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1. Introduction

The theory of auctions has mostly dealt with symmetric auctions, in which the valuations of all bidders are drawn
according to the same distribution function. In practice, however, it often happens that bidders are asymmetric, i.e., their
valuations are drawn according to different distribution functions. In such cases, the mathematical model is considerably
more complex. As a result, relatively little is known at present on asymmetric auctions.

Numerical simulations can play an important role in the study of asymmetric auctions. A pioneering contribution was
made by Marshall et al. (1994), who developed the first numerical method capable of computing the equilibrium bids in
asymmetric first-price auctions, which is based on backward shooting. The backward-shooting method was used in numer-
ous subsequent studies (e.g., Fibich and Gavious, 2003; Fibich et al., 2002, 2004; Gayle and Richard, 2008; Li and Riley, 2007;
Maskin and Riley, 2000), and has become the standard method for computing the equilibrium bids in asymmetric first-price
auctions. Nevertheless, the backward-shooting method is far from optimal. Indeed, Marshall et al. (1994) observed that
“backward solutions are well behaved except in neighborhoods of the origin where they become (highly) unstable”. Simi-
larly, Li and Riley (1997) noted that “because the differential equations which define the equilibrium bid functions are very
poorly behaved at the lower end-point, there are some quite complex technical issues which had to be dealt with before
we could develop such a program.”

In this work we show that the instability of the backward-shooting method is not a “technical issue”, but rather an in-
herent analytic property of backward solutions. Therefore, it cannot be eliminated by changing the numerical methodology
for the backward integration. Moreover, this inherent instability becomes more severe as the number of players increases.
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Therefore, a robust numerical solver of the equilibrium bids in asymmetric first-price auctions requires a completely differ-
ent approach.

In this study we develop a novel method, the boundary-value method, for computing the equilibrium bids in asymmetric
first-price auctions. In this method, the system of nonlinear ordinary differential equations for the equilibrium strategies is
solved as a boundary-value problem, rather than with backward shooting. A priori, this approach is problematic, since the
location of the right boundary is unknown. However, we eliminate this problem by changing the independent variable, so
that the transformed system of ordinary differential equations resides on a fixed known domain. Therefore, the transformed
nonlinear system can be solved using standard methods, such as fixed-point iterations or Newton’s iterations.

Our simulations show that the boundary-value method is considerably more robust than backward shooting. In particular,
unlike backward shooting, it performs well even when the number of players is large, and for mixed types of distributions,
including all common distributions (Weibull, truncated normal, beta distributions, etc.), as well as distributions with more
than one crossing. We note, however, that the evidence for the performance of the boundary-value method is purely nu-
merical. In particular, we do not prove that the iterative solution exists and is well defined, or that the iterations converge.

The paper is organized as follows. In Section 2 we present the model of asymmetric first-price auctions. In Section 3
we show that the backward-shooting method is inherently unstable, and that this instability increases with the number of
players. The new boundary-value method is presented in Section 4 for two players, and in Section 5 for any number of
players.

In Section 6 we use the boundary-value method to study several problems which could not be studied numerically using
backward shooting.

1. In Section 6.1 we take advantage of the fact that the boundary-value method does not become unstable as the number
of players increases, and study large auctions with as many as 450 players and with as many as nine different types of players.

2. In Section 6.2 we study the revenue difference between large first-price and second-price auctions. Bali and Jackson
(2002) showed that this revenue difference goes to zero as the number of players goes to infinity. That study, how-
ever, did not consider the rate at which first-price and second-price auctions become revenue equivalent. Using the
boundary-value method, we show numerically that the revenue difference between the first-price and second-price auction
decays as 1/n> or even faster, where n is the number of players. This numerical observation suggests that the problem of
revenue ranking in large asymmetric auctions may be more of academic interest than of practical value.

3. In Section 6.3 we take advantage of the fact that the boundary-value method is not restricted to certain distribution
functions. We first relax the common assumption of stochastic dominance, and show numerically that analytic results
that were proved under this assumption do not necessarily extend to the general case. We then use the boundary-value
method to provide the first numerical example of bidding strategies which cross each other more than once.

Final remarks are given in Section 7. Matlab codes are provided in the on-line supplement.
2. Model formulation

Consider n risk-neutral players bidding for a single object in a first-price auction. The value v; of the object for the
ith player (i =1,...,n) is private information to i, and is drawn independently from the interval [0, 1] according to a
distribution function F;(v), such that F;(0) =0 and F;(1) = 1. The functions {F;(v)} are common knowledge and have a
continuous density fij(v) = Flf(v) > 0 in (0, 1]. Each bidder submits a sealed bid of b; = bj(v;). The highest bidder wins the
object and pays his bid. All other bidders do not pay anything.

We denote by v;(b;) the inverse of the equilibrium bidding strategy b;(v;). Then, the equations for {v;}]_, are given by
Maskin and Riley (2000):

n

oy Fiin [ (1 1) -
V"(b)_ﬁ(w(b))[(n—lzvj(b)—b) vi(b)—b}’ Pl e

j=1

The initial conditions for the system (1a) are

vi(0)=0, i=1,...,n. (1b)

The initial value problem (1a), (1b) does not have a unique solution. Indeed, one cannot apply the standard local existence
and uniqueness theorem, since the right-hand side of (1), (1b) is of the form %. The equilibrium strategies, however, satisfy
the additional condition that the maximal bid of all bidders is the same (Maskin and Riley, 2000). In other words, there
exists some 0 < b < 1, such that

vitby=1, i=1,...,n. (10)

The existence and uniqueness of solutions to (1a), (1b), (1c) was proved by Lebrun (1996, 1999, 2006).
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3. Instability of the backward-shooting method
3.1. The backward-shooting method

The ODE system (1) is a nonlinear boundary-value problem, in which the location of the right boundary b is unknown.
Therefore, from a numerical point of view, it is natural to solve (1) using a forward-marching approach, i.e., search for the
solution of the initial value problem (1a), (1b) that satisfies (1c). Since the right-hand side of (1a) at b =0 is of the form %,
a special treatment is required at b =0 in order to solve (1a), (1b) numerically. For example, Marshall et al. (1994) obtained
an analytic approximation v;(b = h) ~ v; of the solution at 0 < h « 1, and then solved (1a) for b > h with the initial
condition

vitb="h) =v;p. (2)

Marshall et al. observed, however, that the resulting solution of (1a), (1b) does not satisfy the boundary condition (1c).
Therefore, they decided to solve the boundary-value problem (1) using a backward-shooting approach. In this approach, one

finds the value of b by solving Eq. (1a) backwards in b for b < b, subject to the “initial” conditions

vitbe) =1, i=1,...,n, (3)

and searching for the value of b, for which v;(0)=0fori=1,...,n.

