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1. Introduction

In a contest, players invest effort or other costly resources to win a prize. Many economic interactions can be modeled
as a contest. Promotions, for example, represent an important incentive in many firms and organizations. Employees exert
effort to perform better than their colleagues and, thus, to be considered for promotion to a more highly paid position.
Litigation can also be understood as a contest, in which the different parties spend time and resources to prevail in court.
Procurement is a third example, where different firms invest resources into developing a proposal or lobbying politicians,
thereby increasing the odds of being selected, receiving some rent in return.

Players participating in contests are typically heterogeneous in some respect. For instance, employees differ with respect
to their skills, the litigant parties differ with respect to the quality of the available evidence, and firms differ with respect
to their capabilities of designing a proposal. When accounting for such heterogeneity in contest models, equilibria are often
asymmetric, meaning that players choose different levels of effort. Due to this asymmetry, to keep the analyses tractable,
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researchers have often imposed rather strict assumptions regarding the production technology and the distributions of
stochastic components of the contest.

In this paper, we consider a general contest model that allows players to be heterogeneous in terms of their skill distri-
butions. We show that, nevertheless, there is generally a symmetric equilibrium in which players choose the same effort.
In our contest model, the output of each player, and thereby the player’s production or contribution to the contest, is deter-
mined by a general function of individual effort and the realization of a random variable. We refer to the random variable
as the skill of the player (typically, and equivalently, referred to as noise in the contest theory literature) and the statistical
distributions of possible skill realizations are allowed to be different for the competing players. The player with the highest
output wins the contest. The model is general in terms of production functions and skill distributions and includes the
well-known models by Tullock (1980) and Lazear and Rosen (1981) as special cases. The skill distributions of the competing
players (including the expected values) are assumed to be common knowledge, whereas the exact skill realizations are gen-
erally (symmetrically) unknown (as, e.g., in Holmstrém, 1982). These assumptions realistically reflect that in a promotion
contest, for example, the expected skill of a player may be commonly known (e.g., the education, prior work experience, or
CV of a player), whereas the exact skill level for the particular job is unknown (e.g., there might be uncertainty regarding
how education translates into workplace performance and job match).

We make two primary contributions. The first contribution is to show the existence of a symmetric (pure-strategy equal-
effort) equilibrium in a general two-player contest setting where players have heterogeneous skill distributions. Moreover,
we provide intuition regarding how the different components of the contest interact to determine the incentive to exert
effort. More specifically, we highlight the interaction between three factors. The first factor relates to the production tech-
nology and is the ratio of the marginal product of effort and the marginal product of skill. The intuition behind this factor
is that the purpose of a marginal effort increase for an individual player is to beat marginally more able rivals. The ratio
describes how effective a marginal effort increase is to overcome the output advantage of marginally more skilled players.
The second and third factors are represented by the product of the densities of the skill distributions of the two competing
players, evaluated at the same point. The reason for the presence of this product is that a marginal effort increase is pivotal
to winning the contest only in cases where the skill realizations of the two players are exactly the same, and the product
describes the “likelihood” of this event to happen.

The second contribution is that we use the simple structure of the equilibrium to construct a link between our contest
model and standard models of decision-making under risk (expected utility theory), allowing us to revisit important com-
parative statics results of contest theory. In particular, we analyze how equilibrium effort is affected by making the skill dis-
tributions of the competing players more heterogeneous, investigating both the role of differences in expected skill (concep-
tualized by first-order stochastic dominance) and the role of differences in the uncertainty of the skill distributions (concep-
tualized by mean-preserving spreads), and how these relationships are affected by the production technology. The general
message is that making contest participants more heterogeneous can increase equilibrium effort. These findings contradict
certain “standard” results known from the Tullock contest and the Lazear-Rosen tournament. Thus, the comparative statics
results derived from those standard models are not representative of the conclusions derived in the more general model.

The paper is organized as follows. In Section 2 below, we discuss related literature. Section 3 introduces the contest
model. Section 4 provides the equilibrium characterization. In Section 5, we present comparative statics results. Finally,
Section 6 concludes.

2. Related literature

There are three main approaches to the study of contests, the Tullock (or ratio-form) contest, the Lazear-Rosen tour-
nament, and the complete-information all-pay auction.! In the Tullock contest, introduced by Tullock (1980), a player’s
winning probability is given by his or her contribution to the contest divided by the sum of the contributions of the com-
peting players, and the contribution of each player is typically defined as a function of effort and sometimes also of skill.?
The Lazear-Rosen tournament assumes that the player with the highest contribution wins with certainty, and contribu-
tions depend on effort, some random factors (e.g., luck), and possibly on skills. The seminal paper is by Lazear and Rosen
(1981) who apply the model in a labor-market context.> The all-pay auction, finally, makes the same assumption as the
Lazear-Rosen tournament, except that contest contributions are deterministic and do not depend on random factors.*

1 The theoretical contest literature has been surveyed in a number of books and papers. See, e.g., Konrad (2009) and Vojnovi¢ (2016) for recent textbooks
and Chowdhury and Giirtler (2015), Chowdhury et al. (2019), and Fu and Wu (2019) for recent surveys.

2 The Tullock contest has been analyzed by, e.g., Cornes and Hartley (2005), Fu and Lu (2009a,b), Corchén and Dahm (2010), Schweinzer and Segev
(2012), and Chowdhury and Kim (2017). It has been axiomatized in various settings by Skaperdas (1996), Clark and Riis (1998b), and Miinster (2009).

3 It has been further analyzed by, for example, Green and Stokey (1983), Malcomson (1984, 1986), O'Keeffe et al. (1984), Lazear (1989), Schotter and
Weigelt (1992), Zabojnik and Bernhardt (2001), Hvide (2002), Grund and Sliwka (2005), Schéttner and Thiele (2010), Aoyagi (2010), Giirtler and Giirtler
(2015), and Imhof and Krakel (2016).

4 A detailed equilibrium characterization of the all-pay auction was developed by Baye et al. (1996). The complete-information all-pay auction (with
mixed-strategy equilibria) is the most commonly used in contest theory, but a private-values version can be found as well. The all-pay auction has been
further studied by, e.g., Hillman and Riley (1989), Clark and Riis (1998a), Barut and Kovenock (1998), Moldovanu and Sela (2001, 2006), Moldovanu et
al. (2007), Cohen et al. (2008), Siegel (2009, 2010), Sela (2012), Morath and Miinster (2013), Barbieri et al. (2014), Pérez-Castrillo and Wettstein (2016),
Olszewski and Siegel (2016), and Fang et al. (2020).
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Most studies analyzing the Tullock contest and the Lazear-Rosen tournament impose assumptions that ensure that equi-
libria in pure strategies exist. In contrast, only mixed-strategy equilibria exist in the all-pay auction (when players are
symmetrically informed about the decision situation). The Tullock contest and the Lazear-Rosen tournament are special
cases of our model, while the all-pay auction is not. Our main contribution is to show that the simple structure of equilibria
in the Tullock contest and the Lazear-Rosen tournament extends to more general production functions and skill distribu-
tions, even if players are heterogeneous in terms of their skill distributions.” To our knowledge, our paper is the first in
the contest literature to consider general production functions; the previous literature has focused on the case of linear or
multiplicative technologies.

An additional contribution of our paper is to show that canonical results regarding how player heterogeneity affects
equilibrium effort in the Tullock contest and the Lazear-Rosen tournament do not always extend to more general production
functions and skill distributions.® For example, Schotter and Weigelt (1992) have shown that effort is higher when players
have homogeneous skills relative to when they are heterogeneous, since disadvantaged players tend to give up and reduce
their effort, whereas advantaged players can afford to reduce their effort. Moreover, several studies (e.g., Hvide, 2002) have
shown that greater uncertainty regarding the contest outcome tends to reduce effort as, intuitively, effort has a lower impact
on who becomes the winner in a contest where the outcome is heavily influenced by random factors. In our setting, the
above results can be overturned, as we find that greater heterogeneity in terms of the skill distributions of the competing
players and more uncertainty regarding the contest outcome can in many cases result in higher equilibrium effort. Drugov
and Ryvkin (2021) complement these findings as they also demonstrate that the “encouragement effect” can be a general
result, contrary to long-held views in the contest theory literature. In contrast to the micro-foundation approach in the
present paper, they employ a reduced-form analysis working with the contest-success function, and show how different
types of heterogeneity determine the presence of discouragement or encouragement effects.

3. Model

Consider a contest between two risk-neutral players i € {1,2} who compete for a single prize of value V > 0. Both
players simultaneously choose effort e; > 0, and the cost of effort c(e;) is described by a continuously differentiable, strictly
increasing and strictly convex function satisfying c(0) = 0. The skill (type) of player i is denoted by ®;. There is uncertainty
about skills, which means that ®; is a random variable. The realization of ®; is denoted by 6; and it is not known to any
of the players (not even player i). It is commonly known, however, that ®; is independently and absolutely continuously
distributed according to the pdf f; (with cdf F;) with finite mean ;. For a given density f, we will use supp(f)={xeR:
f(x) > 0} to denote its support. We assume that the supports of f; and f, overlap on a subset of R with positive measure.
Notice that standard continuous distributions can be employed with both bounded and unbounded supports. Moreover, the
distributions can be different for the two players.

