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Auction theory is of central importance in the study of markets. Unfortunately, we do not know equilibrium
bidding strategies for most auction games. For realistic markets with multiple items and value interdependencies
the Bayes-Nash equilibria often turn out to be intractable systems of partial differential equations. Previous
work has relied either on solving such PDEs explicitly, calculating pointwise best-responses in strategy
space, or iteratively solving restricted subgames. We present a learning method that represents strategies
as neural networks and applies policy iteration based on gradient dynamics in self-play to provably learn
local equilibria. Our empirical results show that these approximated Bayes-Nash equilibria coincide with
the global equilibria whenever available. The method follows the simultaneous gradient of the game and
uses a smoothing technique to circumvent discontinuities in the ex-post utility functions of auction games.
Discontinuities arise at the bid value where an infinite small change would make the difference for winning or

not winning.
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1. Introduction

The literature on machine learning largely focuses on single-agent learning. Multi-agent learning has
become more popular recently due to the advent of Generative Adversarial Networks and applications
in complex competitive game-playing [I], 2, B]. While complete-information games have seen some
progress, equilibrium learning for incomplete-information (aka. Bayesian) games with continuous
action spaces is in its infancy. For complete-information games, the worst-case complexity of finding
Nash equilibria is known [4], and a number of learning algorithms have been developed for finding
equilibria in specific normal-form games such as zero-sum games [, [6 [7]. Auctions arguably form
the best-known and practically most relevant application of Bayesian games, central to modern
economic theory [8,[9] and with a multitude of applications in the field. The derivation of Bayes-Nash
equilibrium (BNE) strategies for the first-price and second-price sealed-bid auction in the independent
private values (IPV) model led to a comprehensive theoretical framework for the analysis of single-item
auctions, a landmark result of economic theory [10, [11].

While single-item auctions in this model are well understood, we only know equilibrium strategies
for very few multi-item auction environments. For example, no explicit characterization of BNE
strategies is known for first-price sealed-bid auctions of multiple homogeneous goods (multi-unit
auctions), nor for first-price sealed-bid combinatorial auctions where bidders can submit bids on
packages of goods [II]. Value interdependencies turn out to be even more challenging [12]. In fact,
very little is known about BNE strategies in standard auction formats with multiple objects for sale
and value interdependencies. Even for single-object auctions, the specification of equilibria can end
up in a system of partial differential equations and no closed-form solution is available [I3]. However,
such environments are important to understand. In fact, the Nobel Memorial Prize in Economic
Sciences 2020 that was awarded to Paul Milgrom and Robert B. Wilson highlighted in particular
their contribution to auctions with interdependent values [14].

Numerical techniques to compute Bayes-Nash equilibria can be very valuable. Although there has
been significant recent work on imperfect-information finite-dimensional extensive-form games such
as Poker or other card games [I5] (16, 17, 18], relatively few papers focus on continuous-type and
-action Bayesian games such as auctions. The few initial attempts make strong restrictions such as
finite action spaces, single-object auctions, or independent private values and quasi-linear utilities
[19, 201 211, 20, 22] 23, 24]. The motivation for such restrictions is the computational hardness of
equilibrium computation.

For finite, complete-information games, we know of the existence of a mixed Nash equilibrium
and that the computation is PPAD-hard [4]. For Bayesian games with continuous types and actions,
we neither know whether (possibly mixed) Bayes-Nash equilibria exist in the general case, nor do

we know how hard they are to find if they exist. Cai and Papadimitriou [25] showed that finding a



BNE in simultaneous auctions for individual items and bidders with independent private values is
already hard for PP, a complexity class above the polynomial hierarchy and close to PSPACE, and we
know little about the complexity of finding BNE in other multi-item auctions. Even approximating
equilibria in these auction games is NP-hard [25].

The theory of learning in games examines what kind of equilibrium arises as a consequence of a
process in which agents are trying to maximize their own payoff by adapting to the actions played
by other learning agents [26]. Research on equilibrium learning has largely focused on complete-
information normal-form games. So far, there is no comprehensive characterization of games that
are “learnable,” but there are some important results. For example, it is well-known that no-regret
dynamics converge to a coarse correlated equilibrium in arbitrary finite games [27, 28] 29, B30] in
their average history of play. Coarse correlated equilibria (CCE) encompass the set of correlated
equilibria (CE). The latter is a nonempty convex polytope which in turn contains the convex hull of
the game’s Nash equilibria such that we get NE C CE C CCE. In contrast to correlated equilibria,
coarse correlated equilibria may contain strictly dominated (pure) strategy profiles with positive
probability. This means that while coarse correlated equilibria are learnable via no-regret algorithms,
they are a rather weak solution concept [3I]. Therefore, the question is when learning dynamics
converge to a Nash equilibrium. A different relaxation of NE is given by local equilibria [32] which
only require stability when allowing agents to make infinitesimal, rather than arbitrary, adjustments
to their strategies.

Bayesian auction games have received little attention in equilibrium learning until recently. Given
how hard it is to find Bayes-Nash equilibria even in simple simultaneous single-item auctions in the
worst case [25], it is far from obvious that no-regret dynamics can find a BNE in continuous-type and
-action Bayesian games. There has been a recent literature using deep learning for auction design
[33, [34], 35, 6] but this work does not attempt to find BNE in auctions. Challenges in computing
Nash equilibria in general-sum games have also led to alternative solution concepts [37]. Apart from
this, artificial intelligence and machine learning are increasingly used to predict strategic behavior of
humans [38] or outcomes of auctions in the field [39].

We introduce Neural Pseudogradient Ascent (NPGA) as a method to learn ex-ante equilibrium
bid functions in symmetric Bayesian auction games with continuous-type and action-spaces. The
method is generic in that it allows for different types of value interdependencies and utility functions
(e.g., accommodating risk aversion). Neural networks are used to represent the players’ bid functions,
and the agents learn via self-play. Unfortunately, using neural self-play in this environment is not
straightforward: While we assume players’ ezpected utility (over the distribution of other players’
types) are differentiable in the chosen action, a key challenge is that in auctions, their ex-post utilities,

which are based on specific realizations of types, have discontinuities. Only the latter, however, can



be directly observed in the data generated from self-play. As a result, standard ways of gradient
computation (i.e., backpropagation from the observed data) fail and would result in constant-zero
bids by all bidders. We address this problem by deriving pseudo-gradients via evolutionary strategy
optimization rather than exact gradients via standard learning methods.

Given the computational hardness of BNE computations in general Bayesian auction games [25], it
is not obvious that gradient ascent schemes such as ours would converge to BNE. We leverage the
fact that the vast majority of auction games described in the literature assume symmetric bidders
and equilibrium bid functions [II]. This restricted version of the game leads to a potential game, and
gradient dynamics converge to local Nash equilibria in potential games. Whether we find global and
not only local approximate equilibria can then be checked empirically. Although there can also be
asymmetric equilibria, such equilibria are often unnatural and the symmetry assumption encompasses
a very large set of interesting auction environments. An example of such an asymmetric equilibrium
is given in a second-price auction when one player bids the upper bound of the distribution while all
the others bid constant zero, independent of their respective private valuations.

In our experiments in the main paper, we illustrate NPGA via a combinatorial auction in the local-
local-global (LLG) model [40], which has received significant attention due to the use of core-selecting
combinatorial auctions for spectrum sales world-wide [41]. In the LLG model, core-selecting auctions
with risk-neutral bidders are known to be economically inefficient. It is one of the few multi-object
auction models, where correlation among bidder valuations has been investigated analytically with
quasilinear utility functions, but this is not the case for risk aversion. Besides, such multi-object
environments with interdependencies and non-quasilinear utility functions have not been explored
in the scarce literature on equilibrium computation. Using NPGA, we can show that risk aversion
mitigates the inefficiencies that arise in the equilibrium of risk-neutral bidders, while correlation among
the bidders’ valuations has little impact. This result is of independent interest to policy makers. In the
supplementary information, we discuss further experiments in a number of additional environments
to demonstrate the versatility of the method.

To apply NPGA, we neither need to specify the equilibrium as a system of differential equations,
nor do we need to derive complex conditional type distributions in settings with interdependencies.
As a result, NPGA provides a convenient method to explore symmetric sealed-bid auction models
and study the BNE that arise with different types of interdependencies, distributional assumptions,

or different levels of risk aversion.

