,z; k) V (k) <0, for all i.
k=1 L

A sufficient condition is to satisfy

62

FH (zi,z, ...,z k) <0
L

Vk =1,..., K. Note that no player will invest more than the highest prize value distributed
in the contest (otherwise his utility is negative). Given the discussion in the certain case,

the condition to obtain a global maximum is

If this condition is not verified, we can show, as previously, that player i’s utility function

is concave over the interval [0; z| if the number of prizes is such that

K 1
Y — <L
—n— A+1

that can be rewritten as
n 1 n—kl
yi-Yicn
r=1 T r=1 r

and approximated by K < 0.632n for high values of n.
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Participation constraint At equilibrium each player spends effort such that

= iﬂ'(k)A k,n

k=1

if his participation constraint is fulfilled
K
> w(k)Pi(z*; k) V (k) — z* > 0.
k=1

Consider first g(z) = 2%. If we suppose

k
En—)k—kl 0

then we obtain

S APV E) = 23 w0V 03—k (1o )] >0

A=1

Thus each player participates to the contest.
For a general g(z) function, we proceed as follows. Given that g(z) is a continuous and
increasing function of z on [0; +oo[, with g(0) = 0 and lim,_,, », g(z) = +o0, then g is a

bijection from [0; +oo[ to [0; +oo[ and admits an inverse function g~ : [0; +oo[— [0; +o0.

It follows that the participation constraint can be expressed as

> (P V)~ a7 (L a0k ) >0

k=1 k=1

If we find a function g;(z) such that the participation constraint is fulfilled

gjl (k) P(z*; k) (Z ) >0,

then this is also the case for any function g;(x) > g;(z)?". Or we have found that this

is the case for gi(z) = x. Thus we can conclude that for any function g(z) > z, the

26This correponds to f(x) = x for instance.
27 Consider two functions g;(z) and go(x) such that g (z) < go(x) V. Then

91 (91(2) < g7 " (g2())

since gi is a continuous and increasing function of x. This leads to

z < g7 (ga2(x)).
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participation constraint is fulfilled. Given that

we can rewrite g(z) > z as

<1l

In other words, all the impact functions f(z) with an elasticity lower or equal to one

satisfy the participation constraint.

Since = = g5 * (ga(z)) we deduce that

95 " (g2(2)) < g7 " (g2(x)).

It follows that if g1(z) < ga(z) then

g5 (Z w(k)A(k,n)) <g' (Zw(k)A(k, n)) :

k=1 k=1
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6.4.4 Proof of equations (1.18) and (1.20)

Fwsur (k) is twice differentiable and is equal to

Fwsu (k) =V (k) (Y(n+1)—9(n—k+1))

We calculate Fyy gy, (k) and Fj g,/ (k) :

Fosu 8) = LB 0y (0 (n+1) — 9 (0 — k1)
— Vék) (W(n+1)—d(n—k+1)—(n—k)Y' (n—k+1))
Fou )= " () (pm 1)~ (n— k1)
—2%(’%)(w(n—kl)—w(n—k+1)—(n—k)7,b’(n—k+l))
KSQQW@V%HJ)+m—kWWn—k+D)

We report some intermediate calculations using (1.17)

> k
Yr+1) -y —k+1) :J=03+n—|—1)(j—|—n—k—|—l)
> 1
Vin—k+1) :g] +n—k+1)
>, 2

which allow us to rewrite Fjjg,,(k) and Fjj ¢, (k) as

V' (k) (n—k)k

cGH+n+1)(G+n—k+1)

MB

Fysu (k) =

no i
Vi) [ k i —k
n GJ+n+1)(G+n—Fk+1) j:ﬂg+n—k+1)

j=0

[ﬁ
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) V" (k) & (n—k)k
Fwsu (B) = — j;](j—kn—l—l)(j—l—n—k—kl)
V'(k) (& k - k
i J;](j—kn—kl)(j—l—n—k—k gg+n—k+1))

—Qvﬁk)(i- 1 > —k )

j=0(3“|’n_k+1 j=0 J+n_k+ 1)°

First we focus on Fjy ¢, (k) :

4 k 1 —V' (k) k3 0(a+n+1;lufn k+1)
WSM ( ) - )

T oo k oo n—k
( +V (k) ( J=0 (G+n+1)(j+n—k+1) =0 (j4n—k+1)

We add and remove the following expression

& n—k

J:ﬂ (G+n+1)(+n—k+1)’

which leads to

Fysu (k) = —1 ( ~(VI(k) e+ V (k) E?io (j+n+1)T]EJ_'fn k+1)
"\ V(6 (S5 Gramc e — T Gre + St Grrni e
1 [ (VR k+ V(R) S e )
" \ +V (k) (E;'io (j+n+1)(?+n—k+l) — 25 ﬁf)

We finally obtain expression (1.18):

’ 1 _(V’ (k) k + V(k)) J =0 (J+n+1§t]fﬂ k+1)
WSM (k) =

n j+1
RV (k) 520 GrmrnGanirny?

Looking at F”(k):

1 k
_EV”(k)kEj =0 (J+n+1;10+n k+1)

k
‘Hﬂ(k)( ;'x—JO (j+n—|—1)(j+n k+1) — J =0 (j-l—'."’:,l k+1) )

k
+V(k)( (j+n .‘a:+1)2 00 (j+7:1 k-i—l)a)

wsm (k) = —

Sl

)
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We add and remove the following expression in the first two terms of the sum

it n—k
(k)

oU+n+)(+n—k+1)

which leads to

Ec?o n—k
Jj=0 (:r'+n+1)(j+n k+1)

—5 (V" (k) k+2V'(k))

2
! _ _ = 1l o0 k n—k
Fasu (k) = n +V' (k) (EJ'=0 (Hn+D)(j+n—k+1) EJ =0 (J+n k+1) +35%0 (3+n+1)(3+n—k+1))
o0 k
+V (k) (ZJ =0 ZJ’=0 (j+$—k+1) )

(j4+n— k+1)

Rearranging the terms, it is possible to rewrite Fj ,, (k) as:

—3(V" (k) k+2V'(k)) o

J =0 (:r+n+1)(3+n k+1)

Fysu (k) = h +V7 (k) (_ Zj =0 m + ZJ =0 (J+n+1)(3+n k+1))
( )Ej =0 —JLS

(j+n—k+1)

We finally obtain expression (1.20):

—3 (V" (k) k+2V' (k) >0 (j+n+1;l(3fﬂ )

+ (V' (k) k+V(k)) It

J =0 (j4n+1)(j+n—k+1)?

V(k)kEY2 it

J=0 (j4n+1)(j+n—k+1)*

wsu (k) =
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6.5 Proofs associated to the Loser Elimination Mechanism (LEM)
6.5.1 Proof of expression (1.7)

Player ¢ chooses to maximize
P (zi,z,...,z; k) V (k) — x4,

where
(n — &) f(z;)
n— k) f(z;) + f(z)

n—k
P@‘(mi;xa“-;xa k) = H (
k=1

Since
f(z)
((n— ) f(z:) + f(x))*’

we obtain by differentiating P; (z;, z, ..., z; k) with respect to z;

O fe) (T -mf@) ) (R f(z)
8$®Pt( 3Ly ey ,k) f(xz) (nl;Il (ﬂ—%)f(:t?@)—i—f(ﬂ?)) (Z (n—ﬁ)f($¢)+f(m))

k=1

3(((%—@ﬂ%)

Ox; \(n— .ag) f(xz) + f(ﬂ?)) = f’(mi)(n — J“i)

If z; = =z, this simplifies to

e =35 (M55 (Sm)

k=1 k=1

and after some intermediate calculations, we can show that

0 k
6—2?1'3 ($, “'1$)k) = E (Z

r=1 r=1

1
r

=) o
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6.5.2 Proof of Proposition 4

First-order condition An interior solution satisfies the following first-order condition

if

K
0
> w(k)=—P, (zi,z, ...,z; k) V (k) — 1 =0, for all i,
- 6.’51;
Since we have calculated the derivative of Pi(z;, z, ..., z; k) in subsection 6.5.1, we deduce
the expression of equilibrium effort in the uncertain case
1
r

@) =SVt (551-3-1),

k=1

Second-order condition We first consider the case where the number of prizes is
known with certainty and equal to k. The interior solution is a global maximum for

player i if

o Pilozaih) = £ (H ) (Z EREHARSE)

K

is decreasing with z;.

An equivalent expression is

%Pﬁ(%x"“’x;@:f ( r;[n—t)}gg(ﬂ )(Z;Z n—m)}f((;))ﬂ(w))

If we consider the following condition

n—k
/(=)
1-— > 0,
2 = fa) + 1@
then the three terms of the first derivative of P(z;,z,...,z; k) with respect to z; are

positive and decreasing with x;.

The problem is that this condition is not satisfied for all z;. Simply, when z; = 0,
the condition becomes 1 — (n — k) < 0. Nevertheless we can show that player i’s utility

function is concave over the interval [z; +oof if the number of prizes is such that

n—k 1

)P ) (1.25)

on—k+17
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or equivalently

is decreasing with x; so that if our condition is true for z; = x, it holds true for z; > z, if

the number of prizes is such that (1.25) is fulfilled.

When the number of prizes is uncertain, an interior solution satisfies the following

second-order condition if

K 2
> w (k) %R (i, z,...,z; k) V (k) <0, for all i.
k=1 .

i
A sufficient condition is to satisfy

52
ﬂ'(k)@*pt ("'E'i}x} ey I3 k) < 0

Vk =1, ..., K, with a strict inequality for at least a value of k.

Denote by k£ the minimum number of prizes such that

Z_jﬁ <1. (1.26)

n—.@s—kl_

Then the condition above is satisfied for all k € [k; K].

Thus under condition (1.26) and if 7(k) = 0 Vk € [1; k — 1], player i’s utility function

is concave over the interval [z; 4o00].
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Participation constraint The proof is close to the one given in Appendix 6.4.3. Each

player participates to the contest if

i (k)P (z*; k) V(k) —z* > 0.

k=1

With g(z) = z and if we suppose

ﬂ—k 1
1— 0
;;n_”’"'l) ’

or equivalently

il_il<1
mro oD
we obtain
K 1 K n-k 1
Ew(k)a(m k) V(k) -2 =;gﬂ<k)w(k> (“}Qlin_nﬂ) >0

Thus each player participates to the contest. We can show like in Appendix 6.4.3 that

for a function g(z) > =z, the participation constraint is fulfilled. As a consequence, any

impact function f(z) with an elasticity lower or equal to one satisfies the participation

constraint.
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6.5.3 Proof of equations (1.19) and (1.21)

Frenm (k) is twice differentiable is equal to

Fuon (8) = 2k [gn 1) — vk + 1)

n

We calculate F} (k) and F}'p,,(k):

fone (6) =~k (o + 1) — vk + 1)
+ Y 1) = e+ 1) — k1)
o ®) = Z B o+ 1) — w(k + 1)

2" ®) (g 1)~k + 1)~ ket (k1)

+ @ (—2¢'(k+1) — k" (k + 1))

We report some intermediate calculations using (1.17)

i n—k
Yv(n+1)—y(k+1)= Jgo(.?"‘”"‘ )G +k+1)
/ e 1
@b(k+1)_§7@+k+)
71b k+ j=0 j+k+1)

which allow us to rewrite F} gy, (k) and F}'p,,(k) as

! n—k
? g () = — ( —VI(k)k X530 e e )
k n—k
+V(8) (£32 iy — S0 Gravhioerm)
—WVk)EYR st
J=0 (j+n+1)(j+k+1)
i _ = & .
Lem (k) = - —Vf(k')( ol Om % W)

k
+V (k) (520 Gy + 252 omﬁ)
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First we focus on F} g, (k):

’ - ——
Frem (k) = n s e ek
7=0 (i+k+1)? (J+k+1) J7=0 (j+n+1)(j+k+1)

1 ( ~V'(k)k EE’" 0 GrRIGTRTD )
V() ( )

We add and remove the following expression

a n—k
Z

S+ )G +E+1)

which leads to

1
Frpm (k) = o ok

( —GWMk+anzﬁwﬁﬁﬁ%ﬁﬁ )
\ +V (k) (520 gy — S50 Grarsrem T S5m0 G

1
n

[~ (V) + V(R) 520 sy )

\ +V (k) (S50 Gty

We finally obtain expression (1.19)

S|

— (V'(k)k +V (k) 520 GrastoeD
Frou(k) =— ( j=0 (3+ +D)(+k+1)

TV (kL0 Grnrnye

Looking at F"(k)

1y 00 n—k
—3V"(K)k 2520 Grmingremn

2
" _ _ = R V4 n—k oo k
rem (k) = n V'(k) ( j=0 (j+n+1)(j+k+1) (J+k+1)’)

k
+V(k )(EJ ﬂ(3+k+1) Grer? T2 ﬂm)

We add and remove the following expression in the first two terms of the sum

a n—k
Z

ZU+n+1)G+E+1)

which leads to

) —%(V”(k)“w'(k)) il om
! _ _ = k k
Eow (F) = | =V'(k) (S50 Grmstitremn — Tito Gre? — Lo Grmetorees)

k
+V (k) (S520 Grrnr + 5% grare)
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Rearranging the terms, it is possible to rewrite F}'p,, (k) as:

LV (R)E + 2V (K) S0 g

7 o0 k
V) Z0 Grere

s3] 1 oo k
V() (S5 Grar + 20 Grtrar)

) 2
Frey (k) = T

We finally obtain expression (1.21):

) —3 (V"(B)k + 2V (k) £520 Grmitrg7e7D
" _ _ = 1 [as} 1
Lem (k) = " +(V'(k)k + V (k) 252 GHktD)

+V()k (S50 Grerye)



CHAPTER 2

Team Production Function in

Science!

1 Introduction

“If I have seen further it is by standing on the shoulders of Giants” wrote Newton to
Hooke in 1676 in a letter that became famous (Newton and Turnbull, 1961). Newton’s
quote doesn’t only highlight the importance of great authors’ contributions, but also the
role of prior knowledge in the discovery of new ideas. Doing research implies to combine
previous academic works, a form of input, to create research output: this is intrinsically
a productive problem. Naturally each idea differs in the nature of inputs (by requiring
different sets of prior knowledge), but mainly in their assembly, in other words the type

of knowledge production function.

This is of interest since a large literature in innovation economics tries to understand
how existing knowledge produces new knowledge. Interdisciplinarity and novelty are cur-
rently the two main topics dealing with this question. The former studies the combination
of knowledge and expertise from different disciplines, the latter deals with the “recombi-
nation of pre-existing knowledge components in an unprecedented fashion” (Wang et al.,
2017). The question of the production of new knowledge is also approached from the angle
of geography of innovation at a more macroeconomic level (Jaffe, 1989). Nevertheless to
the best of our knowledge, no theoretical contribution deals with knowledge production
at the project level, and mainly the way to empirically test it. This paper contributes in

that sense.

In addition to technological considerations, a wide variety of factors influences scien-
tific production. Members composing the team may differ in their intellectual background,

their ability, their working methods or their interest in the project for instance. Larger

IThis paper is co-authored with Nicolas Carayol.
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teams may engender bureaucratic structures (Walsh and Lee, 2015), coordination issues
and free-riding behaviors (Albanese and Van Fleet, 1985). The competition environment
also plays a central role. Researchers engage in projects to develop new ideas and dif-
fuse their results by writing papers. In the well-established “publish or perish” culture,
academic scientists need to obtain publications in prestigious journals to give visibility
to their work, gain reputation and consequently be promoted and funded. However all
submitted papers are not published: journals also compete to be the most prominent and
only award the articles they consider to be the best. An important feature of academic
competition is the imperfection of the selection mechanism of papers by journals. On the
one hand, some articles are published then withdrawn some years later after the detection
of scientific fraud (Shewan and Coats, 2010). On the other hand, there exists many exam-
ples of papers initially rejected by some journals which are considered nowadays by the

scientific community as major contributions of their discipline, for instance in economics

(Gans and Shepherd, 1994).

In this paper, we model competition in Science as a Tullock contest between research
projects for the obtention of a prize (a publication slot in a journal for instance). We
conceptualize a research project as an idea and a team of researchers. Each idea is
associated to a unique knowledge production function whose factors are subteam efforts,
each one in a distinct field of expertise. Depending on the areas of expertise involved and
the level of efforts required, researchers form a team to complete the project. We abstract
from free-riding issues and intra-team coordination to focus on changes in the knowledge

production function.

Technically, our model is inspired by the literature of group contests, whose first
contribution is from Katz et al. (1990). Assuming symmetric players, they define the
team aggregate effort as the sum of individual spendings. Baik (1993) extends their
work to allow for asymmetric contestants who differ according to their prize valuations.
Lee (2012) investigates a contest model where each group’s probability of winning is only
determined by the minimum effort spent within each team. Chowdhury et al. (2013) treat
the case where each group’s probability of winning depends exclusively on the highest
effort expended within each team. Kolmar and Rommeswinkel (2013) adopt a team

contest success function with a constant elasticity of substitution technology.

In those models, each individual produces an effort constituting a factor of the aggre-

gate group output also called team impact function (Myerson and Warneryd, 2006). In
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our approach, each factor is the effort exerted by a subteam of researchers in a field of
expertise. Here the knowledge production function reflects the way efforts are combined
between research areas to obtain output. For the knowledge production function, we adopt
a constant elasticity of substitution technology. Contrary to Kolmar and Rommeswinkel
(2013), we deal separately with the effects of technical changes in the production func-
tion and the valuations of the prize by the subteams. This distinction reveals interesting

indexes and properties that we discuss in this paper.

Since researchers are becoming more and more specialized, research projects often
involve teamwork. Only for the sake of simplicity of our model, we suppose that a team
leader makes the decisions on efforts for the whole project. In essence, we abstract from
free-riding issues. Adams et al. (2005) argue that “the system of reward for priority
in discovery severely punishes shirking by team members and rewards good work with
publication, reputation, and income”. In this paper, we are interested in the consequences
of technical changes in the knowledge production function on output and productivity.
In fact, the choice of a centralized versus decentralized decision-making doesn’t change

qualitatively our results, what we show in the last part of this paper.

We characterize the Nash equilibrium of the corresponding contest game. We find
that all the variables are function of a synthetic index of the knowledge production func-
tion, that we call complezity of the production function given its properties. We derive
comparative statics with respect to this indicator and analyze the effect of the number of
projects in the contest. Among the results, we show that teams treating more complex
problems are penalized since their participation, their probability to obtain the prize,
their production and their productivity decrease. We also show that competition exerts

a differentiated effect on project output depending on its own complexity.

This paper is organized as follows. Section 2 sets out the model. Section 3 defines
the complexity of the production function. Section 4 characterizes the Nash equilibrium
of the game. Section 5 deals with the properties of the equilibrium outcome. Section 6
extends the model by introducing different valuations for the prize between and within

teams. Section 7 concludes. Proofs are given in Appendix.
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2 The model

We consider a contest where G research projects compete for the obtention of a unique
prize of value V' (a publication in a scientific journal for instance). We assume that the
contest is not perfectly discriminating so that competition in Science is a probabilistic
contest. Formally, denote p; the probability that project i obtains the prize and assume

that p; is of the Tullock form
LG
Pi =~ Vi=1,...,G, (2.1)

with g; the production function of team 7 and () the total research production

Q=Y a (22

The project with the highest ¢ has the greatest probability to obtain the prize, but the

latter is not necessarily equal to one like in a perfectly discriminating contest.

