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Abstract
Behavioral Network FEconomics
by
Soham Rajesh Phade
Doctor of Philosophy in Engineering — Electrical Engineering and Computer Sciences
University of California, Berkeley

Professor Venkat Anantharam, Chair

Game theoretic models are prevalent in the study of interactions between autonomous agents.
Given the pervasive role of humans as agents in networks (e.g. social networks) and markets
(e.g. labor markets), building mechanisms based on presumably more accurate models of
human behavior is of great interest both for increasing human welfare and for building
more efficient commercial systems that interact with humans. Cumulative prospect theory
(CPT), one of the leading models for decision-making under risk and uncertainty, introduced
by Kahneman and Tversky, combines several psychological insights into decision theory.
Theoretical economics has primarily focused on expected utility theory (EUT) to model
human behavior. On the other hand, CPT has been observed to be a better fit in empirical
studies, it is a generalization of EUT, and has a nice mathematical formulation convenient for
theoretical studies. It provides a way to incorporate psychological aspects into the concrete
frameworks of game theory and economics which is required in building large scale systems
that are better aligned with human preferences and needs and are also robust to their
emotional traits. A systematic and principled approach is needed. This thesis aims to build
work in this direction by studying the following three problems through the lens of CPT:

1. resource allocation over networks,
2. notions of equilibrium in non-cooperative games, and

3. mechanism design.

In this thesis, we develop theoretical tools and establish fundamental results that would
support real-world applications and future research in behavioral network economics.
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Chapter 1

Introduction

1.1 Motivation

We will mainly be concerned with the study of social systems comprised of several individuals,
typically humans, henceforth called players, interacting directly or indirectly in a bounded
situation (or an environment). Systems influenced by technological innovations over the past
several decades will be of particular interest to us. For example, these include transportation
and communication networks, the Internet, computation networks and data-centers, energy
and utility networks, financial networks, labor markets, social networks, and digital markets.

The complex nature of these systems requires consideration of several crucial aspects
which gave rise to the interdisciplinary fields of cybernetics and systems science. These
combine knowledge from various fields such as control theory, information theory, dynamical
systems, operations research, computer science, systems engineering, economics, statistics,
and psychology. The engineering approach towards solving these problems primarily focuses
on the physical aspects such as feasibility, practicality, maintainability, stability, and scal-
ability. An equally important dimension is that of catering to individual preferences and
needs. Ultimately these systems are there for the users. Thus enters marketing research
and business management. These fields study the market economy and business processes
to identify, anticipate and satisfy customers’ needs and wants. A holistic approach that
combines these two approaches will go a long way.

Technological advancements in domains such as the Internet, Computing, Communica-
tion, and Artificial Intelligence (AI) have lead to rapidly evolving network services such as
cloud computing, smart information systems, multimedia platforms, software companies,
online marketplaces, and smart grids, that have global scopes. Consequently, network eco-
nomics research evolved along two major lines:

1. Optimal routing and control: This involved the study of flow dynamics and congestion
based on the underlying network structures and routing decisions. Typical problems
studied include the shortest path problem, the maximum flow problem, the minimum
cost flow problem, etc. (See books by Anna Nagurney [94, 95, 97, 98, 96].)
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2. Network formation and growth: Here, the focus is on the understanding of the for-
mation of network links, the flow of information in social networks or diseases in epi-
demiological studies, connectivity and segregation in different networks, etc. Models
from random graph theory and statistics are helpful in this approach. (See books by
Mathew Jackson [62, 63] and Sanjeev Goyal [54].)

Besides understanding the working of networks, a fundamental goal of network economics
is to assist decision-making for both the system designer and the players in the system. For
example, Braess’ paradox warns a network planner of the following counter-intuitive effect:
adding additional links to a network can reduce the overall system utility (such as the total
delays for all the drivers in a transportation network) at Nash equilibrium when each player is
making an optimal self-interested decision. Observations like these and results from network
economics have greatly helped policy-making and system design. (Shapiro and Varian [122]
describe strategies to guide business decisions and policies in network economies such as
differential pricing, utilizing network positive externalities and lock-in effects, patents and
rights management, and others.)

Game theory and economics offer valuable guiding principles in the design of these sys-
tems. The economic models for studying these problems typically assume that the partic-
ipating agents are rational and possess immense computational power (which is reasonable
when the participating agents are firms or nations). However, for e-commerce platforms like
social media and online marketplaces, where the participating agents are single individuals
who perform several repeated short-lived interactions with the platform, it is unusual that
these agents would adhere to the above behavioral assumptions. We cannot expect the
human mind to make informed and well-thought decisions in such complex interconnected
systems, let alone the stress it generates. Our goal here is to use sophisticated models from
behavioral psychology and decision theory to model human interaction and design robust
and scalable systems that would assist the users in making decisions that are in their own
interests and also for those around them.

The digital revolution has given rise to software companies having massive control over
several crucial networks with the power to micromanage them. The algorithms deployed
by these companies can influence social, economic, and political networks like never before.
Along with all the evident benefits of these software systems in automating tasks and facil-
itating large-scale network operations, we must pay closer attention to how these systems
interact with their users. The growing human-computer interaction requires careful con-
sideration of human behavior and their emotional responses. Our knowledge regarding the
guiding principles for governing these interactions is quite limited, and a methodological
approach towards incorporating psychological aspects into system design is barely off the
ground. There is an ongoing debate relating to the benefits of these big technology com-
panies, the extreme power these companies hold, and whether they are using it wisely or
not. Although it will not be the focus of this thesis, I hope that the behavioral foundations
developed in this work would help answer some of these questions (see Section 7.3), and
consequently, help build systems that are better aware of human behavior and needs.
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Perhaps the most apt historical model for algorithmic regulation is not trust-
busting, but environmental protection. To improve the ecology around a river,
it isn’t enough to simply regulate companies pollution. Nor will it help to just
break up the polluting companies. You need to think about how the river is
used by citizens—what sort of residential buildings are constructed along the
banks, what is transported up and down the river—and the fish that swim in the
water. Fishermen, yachtsmen, ecologists, property developers, and area residents
all need a say. Apply that metaphor to the online world: Politicians, citizen-
scientists, activists, and ordinary people will all have to work together to co-
govern a technology whose impact is dependent on everyone’s behavior, and that
will be as integral to our lives and our economies as rivers once were to the
emergence of early civilizations.

Anne Applebaum
“The Internet doesn’t have to be awful.” The Atlantic. April 2021.

1.2 Examples and Applications

Transportation Networks

Let’s say you want to reach the airport to catch a flight. You open a navigation app, such
as Google Maps or Apple Maps, and check for possible routes and the estimated times of
arrival. Your topmost concern is to arrive at your destination in time. Plus, you'd like to
have a good estimate of your arrival time. Compare it with someone who might be using
the same app but is looking for a scenic route and not so worried about his arrival time. At
any given time, hundreds of thousands of users are using such apps to find what suits them
the best. All these different people have varied requirements based on their purposes and
preferences while sharing the same infrastructure and resources. The app recommendations
affect their choices, and their choices have externalities that affect the conditions for others.
One could imagine the app providing signals and economic incentives to alter traffic patterns.

A familiar example in this spirit is clearing the way for emergency vehicles. Something
that we have been doing for several years. Another example is charging a variable rate
adapted to the traffic conditions for the use of the express lanes. Given the prevalent use of
navigation apps and other communicating devices today, we have more options to influence
traffic routing. At the same time, we can collect and process a lot more data. Our goal is
to explore ideas along these lines. An important thing to notice here is that the players in
this system are human agents and they are bound to display behavioral features that do not
fall under the traditional notions of rationality. For example, drivers might prefer routes
that they are familiar with, even if the alternative route is faster. (This is reminiscent of the
well-documented endowment effect, which says that people are more likely to hold onto an
object they own rather than trade it for an equally or higher valued alternative they do not
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own. The fear of the unknown and uncertainty also plays a role here.) We must incorporate
these behavioral features into system modeling. Furthermore, this applies to all forms of
transportation services such as public transport, railways, airways, waterways, shipping of
goods, etc.

Communication Networks

Using navigation apps to help route traffic is just an instance of taking advantage of the
advanced communication technologies for improving resource allocation. Indeed, communi-
cating the availability of resources, individual preferences, and incentives for resource man-
agement, and controlling system parameters require real-time information transfer and sig-
naling. No wonder the Internet was the first to witness real-time algorithm-based traffic
management. Transmission Control Protocol (TCP) and bandwidth allocation algorithms
have helped avoid the congestion issues that had plagued the Internet before TCP. The the-
oretical foundations for this work were laid by Kelly in the late 1990s [72, 73]. In Chapter 2,
we extend these ideas to incorporate behavioral features and psychological traits displayed
by the users.

Today, traffic shaping is a major area that deals with congestion control [84, 116]. The
users are allocated bandwidth based on the choice of the monthly plans selected by them
and the ambient network traffic conditions. One of our goals is to extend these ideas to
real-time traffic management. For example, imagine you have a virtual presentation coming
up. It would be nice to indicate this to the service provider, such as Xfinity or AT&T, and
request a boost for this period. It might result in additional charges, but it would provide
you the added benefit of choosing a more economical base plan. Certainly, re-engineering
the Internet along these lines would increase user-system interactions and it would need
algorithms that are more aware of human behavior and responses.

Cloud Computing Networks

Just as communication networks allocate bandwidth to the users, cloud computing networks,
such as Amazon Web Services, Microsoft Azure, or Google Cloud, provide on-demand com-
puter system resources such as data storage and computing power. Cloud service providers
can schedule most of the customer jobs instantly today as the resources exceed the demand.
However, with a growing trend of customers opting for computing resources as a service
instead of maintaining such systems on their own, this surplus luxury is not sustainable.
Resources are also naturally constrained in settings such as fog computing and peer-to-peer
computing networks. Besides, concerns over the energy consumption by data centers is
another factor that limits the expansion of computing resources.

The demand for resources can vary significantly over time, different jobs have different
resource requirements, and customers have varying preferences towards their job delays and
the quality of service. The prices must conform to these changing demands in real-time.
Although the typical customers in this setting are firms and organizations, the end-users
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of their services and products are often individual humans. The value and revenue gener-
ation for these organizations is closely related to the levels of consumer satisfaction. As a
result, behavioral considerations naturally creep into the utilities and preferences of these
organizations.

Energy Networks

Smart grids are another excellent example of the application of digital processing and com-
munications to systems where user interactions play a major role. The goal here is to improve
the economic efficiency of electricity networks and maintain high levels of quality of supply
by integrating the behavior and actions of all the users connected to the network - genera-
tors, consumers, and those that do both. It would provide communication protocols to the
suppliers and the consumers, allowing them to be more flexible and sophisticated in their
operational strategies. For example, the suppliers could indicate their energy prices, and
the consumers could indicate their willingness to pay in real-time. The users can configure
smart devices to generate additional energy or initiate energy-saving modes under specific
settings such as during high-cost peak usage periods. Similar to the pricing based on job
delays in the cloud computing setting, we can imagine customers having different prefer-
ences towards their energy requirements based on deadlines, for example, such requirements
would naturally occur in charging of electric vehicles. Today, PG&E, a utility company that
provides natural gas and electric service, offers different pricing schemes such as time-of-use
rate plans and tiered usage rate plans. Along similar lines, we are interested in much more
flexible and sophisticated pricing schemes based on dynamic market conditions and human
behavior analysis. This would also benefit in incentivizing people to shift to clean electricity
options and adopt solar panels at home.

Social Networks

Several activities such as advertising, campaigning, or running welfare programs depend on
the underlying social networks. Humans are the primary agents in any social network. Their
interactions and behavior form an integral part in the study of social networks. Models that
incorporate psychological aspects are needed to better allocate resources in these activities.
It would help answer questions like: How can we maximize the impact of a campaign with
a limited budget? How to best incentivize the agents in a network to perform actions that
are in the best interests of the entire society?

From a commercial point of view, it would greatly benefit the online ad exchange com-
panies such as Google Ads or Facebook Ads. These are digital marketplaces that enable
advertisers to buy and sell advertising spaces. Here, user attention is the limited resource
and the different advertisers are competing for this limited resource. The tools developed in
this thesis will help regulate these markets more efficiently by incorporating human behav-
ioral features.
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Matching Markets

Just like the ad exchange marketplace, several other matching markets fall in this domain.
These include labor markets that match employers and workers such as Upwork and Free-
lancer, ride hailing applications that match drivers and riders such as Uber and Lyft, delivery
services that match restaurants and diners such as Doordash and UberEats, or online mar-
ketplaces that match sellers and buyers such as Amazon and eBay. Notice that most of the
participating agents in these settings are individual humans susceptible to showing behavior
that is influenced by biases and heuristics.

Finance and Insurance

Finance and insurance is another interesting setting where behavioral factors play a huge
role. There is a decent amount of work studying how individuals make decisions about their
investment strategies and insurance policies, but there is only a limited amount of work that
considers behavioral features in a financial network setting where the individuals interact
with each other and their decisions affect the other individuals in the network. In this work,
we establish results that would facilitate this research.

Observe that, in all the above examples, the following factors are common:
1. The resources are limited.
2. Players have varying requirements and preferences.
3. The preferences of the players are private information.
4. Players have limited information about the system operations and constraints.
5. Players show behavioral features.

The goal is to design a communication protocol or a market system to fa-
cilitate the exchange of information for strategic players who might display
behavioral features, and consequently allocate resources to satisfy certain re-
quirements. In contrast to prior works, we will pay special attention to the last
factor, namely, the behavioral features of the players. We aim to bring these aspects
to the same level of mathematical sophistication as other aspects in system sciences. Such
an approach is crucial to building systems that are scalable across different users and robust
to the intricacies of human behavior.

With me, everything turns into
mathematics.