2. The Algorithm

We will now introduce the necessary notation before stating the algorithm and discussing its properties.



2.1. Notation

An incomplete-information or Bayesian game is given by a sextuplet G = (Z,V, 0, A, f,u). Here
Z ={1,...,n} denotes the set of agents participating in the game. The joint probability density
function f:V x O — Rs( describes an atomless prior distribution over agents’ types, given by tuples
(0;,v;) of observations and valuations. We make no further restrictions on f, thus allowing for arbitrary
correlations. f is assumed to be common knowledge and we will denote its marginals by f,, f,,, etc.; its
conditionals by f,.|o,, etc.; and its associated probability measure by F. Agent i’s private observation
is then given as a realization o; € O;, with O =0 x --- x O,, being the set of possible observation
profiles. Similarly, V denotes the set of “true” but possibly unobserved valuations. Crucially, we make
this distinction to model interdependencies in settings beyond purely private values or purely common
values. Based on the observation o;, the agent chooses an action, or bid, b; € A;, and the set of possible
action profiles is given by A= A; x --- x A,,. For each possible action and valuation profile, the vector
u=(uy,...,u,) of F-integrable, individual (ez-post) utility functions wu; : A x V; — R assigns the game
outcome to each player. Ez-ante, before the game, agents neither have observations nor valuations,
only knowledge about f. In the interim stage, agents additionally observe o; providing (possibly
partial or noisy) information about their own valuations v;. Full access to the outcomes u(v,b) is
given only after taking actions (ex-post). In our formulation, we do not assume explicit ex-post access
any values (e.g., v;,v_;,b_;) beyond the outcome w itself. An index —i denotes a partial profile of all
agents but agent i.

Taking an ex-ante view, players are tasked with finding strategies 3; : O; — A; that map observations
to bids. We denote by X; = AZQ “and by ¥ =[], %;, respectively, the resulting spaces of individual
and joint pure strategies. Note that even for pure strategies, the spaces ¥; are infinite-dimensional
unless O; are finite (in which case they are finite-dimensional but remain infinite for continuous A4;).
We will slightly restrict ourselves to square-integrable strategies and equip 3J; with the inner product
(s, XX = R, (o, 8) = Eony, [a(0)T5(0)] and the norm ||B|s, = /{3, 8)s, such that they form
Hilbert spaces [42].

The primary Bayesian games we will consider are sealed-bid auctions on m indivisible items. In
general combinatorial auctions we thus have a set IC of possible bundles of items and the valuation-
and action-spaces are therefore of dimension || =2™. In the private values setting, we always have
0; = v;; in the common values setting, there’s some unobserved constant v, =v; =--- =wv,, and the o,
can be considered noisy measurements of v.. Mixed settings are likewise possible. In any case, based
on bid profile b, an auction mechanism will determine two things: An allocation x = z(b) = (x4, ... x,)
which constitutes a partition of the m items, where bidder i is allocated the bundle x;; and a
price vector p(b) € R", where p; is the monetary amount bidder ¢ has to pay in order to receive x;.

Formally, one may consider the individual allocations to be one-hot-encoded vectors z; € {0,1}/*I. In



the standard risk-neutral model the utilities u; are then described by quasilinear payoff functions
QL
U

27 (v, b) = (24(b) - v; — pi()), i.e. by how much a player values her allocated bundle minus the price
she has to pay. An extension to this basic setting includes risk-aversion. Here, we model risk-aversion
via utilities u®4 = (u?*)” where p € (0,1] is the risk attitude; p =1 describes risk-neutrality, smaller
values lead to strictly concave, risk-averse transformations of u®*. Risk aversion is an established
way to explain why in field studies of single-object first-price sealed-bid (FPSB) auctions, bidders bid
higher than their risk-neutral counterparts in analytical BNE [43].

For fixed strategy profiles 5 € 3, we can extend the notion of utility to the interim and ex-ante
stages and use this to characterize the Nash equilibria of Bayesian games: While other agents follow
5, we define agent i’s interim utility as the expected utility of choosing an action b; conditioned on
the observation o;:

U; (0,05, B-;) =Eu, 0 10, (i (i, bi, Bi(0-;))] . (1)
We will also introduce the interim wutility loss ¢ that is incurred by not playing a best response:
(03 by, B—i) = sup W03, b}, B;) —Wi0i, by, B-i). (2)
e
Then, an (interim) e-Bayes-Nash Equilibrium (e-BNE) is a strategy profile 8* = (5;,...,5%) € X
such that no agent can improve her own interim utility by more than € > 0 by unilaterally deviating

from g*. Thus, in an e-BNE the following holds:

VieZ, 0,€0;: (o0 (0;),8,) <e. (3)

For e =0, we will call the BNE ezact, or simply drop the e-prefix. Additionally, we will also need
the ex-ante utility, defined as @;(8;, 8-;) = Eo,~,. [Wi(0i, Bi(0;), B-)], that can be interpreted as the
expected utility over all of f for a particular strategy f; against fixed opponents S_;. Similarly, we
will define ex-ante loss &(@-7 f_;) and ez-ante e-BNE analogously to equations [2(and |3| Note that now
we can interpret the ex-ante state of the Bayesian game as a complete-information game G = (Z,%,a)
with an infinite-dimensional action space ¥ that is identical to the strategy space of the Bayesian
game. Clearly, every exact (interim) BNE also constitutes an exact ex-ante BNE. The reverse holds
almost surely (a.s.), i.e. any ex-ante equilibrium fulfills equation , except possibly on a set O C O
with F(O) =0. To see this, one may consider the equations 0= /;(3*) =E,, [E(oi; B;(oi),ﬁji)} and
the fact that ¢;(o;,3) > 0 by definition. Importantly, this a.s. equivalence of ex-ante and (interim)
BNE holds for € =0 but not for strictly positive e: Given an ex-ante k-BNE, equation [3| with e =x >0
must only hold in expectation but may be violated with strictly positive probability. To delineate this
difference between ex-ante and interim approximate equilibria, we will write x and € to denote their

respective approximation bounds.



Due to the known computational hardness of computing NE and BNE, one is often interested
in relaxations of equilibria that may be easier to find in some circumstances. For example, in local
BNE, the loss requirement is relaxed to only consider best responses from a neighborhood of the
equilibrium strategy profile: We call a strategy profile 5* a local ex-ante BNE, iff there exists an
open set O # W, C %, such that 87 € W; and @;(8;, 5*,) > @ (8., 5*;) for all agents and all alternative
strategies 3] € W;. If all utility functions w; are strictly concave in ¢’s action, the game admits a
unique global BNE [44] and no other local BNE.

Smoothness of the (ex-post) utilities are a standard assumption in the analysis of Bayesian games
[44], but due to the discrete nature of allocations x this is commonly violated in auctions. Instead,
let us introduce a weaker notion of smoothness at the interim stage that lends itself for theoretical
analysis while being consistent with auction games:

DEFINITION 1 (INTERIM-SMOOTH BAYESIAN GAME). We call a Bayesian game with continuous
types Vi x O; and actions A; C R* interim-smooth if (i) the interim utilities u;(o;,b;, ;) are
continuously differentiable with respect to their second argument for each ¢ € Z and any o; € O;,8_; €

Y_;; (ii) all partial derivatives are uniformly bounded by a finite constant Z < oco:

ou;
vz‘voivﬁ—iabbke{[(} : H u (0i7bi75—i) SZa (4)
by,
and (iii) the ex-post utilities are F-square-integrable:
There exists S < oo, st. forallieZ,fe¥: E,, [ul (vi,ﬂi(oi),ﬁ_i(o_i))ﬂ <. (5)

To see why the assumption of interim differentiability is justified, consider that ex-post utilities in
auctions are generally piecewise-smooth. Nondifferentiability only occurs at the bid profiles where
the auctioneer is indifferent between multiple possible allocations x. In theory, one could therefore
interpret the interim expected utility as a lottery over many smooth ex-post utility functions that
each describe a particular allocation x. The choice probabilities for these are given by P(x|b;, 0, 5_;),
bidder i’s Bayesian belief that x will be chosen if she bids b;. If the 5_; are continuous and f is
atomless, these probabilities, and therefore the interim expected utilities as a whole, are smooth in b;.