Denote X; the aggregate effort and «; the effort productivity of project i

gi
o == 2.3
1 Xi ( )
We assume that the cost function of efforts is linear and unitary, i.e. ¢(z) = z. Let u;

designate the utility function of project 7

U; = p¢V — X‘;’. (24)

In this model, we assume that the knowledge production function g; is of the constant
elasticity of substitution form Vi = 1,...,G. Formally, let define m; > 1 the number of
fields of expertise involved in project i. Denote z; = (zi, ..., Zim,) the vector of efforts
of dimension m;, where each entry of coordinate s = 1,...m; is x;,, the effort spent in

research area s of project i. The aggregate effort X; is equal to

X = i Tis- (2'5)
s=1

We suppose that to each field of expertise s = 1, ..., m; involved in project i corresponds

a subteam of researchers.
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Let w;, be the effort intensity coefficient in research area s of project i, and w; =
(wit, - - - ,Wim, ) the vector of those coefficients in this same project. Without loss of gen-

erality, assume that the coordinates of w; are sorted in descending order:
Wil 2 Wiz 2 ... 2 Wim,, (2.6)

and we normalize those coefficients such that 377, w;, = 1.

Let define €2; a positive constant that can reflect the intrinsic quality of idea ¢ or the

efficiency of team i (organizational capacity, researchers ability...).

The knowledge production function of project ¢ is defined by

1

Qz' — Qg (Z w@sxg;) i N (27)
s=1

with ; € ][—00;0[U]0; 1] and ¢; = ;= the elasticity of substitution between the efforts
spent in each field of expertise. If o; tends to —oo, efforts are perfect complements; o; = 1
corresponds to the situation where efforts are perfect substitutes. The Cobb-Douglas

function is obtained if o; approaches 0 in the limit.

When efforts are perfect substitutes, the knowledge production function is the sum of
efforts in the different fields of expertise. If some coordinates of vector z; are null (at least
1 and at most m; — 1 values), then (35, wwa:g;)”% > 0 if efforts are perfect substitutes
whereas (3°4%; wwmg’;)i = 0 once efforts become more complementary. In substance,
the elasticity of substitution indicates the nature of the project. Spending efforts in all
the fields of expertise initially involved in the project is not necessary to get knowledge
production when efforts are perfect substitutes. In other words, the interaction between
research areas is low since knowledge production can be obtained with only a unique
field of expertise. On the contrary, researchers must work in all the fields of expertise
implicated in project i when efforts are complementary, otherwise knowledge production
is null. Thus interaction between fields of expertise is more important when o; -+ —oc0

than when o; = 1.

From the constant elasticity of substitution production function, we derive a synthetic
indicator that we call complezity of the production function. Next section presents this

index.
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3 Complexity of the production function

Definition 1 Let define

my 1 l_al:-
]-—‘3‘: (Zw;g_ai) ’V»i:]_’___?G (2.8)

s=1

to be the complexity of the constant elasticity of substitution production function.

Here, we need to be precise with the word “complexity” that can mean several things.
According to the first sense given in the Oxford Dictionary of English, something complex
consists of many different and connected parts. Our index I'; coincides with this definition
since the different parts correspond to the fields of expertise and the degree of connection
is given by ;. The second sense given in the Oxford Dictionary of English is something
not easy to analyse or understand; complicated or intricate. Applied to research, this
definition suggests that a project is complex since it requires a lot of knowledge or skills
to be completed. This is definitively not the sense of the complezity of a project that we

express in this paper.

We justify the use of complexity given the properties of this index that we state in the

following proposition.
Proposition 8 T'; increases with:

(1) the number of fields of expertise m;,
(2) the eveness of the distribution of w;s,

(3) the complementarity between efforts in the different fields of expertise (o; — —00).
['; belongs to [1;m;].

A detailed proof is given in Appendix 8.1.

Proposition 8 means that the more a process of production requires different inputs,
the more these inputs are involved in a balanced way and the more it is difficult to switch

inputs to obtain output, the more the production function is complex.

In the next section, we identify the Nash equilibrium of the model.
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4 Equilibrium outcomes

The leader of each project i = 1,...,G chooses the vector of efforts z; to maximize the
payoff function:

max U;.
Til,---yTimny

(2.9)
Without loss of generality, let’s suppose that research projects are sorted in ascending
order so that:

L oL e
Q= Qy — — Qg

(2.10)
We say that research project i is inactive if x; is the null vector. Project i participates to
the contest if at least one entry of vector z; is strictly positive.

Let define ¢ < G the number of active research projects in the competition. Let

The resolution of program (2.9) is very close to Kolmar and Rommeswinkel (2013). The
following proposition characterizes the Nash equilibrium of the game.

Proposition 9 Given the ranking of projects in (2.10), the active projects are those with
the g lowest values of T'/Q), with g the smallest integer such that

Ty

ZE;

=

g+1
or G if this value doesn’t exist.

(2.11)

At equilibrium, the demand of labor in research area s of project i is

. —1‘5:__1?% (1—%%)1/ EfTr: ]_;,...;,g y VS: 1}...,m¢-
Ir;.= Q"Fi
is
0

ifi=¢g+1,...G

Proof is given in Appendix 8.2.
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Substituting equilibrium spendings from (2.1) to (2.5) and in (2.7), we finally obtain:

S [
Ps A
., V
Q I
zZ
g = Q'p;
u; = (p})*V
T
X = _p*O*
i Qing
* Qi
o, — —
1 1—1?:

Vi=1,...,q, 0 otherwise.

Note that if only two projects compete, then they are necessarily active so g = G = 2.
If G > 3, then selection effects can occur (g < G): projects with high values of T'/2

relatively to other teams may not participate to the contest.
Remark 1 All the variables at equilibrium (o}, pf, uf, ¢, Q*) depend on T/, Z and V.

Z characterizes the smoothness of the effective competition at equilibrium, given that z is

close to the mean of the T'/Q of projects participating to the contest.

5 Comparative statics

In this section, we derive some comparative statics of the equilibrium outcome which are
new compared to the paper of Kolmar and Rommeswinkel (2013). We show successively
how the own characteristics of project i then those of competitors j # i affect player i’s
probability, outcome, productivity, effort and output at equilibrium. We mainly focus
on ¢} given that we have proxies for research project’s impact (see chapter 3). We also

analyze the consequences of the entry of new projects in the contest.

5.1 Project i« characteristics

We have already discussed the effect of T';/€2; on project i participation to the contest in

Proposition 9. As a reminder, teams with a higher ratio I' /€2 (those lower ranked in (2.10))
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may not participate to the contest. Thereby increasing ceteris paribus the complexity I';
reduces the possibility for project i to take part in the competition. In the following

proposition, we summarize the effect of ['; on the main variables at equilibrium.

Proposition 10 Teams that are characterized by a larger T'; are disadvantaged in the
contest since their participation, their probability to win (p}), their output (qf) as well as

their productivity (o) decrease. This relation is convez for g .

Proof is given in Appendix 8.3. To illustrate the three first assertions of Proposition 10,

let’s consider the following example.

*

1| wi Wia Wiz Q; I P; q;
1 1 1 1 0.293 | 0.207
21097 0.03 1.1 | 1.144 | 0.264 | 0187
31096 | 0.04 1.1 | 1.183 | 0.240 | 0.17
41093004 )003| 1.2 |1.352]0.203 | 0.144
51 05 | 05 1.33 2 0 0
6 % % % 2 3 0 0

Table 2.1: Example of a contest with 6 projects in competition

Example 3 Imagine that siz projects compete for the obtention of a prize of value V =1
(Table 2.1). Project 1 only implies a unique field of expertise. Other projects are complex
since they involve at least two research areas. To ease the example, we suppose that all the
research projects have the same elasticity of substitution e = 1 (0; = 0 = 0). In column
6 we compute the complezity of each research project. Columns 7 and 8 give respectively
the probability to obtain the prize and the output of each research project at equilibrium.

Let’s consider projects 2 and 3 characterized by the same €); = 1.1 but a greater complexity
for project 3. Indeed, T's > T'y since these two research projects only differ from the
distribution of w; (w2 being more uneven than ws), while the number of fields of expertise
and the elasticity of substitution remain the same. We observe that the probability to
obtain the prize at equilibrium and the output are greater for project 2 than for project 3.
Concerning projects 5 and 6, even though they have high values of 2, their complexity is
so important that they don’t participate to the contest.

The convexity of ¢ with respect to I'; can be interpreted in the following way. From

Proposition 8, T'; belongs to [1;m;]. When T'; = 1 the project is not complex since it
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involves a unique field of expertise. The convexity of ¢ with respect to I'; indicates that
the highest penalty on output appears when the project begins to be complex, that is to
say when I'; raises from 1 to 1+ 6 with § — 0%. Such an increase necessarily implies that

the project goes from 1 to at least a second field of expertise.

Consider now the productivity «f. Proposition 10 stems that o is decreasing with
[';. Remember that o is the ratio of outcome ¢ to the total effort X}. If the former is

decreasing with I';, the latter is not monotonous as established in the following proposition.

Proposition 11 An increase of the complexity of project i has a positive effect on the

total effort exerted if

e

(2.12)

=]
A
AR

and a negative one if

2|3
IR

Proof is given in Appendix 8.4.

If the ratio T';/€2; is such that (2.12) is fulfilled, then raising T'; leads to a higher ef-
fort X}. However, the increase of X} is unsufficient to compensate the negative effect
of the production function technological change. As a consequence, the greater use of
inputs doesn’t translate into outcome ¢g;. Since the numerator of o decreases while its
denominator increases, project i’s productivity declines with T';. If condition (2.12) is not
fulfilled, project 7 doesn’t already belong to the most competitive projects. Increasing I';
discourages project i researchers to exert effort. As a consequence, ¢ decreases. For the
productivity af, the numerator and the denominator decrease; however the net effect is
negative. We can also notice that o} doesn’t depend on the characteristics of other teams
j # 1. In (2.10), we have ranked projects in ascending order of T'/€2. In fact, (2.10) is also
the ranking of projects by descending order of productivity at equilibrium.

5.2 Competition intensity

Here we analyze the effect of the competitive environment on project 7 main variables at

equilibrium. We successively consider two forms of competition intensity: more efficient



5. COMPARATIVE STATICS 63

projects (lower ratio I'y /2, k # i) and more competitors. In both cases, the effect is
not monotonous and depends on the value of T';/€;. Next proposition gives the threshold
under which decreasing the complexity of other teams k # i has a positive (respectively

negative) effect on project 7 output.

Proposition 12 A decrease of the complexity of project k # i has a positive effect on
project i output if

STk
A
B v

(2.13)

and a negative one if

e

Slfs
V
b |

Proof is given in Appendix 8.5.

Since X} = g—iq;f‘, the condition such as X} raises after a decrease of I'y is exactly the
same as for ¢f. Decreasing the complexity of other projects k # i increases the strenght of
the competition for project i since other teams have more chances to win the contest. For
projects with high T'; /€2; (the less efficient ones), the effect is negative on output since the
increase of the competition gives disincentives to spend effort X at equilibrium. On the

contrary, for projects with low T';/€;, the increase of the strenght of competition creates

incentives to exert efforts.

Now we deal with an increase of the competition intensity by the number of projects.
Consider the situation where g projects out of G are active as the initial contest. Assume
that a new project characterized by 'y, and €),., enters the contest. Denote r the
number of active projects out of G + 1 after this entry. Let

1 KT

>

j=1""%7

z:'r'—l

Remark that the new project stays inactive in the contest if
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Obviously in this situation the previous equilibrium remains unchanged.

Otherwise if there exists at least an integer h € [1, g] such that

Fnew Fh

S -
Qnew h

t

=

then the new project is necessarily active.

Note that the number of active projects r after the entry can be greater or smaller
than g, but lower or equal to g+ 1. To show that » < g+ 1, consider project g+ 1. Since

project g + 1 does not participate in the initial contest, we have

Ty

> (2.14)

wl

Qg1
A new project enters the contest if

Fnew
Qnew

<

wl

Project g + 1 participates to the contest after the entry if
Fg—f—l i _J new
Qg-i—l o j=1 Q Qnew

Using the constraint of participation of the new project, this leads to the following in-

equality
r

g+1

which contradicts (2.14). If the new project enters the contest, then necessarily r < g+ 1.

In particular, if the new project is such that:

Fnew

new

<

<z,

2 ‘m'ﬂ
2

g

then r = g+ 1.

Next proposition describes the effect of the entry of a new project in the contest on ¢;.

Proposition 13 Consider a contest where g projects out of G are active. If a new project

enters the contest such that:
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then at equilibrium q is greater in the new contest if

zz
zZ+z

Iy -
Q
and lower in the new contest if

zZZ

Z4+Z

L
Q;

Proof is given in Appendix 8.6. Note that if Z is very close to Z, so that the smoothness
of the effective competition at equilibrium remains unchanged, then we obtain the same
condition as (2.13). Increasing the competition intensity by the number of projects has a
positive effect on output for less complex projects while it can lead to a decrease of output
or even to a non-participation for more complex projects. We obtain a differentiated effect

of competition on output like in contests with different valuations for the prize (Matros,

2006).

To illustrate Propositions 12 and 13, we give the following example.

Example 4 Let’s consider the initial situation where two projects compete for a prize of
value V- = 1. We give their characteristics in Table 2.1a. Imagine that another research
project joins the contest. Depending on the value of T new/new, we show in Figure 2.1b the
effect of this entry on projects 1 and 2 output at equilibrium. Obviously, if the new project
stays inactive (Tyew/Qnew = 3, zone A), nothing happens and the new equilibrium is iden-
tical to the initial situation. In zone B, all the projects are active. Since condition (2.13) is
checked for project 1, qi increases when the complezity of the new project decreases (thus
a greater intensity of competition). For project 2, we observe the opposite result. The
competition becomes too fierce and discourages researchers to spend efforts. In particular,
if the new project is characterized by T pew/Qpew < 1, project 2 no longer participates to
the contest. In zone C, project 2 is inactive and condition (2.13) is now unchecked. The
competition becomes too strong for project 1 against the new project and as a consequence,

effort and output at equilibrium are decreasing when Tpeyw/Qnew diminishes.
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i |wp | w2 |wis | | Ty 24 q;
1 1 1 1 | 0.666 | 0.222
0.510.5 1 2 10333 | 0.111

(a) Initial Contest

4 10.25

10.2

10.15

10.1

1 0.05

A C©

. . } . . . . . . . - - - 0
35325 3 27525225 2 17515125 1 0.750.50.25 0

FDGW

QDBW

(b) Effect of the entry of a new project in the contest on ¢i and ¢3

Figure 2.1: Example to illustrate Propositions 12 and 13

6 Extensions

In the above, we have restricted the model of Kolmar and Rommeswinkel (2013) to the
situation where each team has the same valuation for the prize. We have shown that all
the variables at equilibrium depend on a synthetic indicator (T';) called the complezity
of the production function. This index only depends on the characteristics of project 7

knowledge production function.

In the following, we enrich the model by incorporating different valuations for the
prize between and within teams. We also assume that each subteam chooses his own level
of effort. In fact, we return to the framework of Kolmar and Rommeswinkel (2013). We
introduce v;; to be the value of project i for the subteam working in field of expertise j
and v; = (i1, - . -, Vi, ) the vector of those valuations. We keep the notations of sections 2

and 4 for the other variables. We also suppose that the decision-making is decentralized,
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i.e. each subteam chooses his effort to maximize his own utility function
U5 = PiVij — Tij, (2-15)
with wu;; the utility of subteam j involved in project i.
Let define
m; 1 L l_gii
T = (Z Wy, v;‘“f) Vi=1,...,G (2.16)

s=1

to be a synthetic index of the characteristics of project i. Suppose that research projects
are sorted in ascending order so that:

(2.17)

Next proposition from Kolmar and Rommeswinkel (2013) characterizes the Nash equilib-
rium of this game?

Proposition 14 Given the ranking of projects in (2.17), the active projects are those
with the g lowest values of T /2, with g the smallest integer such that

T
g+1
or G if this value doesn’t exist.

At equilibrium, the demand of labor in research area s of project i is

1
(wisvis) =0 1
~isisl

=(1—
3
. = QT

| [ =

) ifi=1,..,9;Vs=1,

ifi=¢g+1,...G

Proof is given in Appendix 8.7.

2We adapt their proposition to our notations.
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Substituting equilibrium spendings in the main variables of the model, we get

p; =

1
1
z
q = Qp;

1 1 _1
M l-o; 1—0; 1—0a;
s=1Wis Uig T;

X: = prQ*
1 QT‘ T
* Qi
a; = 1 1 -
m; l—o; 1—0y 1—0o;
( s=1Wis  Vjg :) T,

Vi=1,...,g, 0 otherwise.

Note that the comparative statics of p} and ¢ with respect to T; are the same than
those that we derived with respect to I'; in section 5. However T; has a more complex

shape, as well as X and of.

Here we search for conditions on the valuation vector v; such that the properties of I';
given in Proposition 8 still hold for T;. In other words, we want to see if all other things
being equal, increasing the number of fields of expertise, the eveness of the distribution of

wis or the complementarity between efforts also raises T;.

In Appendix 8.8, we prove that decreasing o; increases T; whatever the vector v;.
Thus T; behaves similarly to I'; after an increase of the complementarity between efforts,
regardless of the vector of valuations. The situation is different for the two other dimen-
sions of the complexity, since the effect of a change in the number of fields of expertise
or the eveness of the distribution of w;s depends on v;. Consider two fields of expertise
j and ¢ with wi; > wi. A sufficient condition to increase T; after any transfer from w;;
to wy is to verify v;; < vy if 0y > 0 and v;; > vy if 0; < 0. Given a vector v;, this
means that we can find situations such that increasing the eveness of the distribution of
the w;, decreases T;. In other words, an increase of our index of complexity I'; can lead
to a higher probability and output at equilibrium because of the structure of the vector

of valuations v;.

Example 5 Imagine a journal publishing papers involving two academic disciplines. The
reputation of this journal differs between the research areas. Suppose that the vector of

valuations is v; = (10,20). With w; = (2/3,1/3) and o; = 0.5, we get T; = 0.15. With
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w; = (0.6,0.4) and o; = 0.5, we have Y; ~ 0.147. Thus the latter project is more complex
than the former one but has a lower Y;, involving a greater probability and a higher output

at equilibrium.

Looking at (2.16), T; is a combination of two indexes. If all the coordinates of the w;-
vector are identical (w;s = 1/m;Vs = 1,...,m;), then T; is proportional to the inverse of

the generalized mean of the valuations denoted by M o; :

1-0o;

When all the valuations of the prize within the team are identical, then T; is proportional
to I';, our index of complexity. In fact, the results presented in section 5 still hold when
there exists heterogeneity concerning the valuations of the prize between teams but not

within teams.

