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1 Introduction

Contests with asymmetric players and heterogeneous prizes are predominant. For example,
students of various intellectual levels compete for different grades, athletes of different abilities
compete for different medals, and employees with different experience compete for different
promotion opportunities. If we rank the prizes in a contest from the highest value to the lowest,
we obtain a nonincreasing sequence of prize values, to which we refer as the prize sequence. The
prize sequences in these contests have different shapes. For instance, in the 2016 U.S. Open
tennis tournament, the prize is $3.5 million for the winner, $1.75 million for a runner-up, and
$0.875 million for a semifinalist. A prize is roughly half of the value of the next higher prize.
In contrast, the prizes in the golf tournaments do not have the same property. For example, in
2016 U.S. Open golf tournament, the prizes are $1.8 million for the champion, $1.1 million for
the runner-up, and $0.68 million for the third place.

The shape of the prize sequence is especially important if the players have different abilities.
To see why, if the prize sequence is very concave, the difference between higher prizes is small
relative to that between lower prizes, which leads to less competition among the players with
stronger abilities. In contrast, if the prize sequence is very convex, the difference between lower
prizes is small relative to that between higher prizes, which leads to less competition among the
players with lower abilities.

In this paper, we consider a complete-information all-pay contest among players of distinct
constant marginal costs and two prizes of distinct values. This is the simplest setup to introduce
prize sequences of different concavity /convexity, measured in the ratio of the difference between
the two prizes to the difference between the lower prize and zero. We show that the contest
has a unique Nash equilibrium, and it is in mixed strategies. In addition, we provide a closed-
form characterization of the equilibrium payoffs and strategies, and computer programs to
numerically compute them.

This paper’s contribution is threefold. First, it shows equilibrium uniqueness. The unique-
ness is not obvious because multiple equilibria have been found in contests with identical players
(e.g. Baye et al. (1996)). In contrast, Siegel (2010) constructs a unique Nash equilibrium in
contests with identical prizes and general nonlinear cost functions. This paper shows that his
method, with non-trivial modifications, also applies to contests with asymmetric players and
two distinct prizes, and can be used to show the uniqueness of Nash equilibrium.

Second, this paper provides a closed-form characterization of equilibrium payoffs and strate-
gies in contests with two prizes of arbitrary values. As a result, it unifies the existing equilibrium
characterizations with specific prize sequences, and we can illustrate how the unique equilibrium
changes from one type to another as the prizes change. In addition, Xiao (2016) illustrates in
an example that a convex prize sequence can lead to an equilibrium in which a player mixes
over a non-interval set of bids. As a result of our closed-form characterization, we provide a
necessary and sufficient condition for this to happen.

Third, this paper can be used to test conjectures on variants of all-pay auctions and contests



as well as on their design questions. If there is significant heterogeneity among either players
or prizes, it is typically difficult to characterize equilibria in these games. However, our closed-
form characterization and computer programs can be used to test conjectures and determine
what results to expect. Specifically, we numerically compute the optimal allocation of prizes
that maximizes the total expected bid of three asymmetric players. We find that the resulting
optimal prize sequence contains either a single prize or two equal prizes, which complements the
existing results by examining all the marginal cost profiles in a simplex, including the extreme

values of marginal costs that have been previously studied.

Literature There is a large literature on contests and, closely related, auctions. See Konrad
(2009) for a comprehensive survey. This paper is closely related to auctions and contests with
complete information. As in this paper, Nash equilibria in these setups are usually in mixed
strategies. A variety of prize structures are studied. For example, there is a large literature on
contests with a single prize (e.g., Baye et al. (1996), Che and Gale (1998)). Identical prizes are
considered by Clark and Riis (1998) and Siegel (2009, 2010). Arithmetic prize sequences — with
constant first-order differences — are studied by Bulow and Levin (2006) and Gonzélez-Diaz and
Siegel (2013).! Xiao (2016) considers geometric prize sequences, with a constant ratio of two
consecutive prizes, and quadratic prize sequences, with constant second-order differences, where
both sequences are convex.

The main difference of this paper from the above is that we consider both concave and
convex prize sequences. Moreover, we consider how the concavity /convexity affects asymmetric
players. Barut and Kovenock (1998) study arbitrary prize sequences in contests among identical
players. This paper extends their setup to asymmetric players but restricts it to two distinct
prizes. Our findings are different from theirs. We find a unique equilibrium in contrast to their
multiple equilibria. In addition, the prize allocation affects the total expected bid in our setup
while the total expected bid is independent of prize allocations in their setup.? Azmat and
Mboller (2009) also consider symmetric players in a study of competing contests. Sela (2012)
studies sequential all-pay auctions with one object in each stage. Olszewski and Siegel (2016a)
study heterogeneous prizes and asymmetric players in large contests where the numbers of prizes
and players go to infinity. In contrast, this paper considers a similar contest but with a finite
number of prizes.

There is a literature on contests with asymmetric information, in contrast to the complete
information in this paper. For example, Rosen (1986) studies the role of convex prize sequences
in single-elimination tournaments, in which the players’ effort is not observable. Moldovanu
and Sela (2001) study the optimal allocation of prizes for ex ante symmetric players. All-pay
auctions between two ex ante asymmetric players are studied in various setups (e.g., Amann and
Leininger (1996), Lizzeri and Persico (2000), Siegel (2014), and Rentschler and Turocy (2016)).

'Bulow and Levin (2006) study labor markets in which firms compete for workers. Their model can be
transformed into a contest with arithmetic prize sequences.

2More precisely, for a fixed budget of prize money, any prize sequence whose lowest prize is zero maximizes
the total expected bid.



However, we cannot study the effects of different prize structures on asymmetric players in those
setups because they have either a single prize or symmetric players. Parreiras and Rubinchik
(2010, 2015) study all-pay auctions of multiple objects and multiple ex ante asymmetric players.

In contrast to this paper, the equilibria in those auctions are in pure strategies.

The remainder of this paper is organized as follows. Section 2 introduces a contest model
among three players. Section 3 characterizes the equilibrium payoffs, and Section 4 characterizes
the equilibrium strategies. Section 5 generalizes the results to more than three players and

studies the optimal prize allocation for asymmetric players.

2 Model

For simpler notation, Sections 2 to 4 focus on a contest with three players 1,2,3. Then, Section
5 extends the results to more players. Each player ¢ has a constant marginal cost of bid ¢; > 0,
and the marginal costs are distinct 0 < ¢; < ¢p < ¢3.> Therefore, a bid s; > 0 incurs a cost
of ¢;s; to player i. Player 1 is the strongest because it costs him the least to achieve the same
bid. The contest has two distinct prizes v1 > va > 0.4 Let ¢ = (c1, c2, c3) be the cost sequence
and v = (v1,v2) be the prize sequence. Then, a contest is characterized by (c,v). The game
is of complete information, so (c,v) is commonly known. Let the first order differences of the
prizes be Ay = v; — v9 and As = v9 — v, where v3 = 0. Then, the prize sequence is convex if
Ay > Ay, linear if A; = Ag, and concave if A; < Ag. We use the ratio Aj/As to measure the
convexity of the prize sequence, and we say a sequence is more convex than another if the ratio
is larger.

Each player ¢ chooses a bid s; > 0 simultaneously. The player with the highest bid receives
the highest prize v1; the player with the second-highest bid receives the second-highest prize vs;
and the others receive no prize. In the case of a tie, ranks are allocated randomly with equal
probabilities to tying players. For example, suppose s; = so > ss3, then with probability 1/2,
player 1 receives v; and player 2 receives vo; and with probability 1/2, player 2 receives v; and
player 1 receives vo. If s; > so = s3, player 2 receives vy with probability 1/2, and player 3
receives vy with probability 1/2. If player ¢ wins prize v, with bid s;, his payoff is vy — ¢;s;; if
a player chooses bid s; > 0 but wins no prize, his payoff is —¢;s;. All players are risk neutral.

We consider only Nash equilibrium throughout the paper.

3 Equilibrium Payoffs

We first introduce a sequence of definitions, and show in Proposition 1 that the equilibrium
payoffs can be constructed using the definitions. After that, Proposition 2 characterizes equi-
librium payoffs in closed form, and Corollary 1 discusses comparative statics of the equilibrium

payoffs with respect to the prize sequence.

31f some players have identical marginal costs, there may be multiple Nash equilibria, so our uniqueness result
does not apply. See, for instance, Baye et al. (1996).
1See Siegel (2010) for the case with v1 = vs.



Figure 1: A Two-Player Contest

We use a c.d.f. G;:[0,+00) — [0,1] to represent player i’s (mixed) strategy. The support
of G; is the smallest closed set to which G; assigns probability 1. Before the discussion of
equilibrium payoffs, we introduce some notation in a two-player contest and a three-player
contest.

First, consider a two-player contest in which the top two players 1 and 2 compete for prizes
v1 and ve. The two-player contest is isomorphic to a two-player complete-information all-pay
auction, and it is well-understood.® The contest has a unique equilibrium, and it is in mixed

strategies. The equilibrium strategies are

Gi(s) = cas/(v1 — o) (1)
G3(s) = 1—ci/ca+c15/(v) —va) (2)

for s € [0, 53], where 52 = (v —v2)/c2. Throughout the paper, superscripts indicate the number
of players in a contest. Figure 1 illustrates the equilibrium strategies if ¢ = 1, ¢co = 4 and

v1 = 4, vo = 3. The equilibrium payoffs are
uz2 =wv1 — (v1 — v2)ci/co

fori=1,2.

Second, consider a three-player contest in which player 3 wins in every tie. This contest is
the same as the original one described in Section 2 except the tie-breaking rule. More precisely,
whenever player 3 has the same bid with another player, player 3 receives a higher prize than
the other player.” We can extend G for i = 1,2 to a linear functions G; : R — R such that
Gi(s) = cas/(v1 —v2) and Ga(s) =1 —c1/ca + c15/(v1 —v2). Then, define a quadratic function
Us(-|G%,G3) : R — R such that

Us(s|G7, G3) = v1G1(s5)Ga(s) + va[G1(s)(1 — Ga(s)) + (1 — G1(5))Ga(s)] — czs (3)

5The contest is isomorphic to the complete-information all-pay auction with two players whose values are
(v1 —v2)/c1 and (vi — v2)/c2. The two games have the same equilibrium.