In interim-smooth Bayesian games, we write Vu,;(0;,b;, B—;) = (0u;(04, b;, f—;)/Obix ) and call it the
interim payoff gradient. Furthermore, when G is interim-smooth, the ex-ante gradients Vg, @;(3;, ;) €
l; are also guaranteed to exist and given by the Gateaux derivatives in the Hilbert spaces ¥;.

Finally, symmetric models are prevalent in auction theory [II]. We will call a Bayesian game
symmetric, if all players’ 7, j € 7 marginal prior type distributions are identical, i.e. f,, o, = fu; .0,
(but not necessarily independent), as are their individual utilities (almost surely, up to tie-braking):
wi(Bi, B—i) = u;j(By; B—;) with probability 1. The literature primarily discusses equilibria which are
likewise symmetric, i.e. 5* = (85,51, ... 7)) LI, Chapter 2.1]. We will refer to auctions that are booth

symmetric and interim-smooth as symmetric and smooth auction games.



2.2. Neural Pseudogradient Ascent

Our numerical technique to learn Bayes-Nash equilibria called Neural Pseudogradient Ascent (NPGA)
is based on neural networks and repeated self-play in which players continually update strategies in
response to observed game outcomes, that is, all agents follow the game dynamics. By the dynamics
of the game, we mean the vector field of the simultaneous gradients of the ex-ante utility functions
of all players. The goal will be to find an ex-ante Bayes-Nash equilibrium g* for a continuum of
observations o that bidders can draw. In other words, we search for a profile of equilibrium bid
functions in infinite-dimensional spaces.

We start by taking the infinite-dimensional, complete information game interpretation G= (Z,%,a)
mentioned in the previous section. To implement gradient ascent in the Hilbert space 3, we replace the
bid functions by neural networks, called policy networks, that are parametrized by finite-dimensional
parameter vectors 0; € ©;, C R%. This let’s us define a finite-dimensional approximation of G, which
we will call the prozy game:

DEFINITION 2 (PROXY GAME). Let G = (Z,V,0, A, f,u) be a Bayesian game with ex-ante utilities
@; and let its strategy functions be implemented by neural networks: 3;(0;) = m;(0;; 0;) with parameters
from finite-dimensional vector spaces ©; CR%. Set © =], ©;, and (with slight abuse of notation)
write @;(0;,0_;) = @, (m;(+56;),m_;(-;0_;)). We then call the resulting finite-dimensional complete-
information game on parameters, I' = (Z,0,a), the prozy game of G.

Common neural network architectures have been shown to be able to approximate any sufficiently
regular function arbitrarily well [45], so this choice of function approximation enables the learning of a
wide variety of bid functions with minimal structural constraints. Neural networks also demonstrably
achieve good performance in machine learning settings with very high-dimensional input vectors, as
is the case in larger auctions with many items. Using neural networks, we thus effectively reduce
the problem from finding an infinite-dimensional vector in ¥ to finding finitely many (d;) weights
and biases of the neural networks, and we can now perform gradient ascent in the finite-dimensional
parameter spaces.

Each agent aims to maximize the objective function of their network which is given by the utility @,
and estimated via the empirical sample-mean of ex-post utilities from a large number H of auctions:
After playing a batch of games, agents observe their utility, estimate its gradient with respect to 6;,
and apply an update to their policy network parameters 6; that is expected to lead to an increase in
utility.

Traditionally, gradient estimates in neural networks are computed via backpropagation. However,
training neural networks in auction games is challenging as the ex-post utility functions of individual
auctions are discontinuous, leading to a failure to back-propagate gradients through the empirical

objective. We solve this problem by leveraging an evolutionary strategy (ES) optimization technique



that effectively smoothes the objective [46, [47]. This allows us to derive an adequate estimate of the

ex-ante payoff gradients even under ex-post non-smoothness.

Algorithm 1: Neural Pseudogradient Ascent using Evolutionary Strategy gradients
Input: agents i € Z with initial policies 8Y := m;(-;6?) induced by initial parameters 6%; ES

population size P; ES noise standard deviation o; learning rate n; batch size H

for t:=1,2,... do
Sample a batch (vy,0p)n=1, . n of valuation and obseravtion profiles from the prior f

Calculate joint utility in current strategy profile:
= 1 Zﬂ (vn, B (on))
"5

for each agent i € 7 do
Sample P perturbations of agent i’s current policy:

Tip = mi( ep)

with 6, :=0!"" +¢, where e, ~ N(0,0%I) i.i.d. for all p€ {1,..., P}
For each p, evaluate the fitness of 6, by playing against current opponents:
1 _ o
Pp = gZui (vnis Tisp(0na), B (on,—i)) — @~
h

N~

baseline
Calculate ES pseudogradient as fitness-weighted perturbation noise:
1

P Z Ppcp
P

Perform a gradient update step on the current policy:

VES .=

o2

A= VIS E ), 0= AR, = m(56))

end
end

We provide the pseudo-code of NPGA in Algorithm [I] At each time-step ¢, every agent i €
receives a noisy estimate Vi; of her individual (ex-ante) payoff gradient at the current strategy
profile. The noise is an artifact of limited-precision Monte-Carlo sampling over V and O. The agents
simultaneously take a step along this gradient estimate to determine the strategies for the next stage,

and continue playing.
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2.3. Convergence

In our experimental results below and in the supplementary material, we find that NPGA always
converges very close to the global e-BNE, which, at first, is surprising given the known results about
non-convergence of gradient play to Nash equilibria in general [48] and the locality of gradient based
learning. Non-convergence can be due to conflicting utility functions of players. For example, even in
simple two-player zero-sum games with one-dimensional actions, the simultaneous gradient may cycle
around the Nash equilibrium [49].

A few observations help explain why NPGA converges to an approximate BNE in a wide range of
auction games. First, the vast majority of models studied in the literature are symmetric auction
games with symmetric equilibria (see Section . As a result, we no longer need to learn multiple
bid functions for each bidder in NPGA, but merely a single, symmetric bid function g, € 3; that
optimizes the single ex-ante utility function @ (5i,..., 1), which serves as a potential function of the
game. Any maximum [} of this potential function directly yields a symmetric pure strategy ex-ante
BNE 5* = (57,...,57) in the restricted game, limited to symmetric strategies.

DEFINITION 3 (POTENTIAL GAME [50]). A complete information game I'=(Z,0, @) is an (ezact)
potential game if there exists a potential function ¢:© — R, s.t. forallieZ, 0,,0, € ©; and _;, € ©_,,
it holds that

fh‘(@ﬁ—i) - az‘(eéye—i) = @(ei, 971‘) - @(9;7 971‘)- (6)

When the auction game is symmetric and we additionally enforce symmetric strategies by sharing
a common neural network architecture 7(-) and common parameter vector §; = 6; among all players
(“symmetric NPGA”), it’s easy to see that with ¢ = u,, the proxy game is an exact potential game.
Gradient play provably converges to a pure local Nash equilibria in finite-dimensional, continuous

potential games [32]. This leads us to the following proposition:

PROPOSITION 1. In any symmetric and smooth auction game, symmetric NPGA with appropriate

gradient update step sizes almost surely converges to a local ex-ante k-BNE of the restricted game.

A formal proof can be found in the [Methods Section] If NPGA converges to a global approximate

equilibrium o the game can be checked empirically, as we discuss in the next section.

3. Empirical Evaluation

We illustrate the versatility of NPGA in the context of combinatorial auctions in the well-known
local-local-global (LLG) environment, which has been an important model for the discussion about
spectrum auction formats [41) [5I]. NPGA allows us to analyze how correlation and risk aversion
impact the outcome in equilibrium. There are many other interesting environments one can explore. In

the supplementary information we present additional results for single-object auctions with different
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types of value interdependencies (including common values models), small and larger multi-unit
auctions, and a larger combinatorial auction setting with eight items and six bidders. Note that even
for a multi-unit auction with three items and bidders no analytical solutions are known anymore.
For single-object, multi-unit, and combinatorial auctions with only a few bidders as reported below,
NPGA computes equilibria within hundreds of iterations, each taking a few seconds or less. Larger
settings such as multi-unit first-price sealed-bid auctions with four units and bidders or combinatorial
auctions with five items and six bidders reported in the supplementary information converged to an
approximate BNE with estimated relative utility loss of less than 1% within 15 minutes. However, the
runtime depends on the specific model analyzed (e.g., the prior distribution, the number of bidders,

and the auction format).