7 Conclusion

This paper analyzes the effects of technical changes in the knowledge production function
in a Tullock contest framework. We adopt a constant elasticity of substitution technology
following Kolmar and Rommeswinkel (2013), considering first that the valuations between
and within teams are identical. We show that at equilibrium, the main variables of the
model are function of a synthetic index that we call complexity of the production function

given its properties.

We find that the more the production function is complex, the more teams are dis-
advantaged in the contest given that their participation, their probability to win, their
output and their productivity decrease. We also obtain that competition intensity exerts
a positive effect on effort and output of most efficient teams, while it discourages those

already treating more complex problems.

Our result is robust to different valuations between teams, but does not hold anymore
when we introduce heterogeneity within teams. We need to conduct other extensions. In
particular, we want to see if our results still prevail in a game with incomplete information,

by supposing that each team knows his knowledge production function but not those of
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competitors. Moreover, since we have supposed linear costs, our index may be modified
if we use a strictly convex cost function. For further work, we want to see if other types
of production function can engender other indexes at equilibrium with similar properties.
For the moment, we want to empirically test our relation between complexity and output

by using a dataset on scientific publications, which is the subject of the next chapter.
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8 Appendix

8.1 Proof of Proposition 8

Parts (1) and (2): Let’s analyze the impact of the number of fields of expertise m; and
the vector w; on I';.

The objective is to find the w;-vector maximizing I';.

Let’s consider a vector w;. We say that w; is improvable if there exists a vector @; providing
a higher T';.

As it is a tedious work to compare all the possible vectors, one way to proceed is to see
if any Lorenz-improvement in w;-vector increases I';.

To compare w;-vectors, we use the concept of Lorenz dominance. In a research project
involving m; fields of expertise sorted like in (2.6), we say that &; is Lorenz dominated by

w; if and only if we have : . .

> Wime—s <D Gim, s

s=0 5=0
Vk with 0 < k < m and the inequality is strict in at least one case.
A nice property of the Lorenz dominance concerns transfers. Indeed, consider an inegal-
itarian w;-vector and operate a transfer which reduces the difference between two of its
coordinates w;; and w;; (j < t) to obtain the vector ;. Then @; Lorenz dominates ;.

The two extreme cases are the egalitarian vector w; = (1/m;,...,1/m;) and the perfect

inegalitarian vector w; = (1,0,...,0). Example 6 with Figure 2.2 illustrates this concept.

Example 6 ©; = (0.3,0.3,0.25,0.15) and &; = (0.5,0.2,0.2,0.1).
In this example, note that the vector w; is obtained from w; by transfering a weight of 0.2
from Wy to Wiy (0.1), wiz (0.05) and wy (0.05). Then we deduce that &; Lorenz dominates

wj.

From (3.1), let’s compute the partial derivative of I'; with respect to wj; :

or; 1
6{,0;'3.' - ad;

_a%- -1
) wyg (2.18)

my 1

1—0o;
§ : Wis
s=1

For another field of expertise ¢t > j, we obtain similarly:

or; 1 (& £\ 1 -1
1 2.19)

6{1.}1:1; g; 5=1
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08¢
0.6
wg

04 ¢

0.2 ¢

| | |
00 02 04 06 08 1

Figure 2.2: Illustration of Lorenz-dominance

Let’s compare (2.18) and (2.19). Since ¢ > j and according to (2.6), we have w;; > wj.

The impact of an infinitesimal transfer from w;; to wy (Lorenz domination of the new
i 1

. 1o, 1 —
vector) depends on the comparison between —Ulwv 7 and —2 7

Wy o Wit . For w;; and wy,

a more egalitarian vector in the sense of Lorenz increases I'; if:

or; - oar;
6{,011 5‘{.03 3

In other words, it is enough to show that the function

f&) =T

a;

is decreasing in = when z € [0, 1].
Since we have:
1

f@) == 0‘:1:1%%_2 <0 Vo €]—00,0[U]0;1],

we conclude that:
or; - or;
6{,011 5‘{.01'3-

Vwﬁ < Wij

and thus any Lorenz-improvement in the w;-vector increases I';., We deduce that the
vector w; which minimizes T'; is (1,0, ...,0), leading to I'; = 1. For a given m;, the vector

w; which maximizes I'; is (m%, cee m%): leading to T'; = m;. Thus T'; € [1;my].
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Part (3) : Our proof is close to Beck and Schogl (1995) dealing with the RAInyi
information (pages 50-53).

Derivating I'; with respect to o;, we obtain

- 1
m 4 ms Ta;
ar@ . F',-; lIl (Zw l—r:ri) a; Es:ll (111 wis) wis ' -|
D) i8 - =
do;  o; s=1 1 —o; W% J
i s=1%isg
- 1 1
r. | m ﬁ m T o
i —0; ik i
. In wie ) — i In w;
1 ik
01'2 kgl my 1—0: Z kgl m; e 1— 0
=1 76t Wi D51 Wis

1
: l—a
I & ! — =1
=— In Zw = —Inw,
0'1: k=1 mMi l—a
- Es:l Wig

_1
T; m; [ 1-0y IEr m; _lg. -|
=—— L_(lnwl i lﬂ (Zw:s 1))

a; M f——
i k=1 i i s=1
|_Zs=l Wis J
1
T—0o;
1 Wik
m; oy m;  TI—o;
— ]'—‘1: w'&k l Zs—ll Wie *
_? 1 ! n Wik
i k= m; - i,
k=1 23—1 is !
Let
1
wl—ai
_ ik
Pz’k — 1
m; 1-0y
s=1"14

Finally, we obtain

or, _ T, &
So. = ~p3 2 Paln (wtk)

o7 i3
This sum is always positive since it is the Kullback-Leibler divergence between P and

wir. Indeed
Wik
3Pt (Gr) =~ Pain ().

Since In is a concave function, by the Jensen inequality we have

Z Py In (wtk) Z In ( wik) Z In (wg) <

therefore

Zakln (wm) >
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and finally
ar;
<
80’ i - 0.

Thus more complementarity between efforts (o; decreasing) increases T';.
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8.2 Proof of Proposition 9

The leader of research project i chooses the vector of efforts x; to maximize u;. We obtain

the first order conditions Vj = 1,...,m;:

my O’L‘:_l
Qt‘ (Z wisxg;) w@j :’;-125; @ V == ].. (2.20)
s=1

Remark that the second order condition is always satisfied since

1
o

(1= o) (s — St ) @ - 2 (St <o

Thus the effort at equilibrium z}, in field of expertise s is given by the solution to the
first-order condition in (2.20) or by the corner solution z}, = 0.
Using (2.20), we deduce the following relation between efforts spent in research project i

for two fields of expertise j and ¢:

We get
3:0"

My 1
D wis
1 w,;’s -
—E'i =1
Wi s

Taking the exponent Ui — 1 on both sides, we obtain

__1 —a-
7 xgj 7 1
wax o 1 1-2

wij my 1—o; 7
s=1Wis

Replacing in the first order condition (2.20) leads to

Z%ﬁ—

ZGz’(R I
== v=1 (2.21)

(Z.!Cil 9‘1) {

with
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Thus project i best response given the strategies of the others is:

/ 2
¢i — max (O, QX@VF — Qh) (2.22)

By denoting g the number of projects participating to the contest and summing (2.21)

Vi=1,...,g we obtain:

Q= g (2.23)

with
g T

> — -7

z = —1.29'

=]
bt

Il

—

From (2.22), project i participates to the contest if

O
VF_,'.; > Qh

Using (2.23) and (2.21), this leads to

Sl
A
]

Since we denote g the number of active projects, the first inactive project g + 1 has a

value ['g41/€Qg41 such that

r
Q—HZE.

Qgr

Given the ranking of projects in (2.10), g is the smallest integer such that condition (2.11)

is satisfied.
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8.3 Proof of Proposition 10

We report some intermediate calculations

o g-—1 |4

— <0
. . r.\2
6]_—‘1, Q@ (2?21 ﬁ‘;_)
* 9 I
Oy  g—1 Xjug, -0
o , r;\2
?Q* g—1 2V 50
arz = Q2 T;\3
i i (E_?:l ﬁi)
* 9 I
?p;  g—1 2Ljxq, -0
orz Q2 r '
i i (E_?:l ﬁi)
Since ¢ = Q*p}, we immediately obtain
dqr  0Q* opf
L= : —L <.
ar; ~ ar P 9,
Derivating again dq; /0T; with respect to T';, we get
Oq; _ 0°Q" . ,0Q" Op; 9*p;

ar ~ oz P T2 grar, T 9 e

q! is convex with respect to I';.

>0

77
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8.4 Proof of Proposition 11

Remember that

Xz ﬁipiQ
Given that
w11 St
,_ . 2
5‘1] Qt Z (2j=1 Qj)
oQ* B 1 Q*
or'; QEJ lg;
we have
8X* o 1 * Yk Fz 810: * *aQ*
ar, ~ oY +E(anQ th 81“)
1 * Y Fﬁ 1127&1_1 * i )k
“o" g (o, RO -
i ZE EJ lﬁ‘;_
_Q*(* F1E#m' ri P )
== |p = = -
Qi Q 229 —l Q.;E?:lﬁ?

Q* j (* Fil)

=0 o | \Pi 5=

Qi ;Qj Q@Z

Q& Ty ;1

o \2a (' %3
j#i T

Finally the derivative of X} with respect to I'; is positive if

Sl
b

and negative if

Sl
b |
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8.5 Proof of Proposition 12

As a reminder,

g = Q'p;

Given that

oQ* 1 Q*

Ol O E?:l %

o 11 o

8]_—‘,!;; - EQk E?:l %i_ ]
we obtain

dq; 0Q" , Opj

ar, — o P 9 ar,
o 1 ( . 1n)
=X R
Qk Eg:l g-;— z Qi

_@ 1 (2L,
- Q. EQ=1& z ’

£25

Thus the derivative of X with respect to I'y is positive if

Sl
b |

and negative if

=il
b |
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8.6 Proof of Proposition 13

In the initial contest, project i output at equilibrium ¢ is given by:

V(1L
“=3 zQ;

After the entry of a new project, project i output at equilibrium ¢} is equal to:

|74 1T
ikAE 1___3
% z( zQ)

The entry exerts a positive effect on project 7 output if and only if:

Since = > < (see below) we finally obtain
z z
I 2z
*AFE
; > & = <
4; 4 O i+z

To show that % > %, let’s consider separately the case r = g+ 1 and r < g.

fr=g+1:
1 1 r—1 — 1
> - r Iy
z Z Yiag E; 1 Qt
g g—1
g ]'—‘ Fne‘u.l F
Et:l ﬁi- Qnew EE 1 ﬁi_
Fnew
-~ <Z
Qne‘w
which corresponds to the condition such as the new project is active. Therefore % > % if
r=g+ 1.
ftr<g

r projects compete in the contest: the new project and the r — 1 with the lowest values
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of ]-—"i/Q'i-

0y | =
\Y
0| —
¢

r—1 q r—1
r [ | Thew
& (r—1) Z ‘+Z 1) L (2.24)
Qt Qnew
Since projects r, ..., g are inactive in the new contest, we have:

Fk 1 . lrt Fnew
— > - k=, ...
-] (Z? o QW) Vk=r.ooig

Given that g — r + 1 projects become inactive in the new contest and using the condition

of non-participation just above we deduce that:

g I r—1 I, 1 (r—l I, Fnew)‘l
(r—1) E E— > (r—1 E——I— —r+1)—— E——I—
( I=r QI) ( ) L:l ‘Qﬂ (g ) r—1 =1 QI Qnew
r—1 r—1
I I Lhew
-0 (&) ro-ren (g )

=1

r_l]‘—‘ ]‘—‘new r_]-]‘—‘ Fneﬂ]
> -0 (T g)+ (S - e-ag)

=1 "4 =1

Remark that the first term of the last expression corresponds to the right hand side

of (2.24). We can show that the second term is necessarily positive:

r—1 r—1
FE Fnew Fnew 1 Fl
(= 0 S
= S g Qnew T Qe -2 (;:1 Qz)

which corresponds to the condition of participation of the new project when r — 1 already

compete. Therefore condition (2.24) is necessarily realized. We conclude that % > 1.
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8.7 Proof of Proposition 14

The utility function of subteam j in project i is:

qy
’U.'..,;j = évij — fE._;;j (225)
Each subteam j maximizes his own utility with respect to z;;. We obtain the first order
conditions Vj = 1,...,my:
m; L G
: 7 1 i
Q;’ (Z wigx.g;) w;'jﬂ?g? I%Uij =1 (226)
s=1

We deduce that for two fields of expertise j and t involved in the same research project i:

We obtain

Mg x{’j& My 1 T

T; 17 1—0o; 1—0o;
E wismi; = E Wig :Uz's * (227)
s=1

wijU@j) =oi \g=1
Taking the exponent Uil — 1 on both sides, we get:

L L
m; o 1—0; m; 1 o e
o\ Ty Tao, 10\
§ :w'i.?xig - E :wis U@‘s
s=1 Wijlij \s=1

Replacing in the first order condition (2.26) leads to

G
. T,
e Xi (2.28)

(chil 9‘1)2 f

with

1—-L
my 1 Ti o
_ 2 : 1-g; 1—0;
TT. — ( Lu‘w UT.S ) .

s=1

Project 7 best response given the strategies of other groups is

¢i = max (0, 1#@,3'% — Qﬁ) : (2.29)

Summing (2.28) Vi = 1,..., g, with g the number of participating projects, we get

, (2.30)

| =

Q =
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with

—~

_ 1 '
Z=——>) —=<.
9-1i3%

From (2.29), project i participates to the contest if

T,
q, @
Using (2.30) then (2.28), we obtain
T; <
— < Z.
2
Given that g is the number of active projects, and according to the ranking of projects

in (2.17), the first inactive project g + 1 has a value of Yy41/€Qg41 such that

Tyi1

gt

> Z.

Using (2.28) then (2.27), we finally obtain ¢} and z},.



84 TEAM PRODUCTION FUNCTION IN SCIENCE

8.8 Properties of T;

Derivative of T; with respect to o;.

_ ) o
my 1 o 1—o; 1—0;
8T£ — E 1 i l—oj, 1—0; _ Oi 8= 1 (111 (wisvis))wés lve‘s '
a 2 n wz’s Uz’s 1 Eh
a; O'.i ]_ — 0; my l-o; 1—0o;
L =1 "is Vig
[ i—e; L 1(Tl 10, . 1‘71
T@‘ M4 W _‘T'a 7§ 1 o my _‘7: oy
ik Vik i—o; 1 o i Wit Vi
— ; Z I oF In Zw RO I o Z 1 e (11’1 (wikvik))
i — m; 1—o; 1—o; — i 1—a.
k=1 Zs:l Wig hU@‘s ' s=1 k=1 Z 1“'&3 '
1 a;
m T I T, oy
Té wik tk l 1—0o; r:r‘1 1—0; a; 1
=3 > | In Zw vis | = 7 In (wavir)
: : i—e; 1—0; — O;
i k=1 I_E?gl Wi, o Viq 7 i J
_ 1 s
M4 1-o; 1-o 1
T'i - Wit 1’U‘ik ! 1 1—(:!'1;_1 l—a., —1 1—0o; c:r1 1 o
=T 9 1 o5 n\ Wi n Zw Vi
0i k=1 m; 1-g;  1-0;
s=1"is is
- 1 oy -
W, T8
1 . ik lik -
m; 1-o;  T-0; m; o1, 1_—,,_
B _E : Wi Vg In S W] :
N 0'2 m. 1 10 1‘72 w'k
i k= i —0j —04 !
k=1 Es—ll Wig lvis !
Let:
1 )
1—0o; 1—01
Wik Vg
P@'k = 1 o3
1—o;
Es 1 Lu‘ Uis
Rewriting the derivative, we finally obtain:
ovY; T 2 P
~ 52 Z PixIn <0
60'i o Wik

for the same reasons than those given in Appendix 8.1.

Derivative of T; with respect to w;;.
Derivating Y; with respect to w;;, we get:

oY, 1 [ 1 73 oy 1 _q 9

o 1-g; 1-0o; 1—0o; 1—0a;
P = - Z Wig  Ujs Wij 7
Wij Oi \s=1

Similarly for another field of expertise ¢ > j we have:

oY, 1 (M L s \Tw Ly

o 1—0a; —o; 1—0o; T—0;
= E:wis Vis Wit Uit
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It follows that

oY; 01,
Owy ~ Owyj
if and only if
1 1_1%_1 1221 1 1—101; 13::::,
— Wy Vi > ——Wij ij
i g;

In Appendix 8.1, we have already proved that for w;; > w;:

1 L1 1 L1

1-0;

0y it oy ij

Thus if

253 o

1—o; 1—o;

it "> Uz’j 1:
then

oY;  J7;

5‘wﬁ 6{,01;3.'
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CHAPTER 3

Do complex projects lead to higher
citation impact? An empirical
application to interdisciplinary

research!.

1 Introduction

In the general introduction, we have presented one form of complexity of research project,
called interdisciplinarity, which requires to combine knowledge from different research
areas to produce scientific output. In the second chapter, we have defined a complexity
indicator of the production function. The aim of this chapter is to test this index on a
database of scientific publications, and to link the results with the main question of this
thesis: the decline of the research productivity over time. To do so, we use an original
dataset of nearly four hundred thousand authorship participations of approximately thirty

thousand French professors and researchers over the period 1999-2013.

Nevertheless several problems arise. The first one is that efforts exerted by teams
are unobservable so we can’t calculate the productivity at the project level. However
we have found in chapter 2 that the complexity index behaves similarly on the scientific
output for which we have proxies. The second problem is that many aspects of our
complexity index are unobservable: the effort intensity coefficients (vector w) and the
elasticity of substitution 0. We rewrite this indicator as a function of the contributions
of each discipline to the output, and show that it belongs to the family of Hill diversity
indexes. This is of interest since this reduces the number of unobservable dimensions.

Moreover the obtained rewriting is a standard measure of interdisciplinarity.

IThis paper is co-authored with Nicolas Carayol.
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One major finding of this paper is that interdisciplinarity of research projects is in-
creasing over time. We conduct several tests to confirm this assertion. We link this
observation to the decline of research productivity and open the debate in the last part

of this chapter.

The rest of the paper is organized as follows. Section 2 explains the transition from
the model to data. Section 3 reviews the literature on the relationship between inter-
disciplinarity and impact. Section 4 describes the database and the variables. Section 5
contains the regression results. Section 6 presents robustness checks. Section 7 aims at
showing that interdisciplinarity is increasing over time. Section 8 discusses the results.

Finally section 9 concludes. Proofs and tables of regression results are given in Appendix.

2 From the model to the data

The main problem to empirically test our model comes from the impossibility to estimate

for every project the paramater o; of the knowledge production function

1

my a._‘
o
Qt‘ Z wz’sxz’.g: b]
s=1

since efforts spent in each discipline z; and the parameters w;s Vs are unobservable.

Subsequently, we are unable to compute our complexity index I';

1—L

ag

I = (i w%) . (3.1)

In the following, we aim at finding a rewriting of I'; as a function of variables for which

we have proxies in our dataset.