Rene Descartes
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1.3 The Tool: Cumulative Prospect Theory (CPT)

Central to our approach is a mathematical model to capture human behavior and preferences.
As is common in decision theory, we will consider the problem of decision-making by rational
agents under uncertainty. In many of the examples discussed above, the agents need to make
decisions without having complete information about the system and the behavior of other
players in the system. For instance, a person who is traveling needs to decide which route
to take without the exact information about traffic conditions, or a company launching
a new product needs to decide how to maximize its advertising impact without complete
knowledge of its customers as well as its competitors. Decision-making under uncertainty
provides a minimal framework that is general enough to capture the commonly encountered
interactions, preferences, choices and actions of agents in a network.

Rationality is generally formulated as expected utility maximization. The justification for
this comes from the von Neumann and Morgenstern expected utility maximization theorem
[130]. Although this assumption has a nice normative appeal to it and can be used to a
large extent as a prescriptive theory, it has been evident through several examples [3, 48,
67] that the model is not that good an approximation for descriptive purposes. On the
other hand, cumulative prospect theory (CPT) accommodates many empirically observed
behavioral features [127]. Proposed by Kahneman and Tversky, it is one of the leading
theories for decision making under uncertainty. It has a nice mathematical formulation and
is a generalization of expected utility theory (EUT).

A lottery (or prospect) is comprised of one or more outcomes with their corresponding
probabilities.! We will denote a lottery by

L:={(p1,z1), (p2, 22),-- -, (P, 20) }» (1.3.1)

where z; € R, 1 < j <t, denotes an outcome and p;,1 < j <, is the probability with which
outcome z; occurs. We assume that the lottery is ezhaustive, i.e. Z;Zl p; = 1. (Note that
we are allowed to have p; = 0 for some values of j and we can have z, = z; even when k # [.)

Expected utility theory (EUT) posits that each individual is associated with a utility
function u : R — R. The utility function is typically assumed to be concave (to capture the
risk-averseness of the individual). The expected utility corresponding to lottery L is given

by
U(L) = iju(zj). (1.3.2)

A person is said to have EUT preferences if, given a choice between lottery L; and lottery
Lo, she chooses the one with the higher expected utility.

In the latter half of the 20th century, several people began documenting the limitations of
EUT to model human behavior. Allais paradox (1952) is a particularly interesting thought
experiment that marks the beginning of this work [3]. The experiment goes as follows:
Consider the two lotteries shown in Experiment A of Figure 1.1. If you choose Lottery 1A,
then you win $1 Million for sure, i.e. with a 100% chance. If you choose Lottery 2A, then
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Experiment A
Lottery 1A Lottery 2A
Winning | Chance | Winning | Chance
$1 Million | 100% | $1 Million | 89%
Nothing 1%
$5 Million |  10%

Experiment B
Lottery 1B Lottery 2B
Winning | Chance | Winning | Chance
Nothing 89% Nothing 90%
$1 Million 11%

$5 Million 10%

Figure 1.1: Allais Paradox: Lotteries involved in the thought experiments proposed by Allais
are shown. Each lottery is comprised of the winning amounts and the corresponding chance
of winning these amounts.

you win $1 Million with a 89% chance, you do not win anything with a 1% chance, and you
win $5 Million with a 10% chance. You can choose only one of the two lotteries and it is a
one time offer. Which one do you select?” Now instead, consider Experiment B. The lotteries
are shown in Figure 1.1. Again you can choose only one of the two lotteries and it is a one
time offer. Which one now?

It is quite common for people to choose Lottery 1A in Experiment A and Lottery 2B in
Experiment B. The paradox arises from the following observation: Lottery 1B is obtained
from Lottery 1A by transforming 89% chance of winning $1 Million to winning nothing. The
remaining 11% chance of winning $1 Million is left as is. When a similar transformation is
applied to Lottery 2A, we get Lottery 2B. Note that the 89% chance of winning $1 Million
in Lottery 2A changed to nothing combined with the 1% chance of winning nothing gives
the 90% chance of winning nothing in Lottery 2B. The 10% chance of winning $5 Million
remains unchanged.

The above observation underlies the fact that the choice of Lottery 1A and Lottery 2B
is inconsistent with EUT. To see this, let u be the utility function of the individual. Choice
of Lottery 1A over Lottery 2A implies

w($1M) > 0.89u($1M) + 0.01u(30) + 0.10u($5M). (1.3.3)
And choice of Lottery 2B over Lottery 1B implies
0.89u($0) + 0.11u($1M) > 0.90u($0) + 0.10u($1M). (1.3.4)

No utility function u can satisfy the above inequalities simultaneously. Later we will see how
CPT explains this phenomenon.
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We now give a quick review of cumulative prospect theory (CPT) (for more details
see [132]). Each person is associated with a reference point r € R, a corresponding value
function v" : R — R, and two probability weighting functions w* : [0,1] — [0, 1], wT for gains
and w~ for losses. We say that (r,v", w*) are the CPT features of that person.

The function v"(z) satisfies: (i) it is continuous in z; (ii) v"(r) = 0; (iii) it is strictly
increasing in x. The value function is generally assumed to be convex in the losses domain
(x < r) and concave in the gains domain (z > r), and to be steeper for losses for gains in
the sense that v"(r) — v"(r — z) > v"(r + 2) — v"(r) for all z > 0. ? The reference point
is meant to capture psychological factors such as the players expectations, her status quo,
or her goal. By letting the value function be steeper for losses we are able to capture the
individual’s loss aversion. The concavity in gains and convexity in losses captures the effect
of diminishing sensitivity of the individual. Contrast this with the typical assumption that
the utility function is concave throughout in EUT.

An example of a typical value function is

o (2) = (z —r)™ for z > r, (1.3.5)
A —2)* for 2 <0, o

with a1,a9 € (0,1], and A > 1. Here, o; and s capture the diminishing sensitivity to
returns for gains and losses, respectively, and A\ captures the loss aversion. In Figure 1.2, we
plot the above value function with a; = ap = 0.5, A = 2.5.

The probability weighting function along with the ordering of the outcomes in a lottery,
dictates the probabilistic sensitivity of a player, a property that plays an important role in
lotteries and gambling. As Boyce [3] points out, “It is the lure of getting the good without
having to pay for it that gives allocation by lottery its appeal.”

The probability weighting function typically over-weights small probabilities and under-
weights large probabilities, and this captures the ‘lure’ effect. The probability weighting
functions w¥ : [0,1] — [0, 1] satisfy: (i) they are continuous; (ii) they are strictly increasing;
(iii) w*(0) = 0 and w*(1) = 1.

An example of a typical probability weighting function (for gains or losses) suggested by
Prelec [113] is

w(p) = exp{—(—Inp)’}, (1.3.6)
with v € (0,1]. In Figure 1.3, we plot this function with v = 0.65.

We now describe how to compute the CPT value of a lottery. This is the analog of the

expected utility in EUT. Let o := (a1, ..., ;) be a permutation of (1,...,t) such that

Zow Z Zan Z 0 > Zay- (1.3.7)

Let 0 < j,. <t be such that z,, > r for 1 < j < j, and 2z, <7 for j, < j <t. (Here j, =0
when z,, <7 for all 1 <j <t.) The CPT value V"(L) of the prospect L is evaluated using
the value function v"(-) and the probability weighting functions w*(-) as follows:

V(L) := ZT:V;F(]), a)v"(zq;) + Z Vi (p, v (24;), (1.3.8)

J=jr+1



CHAPTER 1. INTRODUCTION 10

20 | .

—100 —50 0 50 100

Figure 1.2: Example of a typical value function. The plot shows value function v° (i.e.

reference point 7 = 0) given in equation (1.3.5) with ay = ap = 0.5, and A\ = 2.5. With
reference point 7 = 0, positive outcomes (z > 0) are gains and negative outcomes (z < 0)
are losses. The value at reference point » = 0 is 0. Notice that the value function is concave
in the positive domain and convex in the negative domain. Also, notice that value function
is much more steeper in the negative domain than in the positive domain giving rise to a
kink at the origin.

where V;r(p, a),1 <j <7, V;(p,a),jr < j <t are decision weights defined via:

Vip,a) = w(pa,),
Vi(p,a) =w"(pa, + -+ Pay) =W (Pay + -+ Pa,_,) for 1 < j <t,
Vi) i=w (o ++++Da;) =W (Poy ++++ + Dayiy) for 1 <j <t,
Vi (p,a) = w"(pa,).

Although the expression on the right in equation (1.3.8) depends on the permutation «, one
can check that the formula evaluates to the same value V"(L) as long as the permutation «
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Figure 1.3: Example of a typical probability weighting function. The solid curve shows the
typical shape of a probability weighting function, be it for gains or for losses. The dotted
line shows the identity function for reference. This marks the deviation form EUT. Indeed,
if the probability weighting function is given by the identity function for both gains and
losses, then the player has EUT preferences with the utility function given by the value
function v" at its reference point. The plot shows the probability weighting function given
by equation (1.3.6) with v = 0.65. Notice that the probability weighting function is typically
concave initially and convex later with an inflection point around 1/3. It over-weights smaller
probabilities and under-weights larger probabilities. The probabilistic sensitivity (derivative
of the probability weighting function) is high near the end probabilities, namely, 0 and 1,
and low in the middle.

satisfies (1.3.7). The CPT value in equation (1.3.8) can equivalently be written as:

Jr—1

= Z wt (Z paz) (2a;) — V" (Zay41)]
R

i=jr+1
+ Z ( Z Pa,> za]+1) - UT(Zaj)} . (139)
Jj=jr+1 i=j+1

A person is said to have CPT preferences if, given a choice between prospect L; and
prospect Lo, she chooses the one with higher CPT value.
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Let us see how CPT explains the Allais paradox. Let the value function be given by

o(z) = {(z — )% for z > r,

—10(r — 2)%®  for z < r.

Interpret this as the value of winning $z Million is v"(z). Let the probability weighting
functions for both gains and losses be as shown in Figure 1.3. When faced with the two
lotteries in Experiment A, suppose the reference point is $1 Million, i.e. » = 1. The CPT
value of Lottery 1A is 0 (recall that v"(r) = 0). The CPT value of Lottery 2A is given by

w™ (0.01)v"(0) + wt(0.1)v' (5) = 0.0673 x (—10) + 0.1791 x 2 = —0.3148.

Hence, Lottery 1A is preferred over Lottery 2A. When faced with the two lotteries in Ex-
periment B, suppose the reference point is 0, i.e. » = 0. Then, the CPT value of lottery 1B
is given by

wt(0.11)0°(1) = 0.1877,

and the CPT value of Lottery 2B is given by
wh(0.1)v°(5) = 0.1791 x 2.2361 = 0.4005.

Thus, Lottery 2B is preferred over Lottery 1B. This resolves the Allais paradox. Notice how
the different aspects in CPT play a role here: the reference point captures the expectations
of the individual and the 1% chance of winning nothing in Lottery 2A is thus perceived as
a loss. Combined with the over-weighting on the 1% chance by the probability weighting
function w~ and the high loss aversion of A\ = 10 makes Lottery 2A disfavored as compared
to Lottery 1A. On the other hand, in Experiment B, we assumed the reference point to be 0.
The probability weighting function w™ assigns similar decision weights to winning $1 Million
and $5 Million (namely, w™(0.11) and w*(0.1), respectively). Naturally, winning $5 Million
is favored over winning $1 Million, and Lottery 2B is preferred over Lottery 1B.

In a way, CPT seems to introduce so much flexibility that one could fit almost any
observation. As said by John von Neumann, “with four parameters I can fit an elephant,
and with five I can make him wiggle his trunk.” In this regard, I would like to point out
that each of the concepts introduced by CPT such as the reference point, value function,
and probability weighting functions have an interpretation that fulfills certain behavioral
requirements. Moreover, this flexibility allows CPT to encompass a plethora of behavioral
aspects in a convenient mathematical form. Finally, and most importantly, any theoretical
guarantees provided under such flexible settings are applicable in restricted settings of CPT
and hence not affected by the potential overparametrization present in CPT.

CPT also satisfies some important properties such as:

e Strict stochastic dominance [30]: shifting positive probability mass from an outcome
to a strictly preferred outcome leads to a strictly preferred prospect. For exam-
ple, the prospect L; = {(0.6,40);(0.4,20)} can be obtained from the prospect Ly =
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{(0.5,40); (0.5,20)} by shifting a probability mass of 0.1 from outcome 20 to a strictly
better outcome 40. The strict stochastic dominance condition says that V(L) >
V7 (Ly) (see equation (1.3.9)).

e Strict monotonicity [30]: any prospect becomes strictly better as soon as one of its
outcomes is strictly improved. For example, if L; = {(0.6,40);(0.4,—10)} and Ly, =
{(0.6,40); (0.4, —20)}, then V"(Ly) > V"(Ls) (see equation (1.3.8)).

One wonders whether it is necessary to have the cumulative form of probability weighting
in the evaluation of the CPT value. In fact, a precursor to cumulative prospect theory was
proposed by Kahneman and Tversky in 1979, called prospect theory (PT). However, in the
subsequent years, several drawbacks of this theory were observed. For example, it does
not satisfy the first order stochastic dominance property. Schmiedler[119] and Quiggin|[114]
developed rank dependent utility theory (RDU) that involved the cumulative functional
form. CPT combines RDU with reference dependence in a consistent manner. Wakker, in
his book [132], argues how the cumulative functional form is indeed the correct way to extend
EUT to account for probabilistic sensitivity.

To summarize, CPT has the following features that are lacking from EUT: (i) refer-
ence dependence, (ii) loss aversion, (iii) diminishing sensitivity to returns for both, gains
and losses, (iv) probabilistic sensitivity, (v) rank dependence and cumulative probability
weighting.

