E E D I‘l :T U R A Service of

Make Your Publications Visible.

Leibniz-Informationszentrum
Wirtschaft

..
Leibniz Information Centre
h for Economics

Allen, Roy E.; Rehbeck, John

Article

A generalization of quantal response equilibrium via

perturbed utility

Games

Provided in Cooperation with:

MDPI - Multidisciplinary Digital Publishing Institute, Basel

Suggested Citation: Allen, Roy E.; Rehbeck, John (2021) : A generalization of quantal response
equilibrium via perturbed utility, Games, ISSN 2073-4336, MDP]I, Basel, Vol. 12, Iss. 1, pp. 1-16,

https://doi.org/10.3390/912010020

This Version is available at:
https://hdl.handle.net/10419/257502

Standard-Nutzungsbedingungen:

Die Dokumente auf EconStor durfen zu eigenen wissenschaftlichen
Zwecken und zum Privatgebrauch gespeichert und kopiert werden.

Sie dirfen die Dokumente nicht fiir 6ffentliche oder kommerzielle
Zwecke vervielféltigen, 6ffentlich ausstellen, 6ffentlich zugénglich
machen, vertreiben oder anderweitig nutzen.

Sofern die Verfasser die Dokumente unter Open-Content-Lizenzen
(insbesondere CC-Lizenzen) zur Verfiigung gestellt haben sollten,
gelten abweichend von diesen Nutzungsbedingungen die in der dort
genannten Lizenz gewahrten Nutzungsrechte.

-. https://creativecommons.org/licenses/by/4.0/

WWW.ECONSTOR.EU

Terms of use:

Documents in EconStor may be saved and copied for your personal
and scholarly purposes.

You are not to copy documents for public or commercial purposes, to
exhibit the documents publicly, to make them publicly available on the
internet, or to distribute or otherwise use the documents in public.

If the documents have been made available under an Open Content
Licence (especially Creative Commons Licences), you may exercise
further usage rights as specified in the indicated licence.

Mitglied der

Leibniz-Gemeinschaft ;


https://www.econstor.eu/
https://www.zbw.eu/
http://www.zbw.eu/
https://doi.org/10.3390/g12010020%0A
https://hdl.handle.net/10419/257502
https://creativecommons.org/licenses/by/4.0/
https://www.econstor.eu/
https://www.leibniz-gemeinschaft.de/

games

Article

A Generalization of Quantal Response Equilibrium via
Perturbed Utility *

Roy Allen # and John Rehbeck 2*#

check for

updates
Citation: Allen, R.; Rehbeck, J. A
Generalization of Quantal Response
Equilibrium via Perturbed Utility.
Games 2021, 12, 20. https://doi.org/
10.3390/ 12010020

Academic Editors: Yusufcan

Masatlioglu and Ulrich Berger

Received: 29 December 2020
Accepted: 19 February 2021
Published: 1 March 2021

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

Department of Economics, University of Western Ontario, London, ON N6A 5C2, Canada; rallen46@uwo.ca
2 Department of Economics, The Ohio State University, Columbus, OH 43210, USA

*  Correspondence: rehbeck.7@osu.edu

t  We thank PJ. Healy for useful comments. Any mistakes are our own.

1 These authors contributed equally to this work.

Abstract: We present a tractable generalization of quantal response equilibrium via non-expected
utility preferences. In particular, we introduce concave perturbed utility games in which an individual
has strategy-specific utility indices that depend on the outcome of the game and an additively
separable preference to randomize. The preference to randomize can be viewed as a reduced form of
limited attention. Using concave perturbed utility games, we show how to enrich models based on
logit best response that are common from quantal response equilibrium. First, the desire to randomize
can depend on opponents’ strategies. Second, we show how to derive a nested logit best response
function. Lastly, we present tractable quadratic perturbed utility games that allow complementarity.

Keywords: quantal response equilibrium; non-expected utility; limited attention

1. Introduction

This paper generalizes quantal response equilibrium (QRE) using the standard Nash
equilibrium concept via the class of concave perturbed utility games (PUGs). QRE, as
studied in [1,2], assumes that individuals maximize expected utility, but that there is an
unobserved additive random shock to a base utility index that drives deviations from
Nash equilibrium behavior. In contrast, PUGs specify a deterministic non-expected utility
function with a preference for randomization that is additively separable from a base utility
index. Here, the preference for randomization can be viewed as a reduced form of limited
attention. While these approaches seem different, any QRE can be modeled as a Nash
equilibrium of a concave perturbed utility game.! PUGs also generalize the control costs
approach of van Damme [6,7].2

Using the Nash equilibrium concept with the more general concave PUGs is useful
compared to QRE since it is often difficult to select a distribution of tractable additive
random shocks. PUGs facilitate estimation of model parameters via standard maximum
likelihood methods (without numerical integration). Moreover, PUGs allows complemen-
tarity between strategies which is not allowed in any QRE. PUGs also can easily incorporate
that the probability an individual chooses a strategy as a best response also depends on
how likely opponents play their strategies. Importantly, any concave PUG has a Nash
equilibrium as an immediate corollary of Debreu [8]. This existence result allows us to
generate different flavors of the logit best response, derive a nested logit best response
function, and discuss quadratic perturbed utility games.