5See, for instance, Che and Gale (2006) and Kaplan and Wettstein (2006).

"Without this tie-breaking rule, the interpretation of Us(-|G3, G3) provided below still applies for s > 0 but
not for s = 0.



The function has an interpretation in the three-player contest in which player 3 wins in every
tie. Specifically, if the other players 1 and 2 use strategies G? and G2, player 3’s expected
payoffs from choosing s is Us(s|G%, G3), which is the expected value of his prizes v1G%(s)G3(s) +
v2[G2(5)(1 — G2(s)) + (1 — G%(s))G3(s)] minus his cost c3s. Moreover, define

§3 = minarg Sg[lg;% Us(s|G3,G3) (4)
which is player 3’s smallest best response against G and G3. The minimum in (4) is necessary
because multiple maximizers arise in two scenarios: First, if v; — 2ve > 0, the objective func-
tion Us(-|G2,G2) is a U-shaped function, whose maximum over [0, 5] may be reached at both
boundaries of the interval. Second, if vy — 2ve = 0, Us(+|G%, G3) reduces to a linear function,
whose maximum over [0, 5] may be reached at every point in the interval.

The expected payoff associated with the best response is
i3 = Us(83]G3, G3) (5)
and the corresponding expected value of prizes is
3 = v1G1(83)G3(53) + v2[GT(33)(1 — G3(83)) + (1 — G7(33))G5(35)] = @3 + 353 (6)

Now we go back to the two-player contest, in which players 1 and 2 compete for v; and wve,

to define 1 and xo. Specifically, define
Ir = ’U1G%(§3) + 1)2(1 - G%(§3>) (7)

where 33 is defined as in (4). Given player 2’s equilibrium strategy G2 in this contest, 1 can
be interpreted as player 1’s expected value of prizes from choosing 33.8 Similarly, given player

I’s strategy G?, player 2’s expected value of prizes from choosing 33 is
Ty = v1G3(83) + va(1 — G3(53)) (8)

With this notation, we can introduce a sequence of definitions that are useful for characterizing

equilibrium payoffs.

Definitions

i) Let G and G3 be the equilibrium strategies in the two-player contest in which players 1
and 2 compete for prizes vy and ve. Consider the three-player contest in which player 3 wins in
every tie. In this contest, define player 3’s value of winning as xs = Us(83|G%, G3) + c383, which
is his expected value of prizes at his smallest best response 3 against other players’ strategies
G? and G3.

In the two-player contest with players 1 and 2 and prizes v; and vo, for player ¢ = 1 or

8This interpretation applies for 83 > 0, but does not apply if §3 = 0 because G2 has an atom at 0.



2, define his value of winning z; as his expected value of prizes at S3 given the other player’s
equilibrium strategy Gj?.

ii) The threshold T of the contest is the highest bid at which player 3’s payoff is zero if his
expected value of prizes is x3, his value of winning.

iii) Player i’s power w; is his payoff at the threshold if his expected value of prizes is z;, his

value of winning.

The following example illustrates the above definitions.

Example 1 Consider a contest of three players with marginal costs ¢4 = 1, co = 4, ¢35 = 7
and prizes v1 = 4, vo = 3. First, we derive the values of winning, x1,x2,x3. Consider the
two-player contest in which players 1 and 2 compete for prizes vi and va. The equilibrium
strategies are G2(s) = 4s and G%(s) = 3/4 + s.° Consider the three-player contest in which
player 3 wins in every tie. Suppose players 1 and 2 use strategies G2 and G3, then player 3
has a unique best response §3 = 1/8, and the corresponding payoff is t3 = 19/8. According
to Definition i), players 1 and 2’s values of winning are defined in the two-player contest, and
they are x1 = 31/8 for player 1 and xo = 7/2 for player 2 according to (7) and (8). Player 3’s
value of winning is defined in the three-player contest in which player 3 wins in every tie, and
it is x3 = U3 + c383 = 13/4 according to (6). Then, following Definition i), the threshold T
satisfies g — c3T = 0, so T = 13/28. Finally, according to Definition iii), player 1’s power is
w1 = 1 — T = 191/56, player 2’s power is we = xo — coT = 23/14, and player 3’s power is

’LU3:$3—63T:0.

In the contest in which 3 wins in every tie, we define the values of winning, which are the
only modification we need to generalize the equilibrium payoff characterization of Siegel (2009)
to our setup. To see this, if v; = vy = v, we have G2(33) = G2%(33) = 1, so the value of winning
in Definition i) is x; = v for all 4, and the definitions of threshold and power are the same as
those of Siegel. If v; > v, the definitions are different. In an equilibrium, a player may win
v1, vo and 0 with positive probability, so his expected value of prizes may be between v; and
0. The “value of winning” in Definition i) takes this into account. In Example 1, the values of
winning are x1 = 31/8,x9 = 29/8 and x3 = 13/4, all of which are between v; = 4 and 0. In
addition, the value of x; coincides with player i’s expected value of prizes at the threshold T
given other players’ equilibrium strategies.

Using these definitions, the proposition below extends the payoff characterization of Siegel

(2009) to contests with heterogeneous prizes.!°

Proposition 1 In every equilibrium of the contest, the expected payoff of every player equals

the mazimum of his power and 0.

All proofs are relegated to the appendix.
To understand the idea behind the proof of Proposition 1, let an equilibrium (G}, G5, G3) be

given. Consider a contest with less competition by excluding player 3. In the resulting contest,

9See the end of the appendix for the calculation details in Example 1.
10Giegel (2009) also considers very general nonlinear cost functions.



players 1 and 2 compete for v; and v. Because this new contest has less competition, if players
1 and 2 still use the equilibrium strategies G7 and G735, their payoffs would be higher than those
in the original equilibrium. Let G; and Gg be strategies of players 1 and 2 such that their
payoffs in the new contest remain the same as in the original equilibrium, then these strategies
should be more “aggressive” than the strategies G} and G% in the original equilibrium.!! A key
step in the proof is that 53, the highest bid in player 3’s equilibrium strategy’s support, is a best
response against G1 and G in the original three-player contest.'? Intuitively, in the three-player
contest, if we replace players 1 and 2’s equilibrium strategies by the more aggressive strategies
G4 and Go, no bid can give player 3 a payoff higher than his payoff in the original equilibrium.
Moreover, it turns out that 535 can give player 3 his payoff in the original equilibrium, if 1 and
2’s strategies are G and Go. This means that 53 is a best response of player 3 against G4 and
G in the three-player contest.

Another property used in the proof is that G3 and G3, the equilibrium strategies in the
two-player contest defined in Definition i), are G; and G5 with a horizontal shift. Because
of the horizontal shift, player 3 has the same expected value of prizes at his best response to
G1, Gy and at his best response to G%,G3. Thus, player 3’s value of winning in Definition i)
is his expected value of prizes at 535 against others’ equilibrium strategies in the three-player
contest. This is also true for other players, i.e. z; in Definition i) is i’s expected value of prizes
at 53 against others’ equilibrium strategies. Therefore, to determine the equilibrium payoffs, we
only need to determine 53. It is a property of any equilibrium that the payoff of 3, the weakest
player, should be zero, so 55 must satisfy x3 — c355 = 0, which implies 55 =T

Proposition 1 transforms the problem of equilibrium payoff characterization — a fixed point
problem — into a maximization problem of the quadratic function Us(-|G%,G3). Therefore, we
can use the proposition to find the equilibrium payoffs in closed form. In particular, because
Us(-|G%,G3) is a quadratic function, there are three possible cases for its maximum over the
interval [0, 5%] In Case I, the lower boundary 0 is a maximizer, which may not be the unique
maximizer. In Case II, the upper boundary 52 is the unique maximizer. In Case III, the
maximizer is an interior point of [0, 53]. Case III arises if U(0|G%,G3) > 0 and U}(53|G3, G3) <

0, which are equivalent to
c1+co <c3 <201A2/A1+02—01 (9)

If (9) does not hold, the maximizers are on the boundaries 0 and 52. Therefore, if (9) does not
hold, Case IT happens if Us(0|G%, G%) < Us(5%|G%, G3), which is equivalent to

Cl/(03 — CQ) > Al/AQ (10)

If neither (9) nor (10) holds, Case I arises.

1 This is formalized in Lemma 7. - -
12Ty Example 1, 53 is an interior point in the supports of G and Ga. If 53 is at the lower boundary of the
supports, we consider 3’s best responses in the three-player contest in which 3 wins in every tie instead.
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Figure 2: Equilibrium Types

Figure 2 illustrates these conditions for fixed ¢, ¢2.'® In the figure, Case I corresponds to the
area with large c3 and A;/As. Recall that A;/Ay measures the prize sequence’s convexity, so
Case I arises with a very weak player 3 and a very convex prize sequence. Case II corresponds to
the area with large A;/As but small ¢3, which means a not too weak player 3 but a very convex
prize sequence. Case III corresponds to large cs but small Aj/As, which means a very weak
player 3 but not very convex prize sequence. The solid curve corresponds to the upper bound
of ¢z in (9), and the dashed curve corresponds to the upper bound of A;/As in (10). Moreover,
the two curves intersect at (A1/Ag,¢3) = (1,¢1 + ¢2). The proposition below characterizes the

equilibrium payoffs for each of the three cases.