1.4 Related Work and Overview

Several works have confirmed the applicability of prospect theory and cumulative prospect
theory to individual decision-making in laboratory settings [66]. There is also evidence that
these theories offer good description of behavior for the participants in game shows with large
prizes [65, 110] and professional investors in financial markets [1]. The application of these
theories to economics is relatively scarce. Amongst those, application of prospect theory to
the fields of finance and insurance is by far most popular [14, 11, 39, 9, 42] (see also, [10]
and the references therein). Most of these studies are lacking along two major lines:

1. they consider prospect theory to model behavior instead of its improved version,
namely, cumulative prospect theory, and

2. they restrict their attention to single-agent choice scenarios without much consideration
for the effects arising from multi-agent interactions.

In this thesis, we will develop theory that contributes to both these directions. To quote
Camerer [24],

There is no good scientific reason why it (prospect theory or rather cumulative
prospect theory) should not replace expected utility in current research, and be
given prominent space in economics textbooks.
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Figure 1.4: Agent-network decomposition: The central optimizer broadcasts a menu of
market prices and the autonomous agents respond with the optimal budget signals based
on the preferences learned from the users. These budget signals are then collected by the
central optimizer to update the broadcasted prices and allocate resources. See Chapter 2 for
more details.

As observed above in the examples, resource allocation over networks is a fundamental
problem in systems. In Chapter 2, we consider this problem with CPT players. Modeling
the agents using CPT brings forward the surprising benefits of lottery-based allocations in
increasing social welfare compared to the corresponding EUT-based analysis. This conforms
with the observation that lotteries help in influencing the behavior of people, which is backed
by several experimental studies [111]. Our work® based on CPT analysis not only explains
the above phenomenon theoretically but also provides a practical algorithm to design the
optimum lottery allocations. It achieves this without actually knowing the CPT preferences
of the agents through an appropriate pricing scheme.

The practicality of this algorithm stems from the agent-network decomposition, outlined
in Figure 1.4. It consists of decomposing the network resource allocation problem into a
central optimizer and several user optimizers, one for each user. It builds on the work
by Kelly [72] on optimal bandwidth allocation. Similar to the TCP/IP used in internet
routing, a signaling scheme is set up between the user optimizers and the central optimizer.
Here the central optimizer broadcasts a menu of prices, and the user optimizers respond
with their optimal budget signals based on their individual preferences. We show that such
an iterative scheme converges to the optimal lottery scheme and can track the trends in
gradually changing market behavior. To accommodate CPT preferences, we invent a novel
pricing scheme. It is actually reminiscent of the pricing strategies employed by several airline
companies where they offer their customers an option to make additional payments to be
enrolled in a raffle to win an upgrade on their tickets.
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In this analysis, each agent is assumed to be a price-taker, i.e., we assume that the agents
respond in a myopically optimal manner to the broadcasted prices, and none of the agents
are dominant enough to single-handedly influence the market prices. However, when there
are localized interactions amongst a small number of agents, game-theoretic models become
important to study these interactions. The popular choice for studying these models is
through different notions of equilibrium.

In Chapter 3, we take the notions of CPT Nash equilibrium and CPT correlated equilib-
rium defined by Keskin [74] as our starting point and establish several geometric properties of
these equilibrium notions.* We explore questions such as the convexity and the connectivity
properties of the correlated equilibria set, and the relation between the Nash equilibria and
the correlated equilibria. For example, under EUT, it was known that the set of all corre-
lated equilibria is a convex polytope. Keskin showed that this property need not hold under
CPT. We prove that it can, in fact, be disconnected. Nonetheless, certain properties like the
Nash equilibria all lying on the boundary of the correlated equilibria set [101] continue to
hold true, although they require new proof techniques.

These new theoretical phenomena bring out some of the important distinctions resulting
from CPT modeling. One of the fundamental reasons for these distinctions is that CPT
preferences do not satisfy something called the betweenness property. Betweenness implies
that if an agent is indifferent between L; and L, then she is indifferent between any mixtures
of them too. Several empirical studies show systematic violations of betweenness [25, 2,
41, 123], and this makes the use of CPT more attractive than EUT for modeling human
preferences. Further evidence comes from [25], where the authors fit data from nine studies
using three non-EUT models, one of them being CPT, to find that, compared to the EUT
model, the non-EUT models perform better.

Building upon the idea that the players might prefer to actively randomize their actions,
we consider mixed strategies in non-cooperative games from a new perspective. We refer to
such actively mixed strategies as black-box strategies.

Traditionally, mixed actions have been considered from two viewpoints, especially in
the context of mixed-action Nash equilibrium. According to the first viewpoint, these are
conscious randomizations by the players—each player only knows her mixed-action and not
its pure realization. The notion of black-box strategies captures this interpretation of mixed-
actions. According to the other viewpoint, players do not randomize, and each player chooses
some definite action. But the other players need not know which one and the mixture
represents their uncertainty, i.e., their conjecture about her choice.

Under CPT, these two interpretations get nicely untangled, and we get four different
concepts of Nash equilibria depending on whether we allow randomization in each of the
interpretations. In Chapter 4, we develop these four notions and study their properties such
as existence and relation to each other.?

We then consider the setting of learning in repeated games in Chapter 5.° The literature
on learning in games provides an alternative explanation to the equilibrium notions as a long-
run outcome in repeated games with mild rationality assumptions on the players. They are
especially important from a behavioral perspective where players have limited computational
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powers. We consider the celebrated theorem of Vohra and Foster [50] on the convergence of
the empirical average of the action play to the set of correlated equilibria when players make
calibrated forecasts and respond with myopically optimal actions. One soon realizes that
the notion of CPT correlated equilibrium, as defined by Keskin, is not enough to capture
this result. But instead, we need an appropriate convexification of this set that we call the
mediated CPT correlated equilibrium.

In a correlated equilibrium, the mediator is assumed to recommend an action to each
player to play. We introduce the notion of mediated games in which the mediator is allowed
to send signals from more general sets. This is a specific type of game with communication
as introduced by Myerson. The mediated CPT correlated equilibria are then the Bayes-Nash
equilibria of this mediated game. Since the mediated CPT correlated equilibria are more
general than the CPT correlated equilibria we get that the revelation principle in the context
of correlated equilibria does not hold under CPT preferences.

Calibrated learning is one form of learning in games. More generally, the result on the
convergence to correlated equilibria is closely related to the notion of no-regret learning
in games. We prove that the set of CPT correlated equilibria is not approachable in the
Blackwell approachability sense. These results strongly suggest that the notion of mediated
CPT correlated equilibrium is the appropriate notion to consider in this context.

A major revelation in the previous study is that: The revelation principle fails under
CPT! A natural question is what happens in mechanism design where the revelation principle
has played a fundamental role. As suspected we observe that the revelation principle fails
in mechanism design when agents have CPT preferences. In Chapter 6, we develop an
appropriate framework that we call mediated mechanism design that allows us to recover
the revelation principle under certain settings.”

The premise of a typical mechanism design scenario comprises a bunch of agents each
having a private type consisting of their private information and preferences over the out-
comes. There is a system operator (or a principal) who controls the implementations in
the system but cannot directly observe the private types of players. To achieve optimal
implementations conditioned on the types of the players, the system operator designs a com-
munication protocol where the players can interact strategically in the resulting game. This
allows the system operator to elicit information about the private types of the players. As an
example, think of auctions. The second-price sealed-bid auctions incentivize the players to
reveal their private values truthfully, and the item is allocated to the player with the highest
value at the second-highest bid.

For a modern application, consider ride-hailing services such as Uber or Lyft. These apps
present the customers with several options such as premium rides, shared rides, economy
rides, etc. The purpose of these options is to elicit the preferences of the customers and
provide optimal services. These systems have inherent uncertainties, and it is essential to
account, for the customers’ behavior towards such uncertainties. The CPT-based analysis
reveals that if we add a stage where each customer is sent a private message before she makes
her option selection, then we can get improved results. For example, these messages could
take the form of selecting a customer at random to receive priority service or discounted
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Figure 1.5: Flow chart showing the dependence between different chapters and sections.

pricing. Such messages play the role of nudges that help in aligning the beliefs of the players
for optimal service provisioning.

We already observe such nudges and incentives being used around us. But a theory
explaining these practices is still in the infant stage. Our mediated mechanism design frame-
work is a very promising direction for explaining these observations theoretically and improv-
ing the design of these systems. Mechanism design is commonly referred to as the engineering
side of game theory. These theoretical and methodological results can have substantial im-
plications for the design of behavior-aware systems such as online marketplaces and social
networks.

We conclude in Chapter 7 with some additional remarks related to the spirit of this work,
possible directions for future work, its connections to communication, data analytics, and
artificial intelligence, and fairness and ethical considerations related to the use of emotional
and psychological aspects in resource allocation.

Appendix 1.A provides the notational conventions followed throughout the document.
Figure 1.5 outlines the dependence of the different portions of this thesis on each other.



CHAPTER 1. INTRODUCTION 18
Appendix

1.A Notational Conventions

We introduce some notational conventions that will be used throughout the rest of the
thesis. The scope of any additional notation introduced within a chapter will be limited to
that chapter.

Let N, Z,Q, and R denote the sets of all natural numbers, integers, rational numbers, and
real numbers, respectively. Let 1{-} denote the indicator function that is equal to one if the
predicate inside the brackets is true and is zero otherwise. Let supp(-) denote the support
of the probability distribution within the parentheses. If Z is a subset of a Euclidean space,
then let co(Z) denote the convex hull of Z, and let ¢6(Z) denote the closed convex hull of
Z. For any integer n € N, let [n] := {1,2,...,n}.

If Z is a Polish space (complete separable metric space), let &?(Z) denote the set of
all probability measures on (Z,.%), where .7 is the Borel sigma-algebra of Z. Let supp(p)
denote the support of a distribution p € #(7), i.e. the smallest closed subset of Z such that
p(Z) = 1. Let Ay(Z) C P(Z) denote the set of all probability distributions that have a
finite support. For any element p € A(Z), we will denote the probability of z € Z assigned
under the distribution p by p(z) (or sometimes by p[z]). For z € Z, let 1{z} € A;(Z) denote
the probability distribution such that p(z) = 1. If Z is finite (and hence a Polish space with
respect to the discrete topology), let A(Z) denote the set of all probability distributions on
the set Z, viz.

A(Z2)=2(2) = A4(2) = {(p(Z))zez

p(z) >0Vz € Z,Zp(z) = 1},

z€Z

with the usual topology. Let A™™! denote the standard (m — 1)-simplex, i.e. A([m]). For
a function f : X — A(Y), let f(y|z) = f(x)(y) denote the probability of y under the
probability distribution f(z).
Let
L={(p,z1);--; (pr: 20)}-

denote a lottery with outcomes z;,1 < j < ¢, with their corresponding probabilities given
by p;. We assume the lottery to be exhaustive (i.e. 22‘:1 pj = 1). Note that we are allowed
to have p; = 0 for some values of j and we can have z; = 2; even when k # [.

If a lottery L consists of a unique outcome z that occurs with probability 1, then with
an abuse of notation we will denote the lottery L = {(1, 2)} simply by L = z. Similarly, if a
probability distribution f(z) assigns probability 1 to y, then again with an abuse of notation
we will write f(z) = y. If, for each x, f(z) has a singleton support, then with an abuse of
notation we will treat f as a function from X to Y.
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Notes

LOur focus here will be on decision under risk with outcome spaces mapped to real numbers but EUT
and CPT extend to more general settings with general outcome sets and subjective beliefs. See [132].

2These assumptions are not needed for the results in this thesis to hold unless stated otherwise.

3 The results in Chapter 2 appear in the paper [109)].

4 The results in Chapter 3 appear in the paper [108].

5 The results in Chapter 4 appear in the pre-print [105].

6 The results in Chapter 5 appear in the paper [106].

" The results in Chapter 6 appear in the pre-print [107].
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Chapter 2

Optimal Resource Allocation over
Networks with CPT Players

2.1 Introduction

We consider the problem of congestion management in a network, and resource allocation
amongst heterogeneous users, in particular human agents, with varying preferences. This is
a well-recognized problem in network economics [94] and central to most of the examples
discussed in Section 1.2. Market-based solutions have proven to be very useful for this
purpose, with varied mechanisms, such as auctions and fixed rate pricing [46]. In this
chapter, we consider a lottery-based mechanism, as opposed to the deterministic allocations
studied in the literature. We mainly ask the following questions: (i) Do lotteries provide an
advantage over deterministic implementations? (ii) If yes, then does there ezist a market-
based mechanism to implement an optimum lottery?

In order to answer the first question we need to define our goal in allocating resources.
There is an extensive literature on the advantages of lotteries: Eckhoff [43] and Stone [125]
hold that lotteries are used because of fairness concerns; Boyce [21] argues that lotteries
are effective to reduce rent-seeking from speculators; Morgan [87] shows that lotteries are
an effective way of financing public goods through voluntary funds, when the entity raising
funds lacks tax power; Hylland and Zeckhauser [61] propose implementing lotteries to elicit
honest preferences and allocate jobs efficiently. In all of these works, there is an underlying
assumption, which is also one of the key reasons for the use of lotteries, that the goods to
be allocated are indivisible.

However, we notice lotteries being implemented even when the goods to be allocated are
divisible, for example in lottos and parimutuel betting. In several experiments, it has been
observed that lottery-based rewards are more appealing than deterministic rewards of the
same expected value, and thus provide an advantage in maximizing the desired influence
on people’s behavior [111]. We also observe several firms presenting lottery-based offers to
incentivize customers into buying their products or using their services, and in return to
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improve their revenues. Thus, although lottery-based mechanisms are being widely imple-
mented, a theoretical understanding for the same seems to be lacking. This is one of the
motivations for this chapter, which aims to justify the use of lottery-based mechanisms,
based on models coming from behavioral economics for how humans evaluate options.