The result that QRE can be represented as Nash equilibria of a non-expected utility
game matters for interpretation and has practical implications. Concerning interpretation,
violations of standard Nash play can be interpreted either as errors of individual perception

1
2

This can be deduced from the single agent aggregation results of Hofbauer and Sandholm [3] or Allen and Rehbeck [4] (see also [5]).
Professor van Damme in fact says the idea originates even earlier from discussions with Professor Selten.
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or as the manifestation of a non-expected utility preference. These two interpretations have
different implications for welfare analysis. For example, one may not want perceptual
errors to enter welfare calculations but may want to include all facets of a non-expected
utility preference in welfare calculations. On the practical side, it may be easier to place
restrictions on perturbation functions than restricting the additive error term of QRE since
analytical results for integrating error distributions are known only in some special cases.
In contrast, rich classes of analytical perturbation functions are studied in [9,10]. These
perturbation functions can be seen as generalizations of the entropy function that is often
used to study limited attention.

We mention a non-extensive summary of related work. A perturbed utility game is
similar to the control costs approach developed in [6,7] whereby there is a cost associated
to the ability to control a “tremble.” Control costs are assumed to be additively separable,
whereas perturbed utility games have costs that are nonseparable and can depend on the
opponents’ strategies. Rosenthal [11] considered a related approach of bounded rationality
where the probability of choosing an action is monotone with utility. Voorneveld [12]
showed that the solution concept in [11] can be represented with quadratic control costs
or a quantal response equilibrium with uniform errors. Stahl [13] looked at a game with
trembles and an entropic cost to control the trembles. Mattsson and Weibull [14] gave
axioms for entropic control functions for individual decisions and deals with a contin-
uum of alternatives. With regards to QRE, the regular quantal response equilibrium of
Goeree et al. [15] places additional assumptions on QRE and a textbook treatment of QRE
is available in [16].3 We also note that recent work by Melo [18] examines uniqueness
properties of quantal response equilibrium while using a perturbed utility game as an
intermediate step.

We also briefly describe some history regarding non-expected utility games and QRE.
Shortly after the study of individual non-expected utility functions in [19], there was some
interest to study non-expected utility in strategic games following those in [20,21]. For
example, equilibrium concepts, existence of equilibria, and dynamic consistency properties
when individuals do not satisfy the independence axiom are studied in [22,23]. However,
there is little applied work that resulted from this research. In contrast, quantal response
equilibria was developed a few years later by the authors of [1,2], and has been extensively
used in applications to account for deviations from Nash equilibrium. By linking these
two approaches, we show applied researchers that Nash equilibrium with non-expected
utility preferences provides a rich and tractable avenue to account for deviations from
Nash equilibrium with expected utility preferences.

Finally, PUGs model individuals with a deterministic preference for randomization
following Machina [24] and relate more broadly to the stochastic choice literature.* We say
an individual has a preference for randomization when the individual plays the game as if
they randomize their play according to a most-preferred distribution of pure strategies. We
assume throughout that individuals commit to randomize according to their most-preferred
distribution.> While a preference for randomization may seem foreign, there is growing
experimental evidence that supports this interpretation [34—41]. The most important
finding for our purposes is that of Agranov et al. [41], who found that individuals who
randomize choices in individual decision problems also randomize their choices in strategic
environments. Therefore, it may be important to account for a preference of randomization
in games.

The rest of this paper is organized as follows. Section 2 describes the structure of
a concave perturbed utility game and shows existence of equilibria for all such games.
Section 3 derives the logit best response function from a concave perturbed utility game

Goeree et al. [16] also linked the development of QRE to games with decision errors that dates back to the work by Selten [17].

Perturbed utility preferences are tractable and have been studied general for individual stochastic choice [25-27], population games [28], consumer
choice [25,29], and general equilibrium [30].

We do not concern ourselves with issues of dynamic consistency as studied in [23]. An interested reader can follow the discussion in [31-33], and
the following literature.
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with entropy costs and discusses various flavors of the logit best response. Section 4
examines other forms of concave perturbed utility games. In particular, we examine nested
logit equilibria and discusses quadratic perturbed utility games. Section 5 provides an
example game and graphs best responses for various perturbed utility functions. We give
our final remarks in Section 6. The proofs are mathematically simple, but included in the
Appendix A for completeness.