The backward-shooting method was used to solve Eq. (1) by Marshall et al. (1994), as well as in numerous subsequent
studies (e.g., Fibich and Gavious, 2003; Fibich et al., 2002, 2004; Gayle and Richard, 2008; Li and Riley, 2007; Maskin
and Riley, 2000), and it is currently the standard method for computing the equilibrium bids in asymmetric first-price
auctions. Various variants of the backward-shooting method have been proposed in the literature. Of particular interest
is the program BIDCOMP? by Li and Riley (2007), which is freely available on-line. This implementation uses an adaptive
step size for the numerical backward integration to allow better control of the error. More recently, Gayle and Richard
(2008) implemented the backward-shooting method using local Taylor series expansions of the solution, as well as of the
distributions {F;}.

Although backward shooting is the standard approach for solving (1), it is far from optimal. Indeed, as noted in the
Introduction, this method becomes unstable near the left boundary (Marshall et al., 1994; Li and Riley, 2007). In what
follows, we analyze the instability of the backward-shooting method in the case when all players are symmetric. This case
is much easier to analyze, since the system of Eqs. (1) reduces to a single ordinary differential equation, which can be
solved explicitly. As we shall see, this simple model captures all the instability characteristics of backward solutions in the
asymmetric case.

3.2. The symmetric model

Let us consider the symmetric case when Fj(v) = F(v) for i =1,...,n, and all bidders have the same equilibrium
strategy b;(v) = b(v). In this case, the system (1) reduces to
1 F® 1
Vib) — (v(b) (43)

n—1f®) vb)—b’

with the initial condition

v(0) =0. (4b)
Eq. (4) can be solved explicitly as follows. The equation for b =v~! is given by
fw)
Pwv)y=m-1)—=(v—>b , 5
(v)=(n )F(v) (v—b(w)) (5a)

with the initial condition
b(0) =0. (5b)

v £
In order to solve this first-order ordinary differential equation we multiply Eq. (5a) by e/ = Drsds _ F"~1(v), which
gives
[FTwbwm)] =[F"'W)]'v. (6)
Integration of this equation between 0 and v, and using the initial condition (5b) gives the explicit solution
Jo F'=1(s)ds

b(v)y=v - T (v

(7)
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Therefore, in particular, the maximal bid in a symmetric first-price auction is given explicitly by
1

b=b(1)=1 —/F”_l(s) ds. (8)

0

3.3. Instability of backward solutions of symmetric auctions

Although the solution of (4) is known, see Eq. (7), in order to analyze the backward-shooting method for Eq. (1), we now
“solve” Eq. (4) using backward shooting. Let v (b) be the solution of (4a) for b < b, with the “initial” condition

ve(be)=1, be=b+s, (9)
where b is given by (8). The inverse function b, = v;l is the solution of Eq. (5a) for v < 1, with the “initial” condition
be(1)=bhe, be=b+s. (10)

The solution of (5a), (10) can be calculated explicitly:

Lemma 3.1. Let b, (v) be a solution of (5a) for v < 1 with the initial condition (10). Then,

£
bs(V)=b(V)+m, (11)
where b(v), the solution of (5), is given by (7).
Proof. Integration of (6) between 1 and v and using b(1) = b gives
b+1—vF 1) — [T F=1(s)ds
b(v)= ) f" ©) . (12)
Fn—1 (V)
Similarly,
b+e+1—vF1(w)— [ F=1(s)ds
be(v) = v) f" © . (13)

Fn—1 (V)
Substraction of (13) from (12) proves the result. O

Lemma 3.1 shows that the error |b.(v) — b(v)| increases monotonically as v decreases from |bs(1) — b(1)| = ¢ to
limy_.q |be(v) — b(v)| = co. We now show that there are two types of backward solutions. Indeed, by (7) and (11),

(Jo F*"(s)ds — &) f(v)
F(v) '

b,(v)=mn—-1)
Therefore,

1. When € <0, bj(v) > 0 for 0 < v < 1. Hence, as v goes down from 1 to 0, b¢(v) decreases monotonically from be to —oo,
see Fig. 1A. In particular, there exists a point 0 < Vi, < 1 such that by (vVpin) = 0. Following Lebrun (1996, 1999), this
solution is called a type-1 backward solution.

2. When ¢ > 0, b(v) =0 when fo" F"~1(s)ds = ¢. Therefore, there exists a point 0 < Vpin < 1 such that b}, (vpin) = 0.
Hence, by Eq. (5a),

be (Vimin) = Vimin- (14)

Thus, as v goes down from 1 to 0, bo(v) decreases from bg(1) = b to bg(Vimin) = Vmin, and then increases to +oc
as v — 0, see Fig. 1B. Following Lebrun (1996, 1999), this solution is called a type-II backward solution.

The solution of (5) is bounded by 0 < b(v) < v. Indeed, the bids in first-price auctions (symmetric, as well as asymmetric)
have to be nonnegative and below the bidder’s value. The maximal interval of b, (v) over which

0<b(v) <V (15)

iS [Vmin, 1]. Indeed, for 0 < v < vpin, type-1 backward solutions become negative, and type-Il backward solutions sat-
isfy bg(v) > v.
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Fig. 1. Analytic solution b(v) of (5) (solid curve) and analytic solution bg(v) of (5a), (10) (dashed curve) with n =5 players and F = v. A: ¢ = —0.005
(type-I). Thick dot denotes the value at which bg (viin) = 0. B: & =0.005 (type-II). Thick dot denotes the value at which b, (vin) = 0.