2.2 Lottery-Based Resource Allocation Model

We work with the framework proposed by Kelly [72] for throughput control in the Internet
with elastic traffic. However, this framework is general enough to have applications to
network resource allocation problems arising in several other domains. We have a network
with a set [m| = {1,...,m} of resources or links and a set [n] = {1,...,n} of users or
players. Let c¢; > 0 denote the finite capacity of link j € [m] and let ¢ := (¢;);ecpm € R™
(All vectors, unless otherwise specified, will be treated as column vectors.) Each user ¢ has
a fixed route J;, which is a non-empty subset of [m]. Let R; := {i € [n]|j € J;} the set of all
players whose route uses link j. We say that an allocation profile z is feasible if it satisfies
the capacity constraints of the network, i.e.

> @ < e Vi€ ml. (2.2.1)

iERj

Let F denote the set of all feasible allocation profiles. We assume that the network con-
straints are such that F is bounded, and hence a polytope.

Instead of allocating a fixed throughput z; to player ¢ € [n], we consider allocating her a
lottery (or a prospect)

Li = {(pi(1),4:(1)), ..., (pi(ki), yi(k:)) }, (2.2.2)

where y;(l;) > 0,1; € [k;], denotes a throughput and p;(l;),l; € [k;], is the probability with
which throughput y;(l;) is allocated.

We now describe the CPT model we use to measure the “utility” or “happiness” derived
by each player from her lottery. In order to focus on the effects of probabilistic sensitivity,
and to avoid the complications resulting from reference point considerations, we assume
that the reference point of all the players is equal to 0, and we consider prospects with
only nonnegative outcomes. This is, in fact, identical to the rank dependent utility (RDU)
model [114]. As a result, we assume that each player i is associated with a value function
v; + Ry — Ry that is continuous, differentiable, concave, and strictly increasing, and a
probability weighting function w; : [0, 1] — [0, 1] that is continuous, strictly increasing and
satisfies w;(0) = 0 and w;(1) = 1.8

For the prospect L; in (2.2.2), let m; : [k;] — [k;] be a permutation such that

> .

zi(1) > zi(2) > -+ > zi(ki), (2.2.3)

and
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The prospect L; can equivalently be written as

Li = {(pi(1),2(1)); - . .5 (Pi(ki), 2i(ks)) }

where p;(I;) = p;(m;*(I;)) for all I; € [k;]. The CPT walue of prospect L; for player i
is evaluated using the value function v;(-) and the probability weighting function w;(-) as
follows:

k;
V(L) = Y di,(pis mi)uilz:(00), (2.2.5)
Li=1
where dj, (p;, m;) are the decision weights given by dy(p;, m;) := w;(p;(1)) and
di, (pi, i) := wi(Pi(1) + -+ pi(li)) — wi(Pi(1) + - -+ + pi(ls — 1)),

for 1 < I; < k;. And equivalently, the CPT value of prospect L;, can be written as

k;

Vi(Li) =Y wi 2@'(31)) [vi(zi(l:)) = vi(zi(li + 1)))],

;=1 si=1

where z;(k; + 1) := 0. Thus the lowest allocation z;(k;) is weighted by w;(1) = 1, and every
increment in the value of the allocations, v;(z;({;)) — vi(z;(l; + 1)), VI; € [k; — 1], is weighted
by the probability weighting function of the probability of receiving an allocation at least
equal to z;(1;).

We take a utilitarian approach of maximizing the ex ante aggregate utility or the net
happiness of the players. (See [4] and the references therein for the relation with other goals
such as maximizing revenue.) We then ask the question of finding the optimum allocation
profile of prospects, one for each user, comprised of throughputs and associated probabilities
for that user, that maximizes the aggregate utility of all the players, and is also feasible. An
allocation profile of prospects for each user is said to be feasible if it can be implemented, i.e.
there exists a probability distribution over feasible throughput allocations whose marginals
for each player agree with their allocated prospects.

We say that a lottery profile {Li,..., L,} is feasible if there exists a joint distribution
p € A([L,[ki]) such that the following conditions are satisfied:

(i) The marginal distributions agree with L; for all players 4, i.e. >, p(li, ;) = pi(l;) for
all [; € [k;], where I_; in the summation ranges over values in [ [, #[ki/].

(ii) For each (I;)icpn) € [1;[k:] in the support of the distribution p (i.e. p((l;)icjn)) > 0), the
allocation profile (y;(l;))icpn is feasible.

Kelly suggested that the throughput allocation problem be posed as one of achieving
maximum aggregate utility for the users. In [73], he considers deterministic allocations and
each player has a utility function that determines her utility corresponding to an allocation.
Its natural analog in our setup can be framed as the following optimization problem:
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Maximize Z Vi(L;)
i=1
subject to (i) and (ii)

The corresponding problem in [73] is a convex optimization problem and permits a de-
composition into a central optimization problem and several user optimization problems,
one for each user. Based on this decomposition, a market is proposed, in which each user
submits an amount she is willing to pay per unit time to the network based on tentative
rates that she received from the network; the network accepts these submitted amounts and
determines the price of each network link. A user is then allocated a throughput in pro-
portion to her submitted amount and inversely proportional to the sum of the prices of the
links she wishes to use. Under certain assumptions, Kelly shows that there exist equilibrium
prices and throughput allocations, and that these allocations achieve maximum aggregate
utility. Thus the overall system problem of maximizing aggregate utility is decomposed into
a network problem and several user problems, one for each individual user. Further, in [73],
the authors have proposed two classes of algorithms which can be used to implement a
relaxation of the above optimization problem.

The optimization problem is our setting is more complicated than this. The two key
reasons for this are the non-convexity of the probability weighting functions and the per-
mutation structure present in the computation of CPT value. In this chapter we will take
a closer look at these aspects and see how we can get around these issues. We will ob-
tain a wuser-network decomposition of the optimization problem that would give rise to a
market-based mechanism for optimal lottery allocations.

If all the players have EUT utility with concave utility functions, as is typically assumed
to model risk-averseness, one can show that there exists a feasible deterministic allocation
that achieves the optimum and hence there is no need to consider lotteries. However, if the
players’ utility is modeled by CPT, then one can improve over the best aggregate utility
obtained through deterministic allocations.

For example, Quiggin [115] considers the problem of distributing a fixed amount amongst
several homogeneous players with RDU preferences. He concludes that, under certain condi-
tions on players’ RDU preferences, the optimum allocation system is a lottery scheme with a
few large prizes and a large number of small prizes, and is strictly preferred over distributing
the total amount deterministically amongst the players. In Section 2.7, we extend these
results to network settings with heterogeneous players.

2.3 Discretization Trick

The distribution p and the throughputs (y;(;), € [n],l; € [k;]) of a feasible lottery profile
together define a lottery scheme. In the following, we restrict our attention to specific types
of lottery schemes, wherein the network implements with equal probability one of the k
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allocation profiles y(1) := (;(1))icp) € R, for I € [k]. Let [k] = {1,...,k} denote the set
of outcomes, where allocation profile y(() is implemented if outcome [ occurs. Clearly, such
a scheme is feasible iff each of the allocation profiles y(1),Vl € [k] belongs to F. Player
i thus faces the prospect L; = {(1/k, (1))}, and such a lottery scheme is completely
characterized by the tuple y := (y;(1),7 € [n],1 € [k]). By taking k large enough, any lottery
scheme can be approximated by such a scheme.

Let y; == (y;(1))iep) € RE. Let 2; := (2;(1))1ep) € RE be a vector and ; : [k] — [k] be a
permutation such that

zi(1) 2 2(2) 2 -+ > zi(k),

and
yi(l) = zi(m (1)) for all | € [K].

Note that y; is completely characterized by 7; and z;. Then player i’'s CPT value will be

k
E hi(D)v;(2(1
=1

where h;(l) = w;(l/k) — w;((I — 1)/k) for | € [k]. Let h; := (hi(l))iepy € RE. Note that
hi(l) > 0 for all i,[, since the weighting functions are assumed to be strictly increasing.

Looking at the lottery scheme y in terms of individual allocation profiles z; and permuta-
tions 7; for all players ¢ € [n], allows us to separate those features of y that affect individual
preferences and those that pertain to the network implementation. We will later see that
the problem of optimizing aggregate utility can be decomposed into two layers: (i) a convex
problem that optimizes over resource allocations, and (ii) a non-convex problem that finds
the optimal permutation profile.

Let z := (z(),i € [n],l € [k]),7 := (m,i € [n]),h := (hi(]),7 € [n],l € [k]) and
v := (vi(+),7 € [n]). Let Si denote the set of all permutations of [k]. The problem of
optimizing aggregate utility ). V;(L;) subject to the lottery scheme being feasible, can be
formulated as follows:

SYS|z, 7; h,v, A, ]
n k

Maximize Z hi(Dvi(zi(1

1 =1

subject to zi(mi(1) < ¢;,Vj € [m], Vil € [k],

jc

%

By

.

z,;(l) > zi(l+1),Vi € [n],VI € [K],
7 € Sk, Vi € [n].

We set z;(k+ 1) = 0 for all 4, and the z;(k 4 1) are not treated as variables. This takes care
of the condition z;(1) > 0 for all i € [n],l € [k].
Note that such discretization serves in two ways:
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e Instead of considering the non-convex probability weighting function w; for each player
i, we can restrict our attention to the vector h; := (h;(1),l € [k]).

e [t highlights the dependence on the permutation structure 7.

In addition, the discretization also has a behavioral interpretation. Oftentimes, the play-
ers are incapable of discerning the distinction between probabilities that are very close to
each other. They also show a poor sense of judgment when it comes to very small probabil-
ities as one in a million. By restricting k say to be 100, we are making sure that the players
are faced with lotteries that have integer percentages which they can comprehend better.

Given a permutation profile, the problem of finding optimum feasible throughput al-
locations is a convex programming problem, which we call the fixed-permutation system
problem, and leads to a nice price mechanism. In the next section we prove the existence
of equilibrium prices that decompose the fixed-permutation system problem into a network
problem and several user problems, one for each player, as in [72]. The prices can be inter-
preted as the cost imposed on the players and can be implemented in several forms, such as
waiting times in waiting-line auctions or first-come-first-served allocations [12, 126], delay or
packet loss in the Internet TCP protocol [84, 76], efforts or resources invested by players in
a contest [85, 31], or simply money or reward points.

Finding the optimum permutation profile, on the other hand, is a non-convex problem.
In Section 2.6, we study the duality gap in the system problem and consider a relaxation of
the system problem by allowing the permutations to be doubly stochastic matrices instead
of restricting them to be permutation matrices. We show that strong duality holds in the
relaxed system problem and so it has value equal to the dual of the original system problem
(Theorem 2.6.2). We also consider the problem where link constraints hold in expectation,
called the average system problem, and show that strong duality holds in this case and so it
has value equal to the relaxed problem. In Section 2.7, we study the average system problem
in further detail, and prove a result on the structure of optimal lotteries. We give an example
in Section 2.D to show that the duality gap in the original system problem can be nonzero
and Theorem 2.6.3 shows that the primal system problem is NP-hard.

2.4 Pricing and Market-Based Mechanism

The system problem SYS|[z, m; h, v, A, ¢| optimizes over z and 7. In this section we fix m; € Sy
for all ¢ and optimize over z. Let SYS_FIX[z;m, h,v, A, c| denote this fixed-permutation
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system problem.

SYS_FIX[z; 7, h,v, A, (]

n k
Maximize SN hihviz(1))
i=1 I=1
subject to Z zi(mi(l)) < ¢;,Vj € [m],Vl € [k],
1€ER;

zi(l) > z;(14+1),Vi € [n], VI € [K].

(In contrast with SYS(z,m;...), in SYS_FIX(z;m,...), the permutation 7 is thought of as
being fixed.) Since v;(-) is assumed to be a concave function and h;(l) > 0 for all i, [, this
problem has a concave objective function with linear constraints. For all j € [m],l € [k],
let Aj(l) = 0 be the dual variables corresponding to the constraints }_,cp z(mi(l)) < ¢
respectively, and for all i € [n],l € [k], let a;(I) > 0 be the dual variables corresponding
to the constraints z;(I) > z;(l + 1) respectively. Let A := (\;(l),7 € [m],l € [k]) and
a = (a;(t),i € [n],l € [k]). Then the Lagrangian for the fixed-permutation system problem
SYS_FIX[z; 7, h,v, A, ¢] can be written as follows:

L(za,)\) = Z:; li: hi(D)vi(z(1))
+ géai(m%(o (+ 1))+ égAj(Z)[cj — ; 2(mi(1))]
= ég hi(Dvi(z:(1) + (e (1) — (1 — 1)) (; A ) (z)]
+ g ; Ai(De;,

where a;(0) = 0 for all ¢ € [n]. Differentiating the Lagrangian with respect to z;(l) we get,

OL(za,N) !
T(l) = hi(D)vi(z (1)) + ai(l) — ou(l = 1) <Z)\ )

Jj€J;

Let

=Y (1), (2.4.1)

JjeJi
for all i € [n],l € [k]. This can be interpreted as the price per unit throughput for player
i for her [-th largest allocation z;({). The price of the lottery z; for player ¢ is given by
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Zle pi(1)z;(1), or equivalently,

Zuz w(0) — 2l + 1)),

where z
= " pi(s), for all I € [k]. (2.4.2)

For | € [k — 1], a;(l) can be interpreted as a transfer of a nonnegative price for player
i from her [-th largest allocation to her (I + 1)-th largest allocation. Since the allocation
zi(l + 1) cannot be greater than the allocation z;(1), there is a subsidy of «;(l) in the price
of z;(1) and an equal surcharge of «;(l) in the price of z;(I + 1). This subsidy and surcharge
is nonzero (and hence positive) only if the constraint is binding, i.e. z;(l) = z;(l+1). On
the other hand, «;(k) is a subsidy in price given to player ¢ for her lowest allocation, since
she cannot be charged anything higher than the marginal utility at her zero allocation.