2. Concave Perturbed Utility Games and Existence

Consider a finite N-player game with a set {1,..., N} of players. Each player n €
{1,...,N} has a set of pure strategies given by S, = {sp1,...,54,,} Where J, is the
number of pure strategies for the nth player. Let a pure strategy profile be defined by
s=(s1,...,50) € S =TI"_; S; where S is the set of all pure strategy profiles. Occasionally,
it is useful to represent a strategy profile by s = (s,,5—,) where s, is the strategy of
the nth player while s_;, contains the pure strategies taken by all other players where
S—n € S—n = [Tusn Sm-

Let A, be the set of probability measures on S,,. We represent elements of A, by
pn € Ay = {pn € R | forallj e Ju, Pnj > 0and Z]]'”:1 Pnj = 1}. The element p, € A, is
a mixed strategy for the nth player. Here, p,, ; is the probability the nth agent plays their jth
strategy s, ;. Further, let all mixed strategy profiles be givenby A = [IN_, A, where a mixed
strategy profile is given by p = (p1,...,pn) € A. We use the shorthand p = (py, p—») to
denote a mixed strategy profile where the nth player plays the mixed strategy p,, and all
other agents play their corresponding mixed strategy in p—n € A—y = [, Bim-

We assume there are observed outcomes for each player n € {1,..., N} that depend
on the strategy profile s € S denoted by x,,s € X;;. For example, X;, could be monetary
outcomes that depend on the strategies of all players. If an individual has social prefer-
ences and cares about other individuals, then X, could be the monetary allocations to all
individuals. This means that a motive for cooperation can be modeled in this framework.
Finally, X}, could be a consumption bundle. For example, if each pure strategy is to bring
an item to a picnic, then X, could be the space of ordered tuples of consumption goods.
Thus, we view the outcome of a game as covariates similar to in [42-44].

We let x,, = (x,5)ses denote the vector of the nth player’s outcomes for all strategy
profiles. Let x = (x1, ..., xxn) denote the collection of all individual observable outcomes.
We use the notation x/, = (xn,(snj,s—n))sfnesfn to denote the vector of outcomes the nth
player can obtain for all other combinations of opponent pure strategies when their jth
strategy is played. The different values of the outcomes are mapped into a utility index
that depends on opponent mixed strategies.

We consider non-expected utility preferences for each player n € {1,..., N} given by
the class of concave perturbed utility preferences. In particular, the nth player has preferences
represented by the non-expected utility function given by

Jn .
pn,jun,j(pfnr xiz) + Dn(Pnr an)-
=1

J

Here, U, : Ay X X,‘,,S‘”‘ — R is a utility index that captures the attractiveness
of the nth player’s jth strategy that is assumed continuous in p_, and depends on the
outcomes associated with the nth player’s jth strategy. The function D, : Ay, x A_, = R
is assumed concave in p, for every p_, and jointly continuous in (p,, p—n). We call D,
the nth individual’s perturbation function. The perturbed utility approach differs from the
control function approach of van Damme [7] since the attractiveness of a pure strategy can
depend on the play of opponents and the preference for randomization can also depend on
the play of opponents.

The usual expected utility conditions are expressed when the nth individual evaluates
the value of the jth strategy when the utility index is given by conditional expected



Games 2021, 12, 20

40f16

utility (CEU) Uﬁfu(p n,xn) Y ,es., (s,n)un(xn,(sn,j/s_n)) where u, : X, — Ris
a sub-utility index that maps outcomes dlrectly to utility numbers for the nth player.
Here, p_,(s—,) is the probability of the pure strategy of all players except the nth player
for a strategy s—n = (S1,j, -+, Su—1,j, 1/ Sn+1jp1s - SN,jy) € S—n in the mixed strategy
P-n, 80 P—u(5—n) = [Tstn Pm,j,- However, the utility indexes can be more general. For
example, the utility index can depend on actions and outcomes of other players as in [45].
When there are monetary outcomes so X;, = R, an individual can have a probability
weighting function [46] or use rank-dependent utility as studied in [47]. Here, an individual
weights probabilities of receiving monetary outcomes by a function 7 : [0,1] — [0,1].

For example, a probability weighting (PW) utility index is expressed Uf/ ]W(p_n,x{ﬁ =
Y eR n(ZS pes_, P(s—n)1{x, (Snj55-n) x})u(x) where u : R — R is a utility function

over money and ]l{x = x} is one when x,, ( = x and zero otherwise.

(Sn,j5—n)

For the nth player, let U, = (U1, ..., U,,],) be th]e vector of the utility index functions
for all J, pure strategies. Let U = (U, ..., Uy) be the vector of all utility indices for all play-
ers. We also let the collection of all perturbation functions be given by D = (Dy, ..., Dy).
When all individuals have concave perturbed utility preferences, we call this a concave

perturbed utility game.

n]/s n)

Definition 1. A concave perturbed utility game is the tuple (N, S, x, U, D) of players with per-
turbed utility preferences where pure strategies are in S, outcomes are defined by x, utility indices
are defined by U, and concave perturbation functions are defined by D.

