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Abstract

This dissertation uses game-theoretic and experimental methods to analyze the behavior
of optimizing agents in different contest environments.

Part 1 contributes to the literature on contest theory and derives the subgame perfect
Nash equilibrium solution of a multi-stage pair-wise elimination contest with heteroge-
neous participants. Subsequently, equilibrium properties of this dynamic contest format
are compared to properties of a static one-shot contest. The comparison indicates that the
effect of heterogeneity on contest participants is structure specific: While total outlays in
both formats are identical in interactions between homogeneous agents, total outlays are
strictly higher in the dynamic than in the static contest when agents are heterogeneous.

Part 2 considers a principal who organizes a tournament between heterogeneous em-
ployees. Comparing the incentive effect of heterogeneity in different tournament struc-
tures, the results indicate that the effect is always negative in static formats, but often
positive in dynamic elimination tournaments. Experimental evidence from lab experi-
ments confirms these theoretical predictions. Subsequently, the dissertation investigates
to what extent a promotion tournament can accomplish both the selection of the most
able employee and the provision of incentives. The results suggest that any tournament
with heterogeneous participants provides some incentives for effort and some sorting of
types. However, modifications which improve the performance in one will deteriorate the
performance in the other dimension, i.e., tournament formats that perform better in terms
of incentive provision do worse in terms of selecting the best participant, and vice versa.

Part 3 uses experimental methods to analyze the effect of prize structure variations
on optimal behavior. Initially, we consider a single prize treatment, which is supposed
to maximize total effort provision, and a treatment with multiple prizes which ensure
incentive maintenance across stages. While the experimental design does not introduce
any ex-ante heterogeneity between subjects, we observe ex-post heterogeneity — risk atti-
tudes by experimental subjects have a strong effect on their behavior. In a next step, we
compare a treatment where agents receive an immediate reward for winning stage 1 with
a specification where the reward for winning stage 1 is delayed until the stage-2 interac-
tion is over. The results indicate that stage-1 effort choices by experimental subjects are
higher in the delayed than in the immediate reward treatment, while effort provision in
stage 2 does not differ between treatments. The finding that differences across treatments
are fully explained by risk attitudes suggests that experimental subjects are separately

evaluating each stage of the contest.
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Zusammenfassung

Die vorliegende Arbeit untersucht die Auswirkungen von Strukturverdnderungen auf das
Verhalten von Wettkampfteilnehmern.

Im ersten Teil der Arbeit wird das teilspielperfekte Nash-Gleichgewicht in einem
mehrstufigen Wettkampfmodell mit paarweiser Elimination und heterogenen Teilnehmern
bestimmt. Anschliessend werden die Gleichgewichtsentscheidungen von Spielern in diesem
mehrstufigen Wettkampfmodell mit den optimalen Entscheidungen in einem einstufigen
Wettkampf verglichen. Unter der Annahme homogener Teilnehmer sind beide Wettkampf-
modelle strategisch aquivalent. Im generellen Fall mit heterogenen Teilnehmern zeigt sich
jedoch, dass die Investitionsanreize im mehrstufigen Wettkampf hoher als im einstufigen
Wettkampf sind. Der Effekt von Heterogeneitdat auf die optimalen Investitionsanreize
hangt also von der Wettkampfstruktur ab.

Der zweite Teil der Arbeit betrachtet Wettkdmpfe als Modellrahmen fiir Bonus- und
Beforderungsturniere in Unternehmen. Zunéchst wird untersucht, inwieweit die in der
Personalokonomie weit verbreitete Ansicht, dass Heterogeneitéit zwischen Beschéftigten
eines Unternehmens die Leistungsanreize in Bonusturnieren reduziert, generell zutrifft.
Dabei zeigt sich, dass Heterogenitdt in dynamischen Turnieren oft zu positiven Anreiz-
effekten fithrt, wihrend dieser Effekt in den bisher schon haufig betrachteten statischen
Turnieren immer negativ ist. Dieses Muster zeigt sich auch in einer empirischen Un-
tersuchung. Anschliessend werden Beférderungsturniere betrachtet, bei denen es neben
absoluten Leistungsanreize auch darauf ankommt Fiihrungspositionen mit den fahigsten
Mitarbeiter zu besetzen. Die Untersuchung zeigt, dass diese beiden Ziele inkompatibel
sind; wenn Verdnderungen der Turnierstruktur die Performance in der Anreizdimension
erh6hen, reduzieren sie gleichzeitig die Selektionsfdahigkeit des Turniers (und umgekehrt).