Definition 2 Let define

1
m 8
w0 = (S 0.)
s=1
the Hill index of order B € [0;+o00[ of vector b = (by, ... ,by), withb; >0Vs=1,...,m

and 30t bg=1.

This general index (Hill, 1973) encompasses series of diversity indexes, each one corre-

sponding to a particular value of 3:
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(1) the Berger-Parker index when 8 — +oc:

(2) the Simpson index when § = 2:

1
2 _ .
H ) = Sy’

(3) the exponential of the Shannon-Wiener index when § = 1:
H' (b) = & S bslnb,
(4) the number of fields of expertise when 5 = 0:
H° (b) = m.

Looking at (3.1), it follows immediately that:

Proposition 15 T; is the Hill index of order ¢, = —— of vector w;.

1—o;

Note that § and the elasticity of substitution ¢; = 1_10_ are defined on the same interval

[0; +o00[. Table 3.1 gives the correspondance between o; and the associated diversity index

of wj.

Diversity index
1 | Berger-Parker index
0.5 | Simpson index
0 | Exponential of the Shannon-Wiener in-
dex
—o0 | Number of fields of expertise

Table 3.1: Table of correspondance between o; and the diversity indexes of w;

Given that I'; is a function of technical parameters wj,, s = 1,...,m;, I'; is difficult to
appreciate in concrete terms. We rewrite it as a function of the contributions of each field

of expertise to the knowledge production since we have proxies for this variable.

Definition 3 Let define

0 (3.2)

mi a
23;1 WisTig

)kg'j =
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the contribution of each research area j to the knowledge production of research project i,

and \; = (A1, - - -, Aim;) the vector of those contributions.

At equilibrium, X}; is given by

1

T
Wi
Nj= (3.3)
Es:tl Wig
First remark that A}; only depends on the characteristics of the knowledge production
function of project i. Second, A}‘j is also equal to the share of effort in the field of expertise

j over the total effort spent in project i at equilibrium (z;/X}).
Further, we show in Appendix 10.1 that it is possible to write I'; as:

1

T, — (Z ’!‘Sl“’i) " (3.4)
s=1
It follows immediately that:
Proposition 16 T'; is the Hill indezx of order 1 — o; of vector ;.

Our index of complexity I'; coincides at equilibrium with the diversity indicator of the
contributions of the fields of expertise to the production. Since we have proxies for A;,
thus only o; remains unknown. In other words, given that we observe vector A}, the

problem is reduced to the order of the Hill index.

Proposition 17 If m; = m < 2, then the ordering of any two vectors Ay and Ao is the

same according to H?, V3 > 0.

Proof is given in Appendix 10.2, and we illustrate Proposition 17 in Figure 3.1. If m; = 2
then \;; = 1 — )iy, thus HP()\;) is a function of A\; and 3. It is enough to show that
HP();) is decreasing with A;; when \;; € [0.5, 1] whatever the value of 3.

Corollary 1 If the elasticity of substitution is identical for all the projects (0; = o) and
the number of fields m; < 2 for all i, then the ranking of projects according to T'; is the

same as the one obtained with Hf for any 8 > 0.

In other words, considering the subsample of projects involving less than two disci-

plines, and assuming that all of them have the same elasticity of substitution, no matter
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Figure 3.1: Hill index when m; = 2

the choice of the order of the Hill index 3, the ranking of projects according to f is exactly

the same as this obtained with 1 — .

Nevertheless this condition may considerably restrict the sample of papers in our
database and only allows us to draw limited conclusions in the relation between complexity
and impact. To deal with the entire database, we calculate Spearman’s rank correlation
coefficients between different disciplinary diversity indexes. Positive values close to 1
indicate that the ranking of projects according to their disciplinary diversity doesn’t
substantially change whatever the value of 5. However Hill indexes may be negatively,
non- or weakly correlated with each other, like in the numerical illustration given in
Example 7. This may lead to opposite signs for the coefficients associated to the diversity
indexes in our regressions. If such a situation were to occur, since we are unable to select
the correct index (f = 1 — o), we can’t verify the validity of our model with the entire
database. In this situation, we are only able to partially conclude with the subset of

projects involving at most two disciplines.

Example 7 Consider the set of projects given in Table 3.2 for which we report the con-

tributions of each discipline to the outcome in columns 2 to 5.
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g Ai1 Ai2 Ai3 A4
1 0.52 0.48 0 0
2 0.68 0.27 0.05 0
3 0.7 0.24 0.04 0.02
4 0.72 0.14 0.12 0.02
5 0.74 0.09 0.09 0.08

Table 3.2: Contributions of each discipline A;; to project i

H?(\)

2 ! O
19 |

°
°
18 | ¢
°

1.7

1.05 205 215 225 2.35
I';

Figure 3.2: Negative correlation between the Simpson and our complexity indexes.

Suppose that all the projects have the same elasticity of substitution between efforts
such that o; = 0, implying that the complezity index of project i (T';) is the exponential
of the Shannon-Wiener index (H'()\;)). If we compute the Simpson index (H?*()\;)) for
each project i, we observe in Figure 3.2 that this measure is negatively correlated with the
complexity index. This comes from the fact that the lower [ is, the more underrepresented
disciplines in a project are taken into account by the measure. In our example, projects are
ranked by ascending order of the contribution of the first discipline. The Shannon-Wiener
index, more sensitive to lower weights than the Simpson one, is increasing with i since
there is greater evenness in the contributions of disciplines 2 to J while that of discipline

1 is similar for projects 2 to 5. On the contrary, the Simpson index is more sensitive to
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the highest weight. Since \;; is increasing with i, projects are ranked by descending order
of the Simpson index. In this example, choosing a random order for the Hill index can

lead to opposite results when testing the relation between interdisciplinarity and impact.

3 Literature review

Previous papers have already studied the relation between interdisciplinarity and impact
without finding clearcut results. One of the first contributions to this literature comes
from Rinia et al. (2001). They propose a descriptive statistical study of interdisciplinar-
ity concerning 200 academic physics research programs in the Netherlands. They assign
each paper the research subfields of the journal in order to obtain for a given research
program the distribution of publications over research subfields. They define the level
of interdisciplinarity of each physics research program as the percentage of non-physics
papers, and calculate Spearman rank-correlation coefficients between interdisciplinarity
and variables of impact. They highlight a negative or an absence of significant correlation
between interdisciplinarity and several measures of impact (citations, number of publica-
tions). Levitt and Thelwall (2008) consider multidisciplinary papers as those published
in journals referenced in more than one discipline. Conducting statistical tests (correla-
tions, mean comparisons), they observe in social sciences no significant differences between
monodisciplinary and multidisciplinary research articles concerning the number of cita-
tions. They even note that in life sciences, health sciences and physical sciences, papers
involving a unique academic discipline have twice as many citations as multidisciplinary

ones.

Instead of using a unique indicator to measure interdisciplinarity, Wang et al. (2015)
combine three variables (variety, balance, disparity) and estimate a Poisson model with
journal fixed effects to analyse the effect of multidisciplinarity on the impact of academic
papers (citation and citation speed). Following Porter and Rafols (2009), they opera-
tionalise variety as the number of disciplines, balance as the evenness of the distribution
of disciplines and disparity as the degree to which the disciplines are different. Using a
3-year citation window, they obtain that the number of citations decreases with variety
and disparity whereas balance has no significant effect. Using a 13-year citation window,
variety and disparity have a positive effect while balance impacts negatively the number

of citations. The authors argue that the best strategy to increase impact in the long-term
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is to have one disciplinary core and simultaneously borrow knowledge from some other
disciplines, rather than drawing knowledge evenly from multiple disciplines. In a very
similar study, Yegros-Yegros et al. (2015) estimate a Tobit regression model to investigate
the relation between interdisciplinarity and impact. Using a 5-year citation window, they
note a positive effect of variety on the number of citations whereas a higher balance and
disparity decreases the impact of academic papers. They emphasize a U-inverted relation-
ship between these independant variables and the number of citations, but some of them
are questionable. Looking at Figure 2b (page 14), no paper has a value of balance between
0 and 0.4, which does not prevent the authors from concluding to an artificial increasing
relation in this interval between balance and impact. The authors employ the Rao-Stirling
diversity index to test simultaneously the effects of variety, balance and disparity. How-
ever they found no evidence of a significant relationship between interdisciplinarity and

impact.

Leahey et al. (2017) adopt path analytic techniques to study the impact of inter-
disciplinarity on productivity (number of papers published over one researcher’s career)
and visibility (number of citations per paper). They point out that increasing by 10%
the indicator of interdisciplinarity decreases the number of publications by 7.7% over a
researcher’s career while it increases the number of citations of a paper by 6.9%. The au-
thors confirm these results by estimating fixed-effect regression model at the person-year
level (for productivity) and at the paper level (for visibility). Among other results, they
mention that producing interdisciplinary research is associated with a higher variability
(measured as the standard deviation) in the number of citations than monodisciplinary
research, meaning that scientists who publish more interdisciplinary research are more

likely to produce both frequently-cited and rarely-cited works.

This profusion of different results leads us to question the existence of a possible
omitted variable that would blur the negative relationship between interdisciplinarity and
impact. Our belief is that previous estimations insufficiently control for the characteristics
of the teams producing cross-disciplinary research. In particular, the literature indicates
that senior researchers are more likely to engage in such a challenge (Rhoten and Parker,
2004; Carayol and Thi, 2005), as they are more experienced and benefit from a greater
professional freedom. An overrepresentation of this category of scientists in the sample of
cross-disciplinary researchers could explain why some studies observe a positive effect of

interdisciplinarity on the number of citations. Indeed senior researchers often benefit from
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a great visibility, a high number of past publications and a dense network of co-authors.
The presumed negative effect of cross-disciplinary research could be counterbalanced by
the positive effect of these individual characteristics, introducing noise in the estimation
of the relation. In this paper, we propose to partially control for the characteristics of the

team members (French authors) to avoid such an ambiguity.

A second possible explanation is the choice of the order of the Hill index. In the
previous section, we have shown that this may lead to opposite results in the regressions.
In this paper we systematically test our relation between interdisciplinarity and impact
with four indexes: the Berger-Parker, the Simpson, the exponential of the Shannon-
Wiener indexes, and the number of disciplines. Many previous studies only test this

relation with a unique index, which could explain the profusion of different results.

In the next section, we present our database.

4 Data and Methods

4.1 Data set

Data collection starts similarly than Carayol and Lanoé (2017) with a list of all researchers
and professors associated with one laboratory accredited by the French Ministry of Higher
Education and Research around the year 2010. This list contains informations on nearly
fifty thousand tenured persons who are full or assistant professors, assistant researchers
or research directors. Tenured researchers and professors who are not associated to a
laboratory or research unit labelized by the ministry are excluded from the data set?.
However we estimate that the resulting sample represents at least two thirds of the nation’s

active academic research tenured workforce.

The collection of publication data of this paper actualizes Carayol and Lanoé (2017).
We have collected the scientific articles, letters and reviews published by at least a French
researcher in journals listed in the Web of Science (WoS), but for a larger fifteen years pe-
riod (1999-2013). The same disambiguation technique is also applied based on a aAlJseed
+ expandaAl methodology (Reijnhoudt et al.; 2014). Some researchers could not be prop-
erly disambigutated since they have too common surnames. Some others have no publi-

cation record that can been attached to them, particularly in Social and Human Sciences.

2The French research system is organized in research laboratories, see Carayol and Matt (2004)
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In both cases we exclude them from the database. At the end of this process, our sample
contains 27,515 researchers and their 777,278 participations in 401,563 distinct articles
published from 1999 to 2013. We drop 5,795 papers which belongs to a tote category, 532
papers for which the disciplinary profile is not correctly specified (35, Ais # 1), and 43

articles having no collected reference. Our final dataset comprises 395,193 papers.

4.2 Variables

4.2.1 Dependent variables

Number of citations. Our main dependent variable is the number of citations obtained
by a paper in a fixed window of three years after its date of publication. This measure
is widely used in scientometrics to assess research impact of journal articles. To justify
their claims, researchers cite previous works on which their current paper builds. Given a
paper, the received number of citations is a form of recognition by the scientific community
often interpreted as the “quality” of an idea. Nevertheless this approximation must be
done with caution. The number of citations depends on the disciplines involved in the
paper. Furthermore researchers can negatively cite a journal article to refute an idea.
The distinction between citations to acknowledge and those criticizing previous work
is not made; both being positively considered in the measure except in some papers
(Catalini et al., 2015). The practice of self-citation is widespread and influences the
number of citations: if refering to author’s previous work can be relevant, researchers
can self-cite their own papers for strategic reasons, like increasing their h-index (Bartneck
and Kokkelmans, 2010). The citation coverage differs from one database to another (Web
of Science, Scopus, Google Scholar) according to the number of indexed journals, the
research areas and the beginning date of data collection. Journals limit the length of
submissions which prevents authors to cite their sources (Seglen, 1997). The number of
citations is not only affected by measurement problems, but also by the behavior of the
scientific community. Wang et al. (2017) argue that “bibliometric measures are biased
against novel research”. Pasterkamp et al. (2007) show that the number of citations is

influenced by the geographic origin of the research publication.

Table 3.3 presents some descriptive statistics on our sample of papers according to
their main discipline. Articles published in journals of hard sciences constitute the bulk

of our database contrary to those in Social and Human Sciences. The average number
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of citations per paper three years after the date of publication varies a lot across fields:
more than 9 in Basic Biology versus 2 in Mathematics for instance. Besides the number
of citations per paper is overdispersed whatever the discipline, with a mean of 6.74 and a
standard deviation of 16.8. In Table 3.4, we provide the cumulative frequency distribution
of the number of citations. A remarkable fact is the proportion of papers obtaining 0
citation, which is close to 18.4% in the full database but the double in some research

areas as in Social Sciences for instance.

Top 10% and Top 5%. We also consider a dummy equal to 1 if the paper belongs
to the top 10% (respectively top 5%) most cited articles in its main discipline in a 3-year

window, 0 otherwise.
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Number of disciplines Observations Frequency Cumulative Frequency

1 149403 37.81 37.81
2 143748 36.37 74.18
3 72633 18.38 92.56
4 22189 5.61 98.17
5 5619 1.42 99.60
6 1320 0.33 99.93
7 230 0.06 99.99
8 42 0.01 100.00
9 7 0.00 100.00
10 1 0.00 100.00
Total 395192 100.00 100.00

Table 3.5: Number of disciplines per paper (OST nomenclature)
4.2.2 Independent variables

Following the literature, we compute interdisciplinary indexes of a given paper according
to the disciplinary profile of its reference list. Such an operation first requires to identify
the disciplines. To this end, we mainly consider the disciplinary classification from the
OST? which is characterized by a high level of aggregation (10 disciplines). This nomen-
clature is suitable to test the predictions of our model since 74% of the papers from the
database span over at most two research areas (Table 3.5). Besides the 10 disciplines
of this classification remain unchanged over time allowing for temporal comparisons of
interdisciplinary indexes. In the robustness checks, we also test our model with two other
nomenclatures differing by their granularity : the NOWT* classification with 35 research
areas and the WoS subject categories with 252 disciplines. We give in Table 3.98 the

correspondance between these nomenclatures.

To estimate the disciplinary profile of a paper, we attribute to each cited reference
the disciplines of the journal in which it has been published. Thus for the reference list
of a given paper, we obtain the distribution of disciplines with their associated weight
(Example 8). To correctly determine this disciplinary background, we need to have a
sufficiently long reference list. Many factors can affect this variable : citations practices are
different between the disciplines and the type of document (article, conference proceeding,
review). Working papers and book chapters are not taken into account in the reference
list since they are not publications in journals. The reference coverage in the database is

not perfect, particularly in Social and Human Sciences.

3Observatoire des Sciences et Techniques (Paris)
4Nederlands Observatorium voor Wetenschap en Technologie (Leiden)
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Table 3.6 presents some summary statistics concerning the size of the reference list
of papers according to their main discipline. In our database we are able to identify
7.23 cited references per paper on average, and at least 50% of the papers have more
than 5 references. However in some academic disciplines (Social Sciences for instance),
the mean number of references is too low to estimate properly the disciplinary profile of
each paper. Since the type of document may be partly the cause, we give descriptive
statistics in Table 3.7 to deal with this question. In particular, conference proceedings
have less references than other types of documents. Following Yegros-Yegros et al. (2015),
we consider papers with at least 4 references linked to a WoS subject category. This leads
to a subsample of 251,479 articles. We present in Tables 3.8 and 3.9 the same descriptive
statistics as in Tables 3.6 and 3.7 after dropping papers with less than 4 references. As
expected, this reduces the weight of conference proceedings in our database. In our
subsample, we are able to identify 10.3 cited references per article on average, with a
median at 8 which seems to be sufficient to correctly determine the disciplinary profile of
each paper. Then we compute four indicators of interdisciplinarity belonging to the Hill
index family: the Berger-Parker ( — +00), the Simpson (8 = 2) and the exponential of
the Shannon-Wiener (8 = 1) indexes, and the number of disciplines (8 = 0). Naturally
it is not possible to test all the Hill indexes since their number is infinite. However the
chosen values of § makes sense economically (see chapter 2) and are distributed on the
whole interval [0;+oo[. We need to take care when we test the number of disciplines
since this variable can only take 10 values (every integer between 1 and 10). In our
regressions, we successively integrate the number of disciplines as a continuous then a
categorical variable. In the latter, we choose monodisciplinary papers (with 1 discipline)

as the reference group.