Lemma 3.2. Let € # 0, let b¢ (v) be a solution of (5a), (10) for v < 1, and let [V min, 1] be the maximal interval of b¢ (v) on which (15)
holds. Then,

Vmin = F71("V/]el) > 0. (16)

Proof. When ¢ < 0, the condition b (v) > 0 implies that
le]

bs(V)=b(V) — ———— >

() =bV) = s

Hence,

&l <DV min) F"" (Vinin).
Since b(Vmin) < Vmin < 1, it follows that |g| < F" 1 (vuin). Hence, vin > F~1("V/e]).
When ¢ > 0, the condition b, (v) < v implies that
v —
e — (Y F"=1(s)ds
v+ fo ©

&
be(v) =b(¥) + fyes = P10y

Hence, € < fo"”“” F"=1(s)ds. Since F(v) increases monotonically, it follows that
Vimin
Fn_l(s) ds < VminFn_l(Vmin) <F! (Vinin)-
0
Hence, F"" ! (vpnin) > € and Vpyin > F~1("VE). O
From Lemma 3.2 it follows that the interval [V, 1] shrinks to zero as n — oo:
Corrolary 3.1. Under the conditions of Lemma 3.2, limp— oo Vimin = 1.
Proof. This follows immediately from (16). O
Lemma 3.2 and Corollary 3.1 show that
Corrolary 3.2. Backward solutions become more sensitive to the initial error b, — b as the number of players increases.
To illustrate this point, we set ¢ =+10~1°, and solve (5a), (10) with F = v for n =10, 20, and 100 players:
1. When & = —10~1° then b(vmin) = O (type-I backward solution) and v, increases from 0.033 for n =10 to Vi, =0.17
for n = 20 players to vy = 0.70 for n =100 players, see Fig. 2.
2. When & = 41071 then b}, (Vmin) = 0 (type-II backward solution). In this case vp, increases from 0.039 for n =10
to Vmin = 0.20 for n = 20 players to vpyip = 0.74 for n = 100 players, see Fig. 3.
Since the error in b is of the order of the machine roundoff error, we conclude that even in the symmetric case, it is impossible to
solve (1) using backward shooting when the number of players is large (where n = 20 is already “large”). Note that in Figs. 2 and 3

we plotted b, (v) by using the explicit expression (6). Therefore, the backward-shooting error is analytic, i.e., a property of
the ordinary differential equation solution, rather than of the numerical solution.
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Fig. 2. Solution b(v) of (5) with F = v (solid curve) analytic and solution b, (v) of (5a), (10) with F =v and &€ = —10~'> (dashed curve). Dotted curve is
the line b = 0. Here, v, denotes the value at which b, (Viin) =0. A: n=10. B: n=20. C: n=100.
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Fig. 3. Same as Fig. 2 with & = 410715, vy, denotes the value at which b (Vimin) =0 and bs (Vimin) = Vinin-
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Fig. 4. Analytic solution v(b) of (4) (solid curve) and analytic solution v (b) of (4a), (9) (dashed curve) with n =5 players and F = v. A: ¢ = —0.005
(type-I). B: € =0.005 (type-II). The additional dash-dotted curve in A and B is v, :b;l, where b, is taken from Figs. 1A and 1B, respectively.

In the asymmetric case, the equilibrium bid functions are computed by solving (1) for the inverse bid functions. Therefore,
in analogy with the asymmetric case, we now consider the analytic error of |[ve —v| when we solve (4a), (9) for v, backwards
from b =b, down to b =0. Since the error |b; — b| increases monotonically as v decreases, the error |ve — v| also increases
monotonically as b decreases from b = b towards b = 0. In Fig. 4 we plot v, and v for the same data as in Fig. 1, i.e, n =5,
F =v and ¢ = £0.005:

1. As b decreases from b=b to b =0, the type-I backward solution v, (b) goes down from Ve(be) =1 10 Ve(0) = Vipin &
0.16, see Fig. 4A. Comparison of v, from Fig. 4A with v, = b;l. where b, is taken from Fig. 1A shows that the two
solutions are identical for v, < b < b. For 0 < b < vpin, however, b;l becomes negative, but v, from Fig. 4A is not
defined, since it was computed only for 0 < b < bg.! B

2. The type-II backward solution v (b) is defined for vy, < b < b, but not for 0 < b < Vpip, see Fig. 4B. A comparison of v,
from Fig. 4B with v, = b;1, where b, is taken from Fig. 1B, reveals why v, is not defined for 0 < b < vp,. Indeed,
as b decreases from b to Vpin, Ve = bg1 decreases along the upper branch. Then, at b = vy, the trend reverses and b
increases as Vg = b;1 decreases along the lower branch from v, to 0. Therefore, v (b) is defined only for b > vpip.

So far we only considered the analytic error of backward solutions. We now consider an additional numerical error that
may occur for type-II inverse solutions. As noted, these solutions are defined only for vy, < b < be. At b = vyin, vi(b)
becomes infinite. However, depending on the way the numerical ordinary differential equation solver handles the infinite
derivative of vy at b = vy, ve(b) may be (incorrectly) computed for b < vp,. For example, in Fig. 5A we solve (4a), (9)
with & = 0.005 using Matlab’s ODE45 subroutine.? In this case, the computed v, (b) agrees with the analytic solution in
the region vpin < b < b. However, ODE45 does not stop at b = vy (as it should, see Fig. 4B), but rather continues into the

1 Of course, if we continue to solve (4a), (9) for b < 0, then the two solutions would also agree in this region.
2 In what follows, we use the default parameters of Matlab’s solvers.
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Fig. 5. Numerical solution v, (b) of (4a), (9) with n =5 players, F = v, and & = 0.005 (type-II), computed using A: Matlab’s ODE45 subroutine. B: Matlab’s
ODE15s subroutine.

type | type Il
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/ ///
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v Viin ]
min
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0 0.5 0 0.1v__ 0405
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Fig. 6. Backward solution vé (b) of (1a) with the initial condition (17) (dashed curve), and the solution v(b) of (1) (solid curve) for n =2, F; = v and F, = v2.
A: ¢ = —0.005. B: ¢ =0.005. Note the similarity to Figs. 4A and 4B. C: Error (18) of solution in A. D: Error (18) of solution in B.

region b < vuin, where the computed values are a numerical artifact. In Fig. 5B we solve the same problem using Matlab’s
ODE15s subroutine. In this case, the numerical integration does terminate at b = v ;.