Im dritten Teil der Arbeit wird die Anreizwirkung unterschiedlicher Preisstrukturen
in mehrstufigen Wettkdmpfen mit Hilfe von Laborexperimenten untersucht. In einem
ersten Schritt wird die Anzahl der vergebenen Preise variiert. Laut theoretischen Vorher-
sagen sinken die Investitionsanreize bei gleichbleibender Preissumme mit der Anzahl der
vergebenen Preise. Die empirische Untersuchung qualifiziert diese Aussage insofern, als sie
nur fiir risiko-neutrale Entscheider zu gelten scheint; fiir risiko-averse Entscheider hingegen
scheint der Versicherungseffekt eines zweiten Preises den negativen Anreizeffekt zu iiber-
wiegen. In einem zweiten Schritt wird der Zeitpunkt der Preisvergabe variiert. Dabei zeigt
sich, dass eine spétere Preisvergabe die Anreize erhoht, obwohl der Zeitpunkt laut theo-
retischen Vorhersagen keinen Einfluss auf das Verhalten der experimentellen Entscheider
haben sollte. Genauere Untersuchungen deuten darauf hin, dass dieser Unterschied da-
rauf zuriickzufiihren ist, dass die Entscheider jede Turnierstufe separat evaluieren anstatt

ithren Nutzen iiber das Gesamtturnier zu maximieren.

VII






Chapter 1

(zeneral Introduction

Contest models are prominent in many different areas of economics: Researchers in the
field of personnel economics use contests as one possible mechanism to solve incentive
and/or informational problems, for example.! In addition, contests are used to model
election campaigns, rent-seeking games, R&D races, procurement tournaments, the com-
petition for monopolies, litigation, wars, or the competition for titles in sports. Generally

speaking,

...a contest is a game in which at least two agents compete over at least one
prize by making costly and irreversible outlays. Fach agent’s outlay increases
the own probability of success, and reduces the chances of the opponent(s) at

the same time.2

The meaning of outlays is application specific and may capture monetary expenses, effort
provision, or a combination of these two factors. What is crucial, however, is that outlays
are costly for participants of the contest, and that costs are independent of success or
failure. As a consequence, each agent faces a trade-off when deciding about his/her
outlays; own outlays do not only lead to uncertain gains in the sense that they increase the
probability to win, but they also imply certain costs. Assuming that contest participants
are risk-neutral and maximize their expected payoff, the resulting decision problem of
agent i who chooses his/her outlay x; in a one-shot interaction with a single prize B
formally reads

max [1;(z;, ;) = p(xi, 7-5) * B - c(;),

where p,.(-) >0, p,_,(-) <0, and ¢,,(-) > 0; z_; is the vector of individual outlays chosen
by all other agents.
Apart from functional form assumptions about the cost function ¢(x;), the so-called

contest success function p(z;,z_;), which translates outlays made by participants into

'In this field, it is common to use the term tournament rather than contest.
2Definition of a contest similar the one given by Clark and Riis (1998b), p.1.



winning probabilities, is a central ingredient to any contest model. A contest success
function (CSF) can either be perfectly or imperfectly discriminating. In a contest with a
perfectly discriminating CSF, the agent whose outlay is higher than the outlay of any other
player wins with probability one. Intuitively, it does not matter how big the difference
between the outlays is in this specification, it suffices if the own outlay is marginally higher
than the outlay of any other agent to win for sure. This situation is commonly referred to
as “all-pay auction”. Due to its analytical simplicity, the all-pay auction case is probably
the most explored setting.? At the same time, this approach has two potential flaws:
First, equilibria in all-pay auctions are often in mixed strategies, which may constrain
empirical and especially experimental testing of theoretically derived results, particularly
in small samples.* Second, the assumption that a marginal lead by any one agent leads
to a deterministic outcome is inappropriate in many real-life situations, where contest
outcomes are at least partly determined by chance.® Imperfectly discriminating CSFs
account for these problems; the equilibrium is often in pure strategies, and in addition, the
outcome is partly determined by chance. This dissertation employs the standard Tullock
(1980) contest model with a linear cost function and an imperfectly discriminating CSF,

which formally defines the winning probability of agent i as®

T
L

pi(zi,r) = ——=——.
" T+ e T

The parameter r allows for variations of the importance of chance (relative to outlays) for
the contest outcome. One says that r measures the discriminatory power, since chance
becomes less and less relevant for the contest outcome as r increases; for r — oo, the ratio
CSF by Gordon Tullock approaches the perfectly discriminating all-pay auction CSF.
Many different aspects of the Tullock model have been analyzed in the past. While one
strand of the literature investigates application specific research questions, other scholars

consider it as equally important to understand general properties of contest games without