This setup nests expected utility when for every playern € {1,..., N} the perturbation
function satisfies Dy, (pn, p—n) = 0 and the utility index for every pure strategy is given by
the conditional expected utility (CEU) U}ffu(p_n, ) =Y es, pn(S—n)n (X, (5, 5 )
where u,, : X;, = Ris a sub-utility index that maps outcomes directly to utility numbers
for the nth individual. We later show that Nash equilibria exist for any continuous utility
indices. Recall, utility indices can depend on mixed strategies of other opponents. Thus,
concave perturbed utility games can apply the Nash equilibrium concept beyond the
common conditional expected utility restriction that has been common following Nash [20]
and Von Neumann and Morgenstern [21].

We focus on the standard definition of Nash equilibrium when studying concave
perturbed utility games.

Definition 2. A mixed strategy profile p* € A is a Nash equilibrium of a concave perturbed
utility game if for all n € {1,..., N} it holds that

Ji ,
Y P iU (P Xh) + Du(pi p%0) Z P iUnj (P2 X0) + Du(pu, )
j=1

forall p, € Ay

The definition of Nash equilibrium requires that mixed strategies be a best response.
The above definition is exactly this condition translated to a concave perturbed utility game.
We now state that Nash equilibria exist for every concave perturbed utility game.

Corollary 1 (Existence). For every concave perturbed utility game (N, S, x, U, D) there exists a
Nash equilibrium.

The above result is an immediate corollary of the main theorem in [8].6 The result
of Debreu [8] was also used by Crawford [22] to show a Nash Equilibrium exists for any

6

One could also use the fixed point theorem in [48] to develop a constructive function that updates a given set of choices to a fixed point.



Games 2021, 12, 20

50f16

concave and jointly continuous non-expected utility function. We view the contribution of
this paper as providing a tractable model that can be taken to data. In addition, the model
can separate how an individual values outcomes from playing a particular pure strategy
and the preference for randomization. As we show in the next section, this class of models
can produce the logit best response function that is popular in applied work following
quantal response equilibria of McKelvey and Palfrey [1]. Thus, it is a natural springboard
to explore other forms of strategic behavior.

We note that Nash equilibria may not exist when D, is not concave in p;, for every
p—n € A_y. Crawford [22] provided one example of a game with non-expected utility
preferences that are quasi-convex that has no Nash equilibrium. While we focus on concave
perturbed utility games, there are equilibrium concepts which can be used for non-concave
perturbed utility games and more generally any non-expected utility preference. In partic-
ular, Crawford [22] defined a notion of equilibrium in beliefs for any non-expected utility
game and shows existence of equilibrium without requiring the concavity assumption.

3. Entropy Perturbations and Logit Best Response

We now consider a concave perturbed utility game when each player has entropy
perturbation functions. For this game, every player n € {1,..., N} has a perturbation
function of Shannon entropy so that

Jn
DE(PH: P-n) = —An E Pn,j ln(Pn,j)
j=1

with A, > 0. Here, p,,;jIn(p,,;) is 0 when p, ; = 0. Stahl [13] used Shannon entropy in
a control function approach with trembles. Cominetti et al. [49] studied how the limit
of certain learning procedures can be represented with entropy costs. Outside of game
theory, the Shannon entropy function is used extensively in discrete choice analysis [50],
information economics [51], to motivate games with learning [52], and for route choice [53].
The function DE is concave and continuous, and thus Nash equilibria exist. When all
individuals have entropy perturbations in a concave perturbed utility game, we call it an
entropy perturbed utility game. Below, we characterize the best response function of individu-
als for entropy perturbed utility games. This result is mathematically straightforward and
similar computations are found in [13,50,52].

Proposition 1. The best response function of the nth agent in an entropy perturbed utility game is
given by py(p—n) = (Phy(p=n), -, Pl ;, (P—n)) where

exp ( un,j<§;n,x£;> )

n uTl —nr ﬁ '
Z,{_lexp<’k(§n = ))

Prj(p-n) =

When the utility index takes the conditional expected utility form Ugfu (p_u,x}h) =
Y e, P—n(5—n)tn (xn,(sn,j,sfn))' the best response function in Proposition 1 is the same
as that from logit equilibrium in [1] when all A, take the same value. The Nash equilibria
thus have the same comparative statics as quantal response equilibria with respect to the
Ay term. For example, as A, — oo, an individual will uniformly randomize among all of
their pure strategies. When A, = 0 for all individuals, we return to the standard Nash
equilibria for a normal form game with expected utility preferences when utility indices
follow Ufff U, A convenient feature of representing the logit equilibrium in this format
is that it by-passes integrating over a distribution of random shocks. Instead, this best
response is found by solving a constrained optimization problem.
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Variations of Entropy Perturbation
There are several variations of the logit best response function that are similar to logit

quantal response equilibria. First, one could consider different utility indices U, ;(p—n, x)).
For example, when the utility is over money, one could use rank dependent preferences [47].
Alternatively, one could use the geometric mean rather than the arithmetic mean to aggre-
gate probabilities and the outcome into a utility index.