3.1. The Local-Local-Global Model

The LLG model consists of two objects {1,2}, two local bidders i € {1,2} and one global bidder
i =3, each being only interested in one specific bundle (of the single object i (locals) or both objects
(global)) [40], and we will simply denote the valuation of each bidder’s single bundle by v; € R. We
consider a private values (but not independent private values) setting with o; = v; which allows for
correlation. The situation is akin to spectrum sales in countries with regional spectrum licenses such
as Australia or Canada, where local telecoms compete against operators who provide their services
nation-wide, and governments have used core-selecting combinatorial auctions. The core of an auction
game describes the set of outcomes such that no coalition of bidders (and possibly the auctioneer)
can profitably deviate. Core-selecting auction mechanisms enforce this notion of stability by their
choice of prices. While there are hardly any game-theoretical analyses of combinatorial auctions, this
model is simple enough to allow for the derivation of analytical results [52]. It was shown that with
independent private values and risk-neutral bidders, core-selecting payment rules lead to significant
inefficiencies in equilibrium [40] in combinatorial auctions. Essentially, the two local bidders attempt
to free-ride on each other. If one bidder bids less, the other has to bid more to overbid the global
bidder. Due to incomplete information, it can happen that both local bidders bid too low in total and
they fail to outbid the global bidder, even if their combined valuations are higher than the global
bidder’s. This results in an inefficient outcome. This fact has been used as an argument against
core-selecting combinatorial auctions [41].

Now, it is interesting to understand equilibria with different assumptions. For example, it is
reasonable to believe that bidder valuations in spectrum auctions are correlated, because telecoms face
the same downstream market. Recently, the model was analyzed with different types of correlation
[52]. However, with standard core-selecting payment rules, it turns out that correlation alone cannot

mitigate the efficiency and revenue loss encountered with independent private values. Risk aversion
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has not yet been analyzed, although it plays a role in the revenue ranking of single-object auctions.
In contrast to single-object auctions, it has been unclear how risk-aversion plays out in equilibrium. If
one local bidder knows that the other is risk averse and might thus bid higher, he might bid even
lower as a result of this knowledge. The environment is not symmetric as there are two local and a
global bidder. However, the global bidder has a simple dominant strategy to bid truthful and the two
local bidders can indeed be considered symmetric whenever f,, = f,,.

Ausubel and Baranov [52] investigate two models of correlation among local bidders’ private values
and derive analytical BNE, which we will use as a baseline in our experiments. Let’s define the joint
prior f to be the five-dimensional uniform distribution of a latent random variable w ~ /[0, 1]°. Then

let v3 = 2w3 be the valuation of the global bidder and
(W) =wwy + (1 —w)wy, va(w) =wws + (1 —w)wy (7)

be the valuations of the local bidders where the weight w is a random variable depending on ws only.
The valuations of the local bidders can be thought of a as a linear combination of an individual
component w; and a common component w,. Now given an exogenous correlation parameter + € [0, 1],
Ausubel and Bananov [52] propose two different ways to choose w such that corr(vy,vs) =y: the

Bernoulli weights model:

w(w) = 1 if ws <, (8)
0 else,

and the constant weights model (which does not require ws):

wle) = H #1/2 Q
1/2 else.

They analytically derive the unique symmetric BNE strategies for multiple bidder-optimal core-
selecting payment rules including the nearest-zero (NZ), nearest-VCG (NVCG), and nearest-bid (NB)
rule in the Bernoulli weights model. These rules all choose the efficient allocation z (according to
the submitted bids) but select different price vectors p from the set of core-stable outcomes. For
example, the nearest-VCG rule picks the point in the core that minimizes the Euclidean distance to
the (unique) Vickrey-Clarke-Groves payments. Similarly, the nearest-zero point takes the origin of
the coordinate system as a reference point, while the nearest-bid rule minimizes the distance to the
vector of submitted bids b. Only the nearest-VCG rule has been used in spectrum sales so far. Apart
from these core-selecting payment rules, we will also report the results in first-price sealed-bid (FPSB)
auctions, for which no analytical BNE are known, as these are used in some spectrum sales [41], and

in the VCG mechanism, which is not core-stable but always prescribes truthful bidding as a BNE.
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3.2. Evaluation Criteria
Let us discuss how we will evaluate any learned strategy profile 8 to certify that it indeed constitutes
an (approximate) equilibrium. This evaluation is entirely independent of the learning process of
NPGA and tries to answer the question of how good a given strategy is. Whenever we encounter a
setting where an analytical equilibrium 8* is known, we draw on it for direct comparison. In this case,
we sample the BNE-utility of each player, 4;(5*) ~ @;(5*), as well as the utility 5; played against the
BNE, 4;(8;, 8*,) ~ (3, 5*;), with a batch size of 222. We then report the resulting relative utility
loss: ( )
a;(Bs, B~
Li(B;) = 1- W (BB (10)
Additionally, we report the probability-weighted root mean squared error of 3; and 3 in the action

space, which approximates the L, distance ||3; — 57||s, of these two functions:

! Z(ﬂl(ol)_ﬁj(ol))2> : (11)

Tbatch o;

Ly(Bi) = <

This metric circumvents the drawback of £; that even a strategy with a loss very close to zero could
be arbitrarily far from the actual BNE in strategy space.

When no analytical BNE is available for certification of the learned bid function, we aim to compute
the ex-ante utility loss Ei(ﬁi,ﬂ_i) =SUPgres, w; (B, f—i) — ;i (B, f—;). Evaluating this supremum in
function space ¥; exactly is not tractable, and approximations are computationally expensive. Our
estimator l@ of 7; relies on finding approximate interim best responses. To do so, we place an equidistant
grid indexed with w =1, ..., ngq over the action space A; ranging from zero to the maximum valuation
for all dimensions. For an observation o; and each of the alternative bids b,, we evaluate the interim
utility, w;(0;, by, 5_;), against the current opponent strategy profile. This is challenging as it requires
access to the distribution of ¢’s true valuation and the opponents’ observations, both conditioned on
0;, see equation . For npaten samples of o; and npaen samples of v;,0_;]o; for each of the o;’s, we
then have

£(8) = —— 3" max (01, b, ) (12)

Npatch 0;

with \; being the estimated expected utility gain by deviating from playing according to 5; to playing
action b':
/ 1 /
/\i(0i7 b ;ﬁ) = Z (Uz (Uz‘yb 75—1'(0—@)) — Uy (Ui; ﬁi(0i>;/8—i(0—i))) . (13)

Npatch

vi,0_ilo;

For an increasing number of samples and alternative actions, this estimate converges to ¢;. Our

N

estimate for € in an ex-ante e-BNE is then ¢ = max; ¢;.
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The conditional distribution v;,0_;|o; is rarely available upfront. For simple cases one can derive
the analytical distributions and draw samples. However, in most programming environments, one is
only able to sample from very basic (pseudo-)random numbers like the uniform or normal distribution.
For more complicated multivariate conditional distributions, we use the conditional distribution
method (for details, see the supplementary information, Section S.3). Based on these estimates, we
can compute a relative ex-ante utility loss without access to the analytical BNE:

)
() +(8)

This metric is the average loss incurred by not playing a best response but instead playing the

21(51) =1- (14)

strategy learned via NPGA. Note that we do not need to make any assumption about the utility
function or independence of valuations for this estimator.

Due to the multiple levels of Monte-Carlo sampling, the estimator L; has a higher variance than
those that rely on an analytical BNE *, even when the performance of NPGA itself is not affected.
Our reported estimates are based on ngiq = 2'% possible bids for each sampled interim-state using a
batch size of nyaien = 212, thus each estimate of £ is based on Ngrid * Nparen = 254 simulated auctions. To
sample that many games efficiently, both NPGA and our evaluation procedures leverage parallelization
on GPU hardware. Certification of BNE is a challenge in all computational approaches to equilibrium
computation. A thorough discussion for environments with standard quasilinear utility functions and

independent private values is provided by [23].

3.3. Results

Let us first provide the aggregate convergence results in Table [I} which almost perfectly reproduce
the BNE found in [52]. The utility loss is small in all environments, and so is the Ly difference to the
analytical BNE wherever it is known. Figure [I] shows the analytical BNE bid function and the NPGA
result for a specific setting as an illustrative example.