3.4. Instability of backward solutions of asymmetric auctions

In Section 3.3 we saw that the backward-shooting method for solving symmetric auctions is unstable, and that the
instability increases with (b — b) and with n. Moreover, in the case of type-II solutions we saw that an additional numerical
error may occur due to the infinite derivative of the solution at vu;;. We now show numerically that the same instability
characteristics exist in asymmetric auctions. _

Let us consider backward solutions of (1a) for b < b, with the “initial” condition

vibe)=1, be=b+e. (17)

Lebrun (1996, 1999) proved that asymmetric backward solutions can be classified into type-I and type-II solutions, such
that

1. When ¢ < 0 (type-I), for each solution vf;(O) > 0. We denote the value of the solution at b =0 as me‘n = vfg(O). Note
. . i j
that it is possible that v} . #v: . . ' . 4 ' .
2. When ¢ > 0 (type-II), for each solution v (b) there exists a point v, ; > 0 such that ve(v, ;)= v} .. In this case, v, ;.
is equal for all players, except possibly for one player.

This classification can be seen numerically in Figs. 6A and 6B, where we solve (1a) for b < be with n =2 players with F; =
{v, v2}, and the “initial” condition (17) with & = £0.005. Note the similarity to Figs. 4A and 4B of the symmetric case.

In the symmetric case we showed that the error |v¢(b) — v(b)| increases monotonically in b — b. While such a result was
not proved for asymmetric auctions, Figs. 6C and 6D show numerically that the error

[ve®) —vd)| = | 3 (vih) - vin))* (18)

i=1

of backward solutions in the asymmetric case also increases monotonically in b — b.

3 ODE15s does not always stop at vy, see Fig. 8B below.
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Fig. 7. Same as Fig. 6 for n = 4 players with F; = {v, v, v2, vZ}.
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Fig. 8. Numerical solution v, (b) of (4a), (9) with n =5 players, F = v, and & = 0.005 (type-II) computed using A: Matlab’s ODE45 subroutine. B: Matlab’s
ODE15s subroutine. Note the similarity to Fig. 5.

In the symmetric case we showed that the instability of backward solutions increases with n. We now numerical re-
sults that suggests that our conclusion that the instability of backward solutions increases with n, remains valid in the asymmetric
case. To see that, in Fig. 7 we solve (1a) with n =4 players with F; = {v, v, v?, v?} for b < b, with the “initial” condi-
tion’ (17), and observe that vimn is considerably larger than in the case of two players.# Indeed, max; vim.n <0.2 forn=2,
while min; me‘n > 0.35 for n =4.

In conclusion, the instability of the backward solutions of asymmetric auctions is essentially the same as for symmet-
ric auctions. The source of the instability is analytic, hence independent of the numerical method used to integrate (1a)
backwards. In particular, it is not possible to overcome the instability by changing the numerical method for the backward
integration. Moreover, the instability increases as b decreases and as the number of players increases.

As in the symmetric case, an additional numerical error may occur for type-II inverse functions v, (b). These solutions
are defined only for vpyin < b < bg. At b = vy, the derivatives dvfg/db become infinite. However, depending on the way nu-
merical ordinary differential equation solvers handle infinite derivatives, vg(b) may be (incorrectly) computed for b < v pip.
For example, in Fig. 8A we solve (1a), (17) with &€ = 0.005 using Matlab’s ODE45 subroutine. In this case, the numerical
integration does not stop at b = vy, ~ 0.16 (as it should), but rather continues down to b ~ 0.14. Although the solutions
appear to be “smooth” in the region 0.14 < b < Vin, the computed values are a numerical artifact.> Recall that in the sym-
metric case, we avoided such numerical artifacts by using ODE15s, see Fig. 5B. In the asymmetric case, however, ODE15s
also fails to stop at b = vmin & 0.14, see Fig. 8B, and rather continues down to b~ 0.11.%

4. The boundary-value method (n = 2)

In Section 3 we saw that the backward-shooting method for solving the boundary-value problem (1) is unstable, espe-
cially when the number of players is large. We now present an alternative numerical method, in which (1) is solved using
a boundary-value approach. For simplicity, we first present the method for the case of two players. The general case will be
considered in Section 5.

In the case of two players, Eq. (1a) reduces to

dvi _ Fi(vi(b)) 1 dvy _ Fa(va(b)) 1

— = ,  —== , 0<b<b, 19
db ~ fi(vi(b)) vab)—b" b _ fa(va(b)) v1(b) —b (192)

4 In Fig. 7, by = b and b3 = by. Therefore, only two strategies are plotted.

5 Indeed, the computed solution loses its monotonicity at b = v .

6 The difference between the computed values of v, in the region b < v, in Fig. 8A provides further support that the computed values in these region
are a numerical artifact.
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with the boundary conditions

vib=0)=v2(0)=0, vi(b=b)=vab)=1. (19b)

The main difficulty in solving this nonlinear boundary-value problem is due to the fact that the location b of the right
boundary is unknown. In order to overcome this difficulty, we recast (19) as a function of v, rather than of b.”8 The
resulting equations are

dvy _ F1i(vi(v2)) f2(v2) vi(va) —b(vy)
dvy  fi(vi(vp)) Fa(va) vy —b(vp)

)

0<vy <, 20a
D _ LWV )~ b, 2 o
dvy  Fa(vy)
with the boundary conditions
vi(v2 =0)=b(0)=0, vi(vo=1)=1. (20b)

Unlike (19), the boundary-value problem (20) is defined on a fixed domain v, € [0, 1]. The values of v are given at both
boundaries, whereas the value of b is only given in the left boundary.® This nonstandard system has a unique solution, since
it is equivalent to (19) which has a unique solution (Lebrun, 1996, 1999, 2006).

4.1. Fixed-point iterations
Since (20) is a nonlinear boundary-value system, it has to be solved using a nonlinear solver, such as fixed-point itera-

tions. We note that there are numerous ways to solve (20) using fixed-point iterations. Our specific choice is based on trial
and error, and is given by

[ 4 R vy 1 ]V<k+1>__ﬂ<v§">> fava) b®
dva 00y F2(v2) v —b® "1 )0y Fa(va) va —b®

(k+1) (k+1) (212)
i Vi —b® fa(v2) k+1) _ fa(v2) V1c _b(k)v
dvy " vz —b®  Fa(vy) Fa(va) vy b0 %
with the boundary conditions
V-(lk+])(0) — b(k+1)(0) — 0’ V§I<+])(]) — 1, (2]b)
where k=0, 1, ... is the iteration number. In the numerical examples presented in this paper, we used the initial guess
(0 1)
vi%w) =va,  bO(vy) = 5 (22)

Eq. (21a) for vﬁ’“’l) is a linear first-order equation. Therefore, it is not a priori clear why its solution can satisfy the two
boundary conditions in (21b). Note that a similar situation occurs in Eq. (20a) for vq(v3). In that case, it follows from the
rigorous studies of Lebrun (1996, 1999, 2006) that Eq. (19), hence also Eq. (20), has a unique solution.!® Intuitively, this
is because the right-hand side of (20a) is of the form 0/0 at v, =0, and therefore v{(v;) has nonuniqueness at v, = 0.
In Fibich and Gavish (2010b), we provide some informal arguments that suggest that since the right-hand side of (21a) is
also of the form 0/0 at v, =0, v%"“) is nonunique at v, = 0, which “enables” it to satisfy both boundary conditions.