Symmetric uncertainty regarding skills is typically imposed in the career-concerns literature (e.g., Holmstrom, 1982;
Holmstrom and Ricard I Costa, 1986; Dewatripont et al., 1999; Auriol et al., 2002; and Bar-Isaac and Lévy, 2022) and also
in the literature on promotion signaling (e.g., Waldman, 1984; Bernhardt, 1995; Owan, 2004; Ghosh and Waldman, 2010;
DeVaro and Waldman, 2012; and Giirtler and Giirtler, 2019). This literature refers to firm-worker relationships, and the idea
is that both firms and workers are uncertain about how well workers perform when they begin their working careers and
that this uncertainty is reduced over time once performance information becomes available. We adopt this idea, referring
to ®; as a player’s skill, but it is also possible to interpret it as noise, as it is often done in the contest literature.’

The production of player i, and hence his or her contribution to the contest, is given by the continuously differentiable
production function g(6;, e;).® Importantly, we assume that g—egi > 0 for all e; > 0 which means (realistically) that each
player’s contribution to the contest is increasing with respect to his or her skill, for a given level of effort. Player i wins the
contest against the opponent player k € {1, 2}, k #1i, if and only if the contribution of player i is strictly higher than the
contribution of player k, namely, g(6;, e;) > g(6k, ex).” We denote by P;(e;, ex) player i's probability of winning the contest
(as a function of the efforts of both players) and we define the expected payoff as 7j(e;, ex) := Pi(ej, ex)V — c(e;). We also
define é := ¢~ (V) and E := [0, &]. A player’s equilibrium effort will always belong to the set E as the probability of winning
is bounded above by unity. We impose the following assumption:

5 Kirkegaard (2022) has recently proposed a contest model similar to ours. However, as his focus is on optimal contest design, we view his work as
complementary to ours.

6 Some exceptions to the standard results in the context of the Tullock contest and the Lazear-Rosen tournament have already been documented in the
literature. See, e.g., the work by Drugov and Ryvkin (2017) and Fu and Wu (2020) on biases in contests, and Lu et al. (2021) on identity-dependent prizes.

7 Many other interpretations are feasible as well. For instance, ®; could simply account for player i's luck in the contest. When the contest outcome is
based on performance evaluation, it could capture measurement error. It could also represent bias or preferences of the supervisor, unknown to the players.

8 In the literature on contests, a player’s contribution to the contest is also denoted as a player’s score.

9 Note that, as usual in such contest models, adding a common random shock to the players’ outputs does not affect the event of winning and, therefore,
does not have an effect on the equilibrium. Also notice that g(6;, e;) = g(6k, ex) happens with probability zero. In the following, whenever we refer to two
players i and k, we (implicitly) assume that i,k € {1,2}, i #k.
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Assumption 1. The primitives of the model are such that: (i) mj(e;j, ex) is continuously differentiable, and, (ii) any interior
solution of the system of first-order conditions for the players’ problems of maximizing 7j(e;, e;) characterizes a pure-
strategy Nash equilibrium.

The validity of the first-order approach is typically ensured by imposing assumptions on the primitives of the model that
guarantee that the objective functions 7; are quasi-concave and increasing at e; = 0. Previous papers in the contest-theory
literature, however, have shown that the first-order approach may be valid even when the objective functions are neither
quasi-concave nor increasing at e; = 0 (see, e.g., Fig. 1 in Schweinzer and Segev, 2012). As we do not want to rule out
such cases, we assume that the Nash-equilibrium efforts are characterized by the players’ first-order conditions to their
maximization problems without restricting the shape of m; too much.

Each of the theoretical results we present will be accompanied by at least one example for which we verify that the first-
order conditions indeed characterize an equilibrium, by verifying the appropriate second-order conditions. As we permit a
wide range of production functions and skill distributions, resulting in payoff functions that are not generally well-behaved,
it is not feasible to pin down the exact set of parameters for which Assumption 1 is satisfied. However, in some instances,
it is easy to verify that the first-order approach is valid, e.g., in the case of additive production functions and sufficiently
convex cost functions. Moreover, given that the Lazear-Rosen tournament and the Tullock contest are special cases of our
model, all that is known about equilibrium existence for these two models continues to hold in our setting.!’

Finally, we assume that there exist é;, é; € int E such that wui:ekﬂi < 0 and %ﬁ'ei:ek:éi > 0. This ensures
that the first-order condition to player i’s maximization problem can be fulfilled in a symmetric equilibrium.

4. Equilibrium characterization

We focus on pure-strategy Nash equilibria in which both players choose the same level of effort. The following lemma
provides a sufficient condition for such a symmetric equilibrium to exist.

Lemma 1. A sufficient condition for a symmetric equilibrium to exist is that %e’le") le;—e,—e 1S the same fori, k € {1, 2}, i #k, and all
ecint E.

Proof. See Appendix A.1. O

We will make use of Lemma 1 to prove the existence of a symmetric equilibrium by checking the sufficient condition.
Since this condition depends on the winning probability, we need to specify this probability first. For each e > 0, we define
the function g, : R — R by g. (x) = g (x, e). The function g.(x) is strictly increasing in x and thus invertible, and we denote
the (strictly increasing) inverse by g, 1. This notation can be motivated by the fact that the event of player i winning over
player k can be written as

g (Bk.ex) < g (6;,e5)
& Zey (Ok) < Ze; (61)
&0 < g, (g 6)).

Considering all potential realizations of ®; and ®y, the winning probability of player i is

Pi(ei, ex) =/F1< (ge_k1 (ge: (X))) fi (%) dx.
R
By symmetry, the winning probability of player k is

Py(ei.ex) = f Fi (g5," (8e, ®))) fie () dx.
R

The derivative of player i’s winning probability with respect to e; is given by'':

10 The Lazear-Rosen tournament is obtained in our model by setting g(6;, e;) = 6; + e;. To see that the Tullock contest is a special case of our model, see
Jia (2008) who demonstrates that a contest with a multiplicative production technology g(6;, e;) = 6;e;, where 6; follows a certain class of distributions,
results in a winning probability of the Tullock form. See also Clark and Riis (1996), Fullerton and McAfee (1999), and Fu and Lu (2012). The literature
contains a range of modifications and generalizations of the Tullock contest-success function, some of which cannot be micro-founded in a similar way. See
the recent discussion in Kirkegaard (2022).

1 Notice that Fy is differentiable almost everywhere, since it is the cdf of the absolutely continuous random variable ®, with fi as the corresponding
pdf.
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dP; (e ,e,
— f fi (25 (80, ) - (82! (80 ) i x. (1)
The derivative of player k’s winning probability with respect to ey is given by:
dPy(ei, ex)
#" / fi (82" (ge (x))) (ge, (8e, ) fie (%) dx. )
K

It can immediately be seen that expressions (1) and (2) are equal when e; = ey =e € int E since, in this case, g;kl (8e; (%) =
g 1(ge, (x)) =x and dek g 1(ge, ) = dieige—kl (8e; (x)). Thus, the sufficient condition for the existence of a symmetric equi-
librium in Lemma 1 is satisfied. Hence, we have the following theorem.

Theorem 1. There exists a symmetric equilibrium in which both players choose the same level of effort.
The theorem states that, even if the players are asymmetric (i.e., f1 # f), there always exists a symmetric equilibrium of

the contest game. This key result allows a tractable analysis of contests between asymmetric players in a variety of different
settings. We define a. : R — R by

000 = g (g, () _dsxe / 850 _ MRTS(x ), (3)

de; er=ey=e oe ox

where the equality follows from an application of the inverse function theorem and MRT S(x, e) denotes the marginal rate
of technical substitution between skill and effort in a symmetric equilibrium.'?> Recognizing that the two players have the
same cost function c(e), we can write the (identical) first-order condition for effort for the two players in a symmetric
equilibrium as

v / G- (0 fic (%) fi (%) dx = ¢ (€%). (4)
R

The LHS of (4) describes the return to a marginal increase in effort, averaged over all possible skill realizations. The key
observation necessary to understand the intuition behind (4) is that a marginal effort increase is pivotal to winning the
contest if and only if g (6x, ex) = g (6;, €;). In a symmetric equilibrium, in which ey = e;, this implies that 6y = 6;. Accordingly,
equation (4) contains the “collision density” fi(x) fi(x) that describes how likely it is that the skill realizations of the two
competing players are the same. The fact that this term is the same for both players is due to our assumption of symmetric
uncertainty: Although the skill distributions of the two players are different, the collision density fif; is the same from
both players’ perspective. Furthermore, in situations in which a marginal effort increase is pivotal to winning the contest,
ae(x) is the same for both players. This is because g(6,e) is the same for both players, and depends only on effort e and
skill 6.