Next we look at risk aversion. Figure [2 shows that with higher risk aversion, the market efficiency
denoted by £ increases for both correlation models in a similar way. Correlation of the local bidders
does not influence the efficiency with the wide-spread VCG-nearest payment rule at a precision of
+1% of £. For the highest level of risk aversion of p= 0.1, the efficiency rose to about 98%, from
about 84% under risk neutrality. So, while higher correlation of valuations does not lead to higher
efficiency, risk aversion mitigates the efficiency loss, which is important to know for spectrum sales by
governments. A similar result has previously been found for an ascending core-selecting auction with
a specific tie-breaking rule [53], but the analysis could not yet be extended to the general sealed-bid
case.

Similarly, the approximate revenue of the seller can be analyzed. In Figure [3] we observe a strong,

steady increase of the revenue R with increasing risk aversion and a slight increase with decreasing
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correlation between the local bidders. Different levels of risk attitudes p and varying strengths of
correlations v are plotted in the Bernoulli correlation model in the LLG setting with the nearest-VCG
payment rule. Results are similar for the constant weights correlation model. Increasing risk aversion

has significant positive impact on revenue, which is important to know for policy makers.

4. Discussion

Auction theory, and game theory in general, is often very sensitive to model assumptions. While the
results of early studies on auctions in the symmetric independent private values model with quasilinear
bidders provided important insights, the assumptions are very restrictive [54]. Value interdependencies
and changes in the utility function can have substantial impact on the resulting equilibrium bidding
strategies. While simple single-object auctions in the independent private values model are relatively
well understood, we do not know equilibrium bidding strategies for most environments involving
multiple objects, interdependencies, and different levels of risk aversion to this day.

With NPGA we introduce a numerical technique to compute approximate equilibria in these
Bayesian games and show that we converge to a local equilibrium quickly and with high precision.
The method can provide a convenient tool for analysts to explore new environments or perform
sensitivity analysis with various behavioral assumptions, different priors, and value interdependencies.
The supplementary information provides additional experiments to illustrate the versatility of the
method.

It is all but clear that gradient dynamics as in NPGA can find global or even local Bayes-Nash
equilibria in auction games. For much simpler min-max games that play an important role in machine
learning techniques such as Generative Adversarial Networks, we cannot expect gradient dynamics to
find an equilibrium [55]. When gradient dynamics as implemented with NPGA converge to a global
Bayes Nash equilibrium is an interesting open research question. Beyond the study of equilibria in

games, our techniques can possibly contribute to automated and empirical mechanism design [56, [57].
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Figure 1 Bid functions in the LLG auction with a nearest-zero core payment rule, where bidders are assumed

independent and risk-neutral.
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Comparison of the efficiency £ of NPGA
for different levels of risk attitudes p in
the two correlation models in the LLG set-
ting with the nearest-VCG payment rule.
Depicted are mean and standard deviation

of ten runs.

Figure 3

seller revenue

Comparison of the averaged seller revenue
‘R for different levels of bidder correlation
and risk attitudes. Approximate BNE is cal-
culated via NPGA with the nearest-VCG

payment rule in the LLG auction game.

Convergence results of NPGA in risk-neutral combinatorial LLG auctions with a correlation of v=0.5

among local bidders’ valuations. We report mean and standard deviation of experiments over ten runs.

N

Auction game Lo L L
LLG Bernoulli NZ  0.011 (0.005) -0.000 (0.000) 0.007 (0.007)
LLG Bernoulli VCG  0.008 (0.003) 0.001 (0.000) 0.007 (0.005)
LLG Bernoulli NVCG  0.016 (0.016) 0.000 (0.000) 0.008 (0.007)
LLG Bernoulli NB 0.021 (0.021) 0.001 (0.000) 0.009 (0.008)
LLG Bernoulli FPSB - ~0.010 (0.008)
LLG constant NZ - - 0.011 (0.010)
LLG constant VCG - — 0.008 (0.007)
LLG constant NVCG - - 0.011 (0.012)
LLG constant NB - — 0.013 (0.015)
LLG constant FPSB - — 0.009 (0.006)

Methods
Proof of Proposition

Proof: Let G be a symmetric and smooth Bayesian auction game. Per definition, all players in

such games have the same marginal type distributions and individual utility functions. Additionally,

assume the auction mechanism to be anonymous: the identity and order of bidders almost surely
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have no influence on the allocation and payments (tie-braking on a nullset notwithstanding). Assume
all players play the same strategy ;. Then, the symmetric ex-ante utility function @;(5;,...,5;) is
a potential function and G is a potential game in this restricted environment. The same holds for
the finite-dimensional proxy game I'. To use this symmetry, we restrict all players to use the same
neural network (-, ) with a shared parameter vector § € R?. Let’s first remark that the restriction
to symmetric strategies does not alter the gradient vector field in any way, as symmetric strategy
profiles also have symmetric gradients.

We draw on a known result that gradient-play with appropriate (summable but not square-summable)
step sizes converges almost surely to a local Nash equilibrium in finite-dimensional continuous potential
games [32, Corollary 4.2]. It thus remains to be shown that (a) NPGA implements gradient-play
in the proxy game I' and thus finds a local Nash equilibrium 6* of the proxy game, and (b) that
this Nash equilibrium of the proxy game I'—which restricts the strategy space to neural networks
expressible by ©— is also a BNE of the game G restricted to symmetric strategies. To show (a) and
(b) below, we will rely on some auxiliary lemmata. The proofs of these lemmata are of a technical
nature and can be found in Section S.2 of the supplementary information. In the following, for a
given neural network 7(-, ), we denote its utility and loss in G by @(6), £(6), and in T by @' (), £7(8),
respectively.

To prove (a), one would need to show that the gradient estimates computed by NPGA have finite
variance and at most a small bias with regard to the true gradients of the proxy game I'. This is
not necessarily the case, but let’s set @7 (0;,0_;) = E. n(0,021) [ (0 +¢,0_;)] call 'V = (Z,0,47) the
smoothed prozy game, and define £ analogously. Then I'? is likewise a symmetric potential game,

and we get the following lemmata:

LEMMA 1. The gradient estimates V5 in NPGA are unbiased and have finite mean squared error

with respect to the smoothed utilities uf of the game I'7.
LEMMA 2. For any 6 € ©, the loss in T is bounded by that in T : (*(0) < (7 (0) +2ZL\/do,

where Z is the partial derivative bound from Definition (1}, d is the number of parameters in the neural
network, ¢ is the standard deviation of the ES perturbations, and the constant L is a property of
the neural network architecture 7, describing its regularity. By Lemma 1, NPGA implements exact
gradient play in I'” and thus finds a local Nash equilibrium 6* of that game via the result by [32]. By
Lemma 2, any Nash equilibrium of I' is an approximate Nash equilibrium of T'.

For the latter (b), the universal approximation theorem [45] guarantees that a sufficiently large
neural network architecture can approximate every [3; € ¥; with arbitrary precision 0. This yields

another error bound:
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LEMMA 3. Let the neural network © be sufficiently expressive, i.e. for any §; € ¥; one can find
0 € © such that ||3; —7(-,0)||z, <. Then the loss of 0 in G is bounded by that in T': £(0) < V() + Z.

In summary, NPGA almost surely converges to an (approximate) local Nash equilibrium 6* of '
which, by application of local versions of Lemma 2 and Lemma 3, retains a (local) ex-ante loss of
at most k= Z(6 4+ 2Lv/do), thus constituting a x-BNE of G restricted to symmetric strategies. In
practice, one may choose the parameters 0 (via the NN architecture and size d) and o sufficiently

small such that the error vanishes.

Neural Network Architecture and Hyper-Parameters

In our implementation, we use fully connected policy networks with two hidden layers of ten nodes
each, using SeLLU activation in the hidden layers and a ReLU activation function in the output layer.
These simple networks are sufficient for the settings here, but even single-layer nets work with a
slight decrease in performance. Instead of standard gradient ascent, we apply the Adam optimization
algorithm [58] with standard parameters. In each iteration we generate 64 perturbations of the
network 7; for ES gradient estimation, using zero-mean Gaussian noise with a standard deviation
of o =1/d; (as suggested by [47]). We use batch sizes of 2!7 chosen such that the largest settings
would fit into available GPU memory. In the presence of asymmetries or multiple items, degenerate
initializations (e.g., when some players never win) can impede convergence. To alleviate this and
improve comparability, we force close-to-truthful initializations by pre-training the networks towards
the truthful strategy using supervised learning (RMSE-loss, 500 steps of vanilla stochastic gradient
descent). We did not perform setting-specific hyperparameter tuning to allow for comparable results.
There are possibilities to improve the performance of our results when tuning the hyperparameters
for a specific environment.