Proposition 2 In every equilibrium, uz = 0.
(Case I) If neither (9) nor (10) holds, the equilibrium payoffs are

C1 cE 1 G c3 —C2+ 1
uj=vi(l—— | +v|———+——], up= v2
Co C9 C3 Co C3 C3

(Case II) If (9) does not hold but (10) does, the equilibrium payoffs are

u; = (1—Ci>vl fori=1,2

C3

(Case III) If (9) holds, the equilibrium payoffs are

C1 1 C1 . Cc2 .
up=uv (1—— | +va— — —d3, uy =vo — —1Ug
Co Co C3 C3

where ug is defined in (5) and

2
. 1 ci1c2 cg—c  c1+c2 V2 v — U2 C3
Uz =v9 |1 —— —7(111—21}2) + — (11)
(&) 4 C1C9 C1Cy V1 — 21}2 V1 — 21)2 C1C2

We can verify that the equilibrium payoffs are continuous in the marginal costs and prizes.'*

The proposition above implies that the equilibrium payoffs are unique. Recall that we use

B The curves are plotted for ¢; = 1,¢c2 = 2.
14The conditions in Proposition 2 are sufficient but not necessary. For example, on the boundary between Case
I and II in Figure 2, the equilibrium payoffs can be expressed as in Case II (and in Case I), but (10) is violated.



(v1 — v2)/(vy — v3), the ratio of first order differences, to measure the convexity of the prize
sequence {v1, vz, v3} with v3 = 0. Similarly, we use (u} —u3)/(ud —uj) to measure the convexity
of the payoff sequence {uf,us, u5}. The result below discusses the comparative statics of the

convexity of the payoff sequence with respect to the convexity of the prize sequence.

Corollary 1 Given c, (uj —u3)/(u3 —uj) is nondecreasing in (v1 —vg)/(ve —v3). That is, the

sequence of equilibrium payoffs is weakly more convex if the prize sequence is more convex.

4 Equilibrium Strategies

This section characterizes equilibrium strategies in closed form. We partition the parameter
space of (c,v) into four subsets. Propositions 3-6 discuss the subsets separately. For each
subset, the corresponding proposition characterizes a set of strategies in closed form and verifies
that the strategies are indeed an equilibrium and it is the unique equilibrium. Based on the
supports of the mixed strategies, we categorize the equilibrium into four cases: Case I, Case Ila,
Case IIb, and Case III, which correspond to the four subsets in the partition of the parameter
space. The equilibrium of Case I has payoffs as in Case I, the equilibrium of Case Ila or IIb has
payoffs as in Case II, and the equilibrium of Case III has payoffs as in Case III.

To our knowledge, the Case III equilibrium has not been discussed in the literature. For
example, Bulow and Levin (2006) illustrate the equilibrium of Case I or I1a if the prize sequence
is arithmetic. Siegel (2010) shows the equilibrium of Case Ila if the prizes are identical. Xiao
(2016) shows the equilibrium of Case IIb if the prize sequence is convex. By adding Case III,

this paper provides a complete list of equilibrium cases.

Proposition 3 (Case I) If Aj/As > 1 and A1/Ag > ¢1/(c3 — ) or if 2¢1/(c1 + ¢c3 — ) <

A1/Ag < 1, the equilibrium payoffs are as in Case I, and the strategies in the unique equilibrium

are
€28 + ud — vy vo — uy v — ud
(s) = 2IEMmo g 2 v
V1 — V2 C2 C2
*
Cc3S Vg — U
e for s € [O, 2]
V2 c2
Ga(s) =
c1s+uj — vy vy — Uy v — U3
——=———= forse€e ,
U1 — V2 C2 C2
co8 + ud Vg — US
Gi(s) = 2 forsc [O, 2
2] C2

The proofs of Propositions 3-6 are in the appendix. In each proof, we first show that an
algorithm constructs a unique set of strategies and derive their closed-form characterization. In
particular, we explain how to solve the strategies from an equation system and why the solution
is unique. Then, we verify that the constructed strategies are indeed an equilibrium. After that,
we show that every equilibrium must be one of the outcomes of the algorithm, which, combined

with the unique outcome of the algorithm, implies equilibrium uniqueness.

10
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Intuitively, Case I arises if the first prize is much larger than the second, or if player 3’s cost
is much lower than 1 and 2’s. As a result, the top two players, 1 and 2, compete for the first
prize, while player 3 gives up the first prize and only compete for the second. More specifically,
there are two intervals [0, Ag(ca—c1)/(cac3)] and [Ag(ca—c1)/(cacs), As(ca—c1)/(cacs)+ A1 /ca).
Player 1 mixes over the higher interval, player 3 mixes over the lower one, and player 2 mixes
over both. For example, if v1 = 3,v9o =1 and ¢; = 1,¢c0 = 4,¢c3 = 7, the contest has a Case I
equilibrium. Figure 3 illustrates the equilibrium strategies.

Next, we discuss the Case Ila equilibrium. Define A; = u} + (A2)?/(A1 — Ag) for i = 1,2, 3,

and s] as the smallest s > 0 such that!®
c38 ud + c28 38 U3+ cas
(01 — 20) = 22 0 <3+22> — 15 =] (12)
V9 V2 V2 V2

In addition, if Ay #£ Ao, for i = 1,2, 3 define

1 \/X?1 (cjs + 4j) Ag

Fis) = cis + A; A =Dy A A 18)
which is repeatedly used in the characterization of the Case Ila, IIb and III equilibria.'®
Proposition 4 (Case Ila) If A1/Ag > 1, A1/Ag < c1/(c3 — c2) and

% <(A1 +2138)+(f;+ 2s) > 20 (14)

31

or if A1/Ag < 1 and c3 < ¢1 + ca, the equilibrium payoffs are as in Case II and the strategies

151f v; = 2u,, the equation below reduces to a linear equation, which may have a continuum of solutions.
16Under the conditions of Propositions 4-6, F;(s) is a real number. See, for example, the discussion below (28).

11



in the unique equilibrium are

Gi(s) = Fi(s) forse[si v/cs)

Gi(s) = sczfvy  for s € [0, s7]
2 B Fy(s)  fors € [s],v1/c3]

Gi(s) — sca/va 4+ (1 —ca/c3)vi/ve  for s € [0, si]
3 F3(s) for s e [§T, vy /c3]

If A1/Ay = 1 and c3 < ¢1 + ca, the strategies are the same except that G*(s) = [S2°_, (u

(o
7=1
cjs) —2(u; + ¢;is)]/(2v2) fori=1,2,3 and for s € [s},v1/c3).

J

Case Ila arises if the two prizes are similar or if the bottom two players, 2 and 3, have
similar costs. Intuitively, the similarity in prizes and players leads to similarity in the highest
bid. Specifically, in an equilibrium of Case Ila, all three strategies have interval supports, and
their supports share the same upper boundary. For example, if v1 = 4,v9 =3 and ¢1 = 2,¢0 =

4, c3 = b, the contest has a Case Ila equilibrium. Figure 4 illustrates the equilibrium strategies.

Proposition 5 (Case III) If c; + c2 < ¢3 < c2 — ¢1 + 2c2Ao /A1, the equilibrium payoffs are

as in Case III, and the strategies in the unique equilibrium are

G - P for s € s, )
(cas +ub —wv2)/Ay  for s € [85,57]
scs vy for s € [0, s7]

2(s) = ¢ Fus) for s € [s7, 53]
(sc1 +uj —v2)/Ay  for s € [55,57]

Gi(s) = { (sca +ub)/va  for s €|0,s]]

Fs(s) for s € [s7, 53]

where s] is defined before Proposition 4, 57 = (v1 —uj)/c1 and 55 =T.

Intuitively, this case arises if player 3’s cost takes intermediate values, between c¢; + ¢o and
¢y — 1+ 2c9A9/Aq, and if the prize sequence is not very convex, i.e., Ag/A; is bounded below.
The three players compete in three bid intervals: over the high interval [}, 7], the top two
players 1 and 2 compete for the first prize; over the low interval [0, s7], the bottom two players 2
and 3 compete for the second prize, and over the intermediate interval [s], 53], the three players

compete for both prizes. The following example illustrates an equilibrium of Case III.

Example 1 (continued) Consider the contest in Example 1. The equilibrium payoffs are
uj = 191/56 for player 1, u3 = 99/56 for player 2, and ui = 0 for player 3. All players’ mized
strategies have interval supports. The supports are [0,13/28] for player 3, [0,33/56] for player
2, and [(67—5v/37)/112,33/56] for player 1. Figure 5 illustrates the equilibrium strategies. Two
properties are worth mentioning: First, recall that the threshold of this contest is T = 13/28,
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which is exactly the highest bid in the support of 3’s equilibrium strategy. Second, we can verify
that player i’s “value of winning”, x;, equals the expected value of his prize at the threshold

gwen the others’ equilibrium strategies. Hence, player i’s equilibrium payoff is u; = x; — T A7

Proposition 6 (Case IIb) If we have A1/Ag > 1, A1/Ag < c1/(c3 — ¢2) but not (14), the

equilibrium payoffs are as in Case 1, and the strategies in the unique equilibrium are

x G*(s*
(st wGis])

Gi(s) = (A1 — A2)G5(s7) + v2
Fi(s) for s € (33, 57]
ses vy for s €0, 1]
* _ c18 +uj — v2G3(s7) £ A
G5 (s) = (B — A)Ci(s)) + 03 for s € [s7, 83]
Fy(s) for s € [35, 5]

sca/va 4+ (1 —ca/c3)vi/va  for s € [0, s7]
G5(s) = sica/va+ (1 —cafe3)vi/va  for s € [s], 83
F5(s) for s € 33, 57]

\
where 83 is the smallest s > s] such that Us(s|F1, Fy) = uj.

Intuitively, this case arises when the bottom two players 2 and 3 have similar costs, and
if the prize sequence is convex. The three players compete in three bid intervals as in Case
III. The difference is that, over the high interval [5}, 57|, the three players compete for both
prizes, which is a result of players 2 and 3’s similar costs. Proposition 6 provides a necessary
and sufficient condition on the convexity of the prize sequence for equilibrium strategies with
non-interval supports. This complements Siegel’s (2010) result that, in contests with identical
prizes, linear cost functions result in equilibrium strategies with interval supports, but nonlinear

cost functions may not. The following example illustrates an equilibrium of Case IIb.