Let h; := (hi(1))iep) € RE. Consider the following user problem for player i:

USER[”% i, i, Uz‘]

Maximize i hi(l) <Z SS ) Zmz (2.4.3)

=1 I
subject to m;(l) > 0,VI € [k],

where u; 1= (u;(1),1 € [k]) is a vector of rates such that
0 < (1) < pil2) < -+ < pualk). (24.4)

We can interpret this as follows: User i is charged rate p;(k) for her lowest allocation
0i(k) := zi(k). Let m;(k) denote the budget spent on the lowest allocation and hence
mi(k) = pi(k)o;(k). For 1 <1 < k, she is charged rate p;(l) for the additional allocation
0i(l) == z;(I) — z;(I + 1), beyond z;(I + 1) up to the next lowest allocation z;(l). Let m;(()
denote the budget spent on [-th additional allocation and hence m;(l) = p;(1)d;(1).

Let m := (m;(l),i € [n],l € [k]) and ¢ := (;(1),7 € [n],l € [k]). Consider the following
network problem:

NET[§;m, 7, A, c|

Maximize Z Z m;(1)log(d;(1))

subject to 0;(l) > 0,Vi, VI,

k
>3 bils) < ¢, V4L

1€ER; s=m;(l)
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This is the well known Eisenberg-Gale convex program [44] and it can be solved efficiently.
Kelly et al. [73] proposed continuous time algorithms for finding equilibrium prices and
allocations. For results on polynomial time algorithms for these problems see [64, 28]. We
have the following decomposition result:

Theorem 2.4.1. For any fized w, there exist equilibrium parameters p*, m*,6* and z* such
that

(i) for each player i, m! solves the user problem USER|m;; i}, h;, vi],

(i1) 0* solves the network problem NET[o;m*,m, A, ],
(i) mz(1) = 2 (Dpr (1) for all i1
(v) 67 (1) = zF(l) — zf (I + 1) for alli,l, and

(v) z* solves the fized-permutation system problem SYS_FIX[z;m, h,v, A, c|.

The proof of this can be found in Appendix 2.A.

Thus the fixed-permutation system problem can be decomposed into user problems — one
for each player — and a network problem, for any fixed permutation profile 7. Similar to the
framework in [73], we have an iterative process as follows: The network presents each user
i with a rate vector p;. Each user solves the user problem USER[m;; u;, by, v;], and submits
their budget vector m;, The network collects these budget vectors (mi)ie[n] and solves the
network problem NET[d;m*, 7, A, c| to get the corresponding allocation z (which can be
computed from the incremental allocations d) and the dual variables A\. The network then
computes the rate vectors corresponding to each user from these dual variables as given by
(2.4.1) and (2.4.2) and presents it to the users as updated rates. Theorem 2.4.1 shows that
the fixed-permutation system problem of maximizing the aggregate utility is solved at the
equilibrium of the above iterative process. If the value functions v;(-) are strictly concave,
then one can show that the optimal lottery allocation z* for the fixed-permutation system
problem is unique. However, the dual variables A, and hence the rates u;, Vi, need not be
unique. Nonetheless, if one uses the continuous-time algorithm proposed in [73] to solve the
network problem, then a similar analysis as in [73], based on Lyapunov stability, shows that
the above iterative process converges to the equilibrium lottery allocation z*.

One of the permutation profiles, say 7*, solves the system problem. In Section 2.6, we
explore this in more detail. However, it is interesting to note that, for any fixed permutation
profile 7, any deterministic solution is a special case of the lottery scheme y with permutation
profile . Thus, it is guaranteed that the solution of the fixed-permutation system problem for
any permutation profile 7 is at least as good as any deterministic allocation. Here is a simple
example, where a lottery-based allocation leads to strict improvement over deterministic
allocations.
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Figure 2.1: Probability weighting function for the example in Section 2.5. The plot shows
the probability weighting function given by equation (1.3.6) (also shown in Section 2.5) with
v = 0.61. The dotted line shows the identity function for reference.

2.5 A Quick Illustrative Example

Consider a network with n players and a single link with capacity ¢. Let n = 10 and
¢ = 10. For all players i, we employ the value functions and weighting functions suggested
by Kahneman and Tversky [127], given by

Uz(xz) - xz‘ﬁi7 i € [07 ]-]7

and .

D;
pri+ (1 — p)"/i)l/%"%
respectively. We take §; = 0.88 and 7; = 0.61 for all i € [n]. These parameters were reported
as the best fits to the empirical data in [127]. The probability weighting function is displayed
in Figure 2.1.

By symmetry and concavity of the value function v;(+), the optimal deterministic alloca-
tion is given by allocating ¢/n to each player i. The aggregate utility for this allocation is
n*v1(c/n) = 10.

Now consider the following lottery allocation: Let k = n = 10. Let m;(1)—1 = [+i(mod k)
foralli € [n]and [ € [k]. Let x € [¢/n, ] and 2;(1) = z for alli € [n] and z(l) = (c—x)/(n—1)
for all i € [n] and [ = 2,..., k. Note that this is a feasible lottery allocation. Such a lottery
scheme can be interpreted as follows: Select a “winning” player uniformly at random from
all the players. Allocate her a reward x and equally distribute the remaining reward ¢ — x

wi<pi) = ( € (07 1}7
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amongst the rest of the players. The ex ante aggregate utility is given by

o fwy (1/n)or(z) + (1 = wi(1/n))or((c = x)/(n = 1))].

This function achieves its maximum equal to 14.1690 at x = 9.7871. Thus, the above pro-
posed lottery improves the aggregate utility over any deterministic allocation. The optimum
lottery allocation is at least as good as 14.1690.

2.6 Optimum Permutation Profile and Duality Gap

The system problem SYS[z, 7; h, v, A, ¢| can equivalently be formulated as

n k
Jnax o omin ) hiDui(a()
z:2i (1) >z (14+1)Vi,l i=1 =1
m k (I)
DIV N TEDPECA0)
j=11=1 i€R;

Let W, denote the value of this problem. It is equal to the optimum value of the system
problem SYS[z,m; h,v, A, ¢|]. By interchanging the max and min, we obtain the following
dual problem:

min - max. 3 Y hDuiz()
zzi() >z (1+1)vi,l =1 1=1

(IT)

Let Wys denote the value of this dual problem. By weak duality, we know that W, < Wy;.
For a fixed A > 0 and a fixed z that satisfies z;(l) > z;(I+1), Vi, [, the optimum permutation
profile 7 in the dual problem (II) should minimize

PIPIRMUDBEICA]

j=1 1=1 iCR,

ZZﬁi(Z)Zi(Wi(l))>

Here p;(l) := >_,c; Aj(0), is the price per unit allocation for player ¢ under outcome [. Since
the numbers z;(l) are ordered in descending order, any optimal permutation m; must satisfy

Pl (1) < pulr N(2)) < - < pulm (). (2.6.1)

which equals
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In other words, any optimal permutation profile 7 of the dual problem (II) must allocate
throughputs in the order opposite to that of the prices p;(().

Lemma 2.6.1. If strong duality holds between the problems (1) and (II), then any optimum
permutation profile ™ satisfies (2.6.1) for all i.

We prove this lemma in Appendix 2.B. In general, there is a non-zero duality gap
between the problems (I) and (II) (see Section 2.D for such an example where the optimum
permutation profile 7* does not satisfy (2.6.1)).

The permutation m; can be represented by a k X k permutation matrix M;, where
M;(s,t) = 1 if mi(s) =t and M;(s,t) = 0 otherwise, for s,t € [k]. The network constraints
> ier, Zi(mi(l)) < ¢;,Vl € [k], can equivalently be written as } ,cp Miz; < ¢;1, where 1
denotes a vector of appropriate size with all its elements equal to 1 and the inequality is
coordinatewise. A possible relaxation of the system problem is to consider doubly stochastic
matrices M; instead of restricting them to be permutation matrices. A matrix is said to be
doubly stochastic if all its entries are nonnegative and each row and column sums up to 1. A
permutation matrix is hence a doubly stochastic matrix. Let €2 denote the set of all doubly
stochastic k x k matrices and let {}; denote the set of all £ x k permutation matrices.

Let M = (M;,i € [n]) denote a profile of doubly stochastic matrices. The relaxed system
problem can then be written as follows:

SYS_REL[z, M; h,v, A, ]

Maximize Z Z hi(D)v;(zi(1

i=1 1=1
subject to Z M,z < ¢;1,V7,
i€R;
zi(l) > z (1 4+ 1), Vi, VL,
M; € Q.. Vi.

Then the corresponding primal problem can be written as follows:
max min hi(Dv;(zi(
M, eQLVi, A; >0,V Z Z B

z:2; (1) >z (I4+1)VI, Ve
(111)

+Z)\T 1= Mz

1€ER;

where \; = (X;(1))iep) € RE. Let W), denote the value of this problem. Interchanging min
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and max we get the corresponding dual:

i, e, 22 kD)
z:zi (1) >z (I4+1)VI,Vi t l

+Z)\f Cj]. - ZM,LZZ
J

1€ER;

(IV)

Let Wy, denote the value of this problem. If the link constraints in the relaxed system
problem hold then

k
1 1 1
E E E Zl(l) = E E 1TMiZi S E]_TC]']_ = Cj. (262)
i€ER; =1 i€ER;

This inequality essentially says that the link constraints should hold in expectation. Thus
we have the following average system problem:

SYS_AVG|z; h,v, A, (]

Maximize > ha(Di(z(1)
1 k

subject to Z Z zi(l) < ¢;,Vj,
>

with its corresponding primal problem:

max min Z Z hi(l)vi(z(1))

z:2i (1) >z (14+1)VIL,Vi S\j >0,V7

L V)
+Z/\] ¢ — EZ'Z’(D 5
J ieRj =1
and the dual problem:
i hi(Dvi (2 (1
xfgél,@j z;zi(l)zrg%}inw,\ﬁ EZ: Xl: ( )U (Z ( ))
(VD)

+Zj\3 Cj—Z%ZZiU) ,

1E€ER; =1

where Xj € R are the dual variables corresponding to the link constraints. Let W, and W,
denote the values of these primal and dual problems respectively.
Then we have the following relation:
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Theorem 2.6.2. For any system problem defined by h,v, A and c, we have
Wps < Wpr = Wpa = Wda = Wdr = st-

Proof given in Appendix 2.C.

Thus the duality gap is a manifestation of the “hard” link constraints. In the proof of the
above theorem we saw that the relaxed problem is “equivalent” to the average problem and
strong duality holds for this relaxation. We will later study the average problem in further
detail (Section 2.7).

We observed earlier in Lemma 2.6.1 that if strong duality holds in the system problem,
then the optimum permutation profile 7* satisfies (2.6.1). Consider a simple example of two
players sharing a single link. Suppose that, at the optimum, A({) are the prices for [ € [k]
corresponding to this link under the different outcomes, and suppose not all of these are
equal. Then the optimum permutation profile of the dual problem will align both players’
allocations in the same order, i.e. the high allocations of player 1 will be aligned with the
high allocations of player 2. However, we can directly see from the system problem that
an optimum 7* should align the two players’ allocations in opposite order. The example in
Appendix 2.D builds on this observation and shows that strong duality need not hold for
the system problem.

Finally, we prove the following result in Appendix 2.E.

Theorem 2.6.3. The primal problem (I) is NP-hard.

2.7 Average System Problem and Optimal Lottery
Structure

Suppose it is enough to ensure that the link constraints are satisfied in expectation, as in the
average system problem. As an example, suppose we are allocating resources to the players
repeatedly and the links have buffers that allow us to allocate excess resources over these
links provided the capacity constraints are satisfied on average. If the preferences of the
players are not changing with time in this repeated setting, then we get the average system
problem. More generally, we should allow the players’ preferences (and perhaps also the
capacity constraints) to change with time. We do not consider such a general setting here,
however, as the average system problem solves a special case of this problem it would be
helpful towards solving the general problem.

Consider the function V"®(z;) on R, given by the value of the following optimization



CHAPTER 2. NETWORK RESOURCE ALLOCATION 34

problem:

Maximize Zh,(l)vl(z,(l))

=1

k
: 1 _
subject to e lzlzi(l) =z,
Let Z;(Z;) denote the set of feasible (2;(1));c in the above problem for any fixed z; > 0.
We observe that Z;(z;) is a closed and bounded polytope, and hence V;*"8(Z;) is well defined.

(VII)

Lemma 2.7.1. For any continuous, differentiable, concave and strictly increasing value func-
tion vi(+), the function V.*"(-) is continuous, differentiable, concave and strictly increasing

We prove this lemma in Appendix 2.F. The average system problem SYS_AVG|z; h, v, A, (|
can be written as

n
Maximize E Ve (Z)
i=1

subject to Z Z < ¢, V7,
i€R;
z; > 0,Vi.
Kelly [72] showed that this problem can be decomposed into user problems, one for each
user 1,
Maximize V™%(z;) — piZ;
subject to z; > 0,

and a network problem,
n
Maximize Z DiZi
i=1

subject to Z Zi < ¢4, V7,
1E€ER;
z; > 0, Vi,

in the sense that there exist p; > 0,Vi € [n], such that the optimum solutions z; of the
user problems, for each i, solve the network problem and the average system problem. Note
that this decomposition is different from the one presented in Section 4.3. Here the network
problem aims at maximizing its total revenue ). | p,Z;, instead of maximizing a weighted
aggregate utility where the utility is replaced with a proxy logarithmic function. The above
decomposition is not as useful as the decomposition in Section 4.3 in order to develop iterative
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schemes that converge to equilibrium. However, the above decomposition motivates the
following user problem:

USER_AVG/|z;; pi, hi, v;]

k _
Maximize hl(l)UZ(ZZ(l)) - E Zl(l)
subject to zi(l) > z(1+ 1),V € [K],

where, as before, z;(k + 1) = 0.

We observed in Proposition 2.6.2 that strong duality holds in the average system problem.
Let z* be the optimum lottery scheme that solves this problem. Then, first of all, z* satisfies
z (1) > 2f(1+ 1) Vi,l and is feasible in expectation, i.e., Z* := (Z)icpn) € F, where Z; :=
(1/k) >, z5(1). Further, z* optimizes the objective function of the average system problem.
Besides, there exist /_\; > 0 for all j such that the primal average problem (V) and the dual
average problem (VI) each attain their optimum at z*, (A}, j € [m]).