We implemented the auctions using the PyTorch framework [59] with a focus on computing many
auctions in parallel. Unless noted otherwise, all experiments were performed on a single consumer-
grade Nvidia GeForce RTX 2080Ti GPU with 1,000 iterations for the single-item auctions and 2,000
iterations for the large setting with correlated values (n = 10) and the multi-unit auctions, where each

experiment was run ten times.

Data availability
All data analyses in this study are based exclusively on data generated by our custom simulation
framework (see Code Availability). The raw simulation artifacts underlying any figures and tables in

the study will be made available on request.

Code availability

The source code of our simulation framework, including instructions to reproduce all models and
datasets referenced in this study, is freely available at https://github.com/heidekrueger /bnelearn,
licensed under GNU-GPLv3.
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This supplementary material includes (a) the description and discussion of further experimental
results to further substantiate the empirical claims made in the main paper, (b) formal statements
and proofs of two auxiliary technical lemmata that are used in the proof of Proposition 1 of the main
paper, and (c) mathematical derivations of the conditional distributions o;|o; of type signals that are

required for evaluation of candidate strategies in the settings where players’ types are correlated.

S.1. Additional Experiments

In this section, we illustrate selected auction models to demonstrate the versatility of NPGA and
its performance in larger auction models. A comprehensive analysis of the scalability of NPGA is
challenging, because the runtime depends very much on the specifics of a model, the prior distribution,
the number of bidders, their utility functions, the auction format and whether symmetry is itself
learned or enforced a-priori. However, the following results of different auction games provide a better
understanding of this question.

The independent private values model is the standard model and has been analyzed extensively in
the literature [4]. More challenging environments are auctions with value interdependencies where
known BNE strategies are rare. We first discuss standard single-item auction models in the independent
private values model, but increase the number of bidders to study runtime and solution quality with
different priors. Next, we investigate single-object auctions with value interdependencies, before we
discuss multi-unit auctions, and a larger version of the combinatorial LL.G model with more items
and bidders. The notation follows the main paper. Note that in all our experiments we ended up in
the same BNE even if NPGA was run repeatedly with different initialization, which suggests that the
equilibria found are global and not local BNE. This is consistent with the well-known observation
that in optimization of neural networks one is often able to find global optima even though theoretical

guarantees only extend to local optimality.



Table S.1 Results of NPGA learning in single-item first-price auctions with symmetric bidders.

We show average and standard deviation over ten runs.

Auction game Bidders L sec/iter

. . 2 0.0001 (0.0009)  0.31
Umfo“; (I(;‘Sllg;ne“tral 3 0.0017 (0.0006)  0.40
o 5  0.0034 (0.0020)  0.46

P= 10 0.0084 (0.0110)  0.73

. . 2 0.0011 (0.0004)  0.46
Umfor;‘(g ‘fg)' averse 3 0.0006 (0.0003)  0.52
Cos 5  0.0012 (0.0011)  0.63

p=0 10 0.0100 (0.0068)  0.92

. 2 0.0015 (0.0011)  0.31
Gaussf[‘(‘lglilgg;e“tral 3 0.0037 (0.0043)  0.39
Y 5  0.0129 (0.0135)  0.44

P= 10 0.0314 (0.0212)  0.68

S.1.1. Single-Object Auctions with Independent Private Values

We first ran experiments on single-object auctions with analytically known BNE, i. e. with uniform
and Gaussian distributed valuations for 2, 3, 5 and 10 bidders each. In the uniform-prior case, we
consider risk-neutral p =1 and risk-averse p = 0.5 bidders, for Gaussian priors we only consider
risk-neutral bidders. Table presents the utility loss incurred when playing a learned strategy
against the analytical BNE after 20,000 iterations. In order to assess runtime, we report the time per
iteration, because it varies depending on the number of bidders and the prior distribution. Although
we ran all settings for the same total number of iterations regardless ob difficulty, we observe fast
convergence for uniformly distributed valuations within a few hundreds of iterations. For normal
distributed valuations, learning is slower, as illustrated in Figure yet the utility loss is low and
stable after 18,000 iterations. It is harder to get high precision in the tails of the value distribution

which are rarely sampled.

S.1.2. Single-Item Auctions with Interdependencies

Next, we report the performance of NPGA in single-object auctions with different types of interde-
pendencies. The most well-known examples of interdependencies are the common value model (with
conditionally independent observations o;|v) and the affiliated value model for single-item auctions by
the 2020 Nobel laureates Robert B. Wilson [§] and Paul Milgrom [5].

The common value model is also known as the “mineral rights” model [4, Example 6.1]. We explore
the second-price auction in an environment where there is one pure common value v that is the same
for all agents. Three bidders i € {1,2,3} share a common U[0, 1]-distributed value for the item of
interest. Conditioned on this value, the observations o; are uniformly, and independently, distributed
on the interval from zero to two-times the common value. Formally, we can define the joint prior

probability density function f as the four-dimensional uniform distribution over Q = [0, 1]*. For a draw
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Figure S.1 Learning curve of NPGA in a 10 player Gaussian first-price auction. Utility of learning opponents
against each other (solid red line) and NPGA utility of learning opponents individually evaluated
against the analytical BNE strategy (dashed blue line). Line and shaded area indicate mean, minimum,

maximum of 10 runs.

w~U(Y) we set each player’s valuation to v;(w) = w, and each observation to be 0;(w) =2+ w; - wy.
Notice, all agents have the same value (or type), but they only learn their value if they win the
auction. In this model, the symmetric BNE strategy profile can be stated in closed form as

201‘
2+0i.

B (0:) = (S.1)

For this setting, all functions required for the calculation of the utility loss from equation (10) of the
main paper can be derived analytically, thus allowing for precise sampling.

In the affiliated values model the individual observations are correlated. In the model [4, Example 6.2]
with two bidders i € {1,2}, we can set Q= [0,1]* and again with w ~ U () the observations are given
by

0i(w) =w; +ws (S.2)

where both bidders have a common value of v(w) = £ (w; +ws) +ws. The symmetric BNE strategy
is to bid truthfully under the second-price payment rule, and to follow 5 (0;) = %02» for first-price
payments.

Table shows that for single-item auctions with affiliated or common values, NPGA closely
approximates the BNE. The true utility loss £ is very low, and so is the Ly norm of the bid function
learned via NPGA compared to the analytical BNE bid function. The more conservative values of
L of 11% compared to £ in the common values settings are due to numerical instabilities in the
calculated actual utility to estimated BNE utility ratio: The agents have a near-zero utility in these

specific games and the values are estimated on a smaller sample size thus having a higher variance.



Table S.2  Single-item auctions. Mean and standard deviation of experiments over ten runs each. Missing entries

are due to a lack of an analytical BNE strategy.

Auction game Lo L L
Affiliated values 0.018 (0.009) 0.002 (0.001) 0.013 (0.004)
Common value 0.009 (0.002) 0.000 (0.000) 0.025 (0.013)
Common value n =10 - — 0.068 (0.063)

Note that £ is even negative sometimes, which is an artefact of limited measurement accuracy at the
batch size of 222 games played against equilibrium opponents.

The numbers in Table [5.2] assume risk neutrality. We do not report further details on different
risk attitudes, because they lead to similar level of efficiency and revenue: Efficiency is always close
to 100% and revenue is approximately 0.35 and 0.80 in the common value setting and the affiliated
values setting, respectively. Overall, NPGA achieved high precision in a large number of single-item

auction environments analyzed with different prior distributions, beyond the ones reported here.

S.1.3. Multi-Unit Auctions with and without Interdependencies

Multi-unit auctions in which bidders compete for m > 1 homogeneous units are wide-spread in
practice. The standard payment rules for selling multiple units include “pay-your-bid” (first-price),
Vickrey-pricing, and uniform-pricing (all items are sold at the same price). In each of the auctions, the
items are awarded to the bidders corresponding to the p-highest bids. Each bid-component corresponds
to the bidders’ willingness to pay for one additional unit.