Example 2 Consider a contest of three players with marginal costs ¢y =4, co =6, c3 =7 and

prizes v1 = 4, va = 1. The equilibrium payoffs are uj = 1.71 for player 1, u3 = 0.57 for player

1"Both properties are true in general. We can verify the properties using the closed-form characterization of
equilibrium strategies.
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2, and zero for player 3. Player 1 mizes over interval [0.05,0.57], player 2 mizes over [0,0.57],

and player 3 mizes over [0,0.05] U [0.34,0.57]. The equilibrium strategies are'®

&t (s) 2.165 — 0.11 for s € [0.05,0.34]
S =
! /0.5(84s + 15)(14s + 1)/(565 + 31) — 0.5 for s € [0.34,0.57]
7s for s € [0,0.05]
G5(s) = 1.44s + 0.30 for s € [0.05,0.34]
V05565 + 31)(14s + 1)/(84s + 15) — 0.5 for s € [0.34, 0.57]
( 65+ 0.57 for s € [0,0.05]
G5(s) = 0.89 for s € [0.05,0.34]

/0.5(84s + 15) (565 + 31)/(14s + 1) — 0.5 for s € [0.34,0.57]

Given G and G35, player 3’s payoff from choosing s € (0.05,0.34) is a U-shaped quadratic curve
passing 0 at the boundaries of the interval, so the payoff is lower than 0. Figure 6 illustrates

the equilibrium strategies.
Combining Propositions 3-6, we have the following result.
Corollary 2 The contest has a unique Nash equilibrium.

According to Propositions 3-6, the unique equilibrium can be one of four cases. These propo-
sitions unify the existing equilibrium characterizations for different specific prize sequences. In
addition, we can illustrate how the different equilibrium cases relate to each other. More pre-
cisely, we consider how the unique equilibrium changes from one case to another as the prize

sequence becomes more convex.

Proposition 7 If c3 > c¢1 + ca, the equilibrium is of Case Ila for A1/Ay = 0; Case III for
A1/Ag € (0,2¢1/(c1 4+ ¢c3 — ¢2)); and Case I for Ay/Ag > 2¢1/(c1 + ¢35 — ¢2).

If c3 < ¢1 + ¢, there exists X € (1,¢1/(c3 — ¢2)) such that the equilibrium is of Case Ila for
A1/Ay < A, Case IIb for A1/Ag € (A, c1/(c3 — ¢2)); and Case I for A1/Ay > c1/(c3 — c2).

The transition is demonstrated in Figure 7. In the figure, we use the supports of the
equilibrium strategies to demonstrate different cases. If A;/Asg is small, the equilibrium is
of Case II; if A1/As is large enough, the equilibrium is of Case I. How does the equilibrium
transform from Case Ila to Case I as A;/Ay increases? If ¢3 > ¢1 + c2, the equilibrium changes
from Case Ila to Case IIb then to Case I, which is illustrated at the upper half of the figure.
If ¢35 < ¢1 + ¢9, the equilibrium changes from Case Ila to Case III then to Case I, which is
illustrated at the lower half of the figure.

We show above the unique equilibrium in contests with linear cost functions and two distinct
prizes. We describe below two potential extensions and what we know about them. First, the

method in this paper can be extended to show equilibrium uniqueness if the cost functions are

18The slopes and intercepts of the linear parts of the strategies are rounded to two decimal places.
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nonlinear and have ordered marginal cost functions. However, the equilibrium generally has no
closed-form characterization. Another extension is to consider more than two positive prizes.

However, equilibrium strategies generally do not have a closed-form characterization either.™

5 Application and Extension

5.1 Revenue Maximizing Prizes

Consider a contest organizer with a fixed budget whose value is normalized to 1. She is risk
neutral and wants to maximize the revenue — the total expected bid — by splitting the budget
into v1 and vy such that vi,v9 > 0 and v; + vo = 1. Because there are three players, it is
not optimal to have three or more prizes. Because of the closed-form characterization of the
equilibrium strategies, we can numerically calculate the expected bid given each prize allocation.
Therefore, we can find the optimal prize allocation (v}, v3) given any cost profile ¢ = (¢, c2, c3).

In Figure 8, the triangle on the right illustrates the optimal prize allocation for ¢ = (¢, ¢, ¢3)
satisfies ¢1 + co +c3 =1 and 0 < ¢; < ¢ < ¢3. For a given c¢q, the dashed line represents c
such that c¢s + ¢g = 1 — ¢1. Moreover, moving up along the dashed line leads to higher values of

(c3 — ¢2)/(ca — c1). Therefore, we have two key observations from the figure:
e The optimal allocation (vi,v3) is either (1/2,1/2) or (1,0).

e For a given cy, there exists ¢ € (0,00) such that the optimal allocation is (vi,vy) =
(1/2,1/2) if (3 = c2)/(c2 — 1) < ¢, and (v, v3) = (1,0) if (c3—c2)/(c2 —c1) > ¢

This means that a single prize — the most convex prize sequence — maximizes the total expected

bid in a three-player contest if the top two players are similar, and two equal prizes — the most

198ee Xiao (2016) for examples of such equilibria.
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concave prize sequence — maximize the total expected bid if the bottom two players are similar.
Moreover, according to Corollary 1, if the top two players are similar, the revenue maximizing
prizes result in the most convex equilibrium payoff sequence; if the bottom two players are
similar, the revenue maximizing prizes result in the least convex equilibrium payoff sequence.
By renaming the players, the above results extend to the entire simplex in which ¢ = (¢1, ¢2, ¢3)
satisfies ¢ +co+c3 =1 and ¢; > 0 for i = 1,2, 3. In Figure 8 the triangle on the left illustrates
the optimal prize allocation over the entire simplex.?"

There is a big literature on contests with multiple prizes (see Sisak (2009) for a survey),
and multiple prizes are studied in various scenarios, e.g. contests with participation constraints
(Megidish and Sela (2013)). Our analysis above focuses on how the asymmetry of players’ costs
affects the optimal allocation of prizes. In a different setup with ex ante symmetric players,
Moldovanu and Sela (2001) study how the convexity of the players’ cost function affects the
optimal prize allocation. They show that a single prize is optimal if the players have concave
or linear cost functions, and multiple prizes are optimal if they have concave cost functions. In
contrast, our results suggest that in the case of complete information, multiple prizes can be
optimal even if the cost functions are linear.

The optimality of multiple prizes is also demonstrated in various limiting cases. For example,
Szymanski and Valletti (2005) and Xiao (2016) consider contests in which the strongest player’s
marginal cost converges to zero. Cohen and Sela (2008) study an all-pay auction in which one
player values the second prize slightly higher than the other players. Our findings complement
those results by examining all the cost profiles in the simplex, including the extreme values of

marginal costs.

29Tn a zero-measure subset of the simplex, ¢ contains identical marginal costs. For those values of ¢, our method
still constructs an equilibrium, which we use in the simulation. However, there may be other equilibria.
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5.2 More Than Three Players

Consider the same contest described in Section 2 except that there are more than three players:
1,2,...,n, where n > 3. They have constant marginal costs of bid, which satisfy 0 < ¢} < c§ <
... < c}. The following result extends the closed form characterization of equilibrium payoffs

and strategies to the n-player contest.

Proposition 8 The n-player contest has a unique equilibrium, in which players 1,2,3’s payoffs
and strategies are the same as in the three-player contest, the others choose s = 0 with probability

1 and receive a payoff of zero.

Next, we consider the revenue maximizing prizes for n > 3 players. Olszewski and Siegel
(2016b) examine revenue maximizing prizes in large contests in which the number of players
goes to infinity. They find that one prize is optimal if the limiting distribution of the players’
constant marginal costs has a continuous and strictly positive density.?! Our finding is different
from theirs. Specifically, for n > 6, consider an n-player contest with ¢} =1/n,cy =1/2 —-2/n
and ¢! =1/24 (i —2)/n for i > 3. Note that 0 < ¢} < ¢y < ... < and ¢} +cy +c§ = 1. Given
one or two prizes, players 4, ...,n choose zero bid with probability 1, so the total expected bid
in this contest is the same as the three-player contest among players 1, 2 and 3. Notice that
lim,, 4o c§ — ¢ = 0, so our observations above suggest that, for a large enough n, two equal
prizes result in higher expected bid than one prize in the n-player contests. The main reason
for the difference is that, if n — +o0, the limiting distribution of the marginal costs is F'(¢) = 0
for ¢ € [0,1/2] and F(c) = ¢ —1/2 for ¢ € [1/2,3/2]. Its density function over (0,1/2) is 0,
which is excluded by Olszewski and Siegel (2016b).
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Appendix

We first introduce several known equilibrium properties in Lemmas 1 to 4, then some additional
properties in Lemmas 5 to 7. See Step 2 in Appendix A of Bulow and Levin (2006) for Lemma
1 and Xiao (2016) for Lemmas 2-4. These papers consider different prize sequences, but their
proofs apply here. After that, we use the equilibrium properties to prove Proposition 1.

It is easy to see that there is no equilibrium in pure strategies.?> For an equilibrium with

strategies G7, ..., G

» in the n-player contest, let s7 and 57 be the minimal and maximum bids

in the support of G7.

Lemma 1 (No Aggregate Gaps) In every equilibrium, if s € [0, max(s7, ..., 55, )], there are at

least two players whose equilibrium strategies’ supports contain s.

As a result, in any equilibrium, if s is in the support of one player’s strategy, and s’ in the
support of another player’s strategy, then any bid between s and s’ is in the support of some

player’s strategy.
Lemma 2 (Participation) In every equilibrium, player i > 3 assigns probability 1 to s = 0.

The above lemma implies that the top three players, whose costs are the lowest, choose
positive bids to compete for the two prizes. The other players’ costs are too high and they give

up by choosing s = 0.

k=%
i1 5

Lemma 3 (Nested Gaps) In every equilibrium, if s € (s!,5;) is not in the support of G,

then s is not in the support of G;f for any j > 1.