The function a.(x) describes how a marginal increase in effort by a player increases output relative to his or her rival
and is equal to the marginal rate of technical substitution between skill and effort. The purpose of raising effort is to beat
players with higher skill. The MRTS determines the range of additional types that the player can win against through a
small effort increase. The lower is the sensitivity of output to skill in the production function, the smaller is the advantage
of marginally more skilled rivals, and the higher is the marginal incentive to exert effort. A direct implication is that the
marginal incentive to exert effort is higher in environments in which players’ outputs depend to a large degree on effort
than in those in which the output is mainly determined by players’ skills. The reason is that the MRTS tends to be larger in
the former than in the latter environments, implying a greater impact of effort on the winning probability, as just explained.

4.1. Limitations and generalizations

Before proceeding, we would like to discuss certain limitations and generalizations of our findings. The first limitation is
that a symmetric equilibrium generally does not exist when players are privately informed about their skills. The reason is
simple. We have shown before that a symmetric equilibrium exists since the collision density f(x) fi(x) is the same from
both players’ point of view. In contrast, when players are privately informed about their own skills, they are only uncertain
about the skill of their opponent. This means that the collision density is replaced by fi(x) for player i and fi(x) for player
k, introducing an asymmetry into the model.

d
_ de8e®
8 (%) =g
ej=ey=e

12 : ; d o1 1
To see this, notice that - (X | =1
dor 8. (8 ) eimey=e 8o (8 (8e; (X)) del
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The second limitation is that the general result about the existence of a symmetric equilibrium does not extend to the
n-player case.'®> There is again a simple explanation for this. A player will only win the contest if he or she beats all other
players. Essentially, each player is thus competing against the best of the other players, that is, the highest order statistic,
and the collision density is generalized accordingly (as the product of the player’s own skill density and the density of the
highest order statistic of the other players). This implies that the collision density is no longer the same from all players’
point of view.'*

Regarding generalizations, while we have shown that a symmetric equilibrium generally exists if the skill distribution
is the source of the heterogeneity, this is no longer the case if the contestants are asymmetric regarding prize valuations,
cost functions or production functions. Nevertheless, under stricter assumptions, we can identify some setups in which the
analysis of the baseline case can be generalized. This analysis is presented in Appendix A.5.

5. Comparative statics results

In this section, we investigate how heterogeneity in the statistical properties of the skill distributions of the competing
players influences the incentive to exert effort. To facilitate the derivation of these results, we define r.; : R — R given by
Te.i(X) = ae (X) fi (x). Equation (4) can thus be written as:

V/re*,i(x)fk (x)dx=c'(e*). (5)
R

The integral now has the same structure as a decision maker’s expected utility in decision theory (e.g., Levy, 1992), where
the function r,; corresponds to the decision maker’s utility function. As we will see, this link proves useful in deriving
several key results. We also need one additional assumption:

Assumption 2. The primitives of the model are such that q: E — R, defined by

qe =V / re,i(X) fie %) dx — c'(e),
R

is strictly decreasing.

As c is strictly convex, Assumption 2 is not very strong and is always satisfied if fR Te.i(X) fk (x) dx is non-increasing in e.

1
To give a specific example, consider the CES production function g(6;, e;) = (O{Gip + ﬁef) ?, with o, 8 >0 and p < 1. Here

ae (X) = g (g)lfp. implying that fR ae(X) f1 (%) f2 (x)dx = eP~! fR gxl‘ﬂ f1(X) f2 (x)dx. For this specification, Assumption 2

is satisfied in all cases where players have an incentive to exert positive effort (i.e., ]R §x1‘pf1 (x) f2 (x)dx > 0). Further-
more, the assumption ensures that effort is always increasing in the prize and that the considered equilibrium is unique in
the class of symmetric equilibria (the latter result follows from the assumption ensuring that there is a unique e solving

equation (5)).
5.1. First-order stochastic dominance

A standard result in contest theory is that heterogeneity among players with respect to their skills reduces the incentive
to exert effort (see, e.g., Schotter and Weigelt, 1992 or Observation 1 in the survey by Chowdhury et al., 2019). In our model,
this standard result is potentially reversed, as we will now show.

Consider a contest with two players with skills drawn from two distributions with expected values py and w;, respec-
tively. If, from the outset, t; > ; and the difference uj — i is increased, then the two players become more heterogeneous
in terms of their expected skill. Based on this idea, we proceed by investigating the consequences of making players more
heterogeneous in the sense of first-order stochastic dominance, as captured by the following definition.

Definition 1. Let 44y and w; refer to the expected values of the skill distributions (F, F;) in an initial contest. Players in a
contest with skill distributions (F, F;) are said to be more heterogeneous (with respect to their skills) relative to players in
the initial contest with skill distributions (F, F;), in a first-order sense, if either of the following conditions holds:

13 Contests with more than two players have been studied by, e.g., Tullock (1980), Nalebuff and Stiglitz (1983), Hillman and Riley (1989), Zibojnik and
Bernhardt (2001), Chen (2003), Zabojnik (2012), and Ryvkin and Drugov (2020).
14 We have identified one situation where a symmetric equilibrium exists in the n-player case which pertains to the situation where n — 1 equally skilled
players compete against a player who is more highly skilled (as in Brown, 2011 and Krumer et al., 2017), and the skill distribution is given by the reflected
exponential distribution. The analysis of this case is presented in Appendix A.4.
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(i) mg > ui and F dominates Fy in the sense of first-order stochastic dominance (i.e., the stronger player becomes even
stronger).

(ii) g < pmi and Fy, is dominated by Fj in the sense of first-order stochastic dominance (i.e., the weaker player becomes
even weaker).

Due to Assumption 2, equilibrium effort increases if a change in the primitives of the model leads to an increase in
fR Te,i(X) fk (x)dx. As indicated before, this expression has the same structure as a decision maker’s expected utility in
decision theory, where the function r,; is replaced by the decision maker’s utility function. Since the structure of the
problems is the same, we can make extensive use of results from decision theory in our analysis. We obtain the following
proposition.

Proposition 1. Consider two contests with skill distributions (Fk, F;) and (Fy, F;) where supp(fk) and supp( fx) both are subsets of
supp(fi). Let e* and e* denote, respectively, the (symmetric) equilibrium efforts associated with these contests. Then, &* > e* if either
one of the following statements holds:

(1) re,i(x) is strictly increasing for all x € supp(f;) and all e > 0, and Fy dominates Fy, in the sense of first-order stochastic dominance.
(i) re.i(x) is strictly decreasing for all x € supp(f;) and all e > 0, and Fy is dominated by Fy in the sense of first-order stochastic
dominance.

Proof. See Appendix A.2. O

Note that Proposition 1 holds independently of whether py < u; or py > w;. Combining Definition 1 with Proposition 1,
we have the following corollary.!”

Corollary 1. Effort can be higher when contestants are more heterogeneous in a first-order sense.

We illustrate the intuition behind Proposition 1 and Corollary 1 through two examples. In each example, we start from
a situation of equal expected skills, and then introduce a first-order stochastic dominance shift. In the first example, which
has a somewhat simpler intuition than the second, re ;(x) is strictly decreasing and effort gets higher as player k becomes
weaker, illustrating part (ii) of Proposition 1. In the second example, re ;(x) is strictly increasing and effort gets higher as
player k becomes stronger, illustrating part (i) of Proposition 1.

Example 1. Suppose that g(0,e) =6 +e, ©; ~ Exp (%) O ~U[3. 1], & ~U[&. 8] cle = = 1. Then e* =
2e(3)-1) ~0.499 and &* = 2ee(3)-1) ~ 0.543.
oot (i)

In Example 1, the first thing to notice is that the additive production technology implies that a.(x) = 1. This further im-
plies that r, j(x) is strictly decreasing for all relevant x, since f;(x) is the decreasing pdf of the exponential skill distribution.
The fact that a.(x) = 1 also implies that the incentive to supply effort, as given by (4), only depends on the collision density
fr®) fi(x). Since fi(x) is decreasing, and fi(x) is uniform and shifted to the left, the collision density between f; and f;
is everywhere larger than the collision density between f and fj, see Fig. 1 for an illustration. Recalling the discussion
following (4), the considered distributional shift makes the pivotal situations more “likely”. Thus, both players have a higher
incentive to exert effort.

Example 2. Suppose that g(0,e) =6 -e, ®; ~ U[0,1], Oy ~ U [}‘ %] Or~U [% %] cle) = % V =1.Then ¢* = L ~
0.707 and &* = 3 =0.75.