Variations of logit best response can also occur by introducing unique weighting
terms for each pure strategy. For example, one can consider the class of weighted entropy
(WE) perturbed utility games where each individual has a continuous weighting function
Wy, A—p — Ry and the perturbation function takes the form

DXVE(PW/ —n) an,] Pn] (Pn,j)-

Here, wy, j(p—n) weights how desirable it is for the nth player to play strategy j when
opponents play p_. Note that —w,, ;(p—n)py,;j In(py,;) > O0since p,,; € [0,1]. Thus, a higher
weight means the player can potentially obtain more utility by choosing this strategy with
a probability close to %, i.e., the value that maximizes p,, ; Inp,, ;. Since the weights are all
nonnegative, the perturbation is concave and equilibria exist by Corollary 1.

We consider some examples of weighting functions. Suppose an individual has ex-
ante beliefs about opponent play given by i, € AS_;. One example of a continuous
weighting function that is everywhere nonnegative is

wn,j(P—n) = “n,jdn,j(P—ann) 1)

where d,, j : AS_, X AS_y is a jointly continuous distance function for the nth player and
jth strategy and «,,; € R describes the weight of the discrepancy. This means that an
individual only has a preference to randomize when opponents play strategies that differ
from the player’s beliefs. Another natural weighting function is wy, j(p—») = A,; > 0. In
this case, the weighting function on the randomization term for the nth player’s jth strategy
does not depend on what others are playing.

Lastly, we can specialize so that w,j(p—n) = wn(p—n) for every n € {1,...,N}
and forall j € {1,...,],}. This makes the preference for randomization symmetric in
own-probabilities. One example is

Wa(p—n) == Y, P-n(s—n)In(p-n(s-n)).

S_n€S_y

When w;, does not depend on j, the best response has a sample analytic form following
the logit equilibra except the desire to randomize depends on the probability opponents
play various strategies.

Proposition 2. Suppose for everyn € {1,...,N}and forallj € {1,...,]u} that w, j(p—n) =
Wy (p—n) and wy : A_y — Ry . The best response function of the nth agent in a weighted entropy
perturbed utility game is given by plVE (p_,) = (pz,vf(p,n), ey px‘lﬁ (p—n)) where

Ui (P *h)
exp( ujn(an) )
—
Z]](n 1 exp ( m, kn(fpn:)cn))
As mentioned above, related mathematical results are well-known. We highlight

this as a proposition due to its conceptual novelty; to the best of our knowledge, a logit
best response where weights depend on opponents” mixed strategies has not been studied.

ot (p—n) =
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However, it seems intuitively sensible. For example, an individual may have a higher desire
to randomize when other individuals choose disparate pure strategies with low probability.

4. Other Perturbed Utility Games

While the analysis above shows how entropy perturbation functions are related to
logit quantal response equilibria, there are other games of interest. In particular, one of
the features of concave perturbed utility games is that the desirability of mixing with one
strategy can depend on opponents’ probabilistic play. We consider two types of games that
have this feature.

4.1. Mixed Entropy Perturbations and Nested Logit Best Response

Here, we derive a nested logit best response using a mixed entropy perturbation
function. The nested logit model of discrete choice is treated at a textbook level in [54].7
The main idea of nested logit models in discrete choice is that there are alternatives that
share similar qualities. For example, when choosing among a car, a red bus, and a blue
bus, one might group the two buses together into a nest. This kind of similarity is also
plausible for strategies in games. For example, consider a prisoner dilemma game with two
players where each player can say nothing, deny involvement, or accuse the other player
of the crime. Here, a natural partition of actions is to treat saying nothing and denying
involvement as having the feature of loyalty with the co-conspirator, while accusing the
other player of the crime has the feature of disloyalty.

To formalize the mixed entropy perturbation function, we require a partition of the
pure strategies of each agent. For every nth agent with ], > 2, we partition the pure
strategies into into L, sets given by R, 1,Ry2,..., Ry 1,. Thus, for ¢ € {1,...,L,}, this
means R,y C Sy, for all ¢ # 7 it follows that RyNR,; =, and U,%il R,¢ = S;. We
refer to the sets which define the partitions as nests. Each nest R, ; is assigned a weight
e € [Or 1]'

We consider the mixed entropy (ME) perturbation function for each player given by

Ly
DQAE(p) = - 2 Mne Z Pn,j ln(pn,j) +(1- ’7n,€) Z Pn,j In 2 Pnk
(=1 j€R,, JERue keR,,¢

The first summation term is a weighted entropy function while the second summation
term is an entropy-like cost function that now depends on the probability that all items in a
nest are chosen. Note that the above is a sum of functions that are all concave in p, since
fu,e € [0,1].8 Thus, existence of equilibria is immediate from Corollary 1. We characterize
the nested logit best response function below.