If s € (sf,5]) is not in the support of G, it means that, due to the competition from other

players, s is not a best response for player . Then, Lemma 3 implies that for the players weaker

than 4, the bid s is not a best response either.

22Gee, for instance, Bulow and Levin (2006).
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Lemma 4 (Stochastic Dominance) In every equilibrium, if i < j, then Gj(s) < G(s) for
s> 0.

If i < 7, player @ is stronger than j because ¢ has a lower marginal cost. Then, the lemma
means the equilibrium bids of a stronger player are higher, in terms of the first order stochastic

dominance, than those of a weaker player.

Lemma 5 Suppose a player has an atom at bid s in an equilibrium, that is, he chooses s with

positive probability. Then, he receives no prize by choosing s.

Proof. We first show that, if two or more players have an atom at bid s in an equilibrium,
all the players who have an atom at s lose with certainty.?? Let us prove it by contradiction.
Suppose that two players, ¢ and j, have an atom at bid s in an equilibrium, and suppose that
player ¢ wins a prize with positive probability by choosing s. Since the tie is broken in such
a way that everyone involved wins with positive probability, player j also wins a prize with
positive probability by choosing s. In addition, the tie breaking rule ensures that player i loses
with positive probability by choosing s, so he does not win the highest prize with probability
1. In contrast, if player j increases his bid slightly above s, his cost is almost the same but his
expected winnings would have a discontinuous increase. This is because he no longer needs to
share any prize with player i. This is a deviation for player j, which is a contradiction.

Next, using the above claim, we prove the lemma in two steps. First, suppose two players
have an atom at bid s in the equilibrium, then the above claim implies that both of them must
lose with certainty by choosing s. Second, suppose only player ¢ has an atom at s, and suppose
he wins a prize with positive probability. On the one hand, if all other players have no best
response in (s —e, s) for some £ > 0, player ¢ would benefit from lowering the atom to s —e. This
is a contradiction. On the other hand, suppose another player j has a sequence of best responses
converging to s from below. Compared to such a best response close to s, a bid slightly above
s imposes an almost identical cost on player j, but the resulting expected winnings would have
a discontinuous increase because of player i’s atom at s. This is also a contradiction. In sum,

player i loses with certainty by choosing bid s, which completes the proof. m

According to the lemma, a player never has an atom at s > 0 in an equilibrium, otherwise
he receives a negative expected payoff. Therefore, the possible atoms in an equilibrium must
be at s = 0. The lemma below shows that only the weaker players, 3, 4, ..., n, bid zero with

positive probability.

Lemma 6 In every equilibrium, players 1 and 2’s strategies G| and G35 have no atoms; player

3’s strategy G5 has an atom at s = 0; and player i > 4 assigns probability 1 to s = 0.

Proof. We prove this in three steps. First, Lemma 2 implies that player i > 4 assigns probability
1 to s = 0. As a result, given others’ equilibrium strategies, a player’s payoff at a positive bid

does not depend on the strategies of ¢ > 4.

ZThis claim is referred to as the Tie Lemma by Siegel (2009).
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Second, G7 and G%5 have no atoms. Suppose otherwise that in an equilibrium, G7 has an
atom. Then, Lemma 5 implies that player 1’s expected equilibrium payoff u] = 0. Recall
that 53 is the highest bid in the support of G5. If 55 = 0, player 1 could receive a positive
expected payoff by deviating to s = 0. Therefore, 53 > 0. Due to Lemma 5, 55 > 0 cannot
be an atom. Hence, given others’ equilibrium strategies, player 1’s expected payoff at 53 is
ui = U1(53|G5, G3), where

Ui(s|Gj, Gr) = v1G(8)Gi(s) + v2[Gi(s)(1 — Gi(s)) + (1 — G4(s))Gr(s)] — cis

Notice that player 1’s payoff at 53 is independent of G for ¢ > 4, which is due to the first step.
Similarly, uj = Us(55|G%5, G7). In addition, because G35(55) = 1 > G7(53) and c355 > 155, we
have U; (55|G5, G5) > Us(55|G5, G5). As a result, uj > u} > 0, which contradicts uj = 0.
Third, G§ has an atom at s = 0. Suppose otherwise that G5(0) = 0. Recall that s! is the
smallest bid in the support of G. Then, if min(s}, s3) > 0, the interval (0, min(s}, s3)) receives
zero probability from G} for ¢ # 3. This contradicts Lemma 1, the property of “No Aggregate
Gaps”. Therefore, min(s}, s3) = 0. Without loss of generality, assume s5 = 0. Recall that
G7(0) = 0 according to the second step. Then, the assumption G%(0) = 0 implies that, given
others’ equilibrium strategies, player 2’s expected payoft at s5 = 0 is zero. Therefore, uy = 0,
which leads to a contradiction by the same argument in the second step. Hence, G35 has an

atomat s=0. m

Given payoffs u} and u3 in an equilibrium, let G; be a mixed strategy such that
v1G1(8) +v2(1 — G1(8)) —cas = ub (15)
and Go(s) a mixed strategy such that
v11Ga(s) +va(1 — Ga(s)) —ec1s = uf (16)

Suppose player 3 is absent, G; for i = 1,2 is the strategy of player i such that the other player
J’s payoff is u] by choosing s. In an equilibrium, (sj,53) may be empty.?? If the interval is
not empty, the following result compares G; with equilibrium strategy G}, and shows that G;

is “more aggressive” than G} in terms of first order stochastic dominance.
Lemma 7 In every equilibrium, for any s € (s},55), G1(s) < G5(s) and Ga(s) < G3(s).

Proof. According to Lemma 6, any player i > 4 chooses zero with probability 1. As a result,
Lemma 1, the property of “No Aggregate Gaps”, implies that at least two of players 1, 2, 3’s

strategies’ supports contain s € (s}, 53), and Lemma 3, the property of “Nested Gaps”, implies

24Gee the Case I equilibrium in Proposition 3.
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that 1 and 2 must be among these players. Therefore,

Ur(s|G3,G3) = (17)
Us(s|G1,G3) = ua (18)

By the definition of 53, we have G5(s) < 1 for s < s5. Notice that (17) and (18) implicitly
define G7i(s) and Gj(s) as strictly increasing functions of Gj(s). Then, if we replace G5(s)
with a higher value 1, Gi(s) and G3(s) implicitly defined in (17) and (18) should be lower.
We can verify that (17) and (18) become (16) and (15) if we replace G5(s) with 1. Therefore,
G1(s) < Gi(s) and Ga(s) < G5(s). =

Proof of Proposition 1. We claim that in every equilibrium, given others’ equilibrium
strategies, player 3’s expected value of prizes at s} is x3 as in Definition i). We prove the claim
in two steps.

Us(s|G1,Gs2), where G1(s) and Ga(s)

are defined in Lemma 7 and s,,351 solve G1(s;) = 0 and G1(51) = 1. To see why, notice that

First, in every equilibrium, §5 = infarg max,es, 5]

Gi(s) = G (s) for any s > 535 and i = 1,2, so the definition of equilibrium implies
ul = Us(55|G1, G2) > Us(s|G1, Ga) (19)

for any s > 53. Therefore, inf argmax e[y, s, Us(s|G1,G2) < 8. As a result, it remains to be
shown that any s € [s;, 85) does not maximize Us(s|G1, G2).

Lemma 7 implies that if G1(s) = 0, then G%(s) > 0. Therefore, s} < s;. The lemma
also implies Us(s|G1,G2) < Us(s|G3,G%) < uj for s € (s%,35%). Because [sq,33) is a subset of
(s%,8%), we have Us(s|G1,G2) < u} for s € [s1,583). Recall that u} = Us(85|G1,G2) in (19),
so Us(s|Gy,Ga) < Us(835|G1,Ge) for s € [sq,55). Hence, any s € [sq,5%5) does not maximize
Us(s|G1, Ga).

Second, given others’ equilibrium strategies, player 3’s expected prize at 53 equals x3 as in
Definition i). To see why, notice that Lemma 4, the “Stochastic Dominance” property, implies
57 > 55 for i = 1,2. In addition, we must have 57 = 55 because of Lemma 1, the property of
“No Aggregate Gaps”. Therefore, u} = v; — ¢;5] for i = 1,2. Substituting them into (16) and
(15), we can verify that

G3(s) = Gi(s + 57 — 5) (20)

fori = 1,2. That is, G; is G? shifted horizontally by 5} —5? for i = 1,2. Therefore, the maximizer
53 = infargmax,c(s 5] Us(s|G1,G2) is the maximizer 83 = inf arg mMax,c o 52| Us(s|G2, G3) with
the same shift. That is,

83 = §§ — (§>{ — §1) (21)

Substituting (20) and (21) into the definition x5 = Us(33|G?%, G3)+c333, we have x3 = Us(55|G1, G2)+
c38%. Recall that G;(s) = G(s) for s > 53, so 3 = Us(53|G7, G3) + ¢353, which is exactly player

3’s expected value of prizes at 53 given others’ equilibrium strategies. Hence, we prove the
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claim.

Therefore, T' = 55 and w3 = 0. Recall that Lemma 6 implies uj = 0, so u}§ = max(0,ws).
It remains to be shown that u} = max(0,w;) for i = 1,2. As in the second step above, we can
show that x; = v1G}(83) +v2(1 — G}(83)) — ;83 for i, € {1,2} and i # j. The definition of w;

implies w; = x; — ;T = UlG;f(Eg) + vg(1 — G;‘(E;;)) — ¢85 = v} for distinct 7,5 € {1,2}. =

Having proved Proposition 1, we can use it and Definitions i) to iii) to derive the closed-form

expressions of equilibrium payoffs in Proposition 2.

Proof of Proposition 2. We have shown u3 = 0, so it remains to derive the payoffs for 1
and 2. Consider Case II first. Recall that Us(-|G3, G3) is maximized at the upper boundary 5
if (9) does not hold but (10) does. Therefore, Definitions i) to iii) imply z; = vy for i = 1,2,3
and r3 = v1/c3, so uf = v (1 —¢;/c3) for i =1,2.