For player i, consider the price pf := ) e, A}, which is obtained by summing the prices
E\;‘ corresponding to the links on player ¢’s route. From the dual average problem (VI), fixing
Aj = A} Vj, we get that the optimum lottery allocation z! for player i should optimize the
problem USER_AVG|z;; pr, hi, vj].

We now impose some additional conditions on the probability weighting function that
are typically assumed based on empirical evidence and certain psychological arguments [67].
We assume that the probability weighting function w;(p;) is concave for small values of the
probability p; and convex for the rest. Formally, there exists a probability p; € [0, 1] such that
w;(p;) is concave over the interval p; € [0, p;] and convex over the interval [p;, 1]. Typically
the point of inflection, p;, is around 1/3.

Let wf : [0,1] — [0,1] be the minimum concave function that dominates w;(-), i.e.,
wi(p;) > w;(p;) for all p; € [0,1]. Let p; € [0,1] be the smallest probability such that w}(p;)
is linear over the interval [p, 1].

Lemma 2.7.2. Given the assumptions on w;(-), we have pi < p; and w}(p;) = w;(p;) for
pi €10,p;]. If pf < 1, then for any p} € [p}, 1), we have

1 — w;(p})

2.7.1
1—p! (27.1)

wi(p:) < wi(py) + (pi — p;)

for all p; € [p} 1].

A proof of this lemma is included in Appendix 2.G. We now show that, under certain
conditions, the optimal lottery allocation z; satisfies

S =2 (1) == 2 (k), (2.7.2)

)

where [* := min{l € [k] : (I — 1)/k > p!}, provided p! < (k — 1)/k. As a result, for
a typical optimum lottery allocation, the lowest allocation occurs with a large probability
approximately equal to 1 —p}, and with a few higher allocations that we recognize as bonuses.
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Proposition 2.7.3. For any average user problem USER_AVG|z; pr, hi,v;| with a strictly
increasing, continuous, differentiable and strictly concave value function vi(+), and a strictly
increasing continuous probability weighting function w;(-) (satisfying w;(0) = 0 and w;(1) =
1) such that p; < (k —1)/k, the optimum lottery allocation z} satisfies Equation (2.7.2).

Proof of this proposition is provided in Appendix 2.H.

2.8 Summary

We saw that if we take the probabilistic sensitivity of players into account, then lottery
allocation improves the ex ante aggregate utility of the players. We considered the RDU
model, a special case of CPT utility, to model probabilistic sensitivity. This model, however,
is restricted to reward allocations, and it would be interesting to extend it to a general CPT
model with reference point and loss aversion. This will allow us to study loss allocations as
in punishment or burden allocations, for example criminal justice, military drafting, etc.

For any fixed permutation profile, we showed the existence of equilibrium prices in a
market-based mechanism to implement an optimal lottery. We also saw that finding the
optimal permutation profile is an NP-hard problem. We note that the system problem has
parallels in cross-layer optimization in wireless [79] and multi-route networks [133]. Several
heuristic methods have helped achieve approximately optimal solutions in cross-layer opti-
mization. Similar methods need to be developed for our system problem. We leave this for
future work.

The hardness in the system problem comes from hard link constraints. Hence, by relaxing
these conditions to hold only in expectation, we derived some qualitative features of the
optimal lottery structure under the typical assumptions on the probability weighting function
of each agent in the RDU model. As observed, the players typically ensure their minimum
allocation with high probability, and gamble for higher rewards with low probability.

We assumed that the players are price-takers, i.e. they respond optimally to the prices
shown to them in a myopic sense. Such an assumption is reasonable in situations when
each player is a small participant in the system and does not have the ability to single-
handedly influence the prices. However, more generally, one can imagine the players to
behave strategically and could try to manipulate the prices. For example, if a handful of
people are competing for a limited resource then they are prone to showing strategic behavior
as opposed to the price-taking behavior assumed here. Analyzing such situations requires
studying the strategic behavior of the players. In the following chapters, we undertake a
systematic study of this by considering games with players having CPT preferences.

Appendix
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2.A Proof of Theorem 2.4.1

Since SYS_FIX[z;m, h,v, A, ] is a convex optimization problem, we know that there exist
2 = (21(1),i € [n], L€ [K]), 0" = (a}(1), € [n], ] € [k]) and A* = (A;(0), j € [m], L € [k]) such
that

hi(D)vi(z (1)) = p; (1) — i (1) + o (I = 1),Vi, VI, (2.A.1)
2z () > 21 +1), af (1) >0, af(D)(z()—z({+1))=0ViV, (2.A.2)
Z z (mi(l)) < ¢ A1) =20, Aj(D[e; — Z 2 (my(1))] = 0,74, VI, (2.A.3)

where
=D A1)
JEJ;

and such that z* solves the fixed-permutation system problem SYS_FIX[z; 7, h, v, A, ¢|]. Hence
statement (v) holds for this choice of z*. Let (1) == Y2\_, pi(s), 05(1) := 27(1) — 2:(1 + 1)
and m} (1) := o0 (1)uf(l) for all 4,{. From (2.A.1), we have p}(1) > 0, because v;(-) is strictly
increasing, h;(1) > 0 and «;(0) = 0. Thus, the rate vector ! satisfies (2.4.4) for all 7. Also
note that, by construction, the vectors u*, §*, z* and m* satisfy statements (iii) and (iv) of
the theorem.

We now show that statement (i) holds. Fix a player i. Observe that the user problem
USER[my; 1}, hi,v;] has a concave objective function since h;(I) > 0, uf(l) > 0 and v;(+) is
concave. Differentiating the objective function of the user problem USER[m;; uif, by, v;] with
respect to m;(l) at m; = m;, we get

" hi(s Jui(ei
Z e hi(syui(= ()

=1

vl

From (2.A.1), we have

Thus,
!
hi( (l
Z z )) —1= a ( ) < 0
— i (1)
where equality holds iff of(l) = If m;‘(l) > 0, then §7(l) > 0 and hence, by (2.A.2),

af(l) = 0. Since this holds for all l € [k], these are precisely the conditions necessary and
sufficient for the optimality of m in the problem of user 7, it being a convex problem.
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We now show that statement (ii) holds. The Lagrangian corresponding to the network
problem NET[d; m*, 7w, A, c| can be written as follows:

k

E(&u)=sz?(l)log(&(l))+ZZM(Z) =Y > )],

i o1=1 i€R; s=m;(1)

where p;(1) is the dual variable corresponding to the link constraint and p = (p;(l),j €
[n],1 € [k]). Let w;(l) = Aj(1). If mj(l) > 0, then §;(I) > 0, and differentiating the
Lagrangian with respect to d;(1) at 67 (1), we get

OL(5:\) M) Sy
0L 1) =SS )
. * g\t
aéz(l) s ) : l) 61 (l) jeJ; s=1
!
— ()= 3 pi(s) = 0.
s=1
If mf(l) = 0, then % .57 1) < 0 since Aj(1) > 0 for all j,I. Further, from (2.A.3), we
have \; (1) [cj - ZieRj Zi:m(l) 52*(3)] = 0 for all j,{. Thus, 0* solves the network problem
NET[6; m*, 7, A, ¢|. ]

2.B Proof of Lemma 2.6.1

Suppose problem (I) and its dual (II) have the same value. The value of (I) is same as that
of the system problem SYS|z, 7; h,v, A, ¢|. Let us denote the objective function by

n k
O(m, 2, A) = > hi(vi(z(1))
=1 [=1
+ Z Ai(l) ¢ — Z zi(mi(1))

Since F is a polytope, for any fixed permutation profile 7, the set of feasible z is closed
and bounded. The function ©(m, 2, \) is continuous in z and hence the fixed-permutation
system problem SYS_FIX|z; 7, h, v, A, ¢] has a bounded value. We also note that this value is
non-negative. Since there are finitely many permutation profiles 7 € [[, Sy, maximizing over
these, we get that the system problem has a bounded non-negative value, say W, achieved

say at z* and 7*. Thus
n k

SN b)) = W, (2.B.1)

=1 I=1
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and the lottery z* is feasible with respect to the permutation profile 7*, i.e. z(I) > 25 (I +1)
for all i € [n],l € [k] and

> 2(m(l) < ¢ for all j € [m], 1 € [K]. (2.B.2)

1E€ER;

If this were not true, then the minimum of the objective function ©(7*, z*, \) with respect
to A would be —oo and not W > 0.

The value of the dual problem (II) is equal to W. Consider the function ©4 : R7** — R,
given by maximizing over the objective function in problem (II), with respect to 7 and z for
a fixed A > 0,

O4(N) == max, O(m, 2, \).
T, € 1,
z:zi(l)zzil(cl+l)w,l

We note that the function ©4()) is lower semi-continuous, since the function ©(m, z, \) is
continuous in A. Since (v;(-), Vi) are concave strictly increasing functions, there exists a
sufficiently large finite A such that 0 < M := ©4(\) < co. It follows that the minimum of
©4(A) is achieved over the domain defined by A;(1) € [0, M/(min; ¢;)] for all j,1. Since this
is a bounded region and the function ©4()\) is lower semi-continuous, there exists a \* such
that @d(/\*) = min,\zo @d()\) =W.

Since ©4(\*) = W, we have ©(7*, 2*, \*) < W. However, from (2.B.1), (2.B.2) and the
fact that A7(1) > 0 for all j,1 we get ©(n*, z*, \*) > W. Hence ©(7*, 2", \*) = W. Thus the
maximum in the definition of ©4(\*) is achieved at z*,7*. This implies 7} satisfies (2.6.1)
for all 7. ]

2.C Proof of Proposition 2.6.2

As observed earlier, if we replace the condition M; € €. in the primal relaxed problem (III)
with the condition M; € 5, we get the primal system problem (I). Since Qf C Q, we have
Wys < W,

The constraint ), p %Zle (1) < ¢; can equivalently be written as

Z Mzzz S Cj].,

iGR]'

for all j, where M; is the matrix with all its entries equal to 1/k. Thus, if we replace M; €
in the primal relaxed problem (III) with M;, we get the primal average problem (V). This
implies that W, < W,,. However, as observed earlier in Equation (2.6.2), if for some fixed
allocations z the link constraints are satisfied with respect to any doubly stochastic matrix
M, then they are also satisfied with respect to M;. Thus the maximum of the average system
problem SYS_AVG|z;h,v, A, c] is at least as much as the maximum of the relaxed system
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problem SYS_REL[h, v, A, c|. Since the maximum of the relaxed system problem is equal to
the value of its corresponding primal problem, we get W,,, > W,,,.. Thus, we have established
that Wy, = W,.

The average system problem has a concave objective function with linear constraints.
Thus, strong duality holds, and we get W, = Wy,.

We now show that Wy, = Wg.. From W, < Wy, and W, = W,, = Wy,, we get
Waa < Wy,. Suppose A; = A\;1. Then the objective function of the relaxed dual problem (IV),

n k m
ZZhl v (zi(1 Z/\JT c;1l— Z M, z;
i=1 =1 j=1 i€R,;
n k mo 1 k
_ZZhl Uz zl Z)\ Cj_ZEZZi(D )
i=1 I=1 j=1 i€Rr; - I=1

equals the objective function of the dual average problem (V). This implies that W, < Wy,.
This established that Wy, = Wy,.

Since any doubly stochastic matrix M; is a convex combination of permutation matrices
by the Birkhoff-von Neumann theorem, in the dual problem (IV), for any fixed \;, z;, the
optimum can be achieved by a permutation matrix. This established that Wy = Wy,.

This completes the proof. n

2.D Example to Show Duality Gap

Consider the following example with two players {1,2} and a single link with capacity 2.9.
Let k£ = 2. Let the corresponding CPT characteristics of the two players be as follows:

1 2
ml) =3 m(2) =3,
0 1
ha(1) = & ha(2) = 2.
21 _
vy () = log(z 4 0.05) + 3, va() = og(z + 0.05) 4+ 3(x + 0.05) s

5

For this problem, it is easy to see that m; = (1,2) and 7y = (2,1) is an optimal permuta-
tion. Solving the fixed-permutation system problem with respect to this permutation we get
optimal value equal to 7.5621. The corresponding variable values are

z1(1) =y (1) = 1.95, z1(2) = y1(2) = 0.95,

and the dual variable values are

1 2
A1) = 5 Ai(2) = 3
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and «;(l) =0, for i = 1,2,1 = 1,2. One can check that these satisfy the KKT conditions.

Let us now evaluate the value of the dual problem (II). By symmetry, we can assume
without loss of generality that A;(1) < A1(2). As a result, optimal permutations for the dual
problem are given by m = m = (1,2). For fixed A\i(1) and A;(2), we solve the following
optimization problem:

1 2
max 3 log(z1(1) + 0.05) + 3 log(21(2) + 0.05)

z1(1)>21(2)>0
22(1)>22(2)>0
5 [210g(z2(1) +0.05) 4+ 3(22(1) + 0.05)]
+ —
0 ) (VIII)
N 1 [210g(22(2) +0.05) + 3(22(2) + 0.05)}
6 Y
(1) + (0] - M@ (@) + ()

+2.9[A1 (1) + A\ (2)] + 6.

If A\;(1) < 0.5, then the value of the problem (VIII) is equal to oo (let 25(1) — 00).
If A;(1) > 0.5 (and hence A;(2) > 0.5 because A;(2) > A(2)), then we observe that the
effective domain of maximization in the problem (VIII) is compact and problem (VIII) has
a finite value. Hence it is enough to consider A;(1) > 0.5. At the optimum there exist
ai(1),a1(2), az(1), az(2) > 0 such that

A (1) = %m + (1),
M(2) = ;m — (1) + s (2),
M) = s + 5+ o)
M(2) = %5@(2)—1005 F 25— as(1) + au(2),
and
ar(D[z1(1) = 21(2)] =0, a1(2)21(2) =0,
as(1)[za(1) — 25(2)] = 0, 0s(2)2(2) = 0.