Proposition 3. For the nth player, let £(j) be the nest associated to the jth strategy so that R, y(;)
is the nest that contains the strategy s, ; and 11, y(; is the corresponding nesting parameter. The
best response function of the nth agent in a mixed entropy perturbed utility game is given by

P (p—n) = (PN (p=n), -, PN (p—n)) where

, j M 0(j)
Un,](P—mxﬁ) un,k(p*n'x% /
exp ( ) EkERn//(j) €Xp ()

Mo °
Unspnh) gLy Unilp—nt) ) ) ™
Zkean) eXP( i) L=y | Lker,, e

P%E(an) =

For a behavioral characterization of nested logit discrete choice with menu variation, see [55].
We also mention that even when #,, > 0 but not in [0,1] the best response function conditional on p_, is a singleton as shown

by Allen and Rehbeck [27] so a Nash equilibrium exists by Debreu [8]. When #,,, > 1, this allows complementarity following Allen and Re-
hbeck [29] within a nest and cannot be imitated by any additive random error used to generate quantal response equilibria.
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To the best of our knowledge, nested logit equilibria have not been considered in the
literature. The result above can also be further generalized to allow weighting functions
that depend on the opponents’ mixed strategies. For example, consider the weighted mixed
entropy (WME) perturbation function of

Ly
DyYME(p) =—Y Z Wy, j(P—n) P,j (P j) + Z Wi (P—n) P Y puk
(=1 ]GRn/[ ]GRn,é kERn,[

where wy, ; : A—, — R is a continuous weighting function for the jth strategy that does
not depend on the nest and w,, ¢ ; : A—, — R is a continuous weighting function for the
jth strategy that depends on its nest. This is a concave perturbation function so equilibria
exist by Corollary 1.

Now, consider the restrictions that the weights for every player n € {1,..., N} satisfy
thatw,;: Ay — [0,1], forall j,k € R, that Wy,j = Wy = Wy, and forall £ € {1,..., Ly}
and j € Ry that wy,»; = 1—w;,; =1 —wy,,. Under these conditions, the best response
function takes the same form as the nested logit best response except with weights that
depend on opponents’ mixed strategies.

Proposition 4. In a weighted mixed entropy game, let the weights for every player n € {1,...,N}
satisfy that w,; : A—y — [0,1], for all j,k € Ry that w,; = wy,; = w,, and for all £ €
{1,...,Ln}andj € Ry that w,, gj = 1 —wy j = 1 — wy,¢. For the nth player, let £(j) be the nest
associated to the jth strategy so that Ry, y; is the nest that contains the strategy s, j and w,, ;) is
the corresponding weighting function. The best response function of the nth agent in a weighted

mixed entropy perturbed utility game is given by pW¥ME(p_,) = (p%vm(p_n), cee, pZ‘fffE(p_n))

where
j n ‘(an)
Un/'(pfnlx]n) Unk(p,n,xi‘,) @ AG)
exp(w]f_()) (ZkeR _eXp( PN
n,t(j) (P—n n,6(j) Wy 0y (P—n)
P (p—n) = ’ ]

Unk(p,n,xl,g) L u ( k wn,/(p—n) ’
) exp | ~——1 N J(P—nX7)
kERn,é(j) P ( wn,[(j)(P—n) Zgzl ZkeRM W

4.2. Quadratic Perturbations

Finally, we consider concave quadratic perturbed utility games where the perturbation
function takes the form

Du(pn,p—n) = —(pn — ”n)/An(an)(Pn —Tn)

where A, : A_, — RJ"*Jr is continuous, An(p—n) is positive semidefinite for every p_,,
and r, € AS,, is a reference probability. This specification makes the utility obtained from
the perturbation lower for probabilities further away from the reference probability. We
know that equilibria of concave quadratic perturbed utility games exist from Corollary 1.
While these games do not yield analytical solutions in general, one can quickly compute
the best response with quadratic programming for each p_,. One example of a quadratic
perturbation function is the diagonal weighting (DW) perturbation function, where for all
j€{1,...,]u} entries on the diagonal are given by

AV (p_n)jj = wui(p-n)

where w,,; : A_, — R is a continuous weighting function and APW(p_) jk = 0 for
j # k. Thus, one can model best response functions that are linear in the utility index, but
non-linear in their opponents’ strategies. We also note that quadratic perturbations are
flexible enough to allow individuals to express complementarities between strategies when
Jn > 2 following Allen and Rehbeck [29].
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5. Example Game

In this section, we apply the use of perturbation functions in a simple game. The
example shows how the perturbed utility approach can allow complementarities that are
not present for QRE or control costs. We consider the 2 x 3 game in Table 1. This is the
minimal setup to permit complementarity.

Table 1. A 2 x 3 example. We denote the row player by 1 and the column player by 2. We treat the
outcomes as monetary payoffs.