For better readability, we will sometimes shorten “exponential of the Shannon-Wiener
index” to “Shannon index”. In Figure 3.3, we present the distribution of interdisciplinarity
according to the Berger-Parker, the Simpson and the Shannon indexes. For the number of
disciplines, the information is available in Table 3.5. Whatever the index, the distribution

is positively skewed.
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Observations Min Median Max Mean S.D.
Applied Biology - Ecology 16290 1 7 133 868 7.94
Basic Biology 65042 1 7 249 9.13 8.48
Chemistry 64292 1 5 335 731 T7.79
Engineering Sciences 32914 1 3 76 3.76  3.63
Human Sciences 3520 1 3 52 4.83 4.65
Mathematics 15182 1 3 55 3.60 3.05
Medical Research 93923 1 6 311  7.67 8.05
Physical Sciences 61196 1 4 847 582 7.59
Sciences of the Universe 40274 1 7 246 9.21 9.18
Social Sciences 2560 1 2 75 291 289
Total 395193 1 5 847 7.23 T7.88
Table 3.6: Number of references per paper (all the database)
Conference Proceeding Journal Article Letter Total
Applied Biology - Ecology 0.60 93.3 6.10 100
Basic Biology 1.12 91.2 7.71 100
Chemistry 0.22 96.4 3.40 100
Engineering Sciences 0.10 99.0 0.94 100
Human Sciences 0.57 94.8 4.60 100
Mathematics 0.020 99.7 0.25 100
Medical Research 5.76 84.7 9.49 100
Physical Sciences 0.19 98.3 1.55 100
Sciences of the Universe 0.17 95.9 3.91 100
Social Sciences 0.078 98.5 1.41 100
Total 1.68 93.2 5.10 100

Table 3.7: Type of research document (all the database)

Observations Min Median Max Mean S.D.
Applied Biology - Ecology 11819 4 9 133 112 7.94
Basic Biology 49027 4 9 249 11.5 8.53
Chemistry 42403 4 8 335 10.1 8.31
Engineering Sciences 12439 4 6 76 7.00 4.13
Human Sciences 1709 4 7 52 8.05 4.86
Mathematics 5828 4 5 55 6.47 3.15
Medical Research 62717 4 8 311 10.5 849
Physical Sciences 35671 4 7 847 859 8.95
Sciences of the Universe 20182 4 9 246  12.0 9.40
Social Sciences 684 4 5 75 6.07 3.98
Total 251479 4 8 847 10.3 8.47

Table 3.8: Number of references per paper (papers with at least 4 references)
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Conference Proceeding Journal Article Letter Total

Applied Biology - Ecology 0.47 91.9 7.67 100
Basic Biology 0.46 90.2 9.38 100
Chemistry 0.12 95.2 4.68 100
Engineering Sciences 0.032 98.1 1.85 100
Human Sciences 0.18 93.9 5.97 100
Mathematics 0 99.6 0.45 100
Medical Research 1.84 85.7 12.5 100
Physical Sciences 0.10 97.6 2.33 100
Sciences of the Universe 0.072 95.1 4.80 100
Social Sciences 0.15 96.6 3.22 100
Total 0.62 92.2 7.13 100

Table 3.9: Type of research document (papers with at least 4 references)
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Example 8 Consider a paper with a reference list of five articles, all of them published in
academic reviews. We assign to each reference the disciplines of the corresponding journal
like in Figure 3.4. In this example, the first reference is published in a journal dealing
both with Economics and Mathematics, the second only in Economics and so forth. We
sum these weights for each discipline (2.5 in Economics, 1.5 in Mathematics and 1 in
Sociology) before dividing by the total sum (5) to obtain the contribution of each discipline
to the paper: Ay = 0.5 in Economics, Ais = 0.3 in Mathematics and Az = 0.2 in Sociology.

References References

1 1. Eco(0.5), Maths(0.5)
2. | 2. Eco(1)

3. 13, Eco(1)

4 4. Maths(1)

5 5. Sociology(1)

Figure 3.4: Disciplinary profile of a paper

4.2.3 Control variables

We include in our regressions a list of controls that previous studies considered as influ-

encing the number of citations.

H-index. We partially control for individual characteristics like the past academic
performance of French researchers at the time of publication. We consider the h-index
to measure both the productivity and the impact of each scholar. Proposed by Hirsch
(2005), a researcher has an h-index equal to h if h of his or her N papers have at least h
citations. This measure improves the previous ones, especially the number of publications
and the total number of citations. Indeed the h-index is less sensitive to extreme values:
researchers with huge number of uncited publications or high number of citations caused
by a single coauthored paper have both a low h-index. This measure is also calculated from
the papers with the greatest impact, i.e. the most prominent publications of an author.
However this index presents disadvantages summarized in the paper of Bornmann and
Daniel (2007). Among others, comparing the h-index of authors belonging to different
disciplines makes little sense. This measure can also be inflated by self-citations. The
h-index depends on the scientific age of researchers since their number of publications
and citations increases during their career. Furthermore the h-index doesn’t permit to
differentiate between an inactive researcher with high past publication performance but

outdated and a young scholar working in fashionable fields. Over the 395,193 papers, we
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are unable to obtain the h-index at the date of publication for at least a French researcher
in 5,183 papers. We create a variable equal to the maximum of the h-index of French

researchers in each project to partially deal with the characteristics of team members.

International collaboration. We also control for the nature of the collaboration
with a dummy equal to 1 if the paper is internationally co-authored, 0 otherwise. Accord-
ing to Adams (2013), the scientific community is entering in the fourth age of research,
driven by international collaborations between elite research groups. Internationally co-
authored papers are more likely to be cited because teams are composed of high-impact re-
searchers. Even if we don’t have informations concerning foreign authors in our database,
our international collaboration dummy captures similar informations than the h-index of

foreign scholars.

Academic institutions. In our regressions, we partially take into account institu-
tional effects with dummies equal to 1 if an academic institution is part of a given project,
0 otherwise. Research teams can belong to many academic institutions at the same time.
In our database, we have 113 French academic institutions. We had to harmonize their
names since some of them merged between 1999 and 2013: for instance Aix-Marseille in
2007, Strasbourg in 2009 and Bordeaux in 2013. We also include the number of academic

institutions as a control of our regressions.

Number of authors. Previous studies have shown that the number of authors in-
creases impact. Fox and Faver (1984) surveyed the literature on the advantages and
disadvantages of academic collaboration. Among others, the separation of tasks result-
ing from the division of labor coupled with the greater specialization of researchers can
enhance productivity. Goldfinch et al. (2003) argue that co-authored papers may benefit
from a larger diffusion because of the greater social network of team members. Herbertz
(1995) underlines the fact that co-authored papers may lead to a higher number of self-
citations. We present some descriptive statistics concerning the number of authors per
paper and per year in Table 3.10. We observe that the number of authors is increasing
over time. We remark that the average number of authors explodes between 2011 and
2013. However this is due to extreme values given that the median, the 3™ quartile and

the 9" decile increase at a regular weight between 1999 and 2013.

Journal Impact Factor. We also control for the journal impact factor. For an
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Year Mean Median 3rd Quartile 9th Decile Max S.D.

1999  9.55 5 7 9 525  38.3
2000 9.91 5 7 10 630 40.4
2001  8.39 5 7 9 743 32,6
2002  8.13 5 7 10 823  30.3
2003  7.98 5 7 10 817  30.5
2004  9.33 5 7 10 939 39.1
2005  9.86 5 7 10 859 444
2006  9.93 5 7 10 2512 47.2
2007  9.74 5 7 10 2010 43.7
2008  9.70 5 7 11 3099 475
2009  9.86 5 8 11 624  40.0
2010 11.99 5 8 12 3220 87.8
2011  18.47 5 8 12 3178 158.9
2012 27.49 6 8 13 3130 215.9
2013 23.94 6 9 13 3066 186.7
Total 13.12 5 8 11 3220 104.1

Table 3.10: Number of authors per paper

academic review r, its 3-years impact factor at date ¢t is:

NT o
Yoty Y43 Citations; ;
I F _ i=1 j=t 2]
ri — NT ’
t

with N/ the number of papers published in ¢ in journal r.
This formula slightly differs from that available in the Web of Science, calculated as

follows: N
>im1 §;§_2 Citations;

N{_1 + N{_5

WoS
ITF.; ™ =

Our measure is close to the true definition of impact factor: the expected number of
citations a paper published in ¢ can obtain between ¢ and ¢ + 3. However the last value
of impact factor that we can calculate is 3 years before the current year, contrary to the

Web of Science (current year).

Whatever the measure, the journal impact factor is a poor predictor of the number of
citations a paper can obtain. The citations distribution within a journal is very skewed:
a high percentage of articles are never cited while a very small fraction of them get huge
impact. However publications in journals with higher impact factor are more prestigious
and have better visibility for the scientific community, which may influence the number

of citations.

Disciplinary distance. We include a measure of distance between the disciplines.
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Rafols and Meyer (2009) first constructed a matrix of citation flows between the 252 WoS
subject categories. Denote by D) the number of disciplines in this classification. Let c¢;;
be the number of citations obtained by discipline 7 from discipline 7, meaning that 7 is
citing and j is cited. Denote ¢; = (¢;1,...,¢;p) the vector of citations from discipline i.
For two disciplines 7 = a, b:
Cal Ch1
Ca.:| : |Cb=| : |

|-CaDJ leDJ

The matrix of citation flows between disciplines is denoted by C"

C=ler...cn]-

We can calculate the measure of distance between disciplines from the citing or the cited
dimension. The former is related to knowledge integration while the latter is associated
to knowledge diffusion. Thus measuring the distances between disciplines from the citing

dimension seems to be more relevant for our application.

Rafols and Meyer (2009) calculates the similarity s,, between disciplines a and b in

the citing pattern using the Salton’s cosine:

D
> 1—1 CalCbl

Sab — D o D o
\/2;:1 Caz\/zz=1 Chy

sqb 18 comprised between 0 (perfect dissimilarity) and 1 (perfect similarity). The distance

dap between disciplines a and b is obtained according to:
dab =1- Sab

Example 9 illustrates the calculation of the distances between disciplines.

Example 9 Consider the matriz of citations between disciplines given in Table 3.11. For
instance 114 papers published in discipline 4 have at least 1 reference in a journal classified

in discipline 3. The similarity between disciplines 2 and 3 is computed as follows:

136 x 0+ 734 x 12+ 65 x 542 + 12 x 28

= ~ 0.109
V1362 + 7342 + 652 + 122 x /0% + 122 + 5422 + 282

523
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We deduce the distance between disciplines 2 and 3:

dgg =1- 893 = 0.891.

Computing the distances for all the disciplines, we obtain the matriz in Table 3.12.

Citing
Cited L2 3 ]4
1 225 (136 | O 208
2 36 | 734 | 12 32
3 O8 | 65 | h42 | 114
4 280 | 12 | 28 | 305

Table 3.11: Example of a matrix of citation flows between disciplines

S‘;’j 1 2 3 4
1 0 0.766 | 0.702 | 0.003
2 | 0.766 0 0.891 | 0.784
3 10.702 | 0.891 0 0.664
4 | 0.003 | 0.784 | 0.664 0

Table 3.12: Example of a matrix of distance between disciplines

Rafols et al. (2010) proposes the matriz of citation flows between approzimatively 225
WoS categories (224 in 2010 and 227 in 2015). Since we mainly consider the classification
from the OST with 10 disciplines, we need to aggregate citation flows. Some subject
categories are associated with two disciplines in the OST nomenclature. In this situation,
we divide by two the citation flows both in the citing and the cited dimensions. Rafols
et al. (2010) make the matrices of citation flows available to users (2007, 2008, 2009,
2010 and 2015). We compare the distances between disciplines with the 2010 and 2015
matrices. Since the results are very similar, we will consider the 2015 matriz for the whole
period (1999-2013). We probably underestimate the distance between the disciplines at the

beginning of the study period, but the 2015 matriz has more WoS subject categories.

For each paper, we calculate the mean, the minimum and the maximum distance

between disciplines.
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Table 3.137 and 3.14 provide the correlation matrix for the variables employed in
our analysis. For better readability, we have dropped the stars in the tables. All the
coefficients are significant at 1%, except in Table 3.14 where the correlations between
the number of disciplines and the number of citations, and the correlation between the

number of disciplines and the dummy “Papers in the top 5%” are not significant.

The number of authors and the number of different organisations participating to a
paper are highly correlated (more than 0.9). Even if these two variables are of interest
for our study, putting them simultaneously in the regressions gives opposite signs for the
coefficients. Inserting them separately leads to consistently positive coefficients. To avoid

possible problems of collinearity, we only include the number of authors in our regressions.

Even if we are interested in the Spearman rank-order correlations for our indexes of in-
terdisciplinarity, we first comment the Pearson correlations given in Tables 3.13 and 3.14.
Three of our four interdisciplinary measures (Berger-Parker, Simpson and Shannon in-
dexes) are strongly and positively correlated with each other (between 0.88 and 0.97) and
negatively correlated with the variables of impact (number of citations, impact factor, pa-
pers in the top 5% and 10%). The remaining measure (number of disciplines) is positively
correlated with the other indicators of interdisciplinarity (0.52 with the Berger-Parker in-
dex for instance), but to a lesser extent. Most importantly, the number of disciplines is

not correlated with some measures of impact.

However around 40% of the papers in the database have a unique discipline so they
are monodisciplinary (index equal to 1). We calculate the Pearson correlations between
our indexes of interdisciplinarity then with the measures of impact for papers having more
than one discipline. We report the results in Table 3.15. We obtain similar correlations
for the Berger-Parker, the Simpson and the Shannon-Wiener indexes. But remark now
that the number of disciplines is significally and positively correlated with most of the
measures of impact. This highlights the potential importance of control variables in our

econometric estimations.

We calculate the Spearman rank-order correlation for the papers involving more than
one discipline. We report the results in Table 3.16. We obtain similar results: the Berger-
Parker, the Simpson and the Shannon indexes are highly correlated (around 0.9) while the

number of disciplines is positively but sometimes weakly correlated with other measures

"We do not report the minimum and the mean distance given that they are necessarily equal to the
maximum distance (subsample of papers with 2 disciplines or less).
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1 2 3 4 5 6 7 8
1  Number of citations 1
2 Papers in the top 10%  0.43 1
3 Papers in the top 5% 0.47 0.70 1
4 Impact Factor 0.36 0.29 0.28 1
5 Berger-Parker -0.058 -0.049 -0.047 -0.085 1
6 Simpson -0.062 -0.051 -0.049 -0.097 0.95 1
7 Shannon -0.059 -0.048 -0.046 -0.099 0.87 097 1
8 Number of disciplines  0.0073 0.0060 0.0063 -0.038 0.46 0.60 0.74 1

Table 3.15: Pearson correlations (papers with at least 2 disciplines)

1 2 3 4

1 Berger-Parker 1

2 Simpson 097 1

3 Shannon 090 096 1

4 Number of disciplines 0.34 0.49 066 1

Table 3.16: Spearman’s rank-ordered correlations for papers with at most 2 disciplines,
OST nomenclature

of interdisciplinarity (0.34 with the Berger-Parker index for instance).

5 Results

In this section, we report the results of our estimations dealing with the effect of inter-
disciplinarity on impact. We first choose to run negative binomial regressions given that
our dependant variable, the number of citations per article, only takes positive integer
values and is over dispersed, so that its variance is greater than its mean. We first ex-
amine this relationship for papers with less than two disciplines, before considering the
whole database. When we consider the probability that a paper belongs to the 5% or 10%
most cited papers, we run logit regressions since the dependent variable can only take two

values (0 and 1).

5.1 1-2 disciplines

In this subsection, we consider the sample of papers with at most 2 disciplines and at least
four references (161,033 observations). Tables 3.17 and 3.18 display the results of these
estimations in four blocks, each of one testing a distinct measure of interdisciplinarity
(different orders of the Hill index): the Berger-Parker (regression 1), the Simpson (re-

gression 2), the Shannon-Wiener (regression 3) indicators and the number of disciplines
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(regression 4). In each block, regression “b” integrates the impact factor, regression “c”

includes the maximal distance between the disciplines involved in the paper as a control,
and regression “d” considers both the impact factor and the maximum distance between

disciplines.

In all the regressions, the coefficient associated with interdisciplinarity (Berger-Parker,
Simpson and Shannon-Wiener indexes) is strongly significant and negative. The coefficient
associated to the number of disciplines is not significant in regressions (4a) to (4c), and
strongly significant and negative when we include both the impact factor and the maximal
distance in our regression. These first results partially validate Proposition 3 of our
model, therefore that ceteris paribus, increasing interdisciplinarity decreases the impact

of research projects.

Given that our subsample only contains papers with less than two disciplines, we can
interpret the results as following. Here all the interdisciplinary indexes vary from 1 to 2.
A value of 1 implies that the paper is monodisciplinary while a value of 2 indicates that
the paper involves two disciplines, both contributing equally. If we consider regressions 1
to 3, monodisciplinary papers have on average 7-13% citations more than those with two

disciplines contributing equally.

Remember that we have truncated the distribution of interdisciplinarity since we con-
sider papers with at most 2 disciplines. If it has allowed us to partially conclude on the
effect of complexity on scientific output, we have introduced a selection bias. Thus we
refrain from giving more interpretations with this subsample. In the next subsection, we

reintegrate papers involving more than two disciplines.
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5.2 1-10 disciplines

Here we consider all the papers for which we are able to identify at least 4 references,
whatever the number of disciplines. We remark that the coefficients associated to the
Berger-Parker, the Simpson and the Shannon-Wiener indexes are strongly significant and
negative, which goes in the same direction than our theoretical results. An increase
by a standard deviation of these indexes of interdisciplinarity® decreases the number of
citations by 1.6% to 6.7% (Berger-Parker), 1.2% to 7.4% (Simpson) and 0.5% to 7.6%

(Shannon-Wiener).

However the number of disciplines has a significant and positive effect on the number
of citations whatever the list of controls. Indeed we have considered that the number
of disciplines is a continuous variable while it can take only ten values (all the integers
between 1 and 10). We have already reported the distribution of the number of disciplines
per paper in Table 3.5. To have classes with a similar number of observations, we regroup
papers with more than 3 disciplines in a category “3 and more disciplines”. We consider
the number of disciplines as a categorical variable and choose monodisciplinary papers
(1 discipline) as the reference category. We run regressions with the same list of controls
and present the results in Table 3.22. All the coefficients associated to the modality “2
disciplines” are non-significant or significant and negative, meaning that papers with two
disciplines have in general less citations than the monodisciplinary ones. However the
coefficient associated to the category “3 disciplines and more” is significant and positive

which is less expected, except in regression (4d).

To appreciate the magnitude of the effect of interdisciplinarity, we calculate the loga-
rithm of the Hill index and integrate it as an explicative variable in our regressions. We
present the results in Table 3.23 and 3.24. The logarithmic transformation allows us to
interpret the coefficients in terms of elasticities. We obtain that, whatever the choice of
the Hill index, an increase of 10% of interdisciplinarity leads to a decrease between 0.2%

and 2.7% of the number of citations.

To test the non-linearity of the relationship between interdisciplinarity and the num-
ber of citations, we introduce in our regressions a square term for each index, except
for the number of disciplines (not continuous variable). We report the results in Ta-

ble 3.25 and 3.26. Since the coefficient associated to the square term is positive while

8The standard deviations for the Berger-Parker, the Simpson and the Shannon-Wienner indexes are
respectively 0.41, 0.57 and 0.66.
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(a) () () (d) p90 p95 p99
Berger-Parker 3.52 251 285 237 2 2 267
Simpson 454 263 3.64 291 225 265 3.31
Shannon 529 245 393 3.17 255 2.86 3.69

Table 3.19: Turning point calculations for regressions (a) to (d) and 90", 95" and 99
percentiles

this related to the linear term is negative, both being significant, we deduce that we have
a U-relationship between interdisciplinarity and the number of citations. This seems to
confirm the second part of Proposition 3 concerning the convexity of scientific output with
our complexity index. Nevertheless, to ensure that the number of citations is decreasing
with our indexes of interdisciplinarity, we need to compute the turning point and check
that it is not significant. We report these values and the 90", 95 and 99" percentiles

of the distribution of the Berger-Parker, Simpson and Shannon indexes in Table 3.19.

We obtain that the value of the Berger-Parker index which minimizes the number of
citations is between 2.37 (regression (1d)) and 3.52 (regression (1a)). Given that the 95"
percentile is 2, more than 95% of the papers in our database have an interdisciplinary
index lower than this threshold. For the Simpson index, the minimal threshold obtained
in our regressions is 2.63. Around 95% of the papers have a Simpson index below this
value. For the Shannon-Wiener, the threshold is between 2.45 and 5.29. Around 90% of
the papers have a Shannon index below this threshold in regression (b), and more than
95% in the other regressions. Globally, the turning point in only engendered by extreme
values and therefore can’t be interpreted. Interdisciplinarity decreases scientific impact,
but less and less rapidly, so that the highest penalty on impact appears when the project
begins to be complex, i.e. when the interdisciplinarity indexes are just above 1. We

illustrate the predictions on the number of citations in Figure 3.5 according to regressions

(1d), (2d) and (3d) from Tables 3.25 and 3.26.