Consider Case I. Recall that the lower boundary 0 is a maximizer of Us(:|G2, G%) over [0, 57
if neither (9) nor (10) holds. Therefore, Definitions i) to iii) imply 1 = v; — (v1 — ve2)c1/co,
x9 = vg and xg = va(1l — ¢1/¢2). In addition, zg — c3T = 0, so T = wva(1 — ¢1/c2)/c3. The
definitions also imply u} = x; — ¢;1" for © = 1,2. Substituting x1, x> and 7" into this expression,
we obtain the expressions of u] and u} in Case I.

Consider Case III. Recall that (9) implies Us(:|G%, G2) has an interior maximizer in [0, 52].

Rearranging terms, we have

Ay — Ay
Af

Al — A A
U3(3‘G%’G%) = %(62—01)4-72(614-62) —03] s+ Ay <1— Cl)
1

2
cice8” + [ A
1 c2

which is a quadratic function of s with its maximum being

2
. c1 c1c2 ca—c1  crt+ce Ao Ay c3
3 =NAg|1——) ——=—=(A1—-A -
3 2 ( CQ> 4 ( ! 2) |: C1C2 + C1C2 Al — AQ Al — AQ C1C9
Substituting Ay = v; — v9 and Ay = vy into the above expression, we obtain (11). Proposition

1 implies x3 — c3T" = u3 = 0, and the definition of x3 implies x3 — c353 = u3. Therefore,
T—§3 = ’LAL(;/CL; (22)

Then, for ¢ = 1,2, we have v} = z;—¢;T = u?—i—ciég—CiT = uf —u3¢; /c3, where the first equality
is from Proposition 1, the second from the definition of x; and the last from (22). Substituting
u? = v1 — Ajc;/co into the above expression of u}, we obtain the payoff expressions in Case II1.

Proof of Corollary 1. We can verify that the equilibrium payoffs in Proposition 2 are
continuous in Aj/Ag, so it is sufficient to prove the corollary in each of Case I, II, and III.
Consider Case II first. Using Proposition 2, we can verify that (u] —u3)/(u3 —u3) is independent

of v, so it is nondecreasing in Aj/As.
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Consider Case I. Substituting the payoff expressions in Proposition 2 into (u} —u3)/(u3—u3),

we can rewrite it as

*_ * A
13- [10-2) 20 2l/b-20-2)
uy — uj JAD Co c3 co c3 Co

which is strictly increasing in Aj/Ag.

Consider Case III. In the proof of Proposition 1, we show that in any equilibrium, u; =

vy — ¢;5] for 2 = 1,2. Then, using the expressions of u},u5 and uj = 0, we can rewrite

ul —uy  vy/ve — €157 /v2

= -1
* * =k
uy —uy v /vy — 28] /v2

Notice that (u} —u3)/(u’ —uj3) being nondecreasing in Ay /Ay is equivalent to vy /ve — 157 /va —
(v1/v2 — €257 /v2) = (c2 — c1) 57/v2 being nondecreasing in A;/Ay. Hence, it is sufficient to
show that s} /v is nondecreasing in Aj/As.

Recall that u] = v1 —c157, so 57 /v2 = (v1—uj)/(c3v2). In addition, because of the expression

of uj in Proposition 2 and (11), we can rewrite 5] /v as

C2

5 1 <1 cl) LAl 1 [(es—co—e1)—(1—A1/Ag) (e3+ 1 — 2))?
V9 C3

3 Ag ca * decreocsy 1—-Ay/A

Consider the last term. Its denominator is decreasing in A /Asg. Its numerator is increasing in
A1/As because ¢3 — ¢y —c¢1 > 0 and ¢3 4+ ¢1 — ¢ > 0 in Case II1. Therefore, the last term is

increasing in A;/As, and hence, so is 57 /v2. =

Next, we present an algorithm, which is used to prove Propositions 3 to 6. Using the
equilibrium payoffs derived in Proposition 2, the algorithm below constructs a strategy profile
G = (G1,G2,G3).

Algorithm:
Step 1. Define G at the lowest performance s = 0: G1(0) = G2(0) = 0, G3(0) = u3/va.
Step 2. This step examines G(0) to determine AT (0), the set of players whose strategies are
increasing at performance s = 0. This step contains two parts:
Part One. Define a set of candidates CP(s) = {i € {1, 2,3} such that U;(s|G;, G) = u}
for distinct 4, 7,k € {1,2,3}}.

Part Two. This part refines the candidate set to A™(s): Consider an equation system

0 Ks(s) Ks(s) g1(s) c1
Ki(s) 0 Ki(s) 902(s) | = | @ (23)
Ks(s) Ki(s) 0 g3(s) c3

where K;(s) = (A1 — A2)Gi(s) + Ag for i = 1,2,3. If the solution gz(s) > 0,
let AT (s) = CP(s); otherwise AT (s) = CP(s)\{3}.
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Step 3. Given G(0) and A*(0) defined above, this step extends the definition of G to per-
formance higher than s = 0. Specifically, for ¢ € A" (s) and ¢ slightly higher than s,
consider the equation system U;(t|G;,Gi) = uf for j,k € At (s)\{i}. We can solve
G;(t) € 10,1] for i € A*(s) from the system.?® If i ¢ At (s), let G;(t) = G;(s). In this
way, we can extend G to performance above s until we reach a switch point s’.

Step 4. This step determines the switch point and extends the definition of G above the switch
point. The switch point s’ is the lowest performance above s for which A1 (s) # AT (s).
This happens for two reasons. The first reason is a player outside of A (s) enters the
set at s’ according to Step 2. The second reason is a player in AT (s) exits the set at
s’ according to Step 2. Then, given G(s’) and AT (s’), continue extending G to higher
performance as in Step 3 until another switch point is reached. In this way, we can

extend the definition of G to higher performance until s = (v; — u})/c; is reached.?

The above algorithm is simpler than that of Siegel (2010), which is due to the constant
marginal costs. The main difference from his algorithm is Part Two of Step 2. In contrast to
Siegel’s algorithm, Part T'wo in our algorithm does not use a fixed point argument. Specifically,
suppose CP(s) = {1,2,3} from Part One. Then, the definition of CP(s) implies U;(s|G;, Gk) =
uf for j, k € {1,2,3}\{i}. If all candidates’ strategies in an equilibrium are indeed increasing
at s, the above equation remains true for bids slightly above s. Differentiating both sides of
the equation with respect to s, we obtain Kj;(s)gr(s) + Ki(s)g;(s) = ¢i, where g;(s) is the
derivative of G;.2" The matrix form of these equations is (23) in Part Two. Therefore, if all
candidates’ strategies are indeed increasing at s in an equilibrium, (23) must have positive
solutions g;(s) > 0 for i« = 1,2,3. If g3(s) < 0, then at least one candidate’s strategy is not
increasing at s. It turns out this candidate must be player 3, who has the highest marginal cost.
So far we explain Part Two in the case of CP(s) = {1,2,3} and g3(s) < 0, and this case turns
out to be the only case in which CP(s) is different from A*(s).28

Proof of Proposition 3. We first use the algorithm to derive a set of strategies, then show
that it is the unique equilibrium. Following the algorithm, A*(0) = {2,3}, then we can extend
G, G by solving v2G;(s) — ¢js = uj for 4,5 € {2,3} and j # i. Notice that (9) and (10) imply
that u3,u3 are as in Case I in Proposition 2. Substituting the payoffs into the two equations

above, we have

Ga(s) = sc3/ve
Gg(s) = SCQ/'U2+(C3—CQ+61)/C3

for s € [0, s'] where s’ = (co — ¢1)va/(cac3) solves Gs(s') = 1. We can verify that the first switch

25In the proofs of Propositions 3-6, we solve the equation system in four different cases, and show that it has
a unique solution.

26 According to the proofs of Propositions 3-6, there are at most two switch points above 0.

2"The derivatives exist because of the implicit function theorem.

28This is because of the “Nested Gaps” property in Lemma 3.
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point above 0 is s/, and A*(s") = {1,2}, so we can extend Gy, Gy by solving

v1Ga(s) +v2(1 — Ga(s)) —c1s = ] (24)
v1G1(8) +v2(1 — Gi(s)) —cas = w3 (25)

Substituting expressions of u} and w3 in Case I, we can solve the above equations and get

a1 o c1 Az

- g8 afp a2

Ga(s) 1 * c  c3 ( Cz) Aq
o, Moo
Gl(s) - Al Al C3

for s € [¢, "] where s = Ay /co + Aa(ca — c1)/(cacs) solves Gi(s”) = 1.

It is straightforward to verify that (Gp,Ga2,G3) is indeed an equilibrium, and we show
below that there are no other equilibria. First, in any equilibrium, G for ¢ = 2,3 must
satisfy vaGi(s) — ¢js = uj for j € {2,3}\{i} and s € [0, s7], where s} is the lower boundary
of G¥’s support. Therefore, Gf(s) = G;(s) for i = 2,3 and for s € [0,s]]. At s}, we have
Ui(s7|G5, G5) = uj. The definition of switch point s’ implies that it is the lowest bid satisfying
this property, so s = s’. Notice that G5(s’) = 1, so s] = 55 = ¢. Hence, G} for i = 1,2
satisfies (24) and (25) for s > s’. Therefore, G} (s) = G;(s) for i = 1,2 and for s € [¢/,s"]. As
above, from the equilibrium payoffs, we uniquely determine the strategies in any equilibrium.