S

In Example 2, the multiplicative production technology implies that a.(x) = x/e which is a strictly increasing function
of x. This further implies that r. ;(x) is strictly increasing on [0, 1] because f; is uniform. The shift in the skill distribution
of player k from Fj to Fj implies that the expected skill of player k increases. However, the height of the density of player
k’s skill distribution does not change (fx(x) =2, x € [}t, %] and ]‘k(x) =2,X¢€ [156, 16]) Thus, since fi(x) =1, we have that
fre) fix) = fk(x)f,-(x) =2 at all points where these collision densities are non-zero. However, due to the distributional
shift, the subset of R where the two uniform distributions overlap shifts to the right. Therefore, the two distributions

15 There is one small caveat to Corollary 1 that we should mention. If equilibrium effort increases as contestants become more heterogeneous, then a
symmetric equilibrium in which both players exert positive effort will fail to exist if the heterogeneity between players becomes too large. The reason is
that the weaker player would eventually receive a negative payoff, meaning that this player would prefer to choose zero effort.
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Fig. 2. lllustration of Example 2.

collide at larger values of x (see Fig. 2 for an illustration). This would have no effect on the incentive to exert effort if ae(x)
were constant, as in Example 1. However, in the current example, we have that a.(x) = x/e. Thus, taking into account the
three terms in (4), the fact that the two distributions collide at larger values of x increases the incentive to exert effort
for both players. Intuitively, given that the pivotal situations now occur at larger values of skill, the fact that there is a
complementarity between skill and effort in the production function implies that the incentive to supply effort is higher for
both players.

Concluding this section, we note that the conditions in Proposition 1 are sufficient, but not necessary for the result that
effort can be higher when contestants are more heterogeneous. To illustrate this, we present an illustrative example based
on normal distributions.

Example 3. Suppose that ©; ~ N(ui, 07), O ~ N(uk. o), and g(6,e) =6 -e and let (0j,01) = (1, 1), (i, i) = (3. 3)-
-1
V =1, and c(e) = % Then equilibrium effort is e* = (2n%) ~ 0.38. If we increase u; from % to % keeping i, constant,

Tibri : 5% 1 17!
equilibrium effort increases to e* = (ﬁexp (g) T 4) ~0.47.

In the above example it can be verified that r. ;(x) = ae(x) f; (x) is neither always increasing nor always decreasing,
by virtue of the multiplicative production technology combined with the bell-shaped normal distribution. Nonetheless,
equilibrium effort increases as players become more heterogeneous in the sense of increasing the distance |u; — -

5.2. Mean-preserving spreads
The studies by Hvide (2002), Krdkel and Sliwka (2004), Krdkel (2008), Gilpatric (2009), and DeVaro and Kauhanen (2016)
investigate how “risk” or “uncertainty” affects players’ incentive to exert effort in contests. One result that is common to

all of these analyses is that in contests between equally able players, higher risk (as measured by a higher variance of
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the random variables capturing the uncertainty of the contest outcome) leads to lower efforts. We revisit this result in
the context of our model, and show that effort may increase as the skill distribution of one of the players becomes more
uncertain.

The economic literature has identified different ways to conceptualize risk or uncertainty. We follow Rothschild and
Stiglitz (1]6970) by using the concept of a mean-preserving spread to measure the uncertainty regarding players’ skill distri-
butions.

Definition 2. The skill distribution F; is said to be more uncertain than the distribution F; if F; is a mean-preserving spread
of Fj.

Equipped with this definition, we can use well-known results from decision theory to obtain our next proposition:

Proposition 2. Consider two contests with skill distributions (Fy, F;) and (Fy, F;) where supp(fk) and supp( f) both are subsets of
supp(fi). Let e* and e* denote, respectively, the (symmetric) equilibrium efforts associated with these contests. Suppose that Fj is
more uncertain than Fy. Then, the following results hold:

(i) Ifre i(x) is strictly convex on supp(f;) for all e > 0, then * > e*.
(ii) Ifrei(x) is linear on supp(f;) for all e > 0, then é* = e*.
(iii) Ifre i (x) is strictly concave on supp( f;) for all e > 0, then e* < e*.

Proof. See Appendix A.3. O

The key insight needed to understand Proposition 2 is that applying a mean-preserving spread to the distribution Fj
shifts probability mass from the center to the tails of the distribution, and the impact of this change on the incentive to
exert effort depends on the curvature of r j(x). Notice that Proposition 2 also holds if players have the same expected skill,
namely w; = k. This means that, in a contest with two players who are expected to be equally able, higher uncertainty
regarding players’ skills may increase the incentive to exert effort.

Next, we illustrate and provide intuition for Proposition 2 by presenting an example set in the context of the Lazear-
Rosen model with an additive production technology. The example demonstrates that increasing the uncertainty of the
contest while keeping the expected skill of both players unchanged, can increase equilibrium effort.

Example 4. Consider a contest with the additive production function g(6,e) = 6 + e, the parameter V = 1, and the
cost function c(e) = % Suppose ®; ~ Exp(1) and ©, ~ U [% %] (implying w; = ux = 1). Equilibrium effort is then

et = % ~ 0.38. Now, consider a mean-preserving spread of the skill distribution of player k, enlarging the support
exp( 3
of the uniform distribution, such that ® ~ U[0, 2]. Then effort increases to &* = 2221 ~ .43,

2exp(2)

In Example 4, we have imposed the additive production technology which implies a.(x) = 1. Thus, the convexity of re ; (x)
referred to in part (i) of Proposition 2 is determined by the convexity of f;(x). To understand how the shift from f} to fk
affects the incentive to exert effort, we need to study how the integral in (4) is affected. Similar to Example 1, given that
ae(x) =1, it is sufficient to compare [ fi(x) fy(x)dx with [ fi(x) fy(x)dx. The shift from fi to fi entails an enlargement of
the support of the uniform distribution. This implies that the density decreases for intermediate values of x, but increases
for low and high values of x (see Fig. 3 for an illustration). Given that fj(x) is strictly decreasing, the part of the skill
distribution of player k that is stretched out to the left will collide with relatively large values of f;, whereas the part of
the skill distribution of player k that is stretched out to the right will collide with relatively small values of f;, creating a
trade-off. The fact that f; is not only strictly decreasing, but also convex, resolves this trade-off, implying that the overall
effect of the shift is to increase the value of the integral expression. Thus, both players have a higher incentive to exert
effort as a result of the move from fi to f.

We conclude this section by defining contestant heterogeneity in a second-order sense and we follow the structure of the
corresponding definition of heterogeneity in a first-order sense (Definition 1).

Definition 3. Players in a contest with skill distributions (Fy, F;), are said to be more heterogeneous (with respect to their
skills) relative to players in the initial contest with skill distributions (Fg, F;), in a second-order sense, if either of the
following conditions holds:

16 Gerchak and He (2003) analyze how effort in two-player contests is determined by the Rényi entropy, and Drugov and Ryvkin (2020) generalize their
insights to the case of more than two players. Their results, however, rely on the assumptions of an additive production function and homogeneous players
(i.e., players with the same skill distributions). It is not obvious how these results transfer to a model with general production technologies and asymmetric
skill distributions, which is the primary focus here.
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Fig. 3. lllustration of Example 4.

(i) Fy is a mean-preserving spread over Fj, which in turn is a mean-preserving spread over F;.
(ii) F; is a mean-preserving spread over Fi, which in turn is a mean-preserving spread over Fj.

Combining Proposition 2 with Definition 3, we have the following corollary.
Corollary 2. Effort can be higher when contestants are more heterogeneous in a second-order sense.

6. Concluding remarks

We have explored simple equilibria in contests between two heterogeneous contestants. Under general assumptions
about the production technology and the skill distributions of the players, we have shown that the contest has a symmetric
equilibrium in which both players exert the same effort. We have also provided intuition regarding how the different
components of the contest interact to determine the incentive to exert effort and revisited several comparative statics
results of contest theory, showing that standard results in the literature are not necessarily robust to generalizations of
the production technology or skill distributions. In particular, we have found that making players more heterogeneous can
increase the incentive to exert effort.
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Appendix A
A.1. Proof of Lemma 1

Suppose that
9Pa(ez.e1)
dey
uous function of e. Furthermore, recall that there exist e;, é; € int E such that W lej=ep=g; < 0 an

1

PUSLED |, gV — €' (€%) = 0. By Assump-

%Iei:ek:e is the same for both i € {1, 2} and all e e int E. Then we have %11'62)|91=92=ev —c'(e) =
le;=e,=e V —C’(e) for all e € int E. Since m;(e;, ex) is continuously differentiable, Wm:ek:gv —c/(e) is a contin-
d 8ﬂi§e,~,ek)|e ep=t; > 0

e; i=€k=€;j .
Hence, by the Intermediate Value Theorem, there is some e* € int E such that
tion 1, e; = ey =e™* is a Nash equilibrium.
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A.2. Proof of Proposition 1

Suppose that Assumption 2 holds, and consider case (i), i.e., e ; (X) is monotonically increasing in x, and Fy first-order
stochastically dominates F. Denote the equilibrium effort levels for the two contests by é* and e*, respectively. Our goal is
to show that é* > e*. The proof proceeds by contradiction, so suppose &* < e*. Observe that:

V/ré*,i(x) feydx—c (8%) >
V/Te*,i(x) fe@ydx—¢ (e*) >

v / Fee i 09 fie 0 dx — ' (¢¥) = 0.