At present, there is no proof that the iterative solution of the boundary-value method, with either the fixed-point itera-
tions (21) or with Newton'’s iterations to be presented in Section 4.2, exists, or that the iterations converge. In Section 4.3
we test these two iterative approaches numerically, and observe that they converge at the expected linear and quadratic
rates, respectively.

Remark 4.1. Matlab codes for the boundary-value method with the fixed-point iterations (21), and with Newton'’s itera-
tions (24) are provided in the on-line supplement.

7 The choice of v, and not v; as the independent variable is ad-hoc. In some cases, we observed numerically that a wrong choice of the independent
variable may lead to divergence (see Section 7).

8 Amann and Leininger (1996) used the same change of variables in the analysis of all-pay auctions. Lebrun (1999) and, under a slightly different
presentation, Lebrun (2009) used the same change of variables to study first-price asymmetric auctions.

9 Note that b does not appear in (20). Its value can be recovered from the solution of (20) using the relation b =b(v, = 1).

10 A different proof is provided by Fibich and Gavish (2010a) for the special case of power-law distributions.
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4.2. Newton’s iterations

We can also solve the nonlinear boundary-value problem (20) using Newton’s method, which generically has a quadratic
convergence rate. To do that, denote the residual as
Fi(v1) fa(v2) vi—b
fi(v1) Fa(v) va —b’
fa(va)
(vi —b).
Fa(v2)
We would like to find a variation §(v2) = (8v, (v2), 8p(v2)) such that (vq +8y,, b+ 8p) is the solution of (20), i.e.,

Ry, [V}, vi, b, va] =vi(va) —

Rb[b,, Vi, b, Vz] = b,(Vz) —

Ry, [V +8y,.v1+68y,.b+8,v2] =0,  Rp[b' 48, vi+8y,,b+8,va]=0.

Since

d d
Ry [V) +8,,.vi+8v,.b+8p, va] =Ry, [V}, vi.b. va] + 8, + HRVI(SW + oy R+ O(II811%),

d d
Rp[b' + 8}, vi+8v,,b+8p,va] =Rp[vi,vi,b,v2]+ 8, + Ty Rodv + - Rody + o(l1811%),
1
the linearized equation for § is given by

d (s, arRv @R (8 Ry
E(‘?b])Jr(%Rb dd—bRb><5b1>=_<Rbl>’ (23a)
where
4 _ [ﬂ(vof{(vo _1] fr(v2) vi—b  Fi(v1) fa(va) 1
dvy fiv) Fa(va) va—b  fi(v1) Fa(va) va —b’
d ., Fi(vi) fa(va) vi—vy
db ™" fi(v1) Fa(va) (va —b)?’ (23b)
in __fv2)
dvq Fa(v2)’
in _ fava)
db Fa(v2)’

with the boundary conditions

8v,(0)=68,(0)=0,  &y,(1)=0. (23¢)

Therefore, Newton's iterations are
v =05l bk =p® 150 k=0,1,2,..., (24)

where §® = (5‘(,’?,515")) is the solution of (23) where RY =Ry, [(v)H®, vgk),b("), V3], and Rl()’o = Rp[(v))®, vgk),b(k), val.
Note that the boundary-conditions (23c) were determined such that (v{+34y,, b+6p) satisfies the boundary-conditions (20b).

As in the case of the fixed-point iterations (21), since Eq. (23a) is a system of two linear first-order equations, it is
not clear why its solution can satisfy the three boundary conditions (23c). In Fibich and Gavish (2010b), we provide some
informal arguments that suggest that the nonuniqueness at vy = 0 “enables” the solution to satisfy the three boundary
conditions (23c).

4.3. Simulations

We solve the boundary-value problem (19) with Fi(v) =v and Fa(v) = v2. In this case, the maximal bid b can be
calculated analytically (Marshall et al., 1994) and is given by b = 37/64. Hence, we can monitor the error E® = |p® (1) —b|,
as a function of the iteration number k.

We first solve this problem using the boundary-value formulation (20) with the fixed-point iterations (21). As expected,
the error E® decreases linearly, going down from E©@ ~ 0.1 to E?> ~ 8.5 x 10719 in 25 iterations, see Fig. 9A. We then
solve the same problem using the boundary-value formulation (25) with Newton’s method (24). As expected, the observed
convergence rate is quadratic, going down from E@ ~ 0.1 to E® ~8.5-10710 in 5 iterations, see Fig. 9A.

In both cases, the limiting error stabilizes at E(® := limy_, oo E® ~ 8.5 x 1071, The limiting error does not go down to
zero, because of the discretization error of the finite-difference approximation of the differentiation operator % in (20). In
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Fig. 9. A: The error E® = [b®) (1) — b as function of the iteration number k, for the boundary-value method with the fixed-point iterations (21) (o) and with
Newton’s iterations (24) (x ). B: The limiting error E©® = lim_, o, E® as a function of the mesh size h (o). Solid line is the fitted curve E©® ~ 36.951394,

other words, the numerical solution converges to the solution of the discrete approximation of (20), which is not identical
to the (continuous) solution of (20). Indeed, E is the same for both the fixed-point iterations (21) and for Newton’s
method (24), since we used the same discretization scheme in both cases. Moreover, in the simulations of Fig. 9A we used a
uniform grid with mesh-size h and a fourth-order finite-difference approximation of %. Therefore E(* should scale as h*,
as we indeed confirm in Fig. 9B.