3Properties of the all-pay auction are discussed by Amman and Leininger (1996), Baye, Kovenock,
and de Vries (1996), Clark and Riis (1998a), Moldovanu and Sela (2001), Moldovanu and Sela (2006), as
well as Groh, Moldovanu, Sela, and Sunde (2012), for example.

4To be precise, the equilibrium is in mixes strategies in settings with complete information, while pure
strategy equilibria are usually encountered if player types are private information.

5The performance of workers in an evaluation period is usually a composite measure of effort and luck;
a sports tournament may be won by the player who provides less effort by chance. Similar arguments
hold for most real-life interactions with contest properties.

5The second prominent imperfectly discriminating CSF is the additive noise difference specification,
which assumes that each agent chooses a certain outlay level initially, that some random variable is
subsequently added to the chosen outlay, and that the agent whose sum of outlay and random component
is highest ultimately wins the contest. In this case, type and bounds of the distribution function from
which the random variable(s) are drawn determine the relative importance of chance for the outcome of
the contest. For a comparison of these two CSFs, see Hirshleifer (1989); Skaperdas (1996), Clark and Riis
(1998b), and Rai and Sarin (2009) present an axiomatization of both contest technologies.



making reference to particular applications: Issues like the number of participating agents,
the structure of the competition, the structure of prizes, the type of participants, or
informational assumptions, for example, were addressed with respect to their impact on
agents’ equilibrium behavior. This cumulative dissertation contributes to both strands
of the contest literature: Chapters 2 and 3 are rather technical, while Chapters 4 and 5
consider an application, namely bonus and promotion tournaments as an instrument for
human resources management on internal labor markets. Finally, the last two chapters
are empirical contributions which use experimental data from the lab. Note that each
chapter is written as an independent contribution in paper form, which implies that
certain aspects, such as the definition of a contest, the description of the experimental
implementation, or the experimental instructions, are repeated several times.

The next chapter (Chapter 2) presents the subgame perfect Nash equilibrium solution
of a multi-stage pair-wise elimination contest. While previous analyses of this contest
format restricted attention to the case where all agents are homogeneous, I consider the
general case with heterogeneous contest participants. Chapter 3 uses the solution from
Chapter 2 to compare the dynamic multi-stage to a static one-shot contest. The compar-
ison indicates that the effect of heterogeneity on contest participants is structure specific:
While total outlays in both formats are identical in interactions between homogeneous
agents, I find that total outlays are usually higher in the dynamic than in the static contest
when agents are heterogeneous. In contrast to Chapters 2 and 3, the focus of Chapters
4 is on a particular application. Together with my co-author Uwe Sunde, I consider a
principal who uses a tournament compensation scheme to incentivize workers. We find
that the overall effect of heterogeneity on total effort provision by all workers depends
on the tournament format. While the effect is always negative in static formats, we find
that the incentive effect of heterogeneity can be strictly positive in dynamic elimination
tournaments. Experimental evidence from lab experiments confirms these theoretical pre-
dictions. Chapter 5 is joint work with Wolfgang Hochtl, Rudolf Kerschbamer, and Uwe
Sunde. As in Chapter 4, we consider the personnel economics application of a principal
who uses tournaments as a means of human resource management. In particular, we in-
vestigate to what extent a promotion tournament can accomplish both the selection of the
most able employee and the provision of incentives. The results suggest that any tourna-
ment with heterogeneous participants provides some incentives for effort and some sorting
of types. However, modifications which improve the performance in one will deteriorate
the performance in the other dimension, i.e., tournament formats that perform better in
terms of incentive provision do worse in terms of selecting the best participant, and vice
versa. From a policy perspective, this suggests that multiple instruments should be used