The first inequality follows from é* < e* together with Assumption 2. The second inequality follows from r.; (x) being
monotonically increasing on supp(f;), Fy first-order stochastically dominating Fy, and the fact that we have assumed that
both supp(fi) and supp(fi) are subsets of supp(fi)."” The equality follows since e* is characterized by the first-order
condition V fre*,,- ) fr (x)dx — ¢’ (e*) = 0. We conclude that

1% / Tee.i (X) fex)dx—c (&) >o.

This shows that the first-order condition for equilibrium effort cannot be fulfilled in the case of the distribution Fy, giving us
the desired contradiction. By an analogous argument, we can show that é* > e* also in case (ii) where r; is monotonically

decreasing in x for all e > 0 and F; first-order stochastically dominates Fj. In this case, fre,,-(x)fk ®)dx > [1ei(x) fr (x)dx
for all e > O (see, e.g., Levy, 1992, p. 557).

A.3. Proof of Proposition 2

Because of Assumption 2 and the condition characterizing equilibrium effort, we need to show that f re,i(x)fk (x)dx >
(=, <) [1e,i(®) fr () dx if re; is convex (linear, concave). The proof is very similar to part a) of the proof of Theorem 2 in
Rothschild and Stiglitz (1970, p. 237). In the case of convex re ;, the inequality in their proof is reversed, while it is replaced
by an equality if re; is linear.

A.4. “Superstar” example

Proposition A.1 below illustrates a special case where n — 1 homogeneous players compete against a player who is more
highly skilled, giving rise to a symmetric equilibrium with n > 2. The key to understanding the example is that the reflected
exponential distribution has a constant reversed hazard rate.

Proposition A.1. Suppose that ©; =t; + & fori=1,...,nwherety >ty =---=t,=tand the &,i=1,...,n, areiid. according
to the reflected exponential distribution with cdf H(x) = exp(Ax) defined on (—oo, 0] with A > 0 (Rinne, 2014). Then, a symmetric
equilibrium exists in which all players choose the same equilibrium effort e*.

Proof. Player i outperforms player k iff

Ze; (ti +&i) > e, (tx + &k)
& & < ge_k] (e; (ti +€0) — t.

Recall that the &; are i.i.d., following the reflected exponential distribution on (—oo, 0]. The cdf is denoted by H and the pdf
by h. Hence, player i wins the contest with probability

JTT# (e (g ) - ) h e d.

ki

In a symmetric equilibrium with e] = ... =ej; =: e*, the marginal effect of effort on the probability of winning,

17" See, e.g., Levy (1992, p. 557). Notice that, in decision theory, the utility function is defined for all possible payoffs and therefore no additional constraints
regarding the statistical supports need to be imposed.
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d _ h(t; +x—tg)
f [[HCG+x—t | [ (—ge,} (ge; (& +x))) ————— | h(x)dx,
ki o \dei ej=...=ej=e H (li X = 11)
must be the same for all i. Denote At =t; —t > 0. For player 1, we have,
d h (At +x)
H (At t —— |h dx.
/ [[H@c0 ]2 (de %, (80 (1 +X))> e H(AL4) |TOK
k#1 k#1 ==y
For any other player i € {2, ...,n}, we have
d _ h(—At+y)
H(=At+y) [[ HW) <—g ! gi(t+y)> T
/ ( kl;é_ll,i ) ( e; ¢ ( e ) et mef—e® H(-At+y)
h(y)
+2 5 gek (g (t+)) —= | h(y)dy.
k#1,i e¥= _:e;:e* H (}’)

The map ¢1 : Ry — R given by x - y = At +x is a smooth diffeomorphism with det |¢] (x)| = 1. Applying the associated
change of variables to the preceding expression, we obtain

d 4 h(x)
/ H (%) l—['H(AH-X) ((d_e,-gel (&e; (t1+x))> o H®
k#1,i 1=...=e;
h (At +
+Y (—gek (8, (t1+><))> o ﬁ h (At + X) dx.
k£1,i ej=...=ep=e*

The expressions for the two types of players can be restated as

d
f Ho[[H@t+0 | [ (de 2. (g (t1+><))>

h(At+x) | h(x)
eie—ei—er H(AT+X) | HR)

)

k#1 k1 1

d h
/ H (x) 1_[ H (At +x) <<_ge1 (gei (t1 +x))> %
k#1 ef=...=ej=e* )

h(At+x) | h(At+%)
etz —eizer H(AL+X) | H(At+X)

1

+ Z ( gek gei (tl +X)))

k#1,i
Notice both expressions are equal to zero for x > —At. Hence, they can be restated as

—At

d _ h(At+x) \ h(
H H (At + = g1 (ge, (t1 + ) ’

/ (x)g ( & ,;(mgek (8er (t1+) eim—eer H(AL+X) | HX)

—At g hoo
/ H®[[H @At +x) < -2, (g, (t1+x))> 0

kA1 et=.. =ej=er HX)
h(At+x) | h(At+x)
+k§1( 8., (&e; (t1+x))> o LT | HGACED)

hx _ h(At+x)

For x < —At, we observe HG) = HAC)

=, and the expressions become

—At

d
AZ/ H[[H@At+x) Z(d 8o, (8er (t1+x))>
k1 k1 €1

dx,

k. __pk__
ej=...=ep=e*

dx
e’f:...:eﬁ:e*)

—At
d _
A2 / (H(X)HH(AH-X)) Z(d—eigekl (gef(t1+><))>

k1 ki
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which are identical. O

A.5. Heterogeneity in production functions, prizes and cost functions

In our previous analysis, the symmetry of the equilibrium was derived under the assumption that the production func-
tions, prizes and cost functions were the same for the competing players. We show next that these assumptions can, under
stricter assumptions, be relaxed.

We begin with the possibility to allow for heterogeneity in production technologies, using the observation that, in some
situations, different production functions can be reinterpreted as different skill distributions. This allows us to show that a
symmetric equilibrium exists using the results of Theorem 1.

Corollary A.1. Suppose that the production functions are different for the two competing players and can be written as g; (6;, e;) =
g (hi (6)),ej),i€({1,2}. Then a symmetric equilibrium of the contest game exists with effort determined by

14 / aer (%) fi (%) fie @ dx = (e*), (A1)
R

where h; is a real-valued function, ]‘i denotes the pdf of the random variable ®; := h; (®;) and ae is calculated based on the production
function g <9~17 Ej).

Proof. Define ©; := h; (®;). The considered contest is then equivalent (in terms of equilibrium effort choices) to a contest
in which skills are given by ©; and the production function fg(éi,ei> is the same for both players. Hence, a symmetric
equilibrium exists with effort determined by the condition (A.1). O

As a specific example, consider the additive production function g; (6;,e;) = n; (6;) + « (e;), with n; and « being two
strictly increasing functions. In this case, Corollary A.1 can be applied since we can write g (h; (6;),e;) = h; (6;) + « (e;),
with h; (6;) = n; (6;). Likewise, in the case of a multiplicative production function of the form g; (6;, e;) = n; (6;) « (e;) (im-
posing the additional assumption that n; and x are non-negative), we can apply the corollary noting that g (h; (6;),e;) =
hi (6;) k (e;), with h; (6;) = n; (6;). Notice that in both examples, the component « (e;) is the same for both players.

Next, we consider a situation with heterogeneous prizes given by V; =sV and V, =V with s > 0.

Proposition A.2. Consider a contest with heterogeneous prizes Vi = sV and V, = V where s > 0, and let c(e) = ce®, with ¢ > 0.
Then, the contest can be transformed into a contest where the players have the same prizes, but different production functions by
considering the transformed effort variables &1 = eq/s'/% and &, = e;. Denote the equilibrium of the transformed contest by & and
&3 Then, the equilibrium of the original contest is given by e} = 51/551* and e, where & and e’ maximize

/Fz (g5, (85155, ) f1 () dxV — ¢ (§1)

R

and
[ £ (g5hs, (2 @) 20V — .
R

respectively.