5. The boundary-value method (general n)

In Section 4 we presented a numerical method for solving the system (1) with 2 players using a boundary-value formu-
lation. We now generalize this approach for any number of players. As in the two-player case, in order to solve this problem
on the fixed interval [0, 1], we recast (1) as a function of v, rather than of b. The resulting equations are given by

dvi  Fivp) favw) (i1 Xzt 755) ~ 7755

dJv.  f.(v. 1 1 1
dvi  fi(vi)Fa(v) (15 Z'}:1 —vrb) ~ Vb (25a)
db _ fa(vn) 1

dun ™ o) (25 St v55) — g

These equations are solved on the fixed domain 0 < v, < 1, subject to the boundary conditions

i=1,...,n—1,

vi(0)=b0)=0, vi(1)=1, i=1,....,n—1. (25b)

In order to generalize the fixed-point iterations (21) to n-players, we first simplify (25a) by multiplying the denominator
and enumerator of each equation by (n — 1) []j;(v; — b) to obtain

dvi _ Fi(vi) fa(vn) YT j(vi = )] = (0 = D [Tz (vi = b) i1 -
dvn  fi)Fa(vn) 314 [TTij(vi = B)] = (0 = D) [Tin(vi = b) T (26)
ﬂ: fa(vn) (n_l)n?=1(vl_b)
dvn Fn(vn) ZI}E] [H}#j(vl - b)] —-(n—-1) H1¢n(vl —b)
The fixed-point iterations that generalize (21) are
v R favn)
dvn fi(v{)Fa(va)
Eir i 1" =) iy = %)) = = DT (v = b Ty (v~ 5%
X ) 27
St Mt 8 =) Ty 0 = 8)] = 0 = DL = b®) [T, v =) 7
i=1,....,n—1,
db fn (Vo) n—1)(vy — b(k+])) l—[l#n(v’(k-ﬁ-]) _ b(k))
F k k ’
0 Faon) S5 Ty 0 0] 01— D T )
with the boundary conditions
vl ) =pk oy =0,  vFV@)=1. (27b)

Newton’s method that generalizes (24) is

8 +J5=—R, (28a)
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20 40
k

Fig. 10. Difference Ab® = |p® —p*=1| a5 a function of the iteration number k (o), for the boundary-value method (25) with the fixed-point iterations (27).
Simulations of A: Fig. 11, and B: Fig. 12 (see below).

1 1 = 10°
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Fig. 11. Solution of (1) with three players with distribution F; = {v, v2, v3} computed with A: the boundary-value method (25) with the fixed-point
iterations (27), and B: backward shooting (BIDCOMP?). C: The difference [[vBYM (b) — vBIPCOMP (b))

where ] is the Jacobian matrix

b 9 9 b
mva mva o avn_1 va %RVI
I=1 5 : 9 9 9 ’ (28b)
vy Rvi g Rvr - g, 7 Rvi 3Ry
9 f) 3 ]
mRb 3_\,2Rb mRb %Rb
R=(Ry,;,Rvy,.... Ry, ;. Rb)T is the residual vector, and
1 n 1 1
dvi  Fi(vi) fa(vn) (ﬁ > i1 _vjfb) ~ vi-b
ViT v Fi(vs 1 ~n 1 10
dvp  fi(vi)Fa(vn) (ﬁ Zj:l m) — b
db v 1
Rp = i g”iv”; —— — (28¢)
n n(vi) (757 X vj_b)_m
These equations are solved with the boundary conditions
850)=0, &,(1)=0, i=1,...,n—1. (28d)

As in the case of two types of players, we do not provide a proof for the existence of the iterative solutions, or for their
convergence. In Section 5.1 we test the Newton’s iterations numerically, and observe that they converge in a quadratic rate.

5.1. Simulations

We first solve Eq. (1) with n =3 players with distributions F; = {v, vZ,v3}, using the boundary-value formulation (25)
and the fixed-point iterations (27). Since an explicit expression for b is not available in this case, we monitor the value of
Ab® = p® (1) —p&*=1)(1)|. Fig. 10A shows that the convergence rate is linear, and that Ab®) goes down from Ab© ~ 102
to Ab“® ~10~15 in a2 40 iterations.

In order to confirm that the fixed-point iterations converged to the unique solution of (1), we compare the solu-
tion vVBM = (vEYM ' vBYM) that the fixed-point iterations (27) converged to, see Fig. 11A, with the solution v¥IPCOMP —
(vBIDCOMP |, vBIDCOMP ‘computed using the freely available BIDCOMP? backward-shooting program, see Fig. 11B. In this
case, BIDCOMP? calculates the solution only down to b = bypi; & 0.1. At byin =~ 0.1 the BIDCOMP? solution breaks down, and
sharply increases towards v = 1, demonstrating the inherent numerical instability of type-II backward solutions beyond vy,
see Section 3.4. In contrast, the boundary-value method does not suffer from this instability. Rather, the solution vEM s
computed for 0 < b < b, and in particular satisfies the left boundary condition (1b), see Fig. 11A.
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Fig. 12. Same as Fig. 11 with n =6 and the distributions F; = {v, v3/2, v2, v5/2 v3,v7/2} Inset in A is a zoom-in on the region 0.88 < b < b.

The difference in the value of b computed by the two methods is [bBYM — pBIPCOMP| — 1,08 . 105, confirming that the
two methods converged to the same solution of (1). As b decreases from b, the difference between the two solutions

”vBVM(b) — yBIDCOMP 1) ” _ Z(va""(b) _ V?IDCOMP(b))Z (29)
i=1

increases from 1.08 - 107> at b =b ~ 0.787 to 0.012 at b = vy + 0.01 ~ 0.11. Then at vpip ~ 0.1 it jumps to 0.9, see
Fig. 11C. We attribute the increase in the difference (29) in the region vmin <b < 1 to the growth of the analytic error of
backward as b decreases from b, and the sudden jump in the difference (29) at b = vy, to the numerical error of type-II
backward solutions, see Section 3.4.

We next solve Eq. (1a) with 6 players with distributions F; = {v, v3/2,v2 v>/2 v3 v7/2} using the boundary-value
method (25) with the fixed-point iterations (27). As in the case of three players, the convergence rate is linear, and Ab®
goes down by 13 orders of magnitude in ~ 50 iterations, see Fig. 10B.

In Fig. 12A we plot the solution vB"M that the iterations (27) converged to. Although the six curves {vB"M}® _ are nearly
indistinguishable, they are different and well resolved, see inset graph of Fig. 12A. In this case, BIDCOMP? calculates the
solution only down to b = v, ~ 0.41, see Fig. 12B, at which point it breaks down, and sharply increases towards v = 1.
As expected, with six players, v, is significantly larger with three players, see Fig. 11B, confirming that the analytic
instability of the backward solutions becomes more severe as the number of players increases. In contrast, the solution vEvM
is computed for 0 < b < b, and in particular satisfies the boundary condition (1b), see Fig. 12A.