£ m h
TR I
L (x17,x3") (", ") (77, x37)

We consider when the row player is an expected utility maximizer and the column
player is a perturbed utility player. We plot the best response probabilities for the column
player in Figure 1, for four types of perturbation functions and two values of payoffs.
Specific details on payoffs and perturbation functions are detailed in the code, available on
the authors” websites.

The left column corresponds to low payoffs for the high action of the column player
and the right column corresponds to higher payoffs. The top row of Figure 1 is a quadratic
perturbation function. Importantly, it allows complementarity between the medium and
high strategies as the payoff to the high action increases. Here, as payoffs to the high
action increase, the probability of playing the high action as a best response increases
as expected, but the probability of playing the medium action also increases, indicating
complementarity.

The next three rows do not allow complementarity. Figure 1c,d in the second row
correspond to (quadratic) control costs, Figure 1e,f are logit perturbations, and Figure 1g,h
are nested logit perturbations.

In this paper, we focus on best responses because a detailed theoretical analysis of
equilibrium is beyond the scope of the paper. With that said, a simple equilibrium analysis
is possible by supposing the row player has the high action as a dominant strategy. Then
complementarity shows up for equilibrium comparative statics in Figure 1a,b by analogous
reasoning as before. Specifically, the payoff of the high action increased, and both the
medium and high probabilities increased in response.
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Figure 1. Best responses of the column player for a low payoff of the high action (left) and a higher payoff of the high action (right):
(a,b) quadratic perturbations; (c,d) control perturbations; (e,f) logit perturbations; and (g,h) nested logit perturbations.

6. Discussion

This paper shows existence of Nash equilibria in concave perturbed utility games,
relates the approach to quantal response equilibria, develops the nested logit equilibrium,
and introduces quadratic perturbed utility games. Thus, we link the literature on Nash
equilibrium without expected utility which has not been used in applications to quantal
response equilibrium (QRE) that has been extensively used in applications. We also provide
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the reader with several classes of perturbations that allow flexibility in best responses and
can be used in the study of games. Other perturbations that may be useful are developed
for discrete choice analysis in [9,10]. Although many of the models presented have many
parameters, one can simplify estimation by making homogeneity assumptions across
individuals.” By presenting a tractable class of games, we hope this paper is able to re-
introduce games of non-expected utility preferences to those unfamiliar with the earlier
work in [22,23] in light of the new experimental evidence that supports a preference
for randomization.
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Appendix A

Proof of Corollary 1. For every individual n € {1,..., N}, continuity of the utility indices
and perturbation function ensures that the value function is continuous in p_,. Moreover,
continuity and concavity of the perturbation function guarantees the set of best responses
is convex and nonempty, and hence contractible. The corollary now follows from the main
theorem in [8]. [

Proof of Proposition 1. This follows from Proposition 2 with each wn(p,n) = Ay €
R++. D

Proof of Proposition 2. We consider perturbed utility functions with mixed entropy per-
turbations. The utility function is given by

an,] n,j (p- n/x]n EP"] Pn,]

One can find the best response conditional on p_, by solving

]
max an,] n,j (P—n,xn) an] pn,]
PHERI”]' 1

Jn
st.) puj=1, puj>0foreveryje{l,..., ]}
=1

Setting up the Lagrangian for this problem, we have that

]}1

L(pn, va i (P Xh) — an; (Pnj) +9< ZM)

where 0 € R is the Lagrange multiplier on the constraint. Note that we do not need to
consider Lagrange multipliers on the non-negativity constraints of the mixed strategies
since the marginal utility of placing positive probability on a pure strategy goes to infinity
as py,j — 0. More formally, the nonnegative constraints will automatically be satisfied as
we show below.

9

For example, letting a;, ; = « for each individual and strategy in Equation (1) creates a one-parameter model when U,, ; and d,, ; are pre-specified.
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Examining the first-order conditions on p,, ;, we have that

oL

e U j (P, ¥h) = Wi (p—) In(prj) — wa(p—n) — 0 = 0.
nj

We also have the following complementary slackness condition that

i
9(1 -) pn,]) =0.
j=1

Note that setting the first-order conditions with respect to p,, ; and p,, x equal to one
another we obtain that

Uy (P, X)) = Wi (pn) 0(Pj) = Upg (o, X5) = wn(p—n) In(pf)-

Rearranging the above function gives

Uy j(pn, %) Uy ge(pn,
1n(p”rf)7ln(p”'k): nu])n(pfn) - nzj;y(?p_”) )

Finally, applying exponentiation to both sides of the quality yields

Ui (p—nch)
g o0 (M5)

Puk exp(un/k(inn,x’;))'

Choosing aj € {1,...,],}, we can use Equation (A1) and the fact that probabilities

sum to one to obtain that
ex Un,k(P—n/xlé)
A T )

Jn
Y Pnj = Pt Puf Y g =

However, this simplifies to the best response function

Un,'(anrxL)
eXP( ujn(r’fn) )

WE(, ) — :
P (P=n) o <<p>)