Even for the IPV model, equilibria are only known for small and stylized settings [4]. For example,
there is no closed-form solution for the first-price or uniform pricing rule, except for the independent
private values model and n,m < 2. Before we discuss interdependencies, we analyze the standard
symmetric multi-unit auctions with independent private valuations and larger number of items and
bidders. We will follow the common practice to draw the valuations v; € [0, 1]™ for all units uniformly
from the unit interval and sort them in decreasing order, to account for marginally decreasing
valuations in the number of units. A detailed introduction to these standard multi-unit auctions can
be found in [4, Chapter 13].

Table provides the results for multi-unit auctions with risk-neutral bidders, independent private
values, and different auction formats. We provide the results with independent private values as a
baseline, before we look at interdependent values. Again, missing entries in the table are due to a lack
of an analytical BNE strategy for the respective environments. The estimated relative utility loss L,
consistently decreases to about 1% within 15 minutes. For the VCG m =n =4 auction we observe a
higher L, but low £ and £ values. This is due to the Monte Carlo estimation of the estimated utility:
Agents never win all four items during the learning phase, and therefore do not bid for the last item,

even though they should just bid truthful in theory.



Table S.3 Multi-unit auctions. Mean and standard deviation of experiments over ten runs each.

Auction game Loy L L
FPSBm=n=2  0.077 (0.009) 0.021 (0.005) 0.033 (0.005)
Uniform m=n=2 - — 0.000 (0.000)
VCGm=n=2  0.029 (0.002) -0.000 (0.000) 0.006 (0.003)
FPSB m =n = 4 - ~ 0.072 (0.011)
Uniform m=n=4 - — 0.000 (0.000)
VCG m=n=4  0.143 (0.037) 0.006 (0.002) 0.015 (0.012)

Interdependencies have received little attention in the literature on multi-unit auctions. Several
incentive-compatible mechanisms were proposed for the multi-unit case with interdependencies [2, 6],
but BNE strategies for wide-spread first-price auctions are unknown. Here, we report the results of a
specific environment where valuations are equal to the observations, but there is correlation among
the valuations. The correlation then comes from a shared component that is weighted with a private

component in the following way:
v; = 0; = Ywpy1 + (1 —7)w;. (S.3)

Here, v € [0, 1] is the correlation strength and w;, w11 € [0,1]™ are the private and a public component,
respectively, that are once again uniform random variables as in the IPV model.

Similar to the analysis of combinatorial auctions in the LLG model, it is interesting to look at
comparative statics wrt. risk aversion and correlation of bidder valuations. Let us first look at the
revenue R that the seller can expect for different levels of risk aversion of the bidders and payment
rules (first-price, VCG, uniform) in multi-unit auctions with independent private values. Risk is
modeled by the risk parameter p > 0, where p =1 corresponds to risk neutrality. NPGA can handle risk
aversion without modifications to the algorithm, just by changing the utility functions appropriately.
Figure shows the revenue for the common payment rules with different levels of risk aversion. The
zero revenue for the uniform pricing scheme is to be expected for risk-neutral bidders, because of
tacit collusion and demand reduction in equilibrium [1].

In Figure [S.3] we analyze the impact of correlation on the multi-unit FPSB auction with risk-neutral
bidders. Bars mark the standard deviation over four runs. An interesting phenomenon occurs at high
levels of correlation. For v < 0.8 the bidders roughly bid half the value for both units. For v larger
than this threshold, the bidders collude and only bid a small amount on winning one unit and zero on
the additional unit. Thus the revenue drops to very small amounts for the seller. This phenomenon
can also be seen in slightly different correlation models, even if less pronounced. For example, if we
draw two valuations and then use a linear combination depending on the correlation strength, we

get a similar result. The extreme case of a perfect correlation gives an intuitive explanation. If two
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bidders have exactly the same value they win only half of the time with random tie breaking. In this
extreme case, they fare better if they tacitly collude and bid only a low price on one of the items
and zero on the other. Both bidders are symmetric and any higher bid price would only reduce their
revenue at a 50% chance of winning. The phenomenon illustrates the value of comparative statics in
game-theoretical analysis and how NPGA can help analysts study different auction institutions and

model assumptions.

S.1.4. Larger Combinatorial Auctions

Finally, we used the well-known LLG model for combinatorial auctions in the main paper, but we
also expanded this environment to more items and more local bidders to understand the impact on
runtime. Again, for the local bidders to win, the total sum of all their bids must thus exceed the
amount of the global bid. For a fair competition in the experiments, we increased the valuation of
the global bidder such that in expectation she has the same valuation as the local bidders combined.
The bidding strategies are in line with those observed for the LLG model with two items and three
bidders only. Figure [S.4] depicts that the market efficiency slightly decreases with more local bidders
from about 97% in the original LLG setting with two local bidders, to about 95% in the setting with
five local bidders and a correlation of v =0.5. When increasing the number of bidders to a total of
n =6 (one global and five local bidders) NPGA is still able to learn in these larger markets as fast as
the model with only three bidders.

S.2. Auxiliary Lemmata
For our formal analysis in the proofs below, we assume that any neural network architecture is (a)

sufficiently regular and (b) achieves universal approximation:
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DEFINITION 1 (NPGA pPOLICY NETWORK). An NPGA policy network m; : O; x ©; — A; is a
neural network, with the following properties:

1. Lipschitz-continuous dependence of the network on its parameters: The network m; depends
Lipschitz-continuously on the parameters 6; in the following sense: There exists some L > 0, such that

for all i € 7 and 6,, 0, we have
o, [Imi(0i, 0:) — mi(o:, 6:)II] < LI|16; — ;]| (5-4)

2. Approximability of ¥; by ©,: There exists some ¢ > 0, such that for all i € Z and (; € ¥; there

exist parameters 0; € ©,, such that

Eo, [l|8i(0:) — mi(0:, 0:)|]] < 0. (S.5)
Let us now prove the three auxiliary lemmata from the main text.

LEMMA 1. The gradient estimates VES in NPGA are unbiased and have finite mean squared error

with respect to the smoothed utilities u of the game I'?.

Proof:  We consider the smoothed ex-ante utility @. For fixed o > 0, we have
g (05,0 ;) == Eeono,02n [U:(0; +,0-)].

This is equal to the convolution of %; with a Gaussian kernel in the i-th coordinate. As was noted by

[7], its (exact) gradient with respect to 6; is thus given by

1
Vo, a7 (0:,0_;) = - E. 0,0 [e(:(0; + 0e,0_;) —1;(6;,6_;))].



By the substitution &’ = ge, we see by the transformation formula that

1 N -
V@ u; (9“9 ) 02 EENN(O,U2I)[€(ui(9i+€79—i) —Ui(91'79—i))]~

If we approximate this term by taking P independent samples ¢, ~ N (0,021), we get
VQ u ((9“9 ) P ) ng uz 9 +0'€p,9 ) ﬂl(ﬁz,ﬁﬂ))

In the same way, we can approximate @; by sampling H observation and valuation profiles v, with

respect to the distribution the valuations are drawn from:
G0+ 06y 0-0) % =S 4y (0, 72 (00, s+ 02,) i (0n 10 B2).
H
The combination of these approximations is exactly how V% is computed in Algorithm 1:
VESu,(6;,0_;) = PH S5 Z Z (vnismi (0,00 +0ep), m—i(0n —i,0—;))
— U (’Uh,z',7Ti(0h,i,9i)77T—i(0h,—i,9—1‘)) )

Since we sample independently and with respect to the original distributions, the approximation is
in expectation equal to the true gradient. Thus, the approximation is unbiased with respect to the

smoothed utilities @¢. V¥ also has finite mean squared error: Define
Xp,h =¢&p (ui(vh,i7 7T¢(0h,¢7 0; + 5p), Wfi(oh,fi; 971')) - Ui(vh,iy 7T¢(0h,z', 92'), Wfi(oh,fia 971'))) .
Because of equation (5) in Definition 1 in the paper (smooth Bayesian game), we have
E,[w;(vni, 7 (0ni,0; +€p), m_i(on—4,0-3))*] < S
and
E, [w;(vni, 7i(0n.i,0;), 7 _i(0n_i,0_))?] < S.