whenever both goals are equally important. The last two chapters of this dissertation



use experimental methods to analyze prize structure variations in multi-stage pair-wise
elimination contests. Chapter 6 (joint work with Wolfgang Hochtl, Rudolf Kerschbamer,
and Uwe Sunde) considers a single prize treatment, which is supposed to maximize total
effort provision, and a treatment with multiple prizes which ensure incentive maintenance
across stages. While the experimental design does not introduce any ex-ante heterogene-
ity between subjects, we observe ex-post heterogeneity — risk attitudes by experimental
subjects have a strong effect on their behavior. In particular, we find that total effort
is maximized in the single prize treatment for risk-neutral, but not for risk-averse sub-
jects. Independent of risk attitudes, we observe incentive maintenance across stages in
the multiple prizes setting. The last chapter (joint work with Rudolf Kerschbamer and
Uwe Sunde) analyzes which effect the timing of rewards has on the behavior of agents in
two-stage pair-wise elimination contests. We compare a treatment where agents receive
an immediate reward for winning stage 1 with a specification where the reward for win-
ning stage 1 is delayed until the stage-2 interaction is over. Theory predicts that the two
treatments are strategically identical in both stages if agents are risk neutral, or if agents
jointly evaluate the payoff of both interactions. Yet, we find that stage-1 effort choices by
experimental subjects are higher in the delayed than in the immediate reward treatment,
while effort provision in stage 2 does not differ between treatments. In particular, average
differences of stage-1 effort choices between treatments are fully explained by choices of
risk averse subjects: While their stage-1 effort choices in the delayed are much higher than
in the immediate reward treatment, there is no difference across treatments for risk neu-
tral subjects. This pattern is consistent with theoretical predictions only if experimental
subjects separately evaluate the payoff of each stage. In this case, delayed rewards provide
an insurance for risk averse decision makers, such that stage-1 effort choices should indeed

differ across treatments for risk averse, but not for risk neutral decision makers.



Chapter 2

Multi-Stage Elimination Contests with

Heterogeneous Agents

2.1 Introduction

Contest models are used to describe strategic interactions between agents in many differ-
ent settings, including diverse areas such as war, rent-seeking or R&D competitions, and
sport tournaments. Due to the impressive variety of possible applications, many different
contest structures have been considered in the literature already. One of the most promi-
nent structures is the multi-stage pair-wise elimination format, which is sometimes also
referred to as knock-out contest, since the loser of each interaction is eliminated from any
future competition, while the winner moves on to the next stage. This contest structure
is probably best known from sports: Disciplines like baseball, boxing, hockey, soccer, ten-
nis, or even chess make use of this structure at least in later stages of the competition, in
the so-called “playoft” stage. However, the structural feature of subsequent elimination is
relevant in many other fields as well: In personnel economics, for example, where promo-
tion tournaments within firms are usually modeled as elimination contests, or in political
sciences, where multi-stage election campaigns like the one for US presidency have this
structural feature.

In this paper, I analyze multi-stage pair-wise elimination contests with heterogeneous
agents, assuming that types are common-knowledge among participants of the contest.
I show under which conditions a subgame perfect Nash equilibrium exists when a gen-
eral Tullock contest success function (CSF) is used. Moreover, the equilibrium solution
is derived analytically for the special case of a lottery CSF, and characterized for the
remaining cases. Note that the main difficulty which arises in multi-stage contests once
agents are allowed to be heterogeneous is that continuation values in early stages become
endogenous due to feedback effects across different branches of the game. Therefore, I

devote special attention to the analysis of these feedback effects. At the end of the paper,



I investigate several properties of the model, such as comparative static results, and effort
maximizing prize structures. In particular, I also compare “Seeding” properties in my
Tullock CSF model with properties previously established by Groh, Moldovanu, Sela, and
Sunde (2012) for the perfectly discriminating all-pay auction CSF.