So far, we have tested the relationship between interdisciplinarity and the number of
citations. In the following, we consider the effect of interdisciplinarity on the probability
that a paper belongs to the top 10% or top 5% most cited papers of their category.
Since the dependant variable is a dummy, we run Logit regressions. We use the same
list of controls as previously except the impact factor, otherwise logistic regressions do
not converge. We report the results in Table 3.27 for the top 10% and in Table 3.28 for
the top 5%. All the coefficients associated with the Berger-Parker, the Simpson and the

Shannon-Wiener indexes are significant and negative. To appreciate the strenght of the
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effect, let’s take an example. A monodisciplinary paper published in 2013 in Physics (all
other variables at means) has 11.07% chances to belong to the top 10% most cited papers.
A paper published in 2013 in the same journal but with two disciplines contributing equally
has 9.43% chances to belong to the top 10% most cited papers. Remark again that the
coefficient associated to the number of disciplines is positive and significant. For the same
reasons than previously, we run regressions considering that the number of disciplines is a
categorical variable. We present the results in Table 3.29. The first two columns deal with
the dummy “Papers in the top 10%”, the last two ones with the dummy “Papers in the
top 5%”. We consider “1 discipline” as the reference category. In all the regressions, the
coefficients associated to “2 disciplines” are significant and negative while this related to

“3 disciplines and more” is non significant and/or negative, except in the first regression.

The results go in the same direction than with the number of citations. The more a
paper is interdisciplinary, the less chances he has to belong to the 10% or 5% most cited

papers.
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6 Robustness checks

To test the robustness of our findings, we conduct a number of alternative analyses. We
have considered papers for which we are able to identify at least 4 references. Increasing
this threshold could reduce the proportion of papers having all their references in a unique
discipline. We select papers for which we are able to identify at least 6 references and
run exactly the same regressions. We report the results from Tables 3.35 to 3.50. We
obtain very similar results compared to previously. In Table 3.36, we present the results
of the regressions run with our subsample of papers involving less than two disciplines.
All the coefficients associated to the number of disciplines are negative and significant,
while some of them were non significant with four references. Now considering the whole
sample of papers with more than 6 references, we can see in Table 3.39 that all the
coefficients associated to “2 disciplines” and “3 disciplines or more” are negative, except
one in regression (4b). However for the last category, the values of the coefficients are
similar or higher than for the category two disciplines, whereas we expected to find lower

ones.

Instead of computing the indexes of interdisciplinarity with the OST nomenclature,
we use the CWTS classification which is more granular with 35 disciplines. We calculate
the Spearman rank-order correlations that we report in Table 3.30. Again the ranking of
projects according to the Berger-Parker, the Simpson and the Shannon-Wiener indexes
are close given that the correlation coefficients are greater than 0.9, while this will be less

the case for the ranking according to the number of disciplines.

1 2 3 4

1 Berger-Parker 1

2 Simpson 098 1

3 Shannon 091 097 1

4 Number of disciplines 0.53 0.64 0.78 1

Table 3.30: Spearman’s rank-ordered correlations for papers with at least 2 disciplines,
CWTS nomenclature

We calculate the interdisciplinary indexes with the CWTS classification and we run
exactly the same regressions as before. We report the results from Tables 3.51 to 3.66. Re-

sults are unchanged concerning the Berger-Parker, the Simpson and the Shannon-Wiener
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indexes. We observe again strongly significant and negative coefficients associated to these
variables. For the number of disciplines, we still have mixed results. In Table 3.56, we
consider the subsample of papers with at most 2 disciplines. We observe that the coeffi-
cient associated to the number of disciplines is not significant whatever the regression (4a
to 4d), meaning that papers with two disciplines don’t have necessarily less citations than
the monodisciplinary ones. Considering the whole database, we can see in Table 3.57 that
the same coefficients are negative and significant. However for papers with 3 disciplines,
we can’t reject the assumption that they have as many citations as the monodisciplinary
ones. With 4 disciplines or more, we obtain positive and significant coefficients, meaning
that those articles have on average 0.06% more citations than those with 1 discipline.
The effect is very small, but probably reflects the existence of a U-shaped relationship

between the number of disciplines and the number of citations.

We also use the Web of Science disciplinary classification (subject categories), which
is very granular with 252 disciplines. We don’t consider the subsample of papers with
at most 2 disciplines and at least 4 references, given that we only obtain around 10,000
observations. We run the same regressions as before with all the papers having at least 4
references. In most of the regressions, we obtain non-significant coefficients. Given that
we have 252 disciplines, perhaps the threshold of the number of references is unsufficient
to properly determine the disciplinary profile of the paper. To address this situation, we
consider papers with at least 6 references and report the results from Tables 3.68 to 3.76.
We obtain very similar results compared to the previous disciplinary classifications. We

also try other thresholds (7, 8, 9, 10 references). Results are unchanged.

Wang et al. (2015) has found that the time citation window can change the results.
We have used a 3-year citation window. Maybe the delay of recognition is more important
for interdisciplinary papers. To deal with this issue, we consider a 5-year citation window.
Naturally this reduces the number of observations: our database now covers the period
1999 to 2011. Since the 5-year number of citations is correlated at more than 0.95 with
the 3-year number of citations, results are very similar. We only report the results of our

regressions with the OST disciplinary classification in Table 3.48.

We also include authors’ fixed effects in our regressions. We have more than 770,000
participations of 27,000 French authors between 1999 and 2013. We want to capture
authors-specific unobserved and time-invariant factors that could influence the number of

citations. Each author can publish more than one paper over the period. If an author is
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involved in more than one project, then the observations are not necessarily independant.
We decide to cluster both by author and research project. We use the command reghdfe
in Stata which allows to incorporate a huge number of fixed effects in an OLS model.
Our dependent variable is the logarithm of the number of citations®. The total number of
participations of authors in our database is greater than 5,000,000 so we control approx-
imatively for 15% of the individual characteristics of authors. We first consider the OST
and CWTS disciplinary nomenclature (Tables 3.92 and 3.94). For the Berger-Parker, the
Simpson and the Shannon index, the results still go in the same direction as before. For
the number of disciplines, we observe a positive effect on impact. However, we run the
same regressions without fixed effects (Tables 3.93 and 3.95). The number of disciplines
has still a positive effect. In fact, the type of econometric model seems to be the cause
of the different results. Without fixed effects, we obtain a negative coefficient with the
negative binomial model while we obtain a positive one with the OLS model. Anyway,
the fixed effects don’t seem to be the cause of the sign change. We finally consider the
WoS disciplinary classification and report the results in Table 3.96. We remark that we
obtain positive signs for the Simpson and the Shannon index coefficients, and also for the
number of disciplines. We run the same regressions without fixed effects and we present
the results in Table 3.97. We obtain positive signs for the Shannon-Wiener and the num-
ber of disciplines. Again, the econometric model seems to be the cause since we obtain
negative signs for the Shannon coefficient with a negative binomial model for instance.
Note that the Simpson index coefficient is positive in the model with fixed effects while

negative in the model without fixed effects.

Finally, we consider the impact factor as the dependent variable. We estimate OLS re-
gressions and report the results in Tables 3.49 and 3.50 (OST nomenclature), Tables 3.65
and 3.66 (CWTS nomenclature), and Tables 3.78 and 3.79 (WoS nomenclature). Some-
times we obtain opposite results when we include the maximum distance between the
disciplines. In the correlation matrix (Table 3.67), the maximal distance and the indexes
of interdisciplinarity are correlated at more than 0.5. Without the maximal distance, the

results are similar to these obtained with the number of citations.

9In(1+number of citations)
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7 Is interdisciplinarity increasing over time?

In the general introduction, we have presented two graphs indicating that interdisciplinar-
ity, a form of complexity of research projects, is increasing over time. We deal with two
databases to support this assertion. The first one contains around 400,000 research ar-
ticles in academic journals published by at least a French researcher between 1999 and
2013. The second one is the full Web of Science between 2013 and 2017 with approxima-
tively 8,000,000 publications. Each database has its own advantages and disadvantages:
the French one considers a sufficiently long period to observe trends but is geographically
limited to one country. The second database has a huge number of observations all over

the world, but on a shorter period.

This section!? aims at showing that interdisciplinarity is really increasing over time.

We conduct different robustness checks to this purpose.

First, this observation does not depend on the choice of the disciplinary classification.
We present in Figures 3.6 to 3.11 the evolution of interdisciplinarity according to four Hill
indexes (Berger-Parker, Simpson, Shannon and number of disciplines) computed with the
OST, CWTS and Web of Science disciplinary nomenclatures. The y-axis is in logarithmic
scale. Whatever the database, the chosen index and the disciplinary classification, inter-
disciplinarity is increasing over time at a constant rate. We calculate the annual average
growth rates with the full Web of Science database and report the results in Table 3.31.

We observe that interdisciplinarity increases between 1% and 3.5% per year on average.

OST(11 disc) CWTS (35 disc) WoS (252 disc)

Berger-Parker 0.88% 1.22% 1.71%
Simpson 1.42% 1.87% 2.54%
Shannon 1.81% 2.3% 2.90%

Number of disciplines 2.62% 3.14% 3.34%

Table 3.31: Annual average growth rate of interdisciplinarity, Web of Science database
(8,000,000 observations, 2013-2017)

10This section investigates whether interdisciplinarity really increases over time.
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Figure 3.6: Evolution of the interdisciplinarity of research articles published by at least
a French researcher between 1999 and 2013 (400,000 observations), OST disciplinary
nomenclature.
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Figure 3.7: Evolution of the interdisciplinarity of research articles published by at least
a French researcher between 1999 and 2013 (400,000 observations), CWTS disciplinary
nomenclature.
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Figure 3.8: Evolution of the interdisciplinarity of research articles published by at least
a French researcher between 1999 and 2013 (400,000 observations), WoS disciplinary
nomenclature.
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Figure 3.9: Evolution of the interdisciplinarity of research articles between 2013 and
2017, Web of Science database (8,000,000 observations), OST disciplinary nomenclature.
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Figure 3.10: Evolution of the interdisciplinarity of research articles between 2013 and
2017, Web of Science database (8,000,000 observations), CWTS disciplinary
nomenclature.
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2017, Web of Science database (8,000,000 observations), WoS disciplinary nomenclature.
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We need to verify if the growth of interdisciplinarity that we observe is not an artefact.
To calculate our complexity indexes, we associate to each reference the disciplines of the
journal in which the paper has been published. A first source of bias for the increase
of our interdisciplinary indexes could be that journals are attached to more and more
disciplines over time. However, this does not hold here since our correspondance table

between journals and disciplines is time invariant.

A second source of bias could be that the scientific production is becoming more
and more egalitarian between the disciplines over time. Researchers may be more influ-
enced by works coming from other fields and consequently cite more these papers. This
could lead to an increase of the interdisciplinary indexes, while the complexity of prob-
lems researchers have to face remains unchanged. To deal with this issue, we compute
disciplinary diversity indexes of the scientific production (Berger-Parker, Simpson and
Shannon-Wiener indexes) and their annual growth rates (ggp, gsr and gsw). We present
the results in Table 3.32a (OST nomenclature), Table 3.32b (CWTS nomenclature) and
Table 3.32¢ (WoS nomenclature). Since our database only covers five years, we need to
be cautious about the conclusions. Nevertheless the results based on the different dis-
ciplinary classifications don’t seem to validate this assumption. According to the OST
nomenclature (Table 3.32a), we obtain an annual average growth rate between 0.58% and
1.37% for the disciplinary diversity of the scientific production over the period 2013-2017.
However this observation is mainly due to the jump of the different indexes between 2016
and 2017, not a regular trend. If we consider the period 2013-2016, this is stable or even
declining. With the CWTS nomenclature, the Berger-Parker and the Simpson indexes
fluctuate while the Shannon index raises. Again, the increase of the disciplinary diversity
of scientific production is mainly driven by the strong jump between 2016 and 2017, except
for the Shannon index. According to the latter, even if scientific production is becoming
more and more egalitarian between the disciplines over time, it is unsufficient to explain
the growth of this interdisciplinary index. Indeed, Table 3.32b indicates an annual growth
rate of 1.18% while our complexity index grows at 2.3% per year on average. Finally, ac-
cording to the Web of Science disciplinary classification (Table 3.32¢), the Berger-Parker
and the Simpson indexes fluctuate a lot but decrease on average while the Shannon index
is stable over time. Or we have shown in Table 3.31 that the interdisciplinary indexes
at the paper level increase at an annual rate between 1.71% and 3.34%. Thus we really

can’t conclude that the growth of interdisciplinary indexes is driven by the increase of the
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disciplinary diversity of the scientific production.

A third source of bias is that in our database, the average number of references per pa-
per is raising over time (Table 3.33), which could lead to a growth of our interdisciplinary
indexes. To address this situation, we estimate tobit models where the dependant vari-
ables are the different interdisciplinary indexes expressed in logarithm, so as they belong
to [0;In(m)]. In all the regressions, observations with the logarithm of interdisciplinarity
equal to 0 (monodisciplinary papers) are left-censored. For the explanatory variables, we
are mainly interested in the year dummies coefficients. We use 1999 as the reference cat-
egory. If interdisciplinarity is really increasing, then the year dummies coefficients must
be significant, positive and increasing in our regressions, even when we control for the
number of references. If this is an artefact from the data, they will be non-significant. We
successively run tobit regressions with the OST, CWTS and WoS disciplinary classifica-
tions and report the results from Tables 3.80 to 3.91. In an overwhelming majority of the
regressions, the year dummies coefficients are positive, significant and growing over time.
With the WoS disciplinary classification, and only when interdisciplinarity is measured
with the number of disciplines (Table 3.91), we observe that the coefficients are negative
and decreasing between 2000 and 2003 before increasing and becoming positive in the
remaining period. Nevertheless the number of observations considerably raises between
1999 (3,705) and 2003 (24,414) in our database as shown in Table 3.33, potentially indi-
cating a selection bias at the beginning of the period. Given that the results go in the
expected direction for the other years, we can conclude that the growth of interdisciplinar-
ity that we observe can’t just be explained by the increase of the number of references

that we are able to identify.
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year Berger Parker  gpp Simpson gsi1 Shannon  gsw
2013 3.002 5.972 T.777

2014 3.019 +0.57% 5.995 +0.39% 7.783 +0.07%
2015 3.031 +0.40%  6.023 +0.47% 7.801 +0.23%
2016 2.992 -1.29% 5.957 -1.1% 7.764 -0.47%
2017 3.171 +5.98%  6.283 +5.47% 7.959 +2.51%
avg +1.37% +1.28% +0.58%

(a) OST nomenclature

year Berger Parker  gpp Simpson gsi1 Shannon  gsw
2013 3.757 9.484 17.03

2014 3.805 +1.28%  9.586 +1.08% 17.08 +0.29%
2015 3.829 +0.63%  9.719 +1.39% 17.27 +1.11%
2016 3.795 -0.89% 9.707 -0.12% 17.35 +0.46%
2017 4.046 +6.61% 10.36 +6.73% 17.85 +2.88%
avg +1.87% +2.23% +1.18%

(b) CWTS nomenclature

year Berger Parker  gpp Simpson gsi1 Shannon  gsw
2013 33.54 100.5 145.1

2014 30.61 -8.74% 97.70 -2.79% 143.5 -1.10%
2015 32.63 +6.57% 9954  +1.89% 145.0 +1.05%
2016 30.78 -5.67% 99.29 -0.25% 144.4 -0.41%
2017 28.54 -7.28% 100.0 +0.72% 145.2 +0.55%
avg -3.96% -0.12% +0.02%

(c) WoS nomenclature

Table 3.32: Disciplinary diversity of scientific production, Web of Science database
(8,000,000 observations, 2013-2017)

8 Discussion

In chapter 2, we have theoretically shown that the productivity of research effort for each

project i = 1,...,g is
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Observations Min Median Max Mean S.D.

1999 3705 1 1 21 1.48  1.07
2000 12195 1 2 41 218 1.89
2001 18070 1 2 60 3.01 273
2002 22011 1 3 77 3.87 3.64
2003 24414 1 3 75 458 415
2004 26569 1 4 104 522 4.86
2005 28468 1 4 129  5.88 5.53
2006 29009 1 5 115 6.40 5.96
2007 30244 1 5 200 6.99 6.66
2008 32538 1 6 700 7.62 843
2009 33215 1 6 275 837 8.20
2010 34133 1 7 847 895 90.59
2011 34493 1 7 259  9.52  9.12
2012 33464 1 8 227 103 947
2013 32663 1 9 335 11.1  10.6
Total 395191 1 5 847 7.23 788

Table 3.33: Number of identified references per paper per year

Now let’s suppose that research projects have similar characteristics (3; = Q and T'; =T
Vi) which evolve over time. Let define o, the productivity, €2, the team efficiency and T,

the project complexity at time . Then

_Qt
=T,

Qg
so that the research productivity growth evolves over time according to

gﬂ - gﬂ - gF; (3.5)

withga:%,gQ:%andgp:%.

If the team efficiency growth rate gq is lower than the complexity growth rate gr,
estimated between 1% and 3.5% per year, then research productivity is decreasing over
time. If we reasonably assume gqg > 0, our model can explain the decline of research
productivity until an upper bound of 3.5% per year. Naturally research productivity
may be affected by many effects, and interdisciplinarity is not the only existing form of

complexity. Nevertheless our results don’t seem unrealistic compared to the estimates

of Bloom et al. (2017) reported in Table 3.34.
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Scope Average annual growth rate
Agregate economy -5.3%
Moore’s law -6.8%
Agriculture (seeds) -5.5%
New molecular entities -3.5%
Disease mortality -5.6%
Compustat firms -11.1%

Table 3.34: Average annual growth rate of research productivity

Our study may overestimate the growth rate of complexity over time. Indeed we mea-
sure interdisciplinarity with Hill indexes of order 5. From Proposition 16, the complexity
indicator is the Hill index of order 1 — ¢. Or ¢ is not necessarily constant over time.
Since our measures of interdisciplinarity are increasing and given that § is constant, this
implies that the contributions of the different disciplines to the output become more and
more egalitarian over time. Given that they depend on the vector w and the value of o
(equation (3.3)), if only the vector w changes over time (o constant), then the order of our
indicator of complexity remains the same for the whole period. Since we have represented
the Hill index for some values of 8 from Figures 3.6 to 3.11, and that we systematically
obtain a constant growth rate whatever 3, then the complexity indicator (Hill index of
order 1 — o) increases at a constant rate. On the contrary, if o changes over time, then
the order of the complexity index also changes. Similarly to the proof given in Appendix
8.1 part(3) of chapter 2, we can show that given a vector A, the Hill index of order 1 — o
is increasing with o. If we assume that o is constant over time while it is decreasing
(more complementarity between inputs), then we overestimate the complexity indicator

and potentially its growth rate.