This implies E[X} ] <4SE[||¢]|?] = 4Sd;0”, where we used the inequality (a —b)* < 2a* +2b°. Since
VES1,(0;,0_;) = ﬁag > p.h Xp.ns We have that

2 2
R 1 1 Xpn
BIVP0000-0") = prps ® (ZX“) e (Z P H)

p,h p,h

1

E
PHo?

2 X0
h

)

<
— PHo?

Consequently, our gradient estimate has finite mean squared error.
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LEMMA 2. Consider the utility loss 55(01,9_1) of agent © with respect to the utility function @; in
the finite-dimensional game U, and the utility loss 52(91-, 0_;) with respect to the smoothed utility ug in
the game I'°. Then

F(0;,0_) < 09(6;,0_;) +2Z L/ d;o.

Proof:  We start by bounding the difference between the utilities of the game I' and the game I'7.

To be precise, we prove the following bound for arbitrary strategies 0:
|6;(6;,0;) — @7 (6:,0_;)| < ZL\/d;o (S.6)

By deﬁnition, '[L;T (91', 9—1) = EENN(O 021)[ (9 + g, 9—1)] Since ﬂz (0“ 9_1) = EENN(O,O'2I) [61(9“ 0_1')], we
have the inequality

|1 (05,0_3) — 07 (0:,0_:)| <Eeono,02n |0 +,0-5) — 0 (0:,0_3)|]. (S.7)
Next, we show that for fixed ¢, |;(0; +¢,0_;) —@;(6;,0_;)| < ZL||¢||. We compute
| (0; +€,0 ) — Ui(0s,0_5)| < By, o, [[Ui(vi, mi (03,05 +€),0_) — Uivi, mi(04,05),60 )] -

Since by assumption, u; is differentiable with respect to b; and the differential is uniformly bounded

by Z (equation (4) in Definition 1 of the main paper, we have for every ¢

| (vi, 7 (03, 0; + €),0_5) — Ui (v;, mi (05, 0;),0_;)]
i
i [l
< Z||mi(0s,0; + ) — mi(0:,6:)|-

|75 (05,0; +€) — (04, 0;)||

Consequently, by Assumption [S.4] in Definition [I] of an NPGA policy network,
| (0; +€,0_;) — Ui (0;,0_;)| < ZEy, o, [[|mi(05,0; +€) — mi(0s,05)[|]] < ZLJle]],
which implies by equation
|i(0; +2,0-;) — @ (6:,0_;)| < ZLE. no02plell] < ZLV/dio.
This proves equation . Now let 07 be a best response to #_; in the game I'. Then
F(0;,0-3) =0 (07,0-;) — 1;(6:,0_,)
= (67, 0-:) — a7 (67, 6-:)) + (a7 (07, 0-;) — @7 (0:,60-:)) + (7 (0:,0-;) — Ui (6;,6-:))

<ZL fawf (0:,0_;) + ZL\/d;o
(°(60;,0_;) +2Z L+\/d;o.
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LEMMA 3. Let the neural net m be sufficiently expressive, i.e. for any 5; € ¥; one can find 8 such
that ||B; — 7(+,0)||s, <8. Then the loss of in G is bounded by that in T': £(0) <V (0) 4 Z3.

Proof:  The proof relies on boundedness of partial derivatives in the definition of interim smooth
Bayesian games. With this regularity condition and universal approximation of the neural network,
the derivation is straightforward. Let 0_; € ©_; be an opponent strategy profile, 87 be a best response
to #_; in I', and 3 be a best response to 7_;(-,0_;) in G, and 6; an arbitrary parameter vector for

player 7. Then

Ci(0;0-;) = (57, 0-:) — @i (6;,6-:)
=u;(BF,0_;) —u;,(07,0_;) +u;(07,0_;) —u;(6;,0_;)
= (@;(B7,0-;) — @, (07,0_;)) + (a; (0;,0—;) — @; (0:,0_;))
=By, [Wi(0, 57 (0:),0-) = Wi (i w3 (04, 07),05)] + £ ()
< Z-Eo, [[18; (05) = mil0, 0[] + 47 (6)
< Z5+10;(0). (S.8)

S.3. Sampling from Conditional Distributions
When faced with a one-dimensional distribution, sampling is easily done by evaluating the inverse
CDF at uniformly sampled points. In the multivariate case, however, there exists no inverse CDF.
The following procedure, called conditional distribution method [3, Chapter 11], effectively reduces
the problem of sampling from multivariate distributions to multiple one-dimensional sampling tasks.
Conditioned on the observation of agent i, we

1. sample the first opponent’s observation conditioned on i’s observation, f(o_;1|o;), by using
up ~U|0,1] and setting

e g?zﬂoi (uo),

2. sample the second opponent’s observation conditioned on all observations sampled so far,

f(o—i2|0i,0_i1), by using u; ~U(0,1) and setting

O_j2= o (U1)>

0_;2l05,0_1

3. continue in this manner for all opposing agents —i and agent i’s own type f(v;|o).
Then the samples satisfy (0_;,v;) ~ f(0_;,v;]0;) by definition. For most settings in this work, all
required functions are analytically known, making a precise sampling possible.

In the general case, it’s not possible to state the conditional distribution explicitly, either because
there is no access to the true distributions or because the integrals or inverse cumulative density

functions are inaccessible.
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Subsequently, all required distributions for sampling will be calculated. We will use f, F, and
F™ as the probability density function (PDF), the cumulative distribution function (CDF), and the
inverse CDF (iCDF), respectively.

S.3.1. Derivation of Conditional Distributions in the Common Values Setting

Let us denote by the random variable V' ~ [0, 1] the common type and by O, =V - X; agent i’s
observation with her unobserved private factor X; ~4[0,2]. As X is conditionally independent of
O, we observe that (0;]0;,=0;) = (V|0,=0;) - X;. Thus, access to samples of V|O;=o; is sufficient to
sample from O;|O; = o;. In the following, we will derive the inverse cumulative distribution function
(icdf) Fyto. which we can then use to transform samples from the standard uniform distribution into
samples of V]o;. We will rely on Bayes’ theorem. To do so, let’s first observe that the conditional
O;]v is uniformly distributed on [0,2v] with pdf f(o;|v) = 5> on that interval. The marginal pdf of O;
is then given by ) |

1 1 —log (2
o= [ sy [\ -t~ =26
on the interval (0,2] and 0 elsewhere. Given a realized observation o;, we can then use Bayes’ theorem

to calculate the conditional pdf of V|o; on the interval (§,1] via

1 1 -2 -1
f(v|0i):f(0i‘v)f(v)f(0i) :%'1' log (%> = vlog (%Z)

Integrating over v then yields the conditional cumulative distribution function

v < %Oi,
log(v) 1
F(vlo;) = 1_1og(%) 301 Sv<l,
1 1<w.

Identifying the output with « and inverting, we then arrive at the icdf

Given a standard uniform RV U ~ [0, 1], when then have Vo, ~ F{/t? (Ulo;).

S.3.2. Derivation of Conditional Distributions in the Affiliated Values Setting
For this game setting, we have (O;|0; = 0;) = (U;|0; = 0;) + (T'|0; = 0;), where (U;|0; = 0;) =Uj is

independent of O;. Using Bayes theorem, one has
(T|O; =0;) = 0; — U; ~U(max{0,0; — 1}, min{1, 0;})

and thus the observation of the opponent is the sum of the two uniform random variables U; and

(T0; = 0;).
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Figure S.5 The probability functions in the common values setting for an example conditional value of 0; = 5.
S.3.3. Derivation of Conditional Distributions in the LLG Settings

In these settings, there are two groups of correlations: On one side, there is the global bidder whose
prior is independent from all other bidders, and on the other side there are local bidders whose values
depend on one another. In the Bernoulli weights model, the density of the local bidder j conditional
on v; is simply given as a uniform distribution on [0, 1] with the addition that with a probability of ~
the value will not be uniform but v; = v;.

In the constant weights model, the approach is similar to the one used for affiliated
values above. We can directly derive the conditionals of player 1’s individual component

S— },min{1

1], and ws is conditionally independent of v;. Observe that ww, =

wy|vy ~U{max(0, "

v; — (1 —w)w;. We can thus sample w; |v; and w, and then calculate vy|vy = (1 — w)ws|vy +w - wy|vy =

v1 4+ (1 —w)(wa — wq|vy), and vice versa for player 2.
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