Given the wide variety of potential applications, it is almost surprising that the exist-
ing literature has (almost) exclusively concentrated on the most simple case of multi-stage
elimination contests in which all participating agents are identical. Even a very recent
paper on the optimal design of multi-stage contests by Fu and Lu (2012) entirely focusses
on settings with homogeneous agents. However, the consideration of research on settings
with heterogeneous agents is recommended for future research in the conclusion.! Only
special cases of the arguably more relevant case where agents can be of different types
have been analyzed in the past: In the theoretical literature on contest design, Stein and
Rapoport (2004) compare the behavior of asymmetric agents in two-stage contests with
different orderings of competition within and between groups. However, since homogene-
ity is assumed within each group, the major complication that arises in a multi-stage
competition between heterogeneous agents is avoided, namely the endogeneity of contin-
uation values in early stages of the game. Other authors focus on specific applications
of multi-stage contests: Rosen (1986), for example, uses multi-stage pair-wise elimination
contest structure to model a promotion tournament. The analysis mainly concentrates on
the case where agents are homogeneous, only numerical examples address heterogeneous
settings.? A paper by Harbaugh and Klumpp (2005) considers the same contest structure
as [ do in this paper, but makes two simplifying assumptions: First, agents can only be of
two different types, and second, total effort provision by each participant in both stages
of the contest is equal to some constant by assumption. In other words, Harbaugh and
Klumpp (2005) analyze a version of the model where all agents face the same binding
effort endowment (which has no intrinsic value), and then discuss how the endowment
is optimally distributed across the two stages. Finally, Klumpp and Polborn (2006) con-
sider heterogeneous contestants in a multi-stage competition, but their contest structure
is somewhat different from the one that is analyzed in this paper, because they assume
that the same two agents interact repeatedly within stage 1.

Somewhat more is known about the properties of multi-stage contests with hetero-

geneous agents in a different branch of the contest literature, which uses a perfectly

! Another example is the paper by Gradstein and Konrad (1999), where single- and multi-stage contests
are compared for the case of homogeneous agents only.

2Sherwin Rosen determines the optimal structure of prizes under the assumption that agents are
perfectly homogeneous; optimality refers to constant incentives for effort provision across stages. In the
last section of the paper, he discusses by use of numerical examples to what extent the results do hold in
settings with heterogeneous agents.



discriminating CSF, the so-called “all-pay auction”.3 Moldovanu and Sela (2006) com-
pare one-stage and multi-stage contests and explicitly allow for heterogeneity between
the contestants. Groh, Moldovanu, Sela, and Sunde (2012) consider the case of four het-
erogeneous, optimizing agents in a two-stage pair-wise elimination tournament, as I do in
this paper. However, they derive the mixed-strategy equilibrium for the all-pay auction
and determine how players should be paired, or seeded, in stage 1 to satisfy four different
optimality criteria. Although the baseline situation is the same in their and in my model,
the focus is very different: Groh, Moldovanu, Sela, and Sunde (2012) restrict their atten-
tion exclusively to the effect which the allocation of player types in stage 1 (“Seeding”) has
on the properties of a two-stage contest with four agents. The approach in my paper is
broader; I analyze comparative statics behavior, and discuss the effect of heterogeneity in
multi-stage contests on the structure of optimal prizes. Further, the feedback effect across
different branches of the game is considered in some detail, as well as situations with more
than two stages. Apart from that, I use a general Tullock CSF which, in contrast to the
all-pay auction case, does not restrict the structure of prizes in any dimension, and gives
an equilibrium in pure strategies.*

I proceed as follows: Section 2 starts by considering the simplest case of a multi-stage
pair-wise elimination contest, which is a contest with two-stages and four agents. First, I
generally characterize the subgame perfect Nash-equilibrium solution for a discriminatory
power r, before I derive the analytical solution for the special case of a lottery CSF (r = 1).
At the end of the section, extensions of the baseline model to three or more stages are
discussed. Section 3 analyzes several properties of the simplest multi-stage contest with
two stages. In particular, I present some comparative static results and briefly address

the issue of optimal, i.e., effort maximizing prizes. Section 4 concludes.

2.2 Modeling Multi-Stage Elimination Contests

2.2.1 A Two-Stage Tullock Contest with Discriminatory Power r

In a two-stage contest, there are three pair-wise interactions: Two in stage 1, and a
third one in stage 2 between the two winners of stage 1. The four agents are assumed
to be risk neutral and identical apart from the individual effort productivity parameter
a; > 0 which determines their type. The higher a;, the stronger (or more productive)

is agent 7.°> Agents are perfectly informed about both their own type and the type of

3In such a setting, a marginal lead in terms of contest investments implies a winning probability of 1.

4A pure strategy equilibrium is an adva