On the contrary, our study may underestimate the growth rate of complexity over
time. In our database, we only observe publications in scientific journals. However many
papers are rejected and not published. According to our theory, those with a higher I'/Q
are more likely not to belong to our databases. We probably have a selection bias, and

we may underestimate the average complexity and its growth rate.

In this chapter, we have shown that interdisciplinarity is increasing at the world level
which could signal an increase of the complexity of the knowledge production function,

leading to a decrease of the research productivity. Naturally comes the question of why
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researchers deal with more complex problems if they experience lower production effi-
ciency doing so. Here we discuss some hypotheses. A first explanation could be that
knowledge is finite, so that researchers have first treated the most obvious ideas. The
remaining ones are more complex, leading to more labor consumption and finally to a
lower research productivity. Globalization can be a second explanation: the competi-
tion between researchers has considerably risen so that interesting problems in existing
fields become rapidly scarce. Consequently scientists search for new areas and deal with
more and more complex problems. New communication technologies (internet, search
engines) can also explain the increase of complexity. They ease the diffusion and the con-
tribution of knowledge from other fields. Research policies in favor of interdisciplinarity
help to improve team efficiency and allow researchers to treat more complex problems
than before. The increase of complexity is perhaps a temporary phenomenon: academic
disciplines have evolved independently for several decades and the new communication
technologies have allowed researchers to import concepts, skills and methods from other
fields. When they will be integrated by the discipline, this phenomenon could stabilize.
For further research, we want to verify the evolution of interdisciplinarity on a longer
period, in particular before 1999. Nevertheless data are often incomplete before this date

which complicates the study.

9 Conclusion

In this chapter, we have tested the relation between interdisciplinarity and impact. Our
estimates show that papers with a higher index of interdisciplinarity have less citations
and less chances to belong to the 10% or 5% most cited papers. The Berger-Parker, the
Simpson and the Shannon indexes give similar results while the number of disciplines
is sometimes non-significant or has a U-relationship with the measures of impact. We
have conducted an important number of robustness checks compared to the literature.
We have considered three disciplinary classifications, different measures of impact (3-year
and 5-year number of citations, dummies if the paper belongs to the 10% or 5% most
cited articles, journal impact factor). We have also integrated authors’ fixed effects in

some of our regressions. Globally, the results still prevail.

We have also shown that interdisciplinarity is increasing over time at a constant rate

(between 1% and 3.5% per year), which suggests that the complexity of research projects
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is growing. This empirical observation has not been established yet. We have discussed

the effect on the research productivity and compared our results with Bloom et al. (2017).

For further research, we want to estimate the value of o in order to be able to select
the “right” order of the Hill index. We would like to test the effect of the competition
given that we have theoretically shown in Chapter 2 that it can exert a positive or a
negative effect on impact. Empirically we would like to see if the interdisciplinarity of
French authors is increasing over time, or if they are still specialized and participate more
and more to interdisciplinary projects. We would like to test if the productivity and the
output at the author level are decreasing with the complexity of the projects in which a
researcher is involved. This opens new questions but also new challenges, since it requires

data at the author level.
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10 Appendix

10.1 Proof of Proposition 16

The contribution of field of expertise j to the output of research project 7 at equilibrium

is given in (3.3). As a reminder,

We deduce that

1 1
1—a;

Zwl a.‘_ _ _wzm;
— — ia. — A* .

11 117

For each field of expertise s, we obtain the following relation with any field of expertise j

Wis — (%) w;'j. (36)
J

Summing (3.6) Vs = 1, ..., m;, and since we have > 1%, w;s = 1, we have

We deduce that

*1—0o;
A,; *

mi *1—o;
s=1 )‘is

Replacing w;; in the expression of I'; we finally obtain:

)
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10.2 Proof of Proposition 17

Consider a vector A; = (A1, Ai2) with A;; > Ai2. The Hill index of order 8 of vector A; is

HP () = (X +25) ™7

1

Given that A1 + A2 = 1, we can write the last expression as follows

.
i—

1

HY (\) = ()‘51 +(1- )\z‘l)ﬁ)

To compare two vectors A; and ), it is enough to study the sign of the derivative of Hf
with respect to A;; and to show that it is the same whatever the value of 8 > 0. We

obtain

'8 _——

If 8 € [0; 1] then % >0 and ()\fl_l -—(1- )\ﬂ)ﬁ_l) <0 so g—‘;‘}? < 0.
B
If B €]1; —I—oo] then 25 <0and (Af‘;l (1— N )ﬁ—l) > 050 2 < 0.
The sign of ‘ doesn’t depend on 3. Thus the ordering of two vectors A; (i = 1,2) is

the same Whatever B.
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10.3 More than 6 references
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10. APPENDIX 161

Table 3.50: OLS estimates for the effect of the number of disciplines (categorical
variable) on the journal impact factor (papers with at least 4 references, 1-10 disciplines,
OST nomenclature)

(1) (2)
1 discipline 0 0
() ()
2 disciplines 0.296*** 0.893***
(9.92) (18.47)
3 and more disciplines -0.0208 1.058**
(-0.66) (15.49)
Number of authors 0.00239***  0.00246***
(24.65) (24.94)
International Collaboration 1.560%+* 1.553**+
(64.86) (64.64)
Maximum h-index 0.127*** 0.125***
(55.24) (54.43)
Maximal distance -1.358***
(-17.86)
Observations 250163 250163
Log-Likelihood -789852.4  -T89T08.7
AIC 1579768.8  1579483.5
BIC 1580102.5 1579827.6

t statistics in parentheses
*p < 0.05, ** p <0.01, *** p < 0.001

10.4 CWTS nomenclature
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Table 3.66: OLS estimates for the effect of the number of disciplines (categorical
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variable) on the journal impact factor (papers with at least 4 references, 1-35 disciplines,

CWTS nomenclature)

(1) (2)
1 discipline 0 0
2 disciplines -0.0765 1.537**
3 disciplines -0.0104 2.125%**
4 disciplines 0.0349 2.490***
5 disciplines 0.270** 2.931***
6 disciplines 0.318%** 3.105***
7 disciplines 0.385*** 3.264***
8-9 disciplines 0.464*** 3.444***
9 and more disciplines 0.736%** 3.861***
Number of authors 0.00238***  0.00260***
International Collaboration 1.641%+* 1.621**+
Maximum h-index 0.119*** 0.115***
Maximal distance -3.123***
Observations 255203 255203
Log-Likelihood -842458.6  -841851.2
AIC 1685043.1 1683830.4
BIC 1685701.5 1684499.1

t statistics in parentheses

* p < 0.05, ** p < 0.01, *** p < 0.001

10.5 WoS subject categories
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Table 3.70: Negative binomial estimates for the effect of the number of disciplines
(categorical variable) on the number of citations (papers with at least 6 references, 1-252
disciplines, WoS nomenclature)

(4a) (4b) (4c) (4d)
1 discipline 0 0 0 0
() () () ()
2 disciplines -0.0371 -0.0240 0.138*+* -0.0394
(-1.15) (-1.00) (3.86) (-1.45)
3 disciplines -0.0338 -0.0248 0.190*** -0.0445
(-1.05) (-1.02) (5.09) (-1.52)
4 disciplines -0.0371 -0.0265 0.218*+** -0.0491
(-1.16) (-1.09) (5.59) (-1.61)
5 disciplines -0.0481 -0.0369 0.2209*** -0.0615*
(-1.52) (-1.54) (5.75) (-1.97)
6 disciplines -0.0480 -0.0303 0.244*** -0.0561
(-1.51) (-1.27) (6.01) (-1.76)
7 disciplines -0.0438 -0.0278 0.257*** -0.0544
(-1.36) (-1.14) (6.27) (-1.67)
8-9 disciplines -0.0280 -0.00600 0.284*** -0.0336
(-0.87) (-0.25) (6.93) (-1.04)
9 and more disciplines 0.101** 0.113*%** 0.429**+* 0.0842*
(3.06) (4.44) (9.98) (2.46)
Number of authors 0.00135***  0.000822*** 0.00139*** 0.000819***
(10.69) (10.61) (10.76) (10.61)
International Collaboration 0.404*** 0.274%** 0.404*** 0.274***
(54.98) (45.07) (54.82) (45.13)
Maximum h-index 0.0280*** 0.0187*** 0.0278*** 0.0188***
(49.60) (38.87) (48.97) (39.06)
Maximal distance -0.317*** 0.0280
(-12.93) (1.29)
Impact Factor 0.0813*** 0.0814***
(89.40) (88.34)
Observations 188792 188792 188792 188792
Log-Likelihood -609297.4 -588133.3 -609147.6 -588131.9
AIC 1218720.8 1176396.5 1218423.2 1176395.7
BIC 1219360.1 1177056.2 1219072.7 1177065.5

t statistics in parentheses
*p<0.05 * p<0.01, *** p <0.001
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10. APPENDIX 189

Table 3.77: Logit estimates for the effect of the number of disciplines (categorical
variable) on the probability that the paper belongs to the top 10% and top 5% most
cited papers (papers with at least 6 references, 1-252 disciplines, WoS nomenclature)

Top90 Top90 Top9%5 Top95
1 discipline 0 0 0 0
() () () ()
2 disciplines -0.179*** -0.0349 -0.102 -0.00667
(-4.22) (-0.70) (-1.90) (-0.11)
3 disciplines -0.161**+ 0.0151 -0.0533 0.0546
(-3.94) (0.29) (-1.03) (0.82)
4 disciplines -0.174*** 0.0235 -0.0804 0.0361
(-4.32) (0.43) (-1.58) (0.52)
5 disciplines -0.193**+ 0.0158 -0.101* 0.0206
(-4.83) (0.28) (-2.00) (0.28)
6 disciplines -0.168*** 0.0485 -0.0679 0.0540
(-4.16) (0.83) (-1.33) (0.72)
7 disciplines -0.181**+ 0.0304 -0.109* 0.000228
(-4.38) (0.50) (-2.08) (0.00)
8-9 disciplines -0.124** 0.0717 -0.0778 0.00372
(-3.07) (1.18) (-1.52) (0.05)
9 and more disciplines 0.147*** 0.255%** 0.286*** 0.243*
(3.61) (4.06) (5.56) (3.03)
Number of authors 0.000678***  0.000707*** 0.000711*** 0.000731***
(13.13) (13.57) (13.68) (13.98)
International Collaboration 0.598*** 0.625*** 0.665*** 0.703***
(46.99) (48.62) (40.10) (41.89)
Maxdimum h-index 0.0412*** 0.0410%** 0.0463*** 0.0464***
(48.86) (48.25) (45.43) (45.02)
Maxdimal distance -0.275*** -0.185**
(-6.03) (-3.14)
Observations 188791 188791 188791 188791
Log-Likelihood -85365.8 -84340.0 -57748.1 -56727.9
AIC 170851.7 168806.1 115616.3 113581.7
BIC 171460.6 169445.4 116225.2 114221.1

t statistics in parentheses
* p<0.05 * p<0.01, ** p<0.001
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10. APPENDIX

Table 3.79: OLS estimates for the effect of the number of disciplines (categorical
variable) on the journal impact factor (papers with at least 4 references, 1-252

disciplines, WoS nomenclature)

(1) (2)
1 discipline 0 0
2 disciplines -0.0765 1.537**
3 disciplines -0.0104 2.125%**
4 disciplines 0.0349 2.490***
5 disciplines 0.270** 2.931***
6 disciplines 0.318%** 3.105***
7 disciplines 0.385*** 3.264***
8-9 disciplines 0.464*** 3.444***
9 and more disciplines 0.736%** 3.861***
Number of authors 0.00238***  0.00260***
International Collaboration 1.641%+* 1.621**+
Maximum h-index 0.119*** 0.115***
Maximal distance -3.123***
Observations 255203 255203
Log-Likelihood -842458.6  -841851.2
AIC 1685043.1 1683830.4
BIC 1685701.5 1684499.1

t statistics in parentheses

* p < 0.05, ** p < 0.01, *** p < 0.001

10.6 Tobit estimates
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10. APPENDIX 209

Table 3.96: OLS estimates for the effect of interdisciplinarity on the logarithm of the
number of citations (papers with at least 6 references, Individual effects, 1-252
disciplines, WoS nomenclature)

(1) (2 [€) (4)
Berger-Parker -0.00154
Simpson 0.00457**
Shannon 0.0119***
1 discipline 0
2 disciplines 0.0520**
3 disciplines 0.0521**
4 disciplines 0.0733***
5 disciplines 0.0780***
6 disciplines 0.0952**
7 disciplines 0.112***
8-9 disciplines 0.141***
9 and more disciplines 0.233***
Number of authors 0.000586***  0.000586***  0.000585***  0.000581***
International Collaboration 0.247*** 0.247*** 0.248*** 0.248***
Impact Factor 0.0513*** 0.0513*** 0.0513*** 0.0512***
Observations 364863 364863 364863 364876
Log-Likelihood -432898.5 -432888.4 -432796.0 -432307.5
AlC 865907.0 865886.8 865701.9 864739.0
BIC 866501.4 866481.2 866296.3 865409.1

*p<0.05 " p<0.0L * p<0.001
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Catcode Subject Category Discipline(s)
AA Acoustics Physical Sciences Mechanical Engineering and
Aerospace
AC Automation & Control Sys- | Engineering Sciences Electrical Engineering and
tems Telecommunication
AD Agriculture, Dairy & Animal | Applied Biology - Ecology Agriculture and Food Science
Science
AE Agricultural Engineering Applied Biology - Ecology Agriculture and Food Science
AF Agricultural Economics & Pol- | Applied Biology - Ecology Economics and Business
icy
AH Agriculture, Multidisciplinary Applied Biology - Ecology Agriculture and Food Science
Al Engineering, Aerospace Engineering Sciences Mechanical Engineering and
Aerospace
AM Agronomy Applied Biology - Ecology Agriculture and Food Science
AQ Allergy Medical Research Clinical Medicine
AY Anatomy & Morphology Basic Biology Biomedical Sciences
AZ Andrology Medical Research Clinical Medicine
BA Anesthesiology Medical Research Clinical Medicine
BD Biodiversity Conservation Applied Biology - Ecology Environmental Sciences and
Technology
BF Anthropology Human Sciences Sociology and Anthropology
BI Archaeology Human Sciences History, Philosophy and Reli-
gion
BK Architecture Human Sciences Creative Arts, Culture and
Music
BM Area Studies Human Sciences Management and Planning
BP Art Human Sciences Creative Arts, Culture and
Music
BQ Humanities, Multidisciplinary Human Sciences Creative Arts, Culture and
Music
BU Astronomy & Astrophysics Sciences of the Universe Astronomy and Astrophysics
BV Psychology, Biological Human Sciences Psychology
CL Audiology & Speech-Language | Medical Research Clinical Medicine
Pathology
CN Behavioral Sciences Basic Biology Basic Life Sciences
co Biochemical Research Methods | Basic Biology Basic Life Sciences
cQ Biochemistry & Molecular Bi- | Basic Biology Basic Life Sciences
ology
CT Cell & Tissue Engineering Basic Biology Basic Life Sciences
CU Biology Applied Biology - Ecology Basic Life Sciences
CX Biology, Miscellaneous Applied Biology - Ecology Biological Sciences
DA Biophysics Basic Biology Basic Life Sciences
DB Biotechnology & Applied Mi- | Basic Biology Basic Life Sciences
crobiology
DE Plant Sciences Applied Biology - Ecology Basic Life Sciences
DI Business Social Sciences Economics and Business
DK Business, Finance Social Sciences Economics and Business
DM Oncology Medical Research Clinical Medicine
DQ Cardiac & Cardiovascular Sys- | Medical Research Clinical Medicine
tems
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Table 3.98 continued from previous page

Catcode Subject Category Discipline OST Discipline NOWT
DR Cell Biology Basic Biology Basic Life Sciences
DS Critical Care Medicine Medical Research Clinical Medicine
DT Thermodynamics Engineering Sciences Mechanical Engineering and
Aerospace
DwW Chemistry, Applied Chemistry Chemistry and Chemical Engi-
neering
DX Chemistry, Medicinal Medical Research Basic Medical Sciences
DY Chemistry, Multidisciplinary Chemistry Chemistry and Chemical Engi-
neering
EA Chemistry, Analytical Chemistry Chemistry and Chemical Engi-
neering
EC Chemistry, Inorganic & Nu- | Chemistry Chemistry and Chemical Engi-
clear neering
EE Chemistry, Organic Chemistry Chemistry and Chemical Engi-
neering
EI Chemistry, Physical Chemistry Chemistry and Chemical Engi-
neering
EN Cultural Studies Social Sciences Sociology and Anthropology
EO Classics Human Sciences Creative Arts, Culture and
Music
EP Computer Science, Artificial | Engineering Sciences Computer Sciences
Intelligence
EQ Psychology, Clinical Human Sciences Psychology
ER Computer Science, Cybernet- | Engineering Sciences Computer Sciences
ics
ES Computer Science, Hardware | Engineering Sciences Computer Sciences
& Architecture
ET Computer Science, Informa- | Engineering Sciences Computer Sciences
tion Systems
EU Communication Human Sciences Information and Communica-
tion Sciences
EV Computer Science, Interdisci- | Engineering Sciences Computer Sciences
plinary Applications
EW Computer Science, Software | Engineering Sciences Computer Sciences
Engineering
EX Computer Science, Theory & | Engineering Sciences Computer Sciences
Methods
FA Construction & Building Tech- | Engineering Sciences Civil Engineering and Con-
nology struction
FE Criminology & Penology Social Sciences Law and Criminology
FF Emergency Medicine Medical Research Clinical Medicine
FI Crystallography Chemistry Physics and Materials Science
FS Dance Human Sciences Creative Arts, Culture and
Music
FU Demography Human Sciences Social and Behavioral Sciences,
Interdisciplinary
FY Dentistry, Oral Surgery & | Medical Research Clinical Medicine

Medicine
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Catcode Subject Category Discipline OST Discipline NOWT
GA Dermatology Medical Research Clinical Medicine
GC Geochemistry & Geophysics Sciences of the Universe Earth Sciences and Technology
GM Substance Abuse Medical Research Health Sciences
Social Sciences
GU Ecology Applied Biology - Ecology Environmental Sciences and
Technology
GY Economics Social Sciences Economics and Business
HA Education & Educational Re- | Social Sciences Educational Sciences
search
HB Education, Scientific Disci- | Multidisciplinary Category Educational Sciences
plines
HE Education, Special Social Sciences Educational Sciences
HF Ethics Human Sciences History, Philosophy and Reli-
gion
HI Psychology, Educational Human Sciences Educational Sciences
HL Health Care Sciences & Ser- | Medical Research Health Sciences
vices
HQ Electrochemistry Chemistry Chemistry and Chemical Engi-
neering
HT Evolutionary Biology Basic Biology Basic Life Sciences
HY Developmental Biology Basic Biology Basic Life Sciences
IA Endocrinology & Metabolism Medical Research Clinical Medicine
ID Energy & Fuels Engineering Sciences Energy and Science Technol-
ogy
IF Engineering, Multidisciplinary | Engineering Sciences General and Industrial Engi-
neering
IG Engineering, Biomedical Basic Biology Basic Medical Sciences
IH Engineering, Environmental Sciences of the Universe Environmental Sciences and
Technology
II Engineering, Chemical Engineering Sciences Chemistry and Chemical Engi-
neering
1J Engineering, Industrial Engineering Sciences General and Industrial Engi-
neering
IK Engineering, Manufacturing Engineering Sciences General and Industrial Engi-
neering
IL Engineering, Marine Engineering Sciences Earth Sciences and Technology
IM Engineering, Civil Engineering Sciences Civil Engineering and Con-
struction
10 Engineering, Ocean Engineering Sciences Earth Sciences and Technology
IP Engineering, Petroleum Engineering Sciences Energy and Science Technol-
gy
1Q Engineering, Electrical & Elec- | Engineering Sciences Electrical Engineering and
tronic Telecommunication
U Engineering, Mechanical Engineering Sciences Mechanical Engineering and
Aerospace
X Engineering, Geological Sciences of the Universe Earth Sciences and Technology
Iy Entomology Applied Biology - Ecology Basic Life Sciences
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Table 3.98 continued from previous page