As in the three-player case, the difference in the values of b computed by the two methods is |EBV_M
4.6 x 1075, showing that the two methods converged to the same solution of (1). As b decreases from b, the difference
between the solutions [[vBYM(b) — vBIPCOMP (|| increases from 4.6 x 1076 at b =b ~ 0.9162 to 0.033 at b = Vpin + 0.01 =
0.42. Then at vmi ~ 0.41 it jumps to 0.6, see Fig. 12C. As before, we attribute the increase in the difference (29) in the
region vipin <b < 1 to the growth of the analytic error of backward solutions as b decreases from b, and the jump in the
difference (29) at b = vpyip to the numerical error of type-II backward solutions.

The convergence of the fixed-point iterations (27) does not slow down as the number of players increases. Indeed,
both simulations converged (i.e., Ab®) went down by 10~'3) in 40-50 iterations, see Fig. 10. Moreover, the simulations in
Section 6.1 with up to 450 players also converged in 25-50 iterations. Therefore, unlike backward shooting, the boundary-value
method does not become less efficient as the number of players increases.

_ EBIDCOMP| —

6. Applications

In this section we apply the boundary-value method to several problems that could not been solved using backward
shooting.

6.1. Large auctions

In Section 3 we saw that the instability of backward solutions becomes more severe as the number of players increases.
Therefore, the study numerically large asymmetric first-price auctions with backward shooting is limited. We now use the
boundary-value method to study large asymmetric first-price auctions, namely we solve Eq. (1) using the boundary-value
formulation (25) with the fixed-point iterations (27).

We begin with the case of n =9 players with the nine distributions

O 1% )
ax+12)
Fe=ck-vPe, Bc=1,2,3 (power)

Fr=ci- |:1 — exp<yl>], v =1,2,3 (Weibull), (30)
k

Fr=c- erf( o =1,2,3 (truncated normal distribution)
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Fig. 13. Solution of (1) with n players (dashed curves) divided into nine equal groups. The players of the ith group draw their value according to the
distribution F; from (30). Solid line is v=b. A: n=9, B: n=18, C: n =450.
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Fig. 14. Zoom-in on the data of Fig. 13 for b near b and v;(b) near 1.

where erf(x) = % fé‘ e‘tzdt, and {ci} are set such that Fy(1) = 1. The nine curves {vi(b)}? ; are nearly indistinguishable,

see Fig. 13A. In order to show that these nine curves are different and well resolved, we plot them near b=b and v; =1,
see Fig. 14A.

Next, we solve Eq. (1) with n = 18 players, when the players are divided into nine groups, each group has two players,
and the players of the ith group draw their value according to the distributions {Fq, Fa,..., Fg} given by (30). In this
case, b1(v) = by (v), b3(v) =bg(v),...,b17(v) = b1g(v). Therefore, only nine curves are plotted in Fig. 13B. The nine curves
in Fig. 13B are closer to each other and to v =b than in the n =9 case in Fig. 13A, suggesting that

lim bj(v)=v, 1<i<n. (31)
n—-oo

These nine curves are different and well resolved, see Fig. 14B.

Finally, we solve Eq. (1) with n =450 players which are divided into nine groups of 50 players, and the players of the
ith group draw their value according to the distribution F; given by (30). The nine curves are indistinguishable from each
other and from the curve v = b, see Fig. 13C, in agreement with (31). These nine curves are different and well resolved, see
Fig. 14C.

6.2. Asymptotic revenue equivalence

One of the most fundamental results in auction theory is the Revenue Equivalence Theorem, which states that the ex-
pected revenue of the seller in equilibrium is independent of the auction mechanism, so long as the equilibrium has the
properties that the buyer with the highest value wins, and any buyer with the lowest possible value has zero expected
surplus. This condition holds for symmetric auctions, but not for asymmetric auctions. Hence, asymmetric auctions are
generally not revenue equivalent (see, e.g., Maskin and Riley, 2000). Nevertheless, since asymmetric auctions “become sym-
metric” as n — oo, see Section 6.1, asymmetric auctions become revenue equivalent as n — oo (Bali and Jackson, 2002).

We now use the boundary-value method to compute the rate at which large asymmetric auctions become revenue equiv-
alent. Consider two groups of players, n/2 players with distribution F1(v), and n/2 players with distribution F(v). Since
the bidding strategy of all bidders within the same group is the same, the system (1) reduces to

" b _ Fi(vab)) 1 [ n _ n=2 }

) = o) 2= [ va)=b Vi) —b

sy Fa(va(b)) 1 n n—2

Va0 = b)) 2= 1) [vl(b) —b  va(b) —b}’ (322)

with the boundary conditions

v1(0)=v2(0) =0,  vi(b)=va(b)=1. (32b)
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Fig. 15. Revenue difference between first- and second-price auctions when the players are divided into two groups, each with n/2 players (dashed curve).
Data is plotted on a logarithmic scale. A: F; and F; are given by (33). Solid curve is the numerical fitted curve 0.04n~3. B: F; = v and F, = v2. Solid curve
is the numerical fitted curve 0.035n%.

We solve (32) using the boundary-value method (25) with Newton’s iterations (28), for n = 2,4,...,400 play-
ers. Then, we calculate the seller’s expected revenue, which is given by the one-dimensional integral Rst(n) = b —

f: ]_[?:1 Fi(vi(b))db.!" In the case of an asymmetric second-price auction, the seller’s expected revenue is given explic-

itly by R2M(m) =1 — ['[(1 —m) [TP_p Fi(v) + X1, [Tz Fi(v)dv.
In Fig. 15A we plot the revenue difference between first- and second-price asymmetric auctions as a function of n for
the case of two groups, each with n/2 players, with the distributions

Fi = [1 _ exp(%)]/[] — exp(%)] (Weibull),  Fp = /7. (33)

In this case, the revenue difference behaves as

0.04
R () — R*™(m) ~ —. (34)
In Fig. 15B we repeat this procedure with F; = v and F, = v2, for n = 2,4,...,280 players. In this case, the revenue
difference behaves as
0.035
R]St(n) _ RZHd(n) ~ n4 . (35)

The most noticeable feature in Fig. 15 is that the revenue differences between first-price auctions and second-price auc-
tions decay very rapidly with the number of players. For example, already with 6 players the revenue differences are 0.02%
or less. The rate at which the revenue differences go to zero is not the same in the two examples. Nevertheless, in these
two examples, as well as in additional examples that we checked (data not shown), the decay rate of the revenue difference
was always at least O(1/n3). This numerical observation is relevant to the open problem of revenue ranking of first and
second asymmetric auctions, as it suggests that:

1. In the case of large auctions, the revenue differences are so small that the problem of revenue ranking is more of
academic interest than of practical value.
2. Already with six players, the revenue differences are typically in the fourth or fifth digit.