We now consider each of the sixteen (4 x 4) cases based on whether the inequalities
zi(l) > z;(I4+1) for i = 1,2 and [ = 1,2, hold strictly or not.
Case A1l (z(1) =0, 2(2) =0). Then (1) > 1/0.15.
Case B1 (z1(1) > 0,2,(2) =0). Then A\ (1) < 1/0.15, \1(2) > 2/0.15, and
1

041(1) = 0, 21(1) = m — 0.05.
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B2 D2
C1 | 10.2284 | 8.2757
D1 | 10.1814 | 9.5006

Table 2.D.1: Table showing the numerical evaluations corresponding to the example in
Section 2.D. The numbers in the cells denote the optimum value of the objective function
(VIII) in the corresponding cases.

Case C1 (Zl(]_> = Zl<2) > 0) Then )\1(2)/2 < )\1(1) < )\1(2),/\1(1) + )\1(2) < 1/005,

and
C2M(1) = A(2) — = = .
_ - 1(2) = 0.21(1) = 21(2) = Ty —

Case D1 (z(1) > 21(2) > 0). Then A\;(1) < A(2)/2,0 < A1(1) < 1/0.15,0 < A\i(2) <
2/0.15, and

(1) 0.05.

1 2
- —0.05,21(2) = ———— — 0.05.
3 (1) 22 = 5355

Oél(].) = O, 061(2) = O, 21(1)

Case A2 (z2(1) =0, 22(2) =0). Then A(1) > (1/0.15) + 0.5.
Case B2 (2(1) > 0,2(2) = 0). Then 0.5 < A\;(1) < 2.15/0.3, A,(2) > (1/0.75) + 0.1,

and
2

" 6M(1) -3

Case C2 (29(1) = 22(2) > 0). This is not possible since A;(1) < A\1(2).
Case D2 (z2(1) > 25(2) > 0). Then 0.5 < A\y(1) < 2.15/0.3,0.1 < A\(2) < 2.15/1.5, and

Ojg(].) == O, Zg(l) —0.05.

2 2

- 005,2(2) =~ —0.05.
6M(1) —3 22 = s

as(1) = 0,9(2) =0, 29(1)

If case A1 or case A2 holds, then A;(1) > 1/0.15. For any fixed (1), A1(2), by choosing
zi(l),i =1,2,1 = 1,2 small enough (respecting the conditions imposed by the corresponding
cases), we get that the value of problem (VIII) is greater than or equal to 2.9 % (1/0.15) =
19.3333 > 7.5621. Similarly, if case B1 holds, then A;(2) > 2/0.15, and we get that the value
of problem (VIII) is greater than or equal to 2.9 % (2/0.15) = 38.6667 > 7.5621. For the
remaining 4 cases, substituting the corresponding expressions for z;(l),i = 1,2, = 1,2 in
the objective function (VIII) and evaluating the optimum over feasible pairs (A(1), A1(2))
for each pair of cases {C1,D1} x {B2,D2}, the minimum is achieved for the case (C1,D2)
and has value equal to 8.2757. Numerical evaluation for each of these cases gives rise to the
minimum values as shown in Table 2.D.1. Thus the optimal dual value is 8.2757 and this is

strictly greater than the primal value.
m
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2.E Proof of Theorem 2.6.3

We describe a polynomial time procedure that reduces an instance of the integer parti-
tion problem to a special case of the primal problem. Given a set of positive integers
{c1,¢a,..., ¢}, the integer partition problem is to find a subset S C [n], such that

L
€S ¢S
If such a set S exists, then we say that an integer partition exists. Consider a network with
n players and n + 1 link constraints given by

C;
v < ¢, Vi € [n], and Zyz_ =l 1 :

It is easy to realize a network with these link constraints. Let k = 2. Let the CPT charac-
teristics of all the players be as follows:

hl(l) =1- €, hz(2) = E,Ui<$i) = .CIZ'“VZ S [TL],
where € = 1/10. Let W, denote the optimal value of the system problem. We show that
Wys = T := (1 =€) 32 ¢i if and only if an integer partition exists. Suppose an integer
partition exists and is given by the set S, consider the allocation m; = [1,2] if i € S and
m = [2,1] otherwise, z;(1) = ¢;,2(2) = 0 for all i € [n]. The aggregate utility for this
allocation is equal to 7" and hence W,s > T'. Suppose W,s > T'. Then there an allocation,
say z* and 7* with aggregate utility at least T'. Since k = 2, 7* actually defines a partition
of [n], given by S = {i € [n] : m(1) = 1}. We have, the aggregate utility
W)+ Ww(2)>T,

where

zES ¢S
W(2) :Z (1—e€)z(1 +Z€ZZ
i2S €S

Hence at least one of W (1) and W (2 is at least as big as 7'/2. Without loss of generality, let
W (1) > T/2. Thus we have,

Z Zl(l) T Z Zz > ZE[TL] C; .

€S i¢S

However, since z* is feasible, the link constraints give
> s+ =2
€S ¢S

Since € < 1/2, we should have > ;.6 2(2) = 0 and 3, ¢ 2:(1) = (X_,cp, ¢i)/2, implying that
S forms an integer partition. This completes the proof. O

102
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2.F Proof of Lemma 2.7.1

Let z; > 0 and 7 > 0. Let z¥ € Z;(%;) be such that V;*"%(z;) = Zz Lhi(Dvi(27(1)). We have,
(27 (1) + T)iew € Zi(Z + 1) and

k
V(4 7) Z S0 +7) > S ke D) = V().
=1 =1

where the strict inequality follows from the fact that v;(-) is strictly increasing. This estab-
lishes that the function V;*"8(z;) is strictly increasing.

Let z},2? > 0 and o € [0, 1] Let 2z} € Z;(z}) and 2? € Z;(z?) be such that V"8(z}) =
S bl (21(1)) and V“g( ;) = Zz L ha(Dvi(2 (1)) Let 27 == 0z{(l) + (1 — 0)2}(l) and

7 =0z} (1) + (1 — 0)z2(l). Then 2¢ € Z;(z7) and by the concavity of v;(-), we have

Vavg Z Z h UUz ) + (1 — a)vi(ziz(l))}

Va4 (1 o))

This establishes that the function V;"®(Z;) is concave. This implies that V;""8(Z;) is continuous
and directionally differentiable at each z; > 0, and we have the following relation between
its left and right directional derivatives (see, for example, [117]):
di VE(zZ—) > di%\/;-avg(zﬁ—), for all z; > 0. (2.F.1)

Further, if (z!),>1 is a sequence such that z! — 0, and 2! € Z;(z}) for all ¢ > 1, then 2!(I) — 0
for all [ € [k]. By the continuity of the functlon v;(+), we have that the function V;""8(z;) is
continuous at z; = 0.

Let z; > 0, and let 7* := 1/t, for t > 1. As before, let z; € Z;(Z;) be such that V;*"%(z;) =
Zl Lhi(Dwvi(z5(1)). Slnce z; > 0 and (1/k) Zz L 25() = Z;, we have 27 (1) > zf(1+ 1) for at
least one [ € [k]. Let [ € [k] be the smallest such I. For ¢ > 1, let z'* be given by

t+(l) o Zf(l) + %Tt, for1 << l,
o), for | <1< k.

z

Note that 2/" € Z;(z; + 7). We have,

> 3 h ) = 3 mu 0) — 5 S ke )
A kTt
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Let 7" := £ 370, hy(1)vi(2; (1)) We have,

d aveg (. ty _ 1/ave( 5.
A yave s ) > fiming VG T) = Vi)
dZi t—00 Tt

> A", (2.F.2)

Similarly, for ¢ > [k/z:(1)] (here, [-] denotes the ceiling function), let z/~ be given by

() z5(1) — %Tt, for 1 <1<,
z = .
25 (1), for il <1 <k.

We observe that 2/~ € Z;(z; — 1), for all t > [k/z7(1)], and we have

(=
k k ot
<D Qe (1) = D haQvi= (1) = =D k(D)= (1)
=1 =1 =
I ]{ZTt
= SO {010 — 1) — k) = i )]
I=1
This implies,
d avg [ — . Vavg(gi) - V-avg(ii - Tt)
et Vs )< v v < ~*, F.
=V (zi—) < lim sup - <7 (2.F.3)
From (2.F.1), (2.F.2) and (2.F.3), we have
d d
Vavg _i_ _ ‘avg _i - *. 2F4
LV E) = V) = (2F.1)
This establishes that the function V;""®(z;) is differentiable and completes the proof. [
2.G Proof of Lemma 2.7.2
Consider the function w; : [0, 1] — [0, 1], given by
5:(ps) w; (pi) for 0 < p; < pi,
Wi\Pi) = wf = <\ 1—w! (P ~
w; (5:) + (pi — i) 1_’5) for p; < p; < 1.

Since w} is concave on [0, 1], one can verify that the function w; is also concave on [0, 1].
Since w; dominates w;, we have w}(p;) > w;(p;). Since the function w;(p;) is convex on the
interval [p;, 1], we have w;(p;) < w;(p;), for p; € [p;, 1]. However, since w; is the minimum
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concave function that dominates w;, we get w; = w}. Thus, w} is linear over the interval
[Di, 1], and hence pf < p;.

Suppose p; = 1. Then w;(-) is a concave function on the unit interval [0, 1], and hence
wi(p;) = w;i(p;), for p; € [0,1] D [0,p;]. Further, if pf < 1, then w;(p;) is linear over [pf, 1],
and inequality (2.7.1) holds, in fact, with equality. This completes the proof of Lemma 2.7.2,
if p; = 1.

For the rest of the proof we assume p; < 1. Define g; : [0,1) — R, as

1 - wz‘(pz‘)_

9i(pi) = — )

We now provide an alternate characterization of the function w; and the point p!. Let
pi € [0,1] be given by
pi := minarg min {g(p;)} -
pi€[0,pi]

The existence of p; is guaranteed by the continuity of the function g;(p;) on the compact
interval [0, p;]. Let a; := g;(p;). Since w;(p;) is convex over the interval [p;, 1], the function
gi(pi) is non-decreasing over [p;,1). Hence g;(p;) > g:(pi), for p; € [0,1). Substituting the
expression for g;(-) and rearranging, we get

w;(pi) < wi(pi) + ai(pi — Di)s

for p; € [0,1]. Since the function w;(p;) is concave on the interval [0,p;] and the linear
function w;(p;) + a;(p; — p;) dominates w;(p;) on [0, 1], we have that the following function
w;(p;) is concave on [0, 1]:

o (ps) = wi(pi) for 0 < p; < pi,
o w;i(p;) + ai(ps — pi)  for p; <p; < 1.

It follows that w}(p;) = w;(p;) for p; € [0,1]. Thus, p; < p; and wi(p;) = wi(p;) = wi(p;)
for p; € [0,pf]. If p; = 0, then pf = p;. If p; > 1, then from the definition of p;, we have
g:(pi) > g:(p;) for p; € [0, p;), and this implies that p; = p;.

We now prove inequality (2.7.1). Since p; < 1 we have pf < 1. Rearranging we get that
inequality (2.7.1) is equivalent to showing that the function g;(p;) is non-decreasing over the
interval [p},1). As observed earlier, g;(p;) is non-decreasing over the interval [p;,1). Hence
it is enough to show that the function ¢;(p;) is non-decreasing on [p}, p;]. Suppose, on the
contrary, there exist p}, p? € [pf, p;] such that p! < p? and g;(p}) > g;(p?). Since p; = p;, and
from the definition of p;, we have p! > pi and g;(p;) < ¢:(p?). Since, g;(p;) is a continuous
function, there exist p; € [pf, p;) such that g;(p;) = ¢;(p?). Thus we have p; < p; < p? such
that g;(p;) > gi(pi) = gi(p?). However, this contradicts the concavity of w;(p;) on [p}, p;l.
This completes the proof. O
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2.H Proof of Proposition 2.7.3

The Lagrangian for the average user problem USER_AVG|z; pf, hy, v;] is
k

Llzion) = hillvi(z(D) = 22" 20 + > i) [z(l) — (1 + 1)),

=1 =1 =1

wl&i

where a;(l) > 0 are the dual variables corresponding to the order constraints z;(1) > z;(1+1),
and «;(0) = 0. Differentiating with respect to z;(l), we get,

oLia)
“on(l) hi(D)vi(zi(1)) — =% + a4(1) — a; (1 = 1).

Since the problem USER_AVG|z;; pf, h;, v;] has a concave objective function and linear con-
straints, there exist a(l) > 0 such that

hi(Dvi(z: (1)) = Pi_ al(l) +af(l—1),VI € [K], (2.H.1)
and
al(D)[zF () =z (1+1)] =0,V € [K]. (2.H.2)

If 2} consists of identical allocations then it trivially satisfies Equation (2.7.2). If not, then
there exists I* € {2,...,k} such that

S0 = 1) > 50 = (0 1) = = 2 (),

i.e. z7(I') is the lowest allocation and occurs with probability (k — ' + 1)/k, and the next
lowest allocation is equal to z}(I' — 1). Summing the equations corresponding to I' <[ < k
from (2.H.1), we get

k 1
[Z m(s)] ey = () AW i -, 2ny

s=I1

The equation corresponding to [ = ' — 1 in (2.H.1) says,

Mﬂamwmhqn_%—aa—n+QW—m. (2.H.4)

Since z;(I' — 1) > z(I*), from (2.H.2), we have o} (/' — 1) = 0. Thus from (2.H.3) and
(2.H.4), we have

hi(l* — D)vi(zF (1" = 1)) > p_g > ﬁ ;hi(s)] Vi (25 (1Y)).
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Further, since v;(+) is strictly concave and strictly increasing, z;(I' — 1) > 27(I') implies
0 < vi(zr(I* — 1) < vl(zf(I')). Thus,

hi(l* — 1)

> hz’(3>] . (2.H.5)

s=I1

- 1
E—1+1

If (I' —2)/k > p;, then

Ml — 1) — (51;1) o (zllzz)
it s ()]

> hi(s)] : (2.H.6)

ll

E—114+1

S=

where the inequality follows from (2.7.1) with p} = (I' —2)/k and p; = (I' — 1)/k. However,
(2.H.6) contradicts (2.H.5) and hence (I' — 2)/k < pf. This proves the lemma. O

Notes

8 In this chapter, for brevity, we drop the notation of reference point r from o7, and the positive sign
from the probability weighting function w;"

i
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Chapter 3

Notions of Equilibrium: CPT Nash
Equilibrium and CPT Correlated
Equilibrium

3.1 Introduction

Non-cooperative game theory studies the interaction between decision makers with possibly
different objectives. The decision-makers are generally modeled as expected utility maximiz-
ers. We will consider games where players have cumulative prospect theoretic preferences.
Two of the most well known notions of equilibrium, Nash equilibrium [99] and correlated
equilibrium [6], are based on EUT. (See [75] for an excellent account of the strengths and
weaknesses of these notions.) Keskin [74] defines analogs for both these equilibrium notions
based on cumulative prospect theory. He also establishes the existence of such equilibria
under certain continuity conditions. In this chapter, we further study several interesting
properties of these notions of equilibria.