Proof. Player 1's objective function is given by

f F3 (g5, (g ) f1 () dxsV —c(eq).
R

1/8

Using & =eq/s'/°, the preceding expression becomes

sz (g2,' (8510, ®))) f1 ) dxsV —c (s/°%1)

R
- / Fa (5.1 (g1e, () f1 () dxsV — sc (&1)
R
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_p / Fa (25 (81se, ) fr M XV — c (§1)
R

Maximizing this function is equivalent to maximizing

/Fz (ge_z1 (85156, )) f1 () dxXV —c (&1).
R

Player 2’s objective function can be stated as

f F1 (g5, (ge, ®)) f2 () dxV —c (e2)
R

=/F1 (g;}aél (&e, (X))) f2x)dxV —c(ez). O
R

Proposition A.2 shows that, for the given cost function, the equilibrium of a contest with heterogeneous prizes is char-
acterized by conditions abiding a structure which is very similar to the structure of the conditions used to characterize the
equilibrium in Theorem 1, although the equilibrium is in general no longer symmetric. However, as we shall see below, if
the conditions of Corollary A.1 are satisfied, we can derive a very simple expression for the relationship between the equi-
librium effort levels. Before turning to this result, we first demonstrate that, in some situations, a contest with different cost
functions is equivalent to a contest with different prizes (in terms of equilibrium effort choices) and hence can, according
to Prop?gition A.2, be transformed into a contest with different production functions. This is formalized in the following
remark.

Remark A.1. Suppose that players have heterogeneous cost functions that take the form c; (e;) = wjc (e;), with w; > 0. Then,
the objective of player i can be written as:

Vi
[ Fielea! (80 @) fiodnts — oncen =on | [ Fe (8 (g ) frde! e
R R

This objective is equivalent to one in which prizes are given by , but the cost functions are the same for both players.

Proposition A.2 and Remark A.1 highlight how, in certain cases, contests with different prizes or different cost func-
tions can be transformed into equivalent contests with different production technologies. We now turn to showing that, if
the assumptions underlying Corollary A.1 are satisfied, these contests can be reinterpreted as contests with different skill
distributions, allowing us to apply the equilibrium characterization from our baseline case.

Proposition A.3 below considers the Cobb-Douglas production technology that satisfies the assumptions of Corollary A.1.
We can show that the ratio of equilibrium efforts e]/e3 depends only on the ratio of prizes and the degree of homogeneity
of the cost function.

Proposition A.3. Let the two prizes be given by V1 = sV and V, = V with s > 0. Suppose g (9, e) = 6%eP, with o, 8 > 0, and let
c(e) = ce®, with ¢ > 0. Then an equilibrium exists with efforts given by e’ = s'/°e3 and e’ being determined by

ff1 ®) f> () xdxV = e3¢’ (e3).

where ]‘1 and fz denote the pdfs of the random variables ©1 := s @)f and © := @)2F , respectively.
Proof. Player 1 wins if and only if
o 31 > 05 e2

< 91ﬂ er > 92ﬁ ey.

18 Similar transformations between prizes and cost functions are standard in the literature.
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1/8

Substituting & =eq1/s'/?, the condition becomes

a

o
B 1
0] s3&1 > 6 es.

Now define ©1 :=s%(-)1g and ©; := ®J, and denote the corresponding pdfs and cdfs by fi, fo, F1, and F,, respectively.
Player 1’s objective function can be stated as

/ (Sl )f1 (x)dxsV —c(s'°&)
()
R

=s[ <Sl)f1<x>de—c<sl)
R

Maximization of the objective function is equivalent to maximization of

/ <‘§1 )f1 X dxV —c (&),
R

so we consider this latter problem. Since player 2’s objective function can be stated as

fﬂ (s )fz<x>de—c<ez)
R

we have transformed the contest into the form of our main model, meaning that an equilibrium (e’{,eﬁ) exists, where

ey . .
el =& = - is characterized by
53

/f1 (x) f2 (0 xdxV = eic "(e3). O

We conclude this section by presenting an example in which players, in addition to having different skill distributions
as in our baseline case, have different production functions and cost functions, and face different prizes. This example is
equivalent to a Tullock lottery contest with heterogeneous prizes and quadratic effort costs.

Example A.1. Suppose that:

01e1 1% exp (—2x~!
g1 (91,61)=T, c1(e1) =e?, V1=§, fi (X)ZZ%I{X>O}7
e2 exp (—x~1)
g2(02,€2) =her, C2 (62)=?, Vo=V, fr(®)=—5—"Ix0),
implying that player 2 has a more efficient production technology, lower cost of exerting effort and faces a higher prize.
—1 _ -1
Define ©7 := &L, and denote by f1 (x) = &I{»g} and Fq (t) = ffoo %I{bo}dx the corresponding pdf and cdf.

The objectlve function of player 1 can then be stated as:

2
/F2< >f1 (X)dxf 2-2 /F2< >f1 (X)dxf_%l
R R

The objective function of player 2 can be stated as:

02
/F1< )fz(x)de—E
R

Hence, we have transformed the original contest into a contest with different prizes V; := % and V, =V, but identical pro-
duction functions and cost functions. According to part (i) of Proposition A.3 (noting that s = }1 and § =2 in the transformed

contest), an equilibrium exists with efforts given by e} = % = 872 where e is determined by
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v f Fi fo0xdx= (e3)° e=e3= |V f Fi1 ®) fo (0 xdx,
R R

~ exp(—% ® . . . .
with f1(x) = %I{Do} being the pdf corresponding to the random variable % Using the specific density functions,
we obtain

Fool Dot ey, |, 7o),
es= V/ xdx = Vfidx= —.
2x2 x? 2x3

0 0

Notice that the same result as in Example A.1 would be obtained by directly solving the Tullock contest with different

2
ei V._ & ) _ & .
Gt 4 2 and V-3 respectively.

prizes and quadratic costs, in which players maximize the objectives

References

Aoyagi, M., 2010. Information feedback in a dynamic tournament. Games Econ. Behav. 70, 242-260. https://doi.org/10.1016/j.geb.2010.01.013.

Auriol, E., Friebel, G., Pechlivanos, L., 2002. Career concerns in teams. ]. Labor Econ. 20, 289-307. https://doi.org/10.1086/338240.

Bar-Isaac, H., Lévy, R., 2022. Motivating employees through career paths. J. Labor Econ. 40, 95-131. https://doi.org/10.1086/713759.

Barbieri, S., Malueg, D.A., Topolyan, I., 2014. The best-shot all-pay (group) auction with complete information. Econ. Theory 57, 603-640. https://doi.org/10.
1007/s00199-014-0847-6.

Barut, Y., Kovenock, D., 1998. The symmetric multiple prize all-pay auction with complete information. Eur. ]. Polit. Econ. 14, 627-644. https://doi.org/10.
1016/S0176-2680(98)00029-9.

Baye, M.R., Kovenock, D., de Vries, C.G., 1996. The all-pay auction with complete information. Econ. Theory 8, 291-305. https://doi.org/10.1007/BF01211819.

Bernhardt, D., 1995. Strategic promotion and compensation. Rev. Econ. Stud. 62, 315-339. https://doi.org/10.2307/2297807.

Brown, J., 2011. Quitters never win: the (adverse) incentive effects of competing with superstars. J. Polit. Econ. 119, 982-1013. https://doi.org/10.1086/
663306.

Chen, K.-P,, 2003. Sabotage in promotion tournaments. J. Law Econ. Organ. 19, 119-140. https://doi.org/10.1093/jleo/19.1.119.

Chowdhury, S., Esteve-Gonzalez, P., Mukherjee, A., 2019. Heterogeneity, leveling the playing field, and affirmative action in contests. Working Paper.

Chowdhury, S.M., Giirtler, 0., 2015. Sabotage in contests: a survey. Public Choice 164, 135-155. https://doi.org/10.1007/s11127-015-0264-9.

Chowdhury, S.M., Kim, S.-H., 2017. “Small, yet beautiful”: reconsidering the optimal design of multi-winner contests. Games Econ. Behav. 104, 486-493.
https://doi.org/10.1016/j.geb.2017.05.012.

Clark, D.J., Riis, C., 1996. On the win probability in rent-seeking games. Discussion Paper in Economics E4/96. University of Tromsg, Norway.

Clark, D.J., Riis, C., 1998a. Competition over more than one prize. Am. Econ. Rev. 88, 276-289. https://www.jstor.org/stable/i300820.

Clark, D.J., Riis, C., 1998b. Contest success functions: an extension. Econ. Theory 11, 201-204. https://doi.org/10.1007/s001990050184.

Cohen, C., Kaplan, TR, Sela, A., 2008. Optimal rewards in contests. Rand J. Econ. 39, 434-451. https://doi.org/10.1111/j.0741-6261.2008.00021.x.

Corchén, L., Dahm, M., 2010. Foundations for contest success functions. Econ. Theory 43, 81-98. https://doi.org/10.1007/s00199-008-0425-x.

Cornes, R., Hartley, R., 2005. Asymmetric contests with general technologies. Econ. Theory 26, 923-946. https://doi.org/10.1007/s00199-004-0566-5.

DeVaro, J., Kauhanen, A., 2016. An “opposing responses” test of classic versus market-based promotion tournaments. J. Labor Econ. 34, 747-779. https://
doi.org/10.1086/684911.