6.3. Relaxing the assumption of stochastic dominance

Kirkegaard (2009) noted that the standard assumption in the existing analytic studies of asymmetric first-price auctions
is that the distributions {F;} can be ordered according to first-order conditional stochastic dominance, i.e.,

Fi1>Fy>---> Fp, (36)
where F; > F; if d(F;j(v)/Fj(v))/dv < 0. Because Fi(1) =1 for k=1,...,n, relation (36) implies that

F1(v) > Fo(v) > - > Fa(v), O0<v <1.

Therefore, the distribution {F;} do not cross each other in (0, 1).
A natural question is whether the analytic results proved under the assumption of stochastic dominance remain true
when this assumption is removed. For example, Maskin and Riley (2000) proved the following result:

Lemma 6.1. Consider a first-price auction with two players with distributions F1 and F;. If F1 < F, then 1 < b < 2, where

1 In this approach one can compute the expected revenue much more efficiently and accurately than with the commonly used Monte Carlo approach
(Fibich and Gavious, 2003).
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Fig. 16. Solution of (1) with the distributions given by (38), calculated using the boundary-value method with the fixed-point iterations (21).

1

Wi= / vfi(v)dv, (37)
0

is bidder’s i expected value.

We now use the boundary-value method to show that Lemma 6.1 does not hold when F; and F, cannot be ordered
according to first-order conditional stochastic dominance. To do that, we solve (1) for two players with

v

Fi(v) = erf(—)/erf(L), Fy(v) = F1(v) +3v(1 — v)(1 - v), (38)
2V2 2V2 2

where erf(x) = jg e‘tzdt. Since F1 and F, cross at v = 1/2, they cannot be ordered according to first-order conditional

Nid
stochastic dominance. Moreover, for the distributions (38), w1 = 2 ~ 0.36. Therefore, if Lemma 6.1 remains valid without
the stochastic dominance assumption, then b = w1 & 0.36. Our simulation shows that b ~ 0.48, see Fig. 16.1> Hence, we
conclude that Lemma 6.1 does not hold in the general case.

Kirkegaard (2009) stated that “all existing classes of numerical examples share the common feature that the number of
times the bid strategies cross is at most one”. Therefore, although “it is straightforward to construct examples with several
crossings, [...] with the current specifications, the numerical literature will be unable to provide examples with several
crossings”.

We now use the boundary-value method to provide a numerical example of bidding strategies with more than one
crossing. Specifically, we solve Eq. (1) with three players with the distributions

Fi=v, F2=v+2v2(1 —vz)(0.25—v2)(0.75—v2),
F3=v —3v?(1-v%)(0.25 - v?)(0.75 - v?). (39)

These distributions cross each other twice in the interval (0,1) at v =+/0.25 and v = +/0.75, see Fig. 17A. Therefore, by
Kirkegaard (2009, Proposition 3), the bidding strategies in this case should cross each other twice in the interval (0, 1), as
indeed can be observed in Fig. 17B.

7. Discussion

In this study, we showed that the standard backward-shooting method for computing the equilibrium strategies of asym-
metric first-price auctions is inherently unstable. This instability becomes more severe as the number of players increases,
and cannot be eliminated by changing the numerical methodology of the backward solver. Then, we proposed a novel
boundary-value method for computing the equilibrium strategies of asymmetric first-price auctions. Unlike backward shoot-
ing, the boundary-value method is stable.

Our simulations show that the boundary-value method is considerably more robust than the backward-shooting method.
In particular, it can compute the equilibrium strategies even when the number of players is large. The boundary-value
method is also not restricted to certain distributions and it can accommodate distributions of mixed types. In contrast, the
current backward-shooting programs are restricted to several common types of distributions, and do not allow distributions
with mixed types.

A key element in the boundary-value method is the change of the independent variable from b to v, which fixes the
domain over which the system of ordinary differential equations is solved. Our simulations show that the convergence of

12 At first glance, it seems that special numerical treatment is required to handle the sharp variation of vy(b) near b =0, see Fig. 16. However, in Fig. 16
we solve Eq. (20b) numerically for vq(v3) and b(v;), which do not have an infinite derivative at the left boundary.
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Fig. 17. A: Distributions F; (dash-dotted), F, (dashed) and F3 (solid) given by (39). B: Solution of (1) with the distributions (39).

the fixed-point iterations can depend on the choice of the independent variable. For example, in Section 4.3 we computed
the equilibrium strategies with F;(v) = v and F,(v) = v2 by changing the independent variable from b to v, and solving
the transformed nonlinear system using the fixed-point iterations. The same fixed-point iterations, however, would diverge
if we choose vq as the independent variable. Further research is needed in order to eliminate the ad-hoc choice of the
independent variable.

In the boundary-value method, the transformed nonlinear boundary-value problem is solved using either fixed-point or
Newton iterations. There is a trade-off between efficiency and ease of implementation between these two methods: The
fixed-point iterations are simpler to implement (especially in the case of many different players), but converge slower than
Newton'’s iterations. Therefore, we chose to use the fixed-point iterations for auctions with more than two different players,
and Newton'’s iterations for auctions with two large groups of players. Performance and implementation details are further
discussed in Fibich and Gavish (2010b).

In this work we did not study the sensitivity of the fixed-point iterations and Newton’s iterations to the initial guess.
However, the fact that all the simulations in this study converged with the same initial guess, see (22), strongly suggests
that both the fixed-point iterations and Newton’s iterations are insensitive to the initial guess.

In this study, we showed analytically and numerically that the backward-shooting method becomes unstable as the num-
ber of players increases. In contrast, no such problem arises with the boundary-value method. In addition, the convergence
rate of the fixed-point iterations with 9-450 players is the same as with 3-6 players. This shows that the boundary-value
method does not become less efficient as the number of players increases. Therefore, in contrast to the backward shooting
method, the boundary-value method is well suited for studying large auctions.
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