Therefore, there are no other equilibria. m

Proof of Proposition 4. As in Proposition 3, we first use the algorithm to construct a set
of strategies. With AT (0) = {2, 3}, we can extend G2 and G3 by solving v2Gi(s) — ¢js = u} for
i,j € {2,3} and j # i. That is, Ga(s) = sc3/v2 and G3(s) = sca/v2 + (1 — ca/c3) v1/va.
Denote the next switch point as s’. By its definition, s’ is the smallest bid such that
Ui(s|G2,G3) = uj. Therefore, we can extend Gi,G2,G3 by solving U;(s|Gj,Gy) = u! for
i=1,2,3. If Ay/Ay = 1, we can solve the linear equation system and obtain G;(s) = 3_; ., (uj+
¢;js)/(2vg) for i = 1,2,3. If Ay /Ay # 1, we can use the definition of A; to rewrite U;(s|G;, Gi) =

*
u; as

Ay AV ) B A; +¢s (26)

(Gj<s> T H) (Gk<s> A A ) T A A,

The product of (26) for i =1,2,3 is

A 2 A +cis
3 ] 2 _ 3 1 1
|:Xi:1 <GZ(S) + Al _ A2>:| Xi=1 <A1 . AQ)

A A; +¢s
3 . e S 3 i L
"i=1 (G’(S) TAC A2> jE\/xl1 <A1 - A2> (27)

therefore
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Combining (26) and (27), we obtain

AL — Ay A; +¢is Ag
i(s)=+— =,/ x3 —
Gils) =+ \/XZ=1 <A1 - A2> A1 — Ay

On the one hand, if A1 — Ay > 0, we can verify that A1 + ¢c1s > As + cos > A3z + c3s > 0 for

s € (0,v1/c3), so

1 x3_ (A + ¢;8) Ao
i f— 1= — 2
Gils) = 25 cis\/ Ay — Ay AL — A, (28)

otherwise G;(s) < 0. Notice that A; + ¢;s and A; — Ay are both positive, so the square root in
(28) is a real number. Therefore, F;(s), which is the right hand side of (28), is also a real number.
On the other hand, if A1 — As < 0, we can verify that Az + c3s < As + cos < A1 + ¢18 < 0 for
s € (0,v1/c3). Moreover, the second term in (28) satisfies —Ag/(A; — Ag) > 1. Then, (28) is
also true, otherwise G;(s) > 1. Notice that A; + ¢;s and A; — Ag are negative, so the square
root in (28) is a real number, so is F;(s). Hence, the strategies in Proposition 4 are the unique
outcome of the algorithm.

Let us verify that G; is nondecreasing for ¢ = 1,2, 3. By the construction in the algorithm, G;
is also continuous. It is straightforward to verify that the linear parts of GG; are nondecreasing.
Therefore, it remains to verify that G; is nondecreasing over s € (s}, v1/c3). First, consider
the case with A7 — Ay > 0. Recall that in this case, A1 + ¢18 > Ay + cas > A3z + c3s > 0 for
s € (0,v1/c3), so

a (S) _ (Al + Cls)(AQ + 028) B AV
3 (A5 + c35) (A1 — Ag) A — Ay

When A; — Ay > 0, G3(s) is a monotone transformation of (A; + ¢15)(Aa + c2s)/(As + c35).
Therefore, (14) implies the right derivative G%(s}) > 0.2 In addition,

g (Al + 013)(142 + 023):| B 616263(82 + 2%8) + c1A9A3 + Ajcg Az — A1 Ascs (29)

Os As + c3s (A + c39)?

where the denominator is positive and the numerator is increasing in s. The positive denomi-
nator implies that G%(s) and the numerator have the same sign. Recall that the numerator is
increasing in s and it is nonnegative at si due to (14), so it is positive for s > sj. Therefore,

GY%(s) > 0 for s > si. Moreover, (23) can be rewritten as

((v1 = 2v2)G3(s) + v2)g2(s) + ((v1 — 2v2)Ga(s) + v2)g3(s) = (30)
((v1 — 2v2)G3(s) +v2)g1(s) + ((v1 — 202)G1(s) + v2)g3(s) = c2 (31)
((v1 = 202)Ga(s) + v2)g1(s) + ((v1 — 2v2)G1(s) + v2)g2(s) = c3 (32)

Recall that Ay + ¢1s > Ay + cas > Ag +c3s > 0 for s € (0,v1/¢3) if A — Ay > 0. Therefore,
(28) implies G1(s) < Ga(s) < Gs(s) for s € (0,v1/c3). Comparing (30) and (31), we obtain

29We use the right derivative because, for s < s7, the expression of G3(s) is different.
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g2(s) < gi(s). Similar, comparing (31) and (32), we obtain g3(s) < ga2(s). Therefore, 0 <
Gi(s) < Gh(s) < G (s).

We have verified that G; is nondecreasing if A1 — Ay > 0. Next, we consider the case with
A; — Ay < 0. As above, we have G5(s) < G4(s) < G(s), so it remains to show G%(s) > 0 for
s € (s7,v1/c3). Recall that, if A; — Ay < 0, we have Az + ¢35 < Ay + cas < A1 + ¢15 < 0 for
s € (0,v1/c3), so

a (S) _ (Al + 018)(A2 + CQS) B Ag
3 (A3 + c38) (A1 — Ag)  Aq — Ay

Using the same argument in the case of A; — Ay > 0, we obtain that G%(s) and the numerator
in (29) also have the same sign for s € (s},v1/c3). Notice that the numerator is a quadratic
function that reaches its minimum at s = —As/c3 = (A2)?/((A2 — Aq)cg) > v1/es, so it is
decreasing in s for s € (sj,vi/c3). Notice that G;(vi/c3) = 1, so (30)-(32) imply the left
derivative G4(v1/c3) = (c1 + c2 — ¢3)/(2A1) > 0, where the inequality is from the assumption
c1 + ¢a > cg of the proposition. As a result, the numerator in (29) is nonnegative at s = vy /cs,
so it is positive over for s € (s],v1/c3) because it is decreasing in s. Hence, (29) is positive and
(G5 is increasing.

Now we verify that the constructed strategies are a unique equilibrium. As in Proposition
3, GI(s) = Gi(s) for s < s'. We show G;(s) = Gj(s) for i =1,2,3 and for s > s’ in two steps.

First, s = s’. As in Proposition 3, the definition of s’ implies that sf > . Suppose
st > ¢, then G5(s), G5(s) satisfy vaG5(s) — c3s = uj and v2G5(s) — cas = ub for s € (5/,5”).
Following the same argument in the proof of Lemma 7, we can verify that G3(s) > Ga(s) and
G5(s) > Gs(s) for s € (¢',5"). Therefore, U, (s|G3,G3) > Ui(s|Ge,G3) = uf for s € (s, "),
where the equality is from the definition of G, G3. Hence, s} = 5.

Second, any s € [¢/,s”] is in the support of G} for i = 1,2,3. Suppose otherwise that
there exists ¢ > 0 and s3 € [¢/,s”] such that (s3,s3 + ¢) is not a subset of G}’s support.
Then, Lemma 3, the property of “Nested Gaps”, implies that Gf must be G5. Without loss of
generality, assume s3 is the smallest bid with the above property. Then, Gi(s) = G5(s3) for
s € [s3, 53 +¢]|. Moreover, G3(s) > G3(s) because G is increasing and G3(s3) = G5(s). Then,
as in the proof of Lemma 7, we have G;(s) < GI(s) for i = 1,2 and s € [s3, s3 + ¢]. Therefore,
Us(s|G7, G5) > Us(s|G1, G2) = uj for s € [s3,s3 + ¢]. This is a contradiction.

In these two steps, we verify that G and G; have the same support for ¢ = 1,2, 3. Moreover,
the construction above shows that, given the equilibrium payoffs, G; is the unique strategy with

such support. Hence, there are no other equilibria. m

Proof of Proposition 5. The algorithm implies that there are two switch points between
0 and (v; — u})/c1, where the algorithm ends. Moreover, they satisfy s’ < s”, and AT (s') =
{1,2,3} and AT (s") = {1,2}. Following the calculations in the proof of Proposition 4, we can
construct the strategies in this proposition.

Let us verify that the constructed G; are indeed non-decreasing. We first verify that the

left derivative G4(5%5) = 0. Notice that this proposition corresponds to Case III in Proposition
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2, so Us(-|G2,G%) has an interior maximizer over [0,5?]. In addition, according to the proof
of Proposition 1, Us(-|G2,G3) is Us(-|G1,G2) with a horizontal shift. Therefore, Us(-|G1, G2)
also has an interior maximizer over [s;,51], and the maximizer is §5. The corresponding first
order condition is (32) with s = 53, which, according to the proof of Proposition 1, equals to
the threshold 7. We can also verify that g1(55) = ca/A1, g2(55) = ¢1/A;1 and g¢3(53) = 0 solve
(30)-(32), so the left derivative G(53) = g3(53) = 0.

Second, G3 is nondecreasing over (si,55). Recall that for s € (s],s%), G5(s) and the nu-
merator in (29) have the same sign. Notice that G3(5%) = 1, so Gs(s) < 1 implies G5(s) > 0
for s slightly below 535. Therefore, the numerator is also nonnegative at s slightly below 53. In
addition, the numerator is zero at s = 53 due to the first step. Therefore, the numerator, which
is a U-shaped quadratic function of s, is positive for s < 55. Hence, Gj(s) > 0 for s € (s7, 53).

As in the proof of Proposition 4, G (s) > G4(s) > G4(s) for s € (s}, 53), so G; is increasing
over (s7,55). The other parts of the strategies are linear, and are also non-decreasing.

By the two steps in the proof of Proposition 4, we can prove the constructed strategies are

a unique equilibrium. =

Proof of Proposition 6. The algorithm implies that there are two switch points between
0 and (v; — u})/c1. Moreover, s’ < s”, and AT (s") = {1,2} and AT (s") = {1,2,3}. As in the
proof of Proposition 4, we have G} (s) = G;(s) for s < s’. At the first switch point s’, we have
g3(s’) < 0, so at least one of GF, G5, G%’s supports does not contain (s, s’ + ¢) for some & > 0.
Then, the property of “Nested Gaps” in Lemma 3 implies that (s’,s’ + ¢) is not a subset of

+’s support. By the definition of the second switch point s”, (s, s”) cannot be in the support

" (v1 —u¥)/c1] is in the

of G%. By the same argument for [s',s”] in Proposition 4, we have [s
support of G for i =1,2,3.