DeVaro, J.,, Waldman, M., 2012. The signaling role of promotions: Further theory and empirical evidence. ]. Labor Econ. 30, 91-147. https://doi.org/10.1086/
662072.

Dewatripont, M., Jewitt, L, Tirole, J., 1999. The economics of career concerns, part [: comparing information structures. Rev. Econ. Stud. 66, 183-198. https://
doi.org/10.1111/1467-937X.00084.

Drugov, M., Ryvkin, D., 2017. Biased contests for symmetric players. Games Econ. Behav. 103, 116-144. https://doi.org/10.1016/j.geb.2016.02.003.

Drugov, M., Ryvkin, D., 2020. How noise affects effort in tournaments. J. Econ. Theory 188, 105065. https://doi.org/10.1016/j.jet.2020.105065.

Drugov, M., Ryvkin, D., 2021. Hunting for the discouragement effect in contests. Working Paper.

Fang, D., Noe, T., Strack, P, 2020. Turning up the heat: the discouraging effect of competition in contests. J. Polit. Econ. 128, 1940-1975. https://doi.org/10.
1086/705670.

Fu, Q., Ly, J., 2009a. The beauty of “bigness”: on optimal design of multi-winner contests. Games Econ. Behav. 66, 146-161. https://doi.org/10.1016/j.geb.
2008.05.006.

Fu, Q. Lu, J., 2009b. The optimal multi-stage contest. Econ. Theory 51, 351-382. https://doi.org/10.1007/s00199-009-0463-z.

Fu, Q. Lu, J., 2012. Micro foundations of multi-prize lottery contests: a perspective of noisy performance ranking. Soc. Choice Welf. 38, 497-517. https://
doi.org/10.1007/s00355-011-0542-5.

Fu, Q., Wu, Z., 2019. Contests: Theory and Topics. Oxford Research Encyclopedia of Economics and Finance. https://doi.org/10.1093/acrefore/9780190625979.
013.440.

Fu, Q., Wu, Z,, 2020. On the optimal design of biased contests. Theor. Econ. 15, 1435-1470. https://doi.org/10.3982/TE3672.

Fullerton, R.L, McAfee, R.P., 1999. Auctioning entry into tournaments. J. Polit. Econ. 107, 573-605. https://doi.org/10.1086/250072.

Gerchak, Y., He, Q.-M., 2003. When will the range of prizes in tournaments increase in the noise or in the number of players? Int. Game Theory Rev. 05,
151-165. https://doi.org/10.1142/50219198903000957.

Ghosh, S., Waldman, M., 2010. Standard promotion practices versus up-or-out contracts. Rand ]. Econ. 41, 301-325. https://doi.org/10.1111/j.1756-2171.
2010.00101.x.

Gilpatric, S.M., 2009. Risk taking in contests and the role of carrots and sticks. Econ. Inq. 47, 266-277. https://doi.org/10.1111/j.1465-7295.2008.00155.X.

Green, J.R., Stokey, N.L,, 1983. A comparison of tournaments and contracts. J. Polit. Econ. 91, 349-364. https://doi.org/10.1086/261153.

Grund, C,, Sliwka, D., 2005. Envy and compassion in tournaments. J. Econ. Manag. Strategy 14, 187-207. https://doi.org/10.1111/j.1430-9134.2005.00039.x.

Giirtler, M., Giirtler, O., 2015. The optimality of heterogeneous tournaments. J. Labor Econ. 33, 1007-1042. https://doi.org/10.1086/681207.

Giirtler, M., Giirtler, O., 2019. Promotion signaling, discrimination, and positive discrimination policies. Rand J. Econ. 50, 1004-1027. https://doi.org/10.1111/
1756-2171.12303.

Hillman, A.L, Riley, ].G., 1989. Politically contestable rents and transfers. Econ. Polit. 1, 17-39. https://doi.org/10.1111/j.1468-0343.1989.tb00003.x.

279


https://doi.org/10.1016/j.geb.2010.01.013
https://doi.org/10.1086/338240
https://doi.org/10.1086/713759
https://doi.org/10.1007/s00199-014-0847-6
https://doi.org/10.1007/s00199-014-0847-6
https://doi.org/10.1016/S0176-2680(98)00029-9
https://doi.org/10.1016/S0176-2680(98)00029-9
https://doi.org/10.1007/BF01211819
https://doi.org/10.2307/2297807
https://doi.org/10.1086/663306
https://doi.org/10.1086/663306
https://doi.org/10.1093/jleo/19.1.119
http://refhub.elsevier.com/S0899-8256(22)00083-5/bib5F5E6439085C044BC48BC80F4BEB78A9s1
https://doi.org/10.1007/s11127-015-0264-9
https://doi.org/10.1016/j.geb.2017.05.012
http://refhub.elsevier.com/S0899-8256(22)00083-5/bib22A5A86D0D2AFF6FB1573B2671F7880Fs1
https://www.jstor.org/stable/i300820
https://doi.org/10.1007/s001990050184
https://doi.org/10.1111/j.0741-6261.2008.00021.x
https://doi.org/10.1007/s00199-008-0425-x
https://doi.org/10.1007/s00199-004-0566-5
https://doi.org/10.1086/684911
https://doi.org/10.1086/684911
https://doi.org/10.1086/662072
https://doi.org/10.1086/662072
https://doi.org/10.1111/1467-937X.00084
https://doi.org/10.1111/1467-937X.00084
https://doi.org/10.1016/j.geb.2016.02.003
https://doi.org/10.1016/j.jet.2020.105065
http://refhub.elsevier.com/S0899-8256(22)00083-5/bibD0D0D78CCB56B82ECD920A07E765D8FDs1
https://doi.org/10.1086/705670
https://doi.org/10.1086/705670
https://doi.org/10.1016/j.geb.2008.05.006
https://doi.org/10.1016/j.geb.2008.05.006
https://doi.org/10.1007/s00199-009-0463-z
https://doi.org/10.1007/s00355-011-0542-5
https://doi.org/10.1007/s00355-011-0542-5
https://doi.org/10.1093/acrefore/9780190625979.013.440
https://doi.org/10.1093/acrefore/9780190625979.013.440
https://doi.org/10.3982/TE3672
https://doi.org/10.1086/250072
https://doi.org/10.1142/S0219198903000957
https://doi.org/10.1111/j.1756-2171.2010.00101.x
https://doi.org/10.1111/j.1756-2171.2010.00101.x
https://doi.org/10.1111/j.1465-7295.2008.00155.x
https://doi.org/10.1086/261153
https://doi.org/10.1111/j.1430-9134.2005.00039.x
https://doi.org/10.1086/681207
https://doi.org/10.1111/1756-2171.12303
https://doi.org/10.1111/1756-2171.12303
https://doi.org/10.1111/j.1468-0343.1989.tb00003.x

S. Bastani, T. Giebe and O. Giirtler Games and Economic Behavior 134 (2022) 264-280

Holmstrom, B., 1982. Managerial incentive problems: a dynamic perspective. In: Essays in Economics and Management in Honor of Lars Wahlbeck. Helsinki,
1982, pp. 169-182. Reprinted in: Rev. Econ. Stud. 66 (1). https://doi.org/10.1111/1467-937X.00083 (1999).

Holmstrém, B., Ricard I Costa, J., 1986. Managerial incentives and capital management. Q. J. Econ. 101, 835-860. https://doi.org/10.2307/1884180.

Hvide, H.K., 2002. Tournament rewards and risk taking. J. Labor Econ. 20, 877-898. https://doi.org/10.1086/342041.

Imhof, L., Krdkel, M., 2016. Ex post unbalanced tournaments. Rand ]. Econ. 47, 73-98. https://doi.org/10.1111/1756-2171.12119.

Jia, H., 2008. A stochastic derivation of the ratio form of contest success functions. Public Choice 135, 125-130. https://doi.org/10.1007/s11127-007-9242-1.

Kirkegaard, R., 2022. Contest design with stochastic performance. Am. Econ. ]. Microecon. Forthcoming.

Konrad, K.A., 2009. Strategy and Dynamics in Contests. Oxford University Press.

Krdkel, M., 2008. Optimal risk taking in an uneven tournament game with risk averse players. ]. Math. Econ. 44, 1219-1231. https://doi.org/10.1016/j.
jmateco.2008.02.002.

Krdkel, M., Sliwka, D., 2004. Risk taking in asymmetric tournaments. Ger. Econ. Rev. 5, 103-116. https://doi.org/10.1111/j.1465-6485.2004.00096.x.

Krumer, A., Megidish, R., Sela, A., 2017. Round-robin tournaments with a dominant player. Scand. J. Econ. 119, 1167-1200. https://doi.org/10.1111/sjoe.
12204.

Lazear, E.P,, 1989. Pay equality and industrial politics. J. Polit. Econ. 97, 561-580. https://doi.org/10.1086/261616.