(A)

k=1 XP| 0, (o)

The above holds for any j € {1,..., ], } and does not depend on the individual since
all individuals have weighted entropy functions that satisfy the conditions in the statement
of the proof of Proposition 2. [

Proof of Proposition 3. This follows from Proposition 4 with each w,, ¢(p—n) = 1, € (0,1). O

Proof of Proposition 4. The proof is similar to the related derivation in discrete choice of
Allen and Rehbeck [27]. Note that w,, , > 0 for £ = 1,..., L, ensures we have an interior
solution. To see this, we show that the marginal utility for the nth player associated with
the probability of playing any jth strategy increases to +oo as p,, ; — 0.
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One can find the best response conditional on p_, by solving

]Pl .
max an,jun,j(}?fn,x%)
PneR{r j=1
Ly
=YY w(pn)pujin(pu) + (L —wue(p-n)) Y, PujIn| Y. Puk
/=1 jERn,[ jeRn,é keRn,ff

Jn
s.t. Z Pnj=1
j=1

For the nth player, let £(j) denote the nest of the s, jth strategy. The first derivative of
weighted mixed entropy perturbed utility (the objective function in the above optimization
problem) is given by

U, j(p—n, X)) — Wy o) (P—n) In(py j) — (1 = wp 05y (p—n)) In (k ) Pk) -1 (A2
ERye(j)

We must consider two cases. First, suppose that for all k € R, ;) with k # j that

Pnjx = 0. In this case, Equation (A2) simplifies to Uy, ;(p—n, x@) —In(p,,;) — 1 whose limit
approaches +oo as p, ; approaches zero. Second, consider when there exists some k € R,, 4(;)

with k # j such that p,, x > 0. In this case, the term —(1 — w,, ;;)(p-»)) In (ZkeRn,é(j) Pk) in
Equation (A2) converges to some finite number since there exists a p,, x > 0. Moreover, the
term w,, ;) (p—n) In(py ;) converges to +o0 as p, approaches zero since w,, ¢(j)(p—n) > 0.
Since the other terms are finite, Equation (A2) converges to +oo as p,, ; approaches zero.
This argument holds for any p,, j, so the solution is interior.

Now, we consider the derivative of the Lagrangian of the strict PUM when imposing

the probability simplex as a constraint where

un,j(an/xL) = Wy 0y (P—n) (P ;) — (L= w05y (p—n))In| Y pr | =60+1
kGRn,[(j)

and 6 € R is the Lagrange multiplier on the probability simplex constraint. Recall, non-
negativity does not need to be imposed since each alternative will be chosen with positive
probability.

Now, when j, k € Rn’g(]‘) so both alternatives are in the same nest, we conclude

by setting the first-order conditions equal for the jth and kth strategies and simplifying.
Hence, summing over all strategies k € R,, 4;) gives

_ Pnj U je(p—n, %3)
k RZ Pk U (p—n,h) (k RE . exP( Wiy (P—n) ) |
ERnt(j) exp| L—"% ERn0()

We(f) (P—n)

Now, substituting in the expression for } ;cr | G P from above into the first-order
condition for the jth strategy gives
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Uy j(p—n, ) W je(p—n, X
PRI ) (1= g (po)in | Y exp( S} ) gy

Wy o) (P—n) kER, o) Wn,e(j) (p-

This expression holds for any strategy for its specific nest. Now, we can set the first-
order conditions equal for probabilities over strategies s, ;, s,k € Sy not necessarily in the
same nest and re-arrange terms to obtain

In(p, ;) —In(pui) =

un,'(P— ,Xj ) Un,’(an/ xn,e)
L7 Al LA (1— wn,z(j)(P—n))ln 2 exp L7 AL L7

Wy o) (P—n) ek Wh,e(j) (P—n)

Uy (p—n, X5 Uy, i (P—n X, 1)
N I I B 3 exp("‘ 1))
(k)

W e(k) (P—n) FeR, W o(k) (P—n

where the second line of the right hand side is subtracted from the first line of the right
hand side. By exponentiation, we see that the ratio of p;, ;/ p,, x gives

n, (P erxv;l) unf(p*n’xn,’)
Pui _ (G )/ (0 sty (o) n (L o0 (505 )

Prk (P-nch) (P-n ) ' (A3)
e ( B /(1= (o) (i, o (2 0) ) )

Similar to solving the weighted entropy problem, since all choice probabilities sum to
one, one gets that

Puj + Y pup =1
=

Using Equation (A3) to write each p, x as a function of p, ; and substituting in terms

one arrives at
‘ Wy 007y (P—n)
Uy o) (P—nXh) U, £ (pnk) At ()
X T S — X AN TR
© p< @nj(P—n) LkeR, ;) EXP Wni() (P—n)

)(P x5 U, i (p-nx, 1) Wy p(p—n)
ZkGR ex P< (])(P n) ) Z <Z%€Rn,é (W))

P (pn) =
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