Let us verify that G; is nondecreasing. As above, it is sufficient to verify that G3 is nonde-
creasing for its nonlinear part over (83, 57). As in the proof of Proposition 4, A; — Ay > 0 implies
that the numerator in (29) is increasing over (0, 57). Because F4(s) has the same sign as the nu-
merator, so F3(s) is a U-shaped function over (0, 57). By their definitions, Fj(s}) for i =1,2,3
are the unique solution in [0,1]% to the system Uj(s}|F2, F3) = ul, Us(si|Fy, F3) = u} and
Us(si|F1, Fp) = ui. In addition, Ui (s]|G2, G3) = u}, Ua(s]|G1, G3) = ul and Us(s7|G1,G2) =
uj3. Therefore, G;(s7) = Fi(s]). The construction of G implies G3(s]) = G3(83) = F3(83), so
F5(s7) = F3(83). Hence, the U-shaped function Fj is increasing over (83, 57).

The first paragraph shows that we uniquely determine the supports of strategies in any
equilibrium. Therefore, the construction implies that given the equilibrium payoffs, there are

no other strategies with the same supports. Hence, there are no other equilibria. m
We first introduce a lemma below, then use it to prove Proposition 7.

Lemma 8 If1 < Aj/Ay < c1/(c3 —c2) and c3 < ¢1 + ca, there exists a unique X\ € (1,¢1/(c3 —
c2)) such that F5(s7) > 0 if and only if A1/Ag € (1,N).
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Proof. We prove this in three steps. First, s}/v; increases in s, where k = 1/((A1/A2)% — 1).
To see why, recall that s} solves G7i(s7) = 0. That is,

1 X?:l (cist + Ai) B Ag —0
c187 + Ay Ay — Ay Ar— Ay

Because A — Ay > 0, we can rewrite it as (cos} + A2) (c3st + Az) /(c1s]+ A1) = A3/ (A1 —Ag),

or
2 A2
*2 2 * 2
A Ay — 22 Apds — — 22 4 =
coc3sy” + ( 2¢3 + c2 A3 A A201> 81+ A243 A A, 0 (33)
Recall that A4; = v1 (1 — ¢;/c3) + A3/(A1 — A), so
Ai C; A% C; 1
S A —1-9 4 - 34
(3 C3 (Al — AQ)(Al + Ag) C3 2 -1 ( )
A2 1
; (35)

(A — Aoy £2-1

where ¢t = A;/A,. Dividing both sides of (33) by v? and using (34) and (35), we can rewrite
(33) as
s c-—a
K

* 2
S
coC3 <1> + [03 —Cco + ﬁ(03 +co — Cl)] = —
(%] (%] C3

=0 (36)

where x = 1/(t?> — 1). Because the last term is negative, the above equation has two roots of

different signs. Therefore, the positive root is

ﬁ _ _63—02+I€(63+62—61)
v c2C3
\/(03 —co+ k(cg+co— cl))2 +4ea(ca — 1)k
+ (37)
CoC3
_ 1 x3_ (cistA;) Ao 8 /(% o
Recall that F3(s) = g1o; A A, — A&, DBecause Ay — Ay > 0, Fi(s7) > 0 is

equivalent to (14). Expanding the derivative in (14), we obtain

c1(Az + c251)(As + c3s7) + (A1 + c1s7)ea(As + e3s7) — (A1 + c157) (A2 + casy)es > 0
Dividing both sides by cjcac3s], we obtain

(e t) (oo G ) G ) - () () >0

. A; _ l—ci/es+r 1 . . .
Notice that e = o wjm 5O the inequality above is

<1—02/03—|—m+s’{> (1—03/03—}—/@4_3’{) N <1—cl/03+ﬁ+sf) (1—03/03+/¢+.§{>
C2 V1 C3 V1 C1 U1 C3 (%]
_(1—01/C3+/1+3{) (1—02/034#@4_5*{) =0

C1 C2

o4
s,
4
—
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Collecting terms with respect to si/v1, we get the left-hand side of the above inequality

*\ 2 *
LHS — <51> +4£§71+1—61/03+I€+1—62/C3+I€+1—03/63+/§ (38)

€3 U1 C1 C2 C3

Recall that s} /vy solves (36), which can be rewritten as

s c3—ca+K(cs+ca—cr) 2 cg —ca+ k(eg+ca—cp) 2 co — C1
cac3 | — + - + K
V1 2c169 2cico c3

cg—ca+r(c3+ca—c1)
2cica

If k increases, increases and the last term decreases. Then, the quadratic
function of sj/v; shifts to the right and downwards. This implies that the larger root sj/v;
increases.

Second, LH S in (38) is increasing in « for k € [k, +00) if it is increasing at k, where

1 _ (03 — 02)2

1 ey (12— c3)(c1 43— ca)

|=

The first step implies that si/v; increases in k, so the first two terms in (38) increase in k.
However, the last three terms do not. To see why, the derivative of the last three terms with

respect to k is
c1+c2—c3 B 2(63 — 62)(63 — Cl)
c1c2C3 10203

2K
which is increasing in k. However, the derivative at k = k is

_ 261(02 — 61)(63 — CQ)
clcgcg(cl + 3 — c2)

<0 (39)

Therefore, the sum of the last three terms is a U-shaped quadratic function of k. Hence, to
show (38) is increasing in «, it is sufficient to show it is increasing in  at k.
Third, LHS in (38) is increasing in x at k. Substituting (39) into the derivative of (38) with

respect to k at k, we have

OLHS 4 dy 4 2¢1(co —c1)(c3 — ¢2)
oyt Zx) IS 4
0K ‘ < v 3 I{) Ok £+ c3 c1c2¢3(c1 + g — ¢2) (40)

where y = s7/v1. Recall that if k increases, the quadratic function in (36) shifts to the right and
downwards. Therefore, the larger root y of the equation shifts to the right by at least 03;52726?1
That is, % > @fe—a  Gubstituting x into (37), we get

K

= 2cac3

(ca —c1)(cg — c2)
6263(63 —Cy + Cl)

y(k) =

Substituting y(x), £ and the lower bound of dy(x)/0k into (40), then multiplying both sides by
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cac3 /2, we get

>0

2

OLHS Czcg c3+co— (CQ — Cl)(C3 — 02) 2 Z?:l(cl “+co +c3 — QCi)
= —_— +1 + 5
Ok 2¢ c1+c3—co (c3 —¢2)

Therefore, (38) is increasing in k. Hence, there exists A such that the lemma holds. =

Proof of Proposition 7. Consider ¢z > ¢ + ¢ first. Then, ¢;1/(c3 — c2) < 1 and 2¢;/(c3 —
¢o + ¢1) < 1. Therefore, Proposition 3 implies that the equilibrium is of Case I for A;/Ay >
2¢1/(cg —ca+c1). It Ay/Ag € (0,2¢1/(c3 —ca+c1)), Proposition 4 implies that the equilibrium
is of Case III. If A1/Ag =0, v1 = vy > 0, so the equilibrium is of Case Ila.

Consider c3 < ¢1 + ¢o. First, Proposition 4 implies that the equilibrium is of Case Ila for
A1/A9 < 1. Second, Proposition 3 implies that the equilibrium is of Case I for A1 /Ay > ¢;/(c3—
¢2). Third, according to Proposition 4, the equilibrium is of Case [Ta if 1 < Ay/Ay < ¢1/(c3—c2)
and if Fj(s7) > 0. Lemma 8 implies that the equilibrium is of Case Ila for A;/Ay € (1,)].
Then, the first step implies that the equilibrium is of Case IIa for A;/As < A. Fourth, if
A1/Ay € (N e1/(e3 —c2)), Lemma 8 implies that 1 < A;/Ag < ¢1/(e3 — ¢2) and Fi(s7) < 0.
Then, Proposition 6 implies that the equilibrium is of Case I1Ib. =

Proof of Proposition 8. Lemma 2 implies that players 4, ...,n choose s = 0 with probability
1. In addition, Lemma 5 implies that they do not win any prize in any equilibrium. Therefore,
their equilibrium payoffs are zero.

Next, consider players 1,2 and 3. Because players 4, ...,n do not choose positive bids and do
not win any prize, players 1, 2, 3’s strategies in every equilibrium in the n-player contest are also
an equilibrium in the three-player contest. Then, the unique equilibrium of the three-player
contest implies that the n-player contest has a unique equilibrium, in which players 1, 2,3 use
the same strategies as in the three-player contest. Moreover, their payoffs in the n-player contest

are also the same as those in the three-player contest. m

Calculation Details in Example 1 Substituting the values of ¢; and vy into (1) and (2), we
obtain G?(s) = 4s and G3(s) = 3/4+ s. Suppose players 1 and 2 use these strategies, player 3’s
payoff by choosing s is given by (3) and can be rewritten as Us(s|G%, G3) = —8s2+2s+9/4, which
is maximized by a unique best response §3 = 1/8, and the corresponding payoff is i3 = 19/8.
Then, substituting §3 = 1/8 into (7) and (8), we have 1 = 31/8 and z3 = 7/2. Substituting
S5 =1/8 and 1z = 19/8 into (6), we obtain x3 = 13/4. Following Definition ii), the threshold T'
satisfies xt3—c3T = 0, so T = 13/28. According to Definition iii), player i’s power is w; = x;—¢; T,
so wy = 191/56, wy = 23/14 and ws = 0. Then, Proposition 1 implies u} = z;, so uj = 191/56,
us = 23/14 and uj = 0. Recall that s] is the smallest s > 0 satisfying (12). Substituting the
values of u},vg,¢; into (12), we can rewrite it as —2 (EM> +3 (% + M) — 5 =

3 3 3

L whose solutions are (67 + 5v/37)/112. Therefore, sj = (67 — 5v/37)/112. According to
Proposition 5, 57 = (v1 — uj)/c1 = 33/56 and 55 = T' = 13/28. Therefore, the supports are

[0,13/28] for player 3, [0,33/56] for player 2, and [(67 — 51/37)/112,33/56] for player 1.
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