Lazear, E.P, Rosen, S., 1981. Rank-order tournaments as optimum labor contracts. ]J. Polit. Econ. 89, 841-864. https://doi.org/10.1086/261010.

Levy, H., 1992. Stochastic dominance and expected utility: survey and analysis. Manag. Sci. 38, 555-593. https://doi.org/10.1287/mnsc.38.4.555.

Lu, J., Wang, Z., Zhou, L., 2021. Optimal favoritism in contests with identity-contingent prizes. Working Paper.

Malcomson, J.M., 1984. Work incentives, hierarchy, and internal labor markets. ]J. Polit. Econ. 92, 486-507. https://doi.org/10.1086/261238.

Malcomson, J.M., 1986. Rank-order contracts for a principal with many agents. Rev. Econ. Stud. 53, 807-817. https://doi.org/10.2307/2297720.

Moldovanu, B, Sela, A., 2001. The optimal allocation of prizes in contests. Am. Econ. Rev. 91, 542-558. https://doi.org/10.1257/aer.91.3.542.

Moldovanu, B., Sela, A., 2006. Contest architecture. ]. Econ. Theory 126, 70-96. https://doi.org/10.1016/j.jet.2004.10.004.

Moldovanu, B., Sela, A., Shi, X., 2007. Contests for status. ]. Polit. Econ. 115, 338-363. https://doi.org/10.1086/518010.

Morath, F., Miinster, J., 2013. Information acquisition in conflicts. Econ. Theory 54, 99-129. https://doi.org/10.1007/s00199-012-0710-6.

Miinster, J., 2009. Group contest success functions. Econ. Theory 41, 345-357. https://doi.org/10.1007/s00199-009-0479-4.

Nalebuff, BJ., Stiglitz, ].E., 1983. Prizes and incentives: towards a general theory of compensation and competition. Bell J. Econ. 14, 21-43. https://doi.org/
10.2307/3003535.

O’Keeffe, M., Viscusi, W.K., Zeckhauser, RJ., 1984. Economic contests: comparative reward schemes. ]. Labor Econ. 2, 27-56. https://doi.org/10.1086/298022.

Olszewski, W., Siegel, R., 2016. Large contests. Econometrica 84, 835-854. https://doi.org/10.3982/ECTA11696.

Owan, H., 2004. Promotion, turnover, earnings, and firm-sponsored training. J. Labor Econ. 22, 955-978. https://doi.org/10.1086/423160.

Pérez-Castrillo, D., Wettstein, D., 2016. Discrimination in a model of contests with incomplete information about ability. Int. Econ. Rev. 57, 881-914. https://
doi.org/10.1111/iere.12179.

Rinne, H., 2014. The hazard rate: theory and inference - with supplementary MATLAB programs. Technical Report. Justus-Liebig-University, Giessen, Ger-
many.

Rothschild, M., Stiglitz, ].E., 1970. Increasing risk I: a definition. ]J. Econ. Theory 2, 225-243. https://doi.org/10.1016/0022-0531(70)90038-4.

Ryvkin, D., Drugov, M., 2020. The shape of luck and competition in winner-take-all tournaments. Theor. Econ. 15, 1587-1626. https://doi.org/10.3982/
TE3824.

Schotter, A., Weigelt, K., 1992. Asymmetric tournaments, equal opportunity laws, and affirmative action: some experimental results. Q. J. Econ. 107, 511-539.
https://doi.org/10.2307/2118480.

Schéttner, A., Thiele, V., 2010. Promotion tournaments and individual performance pay. J. Econ. Manag. Strategy 19, 699-731. https://doi.org/10.1111/j.1530-
9134.2010.00267.x.

Schweinzer, P, Segev, E., 2012. The optimal prize structure of symmetric Tullock contests. Public Choice 153, 69-82. https://doi.org/10.1007/s11127-011-
9774-2.

Sela, A., 2012. Sequential two-prize contests. Econ. Theory 51, 383-395. https://doi.org/10.1007/s00199-010-0547-9.

Siegel, R., 2009. All-pay contests. Econometrica 77, 71-92. https://doi.org/10.3982/ECTA7537.

Siegel, R., 2010. Asymmetric contests with conditional investments. Am. Econ. Rev. 100, 2230-2260. https://doi.org/10.1257/aer.100.5.2230.

Skaperdas, S., 1996. Contest success functions. Econ. Theory 7, 283-290. https://doi.org/10.1007/BF01213906.

Tullock, G., 1980. Efficient rent seeking. In: Buchanan, J., Tollison, R., Tullock, G. (Eds.), Towards a Theory of the Rent-Seeking Society. Texas A&M University
Press, College Station, TX, pp. 97-112.

Vojnovi¢, M., 2016. Contest Theory: Incentive Mechanisms and Ranking Methods. Cambridge University Press.

Waldman, M., 1984. Job assignments, signalling, and efficiency. Rand J. Econ. 15, 255-267. https://doi.org/10.2307/2555679.

Zabojnik, ]., 2012. Promotion tournaments in market equilibrium. Econ. Theory 51, 213-240. https://doi.org/10.1007/s00199-011-0606-x.

Zabojnik, J., Bernhardt, D., 2001. Corporate tournaments, human capital acquisition, and the firm size—wage relation. Rev. Econ. Stud. 68, 693-716. https://
doi.org/10.1111/1467-937X.00186.

280


https://doi.org/10.1111/1467-937X.00083
https://doi.org/10.2307/1884180
https://doi.org/10.1086/342041
https://doi.org/10.1111/1756-2171.12119
https://doi.org/10.1007/s11127-007-9242-1
http://refhub.elsevier.com/S0899-8256(22)00083-5/bib823291CB7B57846FAF7AAD382E17E1C7s1
http://refhub.elsevier.com/S0899-8256(22)00083-5/bib873386EF82780800A7CA754D7A9D3F52s1
https://doi.org/10.1016/j.jmateco.2008.02.002
https://doi.org/10.1016/j.jmateco.2008.02.002
https://doi.org/10.1111/j.1465-6485.2004.00096.x
https://doi.org/10.1111/sjoe.12204
https://doi.org/10.1111/sjoe.12204
https://doi.org/10.1086/261616
https://doi.org/10.1086/261010
https://doi.org/10.1287/mnsc.38.4.555
http://refhub.elsevier.com/S0899-8256(22)00083-5/bib3FD6A0D14D722F41C5D618B3E16A90B1s1
https://doi.org/10.1086/261238
https://doi.org/10.2307/2297720
https://doi.org/10.1257/aer.91.3.542
https://doi.org/10.1016/j.jet.2004.10.004
https://doi.org/10.1086/518010
https://doi.org/10.1007/s00199-012-0710-6
https://doi.org/10.1007/s00199-009-0479-4
https://doi.org/10.2307/3003535
https://doi.org/10.2307/3003535
https://doi.org/10.1086/298022
https://doi.org/10.3982/ECTA11696
https://doi.org/10.1086/423160
https://doi.org/10.1111/iere.12179
https://doi.org/10.1111/iere.12179
http://refhub.elsevier.com/S0899-8256(22)00083-5/bib479ECA34320548BEEA3C8B6D7696BC58s1
http://refhub.elsevier.com/S0899-8256(22)00083-5/bib479ECA34320548BEEA3C8B6D7696BC58s1
https://doi.org/10.1016/0022-0531(70)90038-4
https://doi.org/10.3982/TE3824
https://doi.org/10.3982/TE3824
https://doi.org/10.2307/2118480
https://doi.org/10.1111/j.1530-9134.2010.00267.x
https://doi.org/10.1111/j.1530-9134.2010.00267.x
https://doi.org/10.1007/s11127-011-9774-2
https://doi.org/10.1007/s11127-011-9774-2
https://doi.org/10.1007/s00199-010-0547-9
https://doi.org/10.3982/ECTA7537
https://doi.org/10.1257/aer.100.5.2230
https://doi.org/10.1007/BF01213906
http://refhub.elsevier.com/S0899-8256(22)00083-5/bib776E57986C4D0EFB095BCFBBB80B2576s1
http://refhub.elsevier.com/S0899-8256(22)00083-5/bib776E57986C4D0EFB095BCFBBB80B2576s1
http://refhub.elsevier.com/S0899-8256(22)00083-5/bib93DB68BB66301B28EB3DF00FB04394B0s1
https://doi.org/10.2307/2555679
https://doi.org/10.1007/s00199-011-0606-x
https://doi.org/10.1111/1467-937X.00186
https://doi.org/10.1111/1467-937X.00186

	Simple equilibria in general contests
	1 Introduction
	2 Related literature
	3 Model
	4 Equilibrium characterization
	4.1 Limitations and generalizations

	5 Comparative statics results
	5.1 First-order stochastic dominance
	5.2 Mean-preserving spreads

	6 Concluding remarks
	Acknowledgments
	References