Catcode Subject Category Discipline OST Discipline NOWT
JA Environmental Sciences Sciences of the Universe Environmental Sciences and
Technology
JB Environmental Studies Social Sciences Environmental Sciences and
Technology
JI Ergonomics Social Sciences General and Industrial Engi-
neering
JM Ethnic Studies Human Sciences Sociology and Anthropology
JO Family Studies Social Sciences Sociology and Anthropology
Js Film, Radio, Television Human Sciences Creative Arts, Culture and
Music
JU Fisheries Applied Biology - Ecology Basic Life Sciences
JW Folklore Human Sciences Creative Arts, Culture and
Music
JY Food Science & Technology Applied Biology - Ecology Agriculture and Food Science
KA Forestry Applied Biology - Ecology Environmental Sciences and
Technology
KI Gastroenterology & Hepatol- | Medical Research Clinical Medicine
ogy
KM Genetics & Heredity Basic Biology Basic Life Sciences
KU Geography Human Sciences Environmental Sciences and
Technology
KV Geography, Physical Sciences of the Universe Earth Sciences and Technology
KY Geology Sciences of the Universe Earth Sciences and Technology
LE Geosciences, Multidisciplinary | Sciences of the Universe Earth Sciences and Technology
LI Geriatrics & Gerontology Medical Research Health Sciences
LJ Gerontology Social Sciences Health Sciences
LQ Health Policy & Services Social Sciences Health Sciences
MA Hematology Medical Research Clinical Medicine
MC Mathematical & Computa- | Basic Biology Basic Life Sciences
tional Biology
ML Primary Health Care Medical Research Clinical Medicine
MM History Human Sciences History, Philosophy and Reli-
gion
MQ History & Philosophy of Sci- | Human Sciences History, Philosophy and Reli-
ence gion
MR History of Social Sciences Human Sciences History, Philosophy and Reli-
gion
MU Horticulture Applied Biology - Ecology Basic Life Sciences
MW Hospitality, Leisure, Sport & | Social Sciences Sociology and Anthropology
Tourism
MY Psychology, Developmental Human Sciences Psychology
NE Public, Environmental & Occupatihgﬁgjclz-‘lleglﬁiear‘:h Clinical medicine
Social Sciences
NI Immunology Medical Research Biomedical Sciences
NM Industrial Relations & Labor Social Sciences Economics and Business
NN Infectious Diseases Medical Research Clinical Medicine
NQ Psychology, Applied Human Sciences Psychology
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Catcode Subject Category Discipline OST Discipline NOWT
NS Nanoscience & Nanotechnol- | Chemistry Physics and Materials Science
ogy
NU Information Science & Library | Social Sciences Information and Communica-
Science tion Sciences
OA Instruments & Instrumenta- | Physical Sciences Instruments and Instrumenta-
tion tion
OE International Relations Social Sciences Political Science and Public
Administration
OI Integrative & Complementary | Medical Research Biomedical Sciences
Medicine
oM Law Social Sciences Law and Criminology
00 Medical Ethics Medical Research History, Philosophy and Reli-
gion
OP Medicine, Legal Medical Research Law and Criminology
OR Asian Studies Human Sciences Creative Arts, Culture and
Music
oT Linguistics Human Sciences Language and Linguistics
ou Limnology Sciences of the Universe Environmental Sciences and
Technology
OX Literary Theory & Criticism Human Sciences Literature
oYy Language & Linguistics Human Sciences Language and Linguistics
OZ Literary Reviews Human Sciences Literature
PA Literature Human Sciences Literature
PC Management Social Sciences Management and Planning
PD Literature, African, Aus- | Human Sciences Literature
tralian, Canadian
PE Operations Research & Man- | Engineering Sciences Statistical Sciences
agement Science
PF Literature, American Human Sciences Literature
PG Literature, British Isles Human Sciences Literature
PH Literature, German, Dutch, | Human Sciences Literature
Scandinavian
PI Marine & Freshwater Biology Sciences of the Universe Basic Life Sciences
PJ Materials Science, Paper & | Chemistry Chemistry and Chemical Engi-
Wood neering
PK Materials Science, Ceramics Chemistry Physics and Materials Science
PM Materials Science, Multidisci- | Chemistry Physics and Materials Science
plinary
PN Mathematics, Applied Mathematics Mathematics
PO Mathematics, Interdisciplinary | Mathematics Mathematics
Applications
PQ Mathematics Mathematics Mathematics
PS Social Sciences, Mathematical | Social Sciences Statistical Sciences
Methods
PT Medical Informatics Basic Biology Basic Medical Sciences
PU Mechanics Engineering Sciences Mechanical Engineering and
Aerospace
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Table 3.98 continued from previous page

Catcode Subject Category Discipline OST Discipline NOWT
PW Medical Laboratory Technol- | Basic Biology Biomedical Sciences
ogy
PY Medicine, General & Internal Medical Research Clinical Medicine
PZ Metallurgy & Metallurgical | Engineering Sciences Physics and Materials Science
Engineering
QA Medicine, Research & Experi- | Medical Research Biomedical Sciences
mental
QC Literature, Romance Human Sciences Literature
QD Literature, Slavic Human Sciences Literature
QE Materials Science, Biomateri- | Basic Biology Basic Medical Sciences
als
QF Materials Science, Characteri- | Chemistry Physics and Materials Science
zation & Testing
QG Materials Science, Coatings & | Chemistry Physics and Materials Science
Films
QH Materials Science, Composites | Chemistry Physics and Materials Science
QJ Materials Science, Textiles Applied Biology - Ecology Chemistry and Chemical Engi-
neering
QK Medieval & Renaissance Stud- | Human Sciences History, Philosophy and Reli-
ies gion
QL Logic Engineering Sciences Mathematics
QQ Meteorology & Atmospheric | Sciences of the Universe Earth Sciences and Technology
Sciences
QU Microbiology Basic Biology Basic Life Sciences
RA Microscopy Basic Biology Instruments and Instrumenta-
tion
RB Robotics Engineering Sciences Electrical Engineering and
Telecommunication
RE Mineralogy Sciences of the Universe Earth Sciences and Technology
RO Multidisciplinary Sciences Multidisciplinary Category Multidisciplinary Journals
RP Music Human Sciences Creative Arts, Culture and
Music
RQ Mycology Applied Biology - Ecology Basic Life Sciences
RT Clinical Neurology Medical Research Clinical Medicine
RU Neurosciences Basic Biology Biomedical Sciences
RX Neuroimaging Basic Biology Biomedical Sciences
RY Nuclear Science & Technology | Engineering Sciences Energy and Science Technol-
ogy
RZ Nursing Medical Research Health Sciences
Social Sciences
SA Nutrition & Dietetics Basic Biology Agriculture and Food Science
SD Obstetrics & Gynecology Medical Research Clinical Medicine
SI Oceanography Sciences of the Universe Earth Sciences and Technology
SR Remote Sensing Engineering Sciences Earth Sciences and Technology
SU Ophthalmology Medical Research Clinical Medicine
SY Optics Physical Sciences Physics and Materials Science
TA Ornithology Applied Biology - Ecology Basic Life Sciences
TC Orthopedics Medical Research Clinical Medicine
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Catcode Subject Category Discipline OST Discipline NOWT
TD Otorhinolaryngology Medical Research Clinical Medicine
TE Paleontology Sciences of the Universe Earth Sciences and Technology
TI Parasitology Basic Biology Clinical Medicine
™™ Pathology Medical Research Clinical Medicine
TQ Pediatrics Medical Research Clinical Medicine
TU Pharmacology & Pharmacy Medical Research Biomedical Sciences
UA Philosophy Human Sciences History, Philosophy and Reli-
gion
UB Physics, Applied Physical Sciences Physics and Materials Science
UE Imaging Science & Photo- | Engineering Sciences Earth Sciences and Technology
graphic Technology
UF Physics, Fluids & Plasmas Physical Sciences Physics and Materials Science
UH Physics, Atomic, Molecular & | Physical Sciences Physics and Materials Science
Chemieal
Ul Physics, Multidisciplinary Physical Sciences Physics and Materials Science
UK Physics, Condensed Matter Physical Sciences Physics and Materials Science
UM Physiology Basic Biology Biomedical Sciences
UN Physics, Nuclear Physical Sciences Physics and Materials Science
UP Physics, Particles & Fields Physical Sciences Physics and Materials Science
uQ Planning & Development Social Sciences Management and Planning
UR Physics, Mathematical Physical Sciences Physics and Materials Science
uT Poetry Human Sciences Literature
uu Political Science Social Sciences Political Science and Public
Administration
Uy Polymer Science Chemistry Chemistry and Chemical Engi-
neering
VE Psychiatry Medical Research Clinical medicine
Human Sciences
VI Psychology Basic Biology Psychology
Vi Psychology, Multidisciplinary Human Sciences Psychology
VM Public Administration Social Sciences Political Science and Public
Administration
VP Psychology, Psychoanalysis Human Sciences Psychology
Vs Psychology, Mathematical Human Sciences Psychology
VX Psychology, Experimental Human Sciences Psychology
VY Radiology, Nuclear Medicine & | Medical Research Biomedical Sciences
Medical Imaging
WC Rehabilitation Medical Research Health Sciences
Social Sciences
WE Respiratory System Medical Research Clinical Medicine
WF Reproductive Biology Basic Biology Basie Life Sciences
WH Rheumatology Medical Research Clinical Medicine
WM Social Issues Social Sciences Social and Behavioral Sciences,
Interdisciplinary
wQ Psychology, Social Human Sciences Psychology
WU Social Sciences, Interdisci- | Social Sciences Social and Behavioral Sciences,
plinary Interdisciplinary
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Table 3.98 continued from previous page

Catcode Subject Category Discipline OST Discipline NOWT

Wwv Social Sciences, Biomedical Social Sciences Social and Behavioral Sciences,
Interdisciplinary

WY Social Work Social Sciences Health Sciences

XA Sociology Social Sciences Sociology and Anthropology

XE Soil Science Applied Biology - Ecology Agriculture and Food Science

XQ Spectroscopy Physical Sciences Chemistry and Chemical Engi-
neering

XwW Sport Sciences Medical Research Health Sciences

XY Statistics & Probability Mathematics Statistical Sciences

YA Surgery Medical Research Clinical Medicine

YE Telecommunications Engineering Sciences Electrical Engineering and
Telecommunication

YG Theater Human Sciences Creative Arts, Culture and
Music

Y1 Religion Human Sciences History, Philosophy and Reli-
gion

YO Toxicology Medical Research Biomedical Sciences

YP Transplantation Medical Research Clinical Medicine

YQ Transportation Social Sciences Electrical Engineering and
Telecommunication

YR Transportation Science & | Engineering Sciences Electrical Engineering and

Technology Telecommunication

YU Tropical Medicine Medical Research Clinical Medicine

YY Urban Studies Social Sciences Environmental Sciences and
Technology

ZA Urology & Nephrology Medical Research Clinical Medicine

c Veterinary Sciences Medical Research Clinical Medicine

ZD Peripheral Vascular Disease Medical Research Clinical Medicine

ZE Virology Basic Biology Biomedical Sciences

ZK Women’s Studies Social Sciences Sociology and Anthropology

ZM Zoology Applied Biology - Ecology Basic Life Sciences

7Q Mining & Mineral Processing Engineering Sciences Energy and Science Technol-
ogy

ZR Water Resources Sciences of the Universe Environmental Sciences and
Technology

Table 3.98: Table of correspondance between disciplines from the WoS (252), OST (11)
and NOWT (35) classifications




(General Conclusion

This thesis aims at understanding the increasing complexity of research projects as one of
the possible explanations for the fall in researchers’ productivity observed over decades.
We theoretically define an indicator of complexity of research projects and show among
results that this index negatively affects research productivity. To empirically test our
model, we consider one form of complexity of research projects, called interdisciplinarity,
which requires to combine skills and efforts from different academic disciplines. Given
that our theoretical index of complexity contains parameters which are unobservable, we
rewrite it with the contributions of each field of expertise to the production. We show
that this indicator belongs to the family of Hill diversity indexes, a standard measure
of interdisciplinarity. We test our model on a dataset of publications of French authors
and find that increasing interdisciplinarity decreases the impact of publications. Given
our theoretical results, this probably means that interdisciplinarity depresses the research
productivity. Then we consider a worldwide database to observe that interdisciplinarity
Is increasing over time at an annual growth rate comprised between 1% and 3.5%. We
link this observation to the estimates of the decline of research productivity from Bloom

et al. (2017) and provide some explanations for the increase of interdisciplinarity.

This thesis also explores how competition affects the researchers’ incentives to exert
effort, and how this translates to scientific production. Increasing the number or the effi-
ciency of competitors encourages the more efficient teams to exert effort and raises their
production. On the contrary, the less efficient ones decrease their effort and output or
even no longer participate to the competition. Since selective procedures have been con-
siderably developed in Science, and that researchers have to face uncertainty concerning
the prize structure, we propose a theoretical model to address this question. We consider
a multiple prize contest where the number of prizes to be awarded is uncertain. We find
that whatever the mechanism of selection, complete information maximizes the effort at

equilibrium.

This thesis opens new perspectives on the relation between complexity and research

productivity. In the general introduction, we present some examples where we observe
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a strong decline in research productivity. We suggest to carry out case studies to see if
for instance inventions to increase the number of transistors in microprocessors require
spending more and more efforts in different disciplines. In a recent paper dealing with
the Moore’s Law, Theis and Wong (2017) indicate that the National Science Foundation
(NSF) and the Semiconductor Research Corporation have announced a new multidisci-
plinary research program, called “Energy Efficient Computing: from Devices to Architec-
tures” (page 48). The synopsys of this program is the following:

There is a consensus across the many industries touched by our ubiquitous
computing infrastructure that future performance improvements across the
board are now severely limited by the amount of energy it takes to manipulate,
store, and critically, transport data. While the limits and tradeoffs for this
performance-energy crisis vary across the full range of application platforms,
they have all reached a point at which evolutionary approaches to addressing

this challenge are no longer adequate.

Truly disruptive breakthroughs are now required, and not just from any one
segment of the technology stack. Rather, due to the complexity of the chal-
lenges, revolutionary new approaches are needed at each level in the hierarchy.
Furthermore, simultaneous co-optimization across all levels is essential for the

creation of new, sustainable computing platforms.

These simultaneous technical and organizational challenges have never been
as complex or as critically important as they are now. The urgency of solving
the multi-disciplinary technical challenges will require new methods of collab-

oration and organization among researchers.

Therefore, a comprehensive and collaborative approach must be undertaken
to maximize the potential for successfully identifying and implementing rev-
olutionary solutions to break through the bottleneck of energy-constrained
computational performance. Programmers, system architects, circuit design-
ers, chip processing engineers, material scientists, and computational chemists
must all explore these new paths together to co-design an optimal solution

path.

Clearly, research projects to improve the computers’ performances seem to become

more and more complex over time. We would like to verify if our index of complexity is
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raising and to which extent this could explain the decline of research productivity in this

sector.

Another extension of this thesis is to see if the same relation holds for other forms of
research output, like patents for instance. In the affirmative, we would like to calculate the
different indexes and their growth rate over time, and to see if the results are comparable

to the ones with the scientific publications.

In this thesis we have deduced an index of complexity from a particular class of
production functions (constant elasticity of substitution). We would like to consider other
production functions in order to find potentially other complexity indexes. Moreover we
have focused on one particular form of complexity called interdisciplinarity, but there

probably exists many other types of complexity.

Finally, if the increase of complexity seems inevitable, we need to study how to con-
terbalance the negative effect on research productivity. This probably implies to improve
the interactions between researchers coming from different academic disciplines, and to

improve management methods to avoid free-riding and coordination costs in teams.
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Titre : Compétition, Interdisciplinarité et Equipes dans la Science

Résumé: Cette these a pour objectif de comprendre la complexité croissante des pro-
jets de recherche comme une des explications possibles de la baisse de productivité des
chercheurs observée au fil des décennies. Nous conceptualisons un projet de recherche
comme une idée et une équipe de chercheurs. Chaque idée est associée a une fonction de
production de connaissances donnée que nous supposons de la forme CES. Les facteurs de
production sont les efforts des sous-équipes, chacune dans un domaine d’expertise distinct.
Nous montrons théoriquement qu’a 1’équilibre du jeu, la production d’une équipe dépend
négativement d’un indicateur synthétique qui caractérise sa fonction de production de
connaissances que nous appelons "complexité' (disciplinaire) du projet de recherche. Bien
que cet indicateur et ses composants ne soient pas directement observables dans les don-
nées, nous montrons qu’il est lié a 'indicateur de Hill des contributions des facteurs a
la production, une mesure standard de I'interdisciplinarité. Cela nous offre I'occasion de
tester empiriquement la complexité croissante de la recherche au cours du temps comme
explication de la baisse de productivité des chercheurs. Nous confirmons ces prévisions

sur un jeu de données original de prés de quatre cent mille projets de recherche sur la
période 1999-2013.

Mots clés : Compétition, Interdisciplinarité, Equipes, Science, Contest, Information in-
complete.

Title: Competition, Interdisciplinarity and Teams in Science

Abstract: This thesis aims at understanding the increasing complexity of research
projects as one of the possible explanations for the fall in researchers’ productivity ob-
served over decades. We conceptualize a research project as an idea and a team of re-
searchers. Each idea is associated to a given knowledge production function that we
suppose of the CES-form. Production factors are sub-team efforts, each one in a distinct
field of expertise. We theoretically show that, at equilibrium, team outcome depends
negatively on a synthetic index which characterizes its knowledge production function
that we call disciplinary complexity of the research project. Though this index and its
components are typically not observable in the data, we show that it is tied to the Hill
index of factor contributions to the output, a standard interdisciplinary measurement in
our application. This offers an opportunity to test empirically the increasing disciplinary
complexity over time of research as an explanation of its decreasing productivity. We
confirm those predictions on an original dataset of nearly four hundred thousand research
projects over the period 1999-2013.

Keywords : Competition, Interdisciplinarity, Teams, Science, Contest, Incomplete infor-
mation.
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