There has been considerable interest in the study of the comparative geometry of Nash
and correlated equilibria. Under EUT, it is known that the set of all correlated equilibria is
a convex polytope and contains the set of all Nash equilibria. In the paper [101], it has been
proved that:

the Nash equilibria all lie on the boundary of the correlated equilibrium poly- (P)
tope.

Further, it has been found that in 2-player (bimatrix) games, all extremal Nash equilibria
are also extremal correlated equilibria [38, 26, 45], although this result does not hold for
more than 2 players [101]. We give a complete characterization of the sets of correlated and
Nash equilibria for 2x2 games under CPT, with EUT being a special case.?

CPT is known to share common features with EUT. Indeed, recall that CPT is a gener-
alization of EUT. The purpose of this chapter is to study how the geometry of equilibrium
notions is affected by prospect theoretic preferences. For example, under CPT, it continues



CHAPTER 3. NOTIONS OF EQUILIBRIUM 50

to be the case that the set of correlated equilibria contains all Nash equilibria, but the set
of correlated equilibria is not guaranteed to be a convex polytope (see Example 2 in [74]).
The pure Nash equilibria, if they exist, coincide under EUT and CPT (see Proposition 2 in
[74]). It is known that the set of correlated equilibria under CPT includes the set of joint
probability distributions induced by the convex hull of the set of pure Nash equilibria (see
Proposition 3 in [74]), as is true under EUT.

These similarities and differences raise the natural question of whether property (P)
continues to hold or not under CPT. In fact, we will see that the set of correlated equilibria
can be disconnected (Section 3.6). Nevertheless, our main result says that property (P)
continues to hold under CPT (Section 3.3). We also show that for 2 x 2 games the set of
correlated equilibria under CPT is a convex polytope, and we characterize it (Section 3.4).

3.2 Definitions

Let T' = ([n], (A))ien, (z:)ien) be a finite n-person normal form game, where [n] = {1,...,n}
is the set of players, A; is the finite action set of player i € [n], and z; : A; x --- x A, = R
is the payoff function for player ¢ € [n]. Let each player i € [n] have at least two actions, i.e
|Ail = 2,Vi € [n]. Let the set of all action profiles be denoted by A =[], 4. Let a; € 4;
denote a an action of player ¢ € [n] (also referred to as a pure strategy or simply a strategy)
and let a = (ay,...,a,) € A denote an action profile of all players. Let A_; = H#i A;
denote the set of action profiles a_; € A_; of all players except player i. Let x;(a) denote
the payoff of player ¢ when action profile a is played, and let z;(a;, a_;) denote the payoff to
player ¢ when she chooses action a; € A; while the others adhere to a_;.

Definition 3.2.1. The game I' is non-trivial if x;(a) # x;(a;,a—;) for some player i € [n],
some a_; € A_;, and some a;, a; € A;.

Definition 3.2.2 ([5]). A joint probability distribution p € A= is said to be a correlated
equilibrium of ' if it satisfies the following inequalities:

Z p(a)(x;(a;, a_;) — xi(a;,a_;)) >0, for all i and for all a;,a; € A;. (3.2.1)

a_;€EA_;

The set of all correlated equilibria, henceforth denoted as Cryr(I'), is a convex polytope
which is a proper subset of A4I=1iff the game is non-trivial. The set A*(A) of all joint prob-
ability distributions that are of product form is defined by a system of nonlinear constraints,
Viz.

A*(A) = {p e A1 p(a) = pa(ar) X -+ X pnla,) Ya € A}, (3.2.2)

where p; denotes the marginal probability distribution on A; induced by p. The set of all
Nash equilibria is the intersection of A*(A) and Cgyr(I'), which is non-empty by virtue of
Nash’s existence theorem.

We now describe the notion of correlated equilibrium incorporating CPT preferences,
as defined by Keskin [74]. Let {v]'(-),; € R} be a family of value functions, one for each
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reference point, and wi(-) be the probability weighting functions for each player i € [n].

We assume that v;’(z) is continuous in z and r; for each i. For every player i € N, let

the reference point be determined by a continuous function r; : A= — R. Let V(L)

denote the CPT value of a lottery L evaluated by player 4, using the value function v;*(-)

and probability weighting functions w3 (-) as described in equation (1.3.8) or (1.3.9).
Corresponding to a lottery

L={(p1,z);-; (P, 2)}

as in equation (1.3.1), let z := (z1,...,2) and p := (p1...,p;). We denote L as (p, z) and
refer to the vector z as an outcome profile.
For a joint distribution p € A= let

pila;) = Z plai, a—;)

a_;€EA_;

be the marginal distribution of player i, and for a; such that p;(a;) > 0 let

H(% a_;)

poifa—ilas) = 1i(a;)

be the conditional distribution on A_;.
If player ¢ observes a signal to play a; drawn from the joint distribution u, and if she
decides to deviate to an action a; € A;, then she will face the lottery

L(p, ai, ;) == {(p-ia—ia:), v:(ai, a-:)) Y, ea_, -

Definition 3.2.3 ([74]). A joint probability distribution x € Al4~! is said to be a CPT
correlated equilibrium of T if it satisfies the following inequalities for all 7 and for all a;, a; € A;
such that p;(a;) > 0:

Vm(u)(L(M, a;, az)) > ‘/iri(u)([/(/% a;, CNLZ)) (323)

1

Let C(I') denote the set of all CPT correlated equilibria of T'.

For any fixed reference point r, since the value function v"(-) is assumed to be strictly
increasing, one can check that two outcome profiles z and y have equal CPT value under all
probability distributions p, i.e. V"(p,z) = V"(p,y) for all p, iff z = y. It then follows that
the set C(T') is a proper subset of AI=1iff the game is non-trivial.

We now describe the notion of CPT Nash equilibrium as defined by Keskin'® [74]. For
a mixed strategy pu € A*(A), if player ¢ decides to play a;, drawn from the distribution pu;,
then she will face the lottery

L(p_i,a;) == {(/Li(aq),fﬂi(ahafi))}a,ieA,i ’
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where p—i(a—;) = [];4 p;(a;) plays the role of p_;(a_|a;), which does not depend on a;.
Suppose player ¢ decides to deviate and play a mixed strategy p; while the rest of the players
continue to play p_;. Then define the average CPT value for player ¢ by

i) = Y @)V (L, 00)).

a;€A;
The best response of player i to a mixed strategy u € A*(A) is defined as
BR;(n) := {u; € A vpg € AU (s i) > (i i) } (3.2.4)
Definition 3.2.4 ([74]). A mixed strategy u* € A*(A), is a CPT Nash equilibrium iff
i € BR;(p*) for all 7.

We call p* a pure or mixed CPT Nash equilibrium depending on p* being a pure or mixed
strategy respectively.

The set of all CPT correlated equilibria is no longer guaranteed to be a convex polytope
(Example 2 in [74]). The set of all CPT Nash equilibria is the intersection of A*(A) and
C(T") (Proposition 1 in [74]) and is non-empty (Theorem 1 in [74]). We are interested in
studying the geometry of this intersection. It should be noted that the set C(I") depends on
the choice of the reference functions r;(u), as does the set of CPT Nash equilibria.

3.3 Main Result: An Interesting Geometric Property

In the case of traditional utility-theoretic equilibria, it has been proved that

Proposition 3.3.1 ([101]). In any finite, non-trivial game, the Nash equilibria are on the
boundary of the polytope of correlated equilibria when it is viewed as a subset of the smallest
affine space containing all joint probability distributions.

Since the set of correlated equilibria Cgyr(I') is a convex polytope, it is enough to prove
that the Nash equilibria lie on one of the faces of Cgyr(T') if Cgyr(T) is full-dimensional, i.e.
has dimension |A| — 1, when it is viewed as a subset of the affine space containing AlI=1,
and the statement is trivially true if it is not full-dimensional. When the set Cgyr() is
not full-dimensional, it is possible for the Nash equilibria to lie in the relative interior of the
set Crpyr(I') (Proposition 2 in [101]). Further, the class of games with the Nash equilibrium
in the relative interior of the correlated equilibrium polytope has been characterized in the
paper [128].

We now extend the above proposition for equilibria with CPT preferences. The proof is
quite different since in general C'(I") is not a convex polytope, as shown in Section 3.6 below
(see also Example 2 in [74]).
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Proposition 3.3.2. In any finite, non-trivial game, the CPT Nash equilibria are on the
boundary of the set of CPT correlated equilibria set when it is viewed as a subset of the
smallest affine space containing all joint probability distributions.

We first prove a lemma which in itself is an interesting property of cumulative prospect
theoretic preferences. Let V7 (-) denote the CPT value evaluated with respect to a value
function v"(-) and probability weighting functions w*(-) with respect to a reference point
r€R. Let z=(21,...,2) and y = (y1,...,y:) be two outcome profiles and p = (p1,...,pt)
be a probability distribution. The prospect (p, z) is said to pointwise dominate the prospect
(p,y) if z; > y; for all j such that p; > 0. Further, if the inequality z; > y; holds strictly for
at least one j with p; > 0 then the prospect (p, z) is said to strictly pointwise dominate the
prospect (p,y). Let the regret corresponding to choosing y instead of z be denoted by

X" (p,z,y) =V (p,z) = V"(p,y). (3.3.1)

Prospects (p,z) and (p,y) are said to be similarly ranked if there exists a permutation
(aq,...,ap) of T":={j € {1,...,t}|p; > 0} such that

Zay =0 2 Zay, and Yo, > 000 2 Ya,, -

Lemma 3.3.3. In the above setting, suppose the prospects (p,z) and (p,y) satisfy either of
the following:

(i) they are not similarly ranked or,
(ii) neither of them dominates the other,
then there exists a direction § = (01, . ..,0;) with 22:1 d; =0and d; =0 for j ¢ T" such that
K (p+e€d,z,y) <Z(p,z,9) (3.3.2)
for all ¥ € R, for all € > 0 such that p+ €6 € A1,

Proof. We observe that it is enough to prove the claim for the case when p; > 0 for all
1 < 7 <t because if not, then we can let 2/, and p’ be respectively the vectors z,y and p
restricted to the coordinates in 7”7 and then use the result. WLOG let the ordering be such
that z; > -+ > 2. Let 0(ji, j2) correspond to transferring probability from j; to jo, i.e. for
all1<j <t

Lif j = ja,

0;(j1,J2) = § —1if j = 41,
0 otherwise .

Suppose (i) holds. Then there exists j; < jo (and hence z; > z;,) such that y;, <y;,. Now,
by the strict stochastic dominance property of CPT we have

Vi(p+ed,z) <V"(p,2z) and V'(p,y) < V"(p+€d,y),
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where ¢ denotes d(ji, j2), and hence (3.3.2) follows.

Now suppose (p, z) and (p,y) are similarly ranked. WLOG let the ordering be such that
21> - >z and y; > -+ >y, Suppose (ii) holds. Then there exist ji, jo such that z;, > y;,
and z;, < y;,. In fact, one can find j;, j» such that z;, > y;,,2; = y; for all j between j; and
J2, and z;, < y;,. Depending on the order of j; and j, we have the following two cases (note
J1 # J2):

Case 1 (j1 < j2): Then we have the ordering z;, < y;, < y;, < xj,. Let 6 = 0(j1,72). Then
it follows from the strict monotonicity of the functions w;"(-) and the definition of decision
weights that

Vi (p+ed) = Vi(p) <0,
Vi, (p+e€d) = Vi(p) >0,
Vi (p+ed) =V (p) <0,
Vi(p+ed) —Vi(p) >0

(We suppress the dependence of Vf (p, a) on the permutation a since we have assumed z and
y to be ordered.) Depending on the position of the reference point r, we have the following
subcases:

Subcase la (r < xj,):

V7 (p+ed,x) = V(p+ed,y)] = [V'(p,2) = V'(,y)]
= [V, (p+€0) = V5 (P)][v" (z3) = v" (1]
+ V5, (0 +€) = Vi, (0" (25.) — 0" (y3)];
because V (p + €d) = V (p) for all j & {ji,...,j2} and v"(z;) = v"(y;) for all j; < j < jo.
Since v"(z;,) —v"(y;,) > 0 and v"(2;,) — v"(y;,) < 0 we get (3.3.2).
Subcase 1b (z;, <1 < y),):
[V'(p+ed,x) = V'(p+ed,y)] — [V'(p,x) = V'(p,y)]
= [V, (p+€d) = V() [v"(z,) = v" ()] + [V, (p + €d) = Vi, (0)]v" (1)
— [V, (p+ed) = V5, (0" (y5)-

Now v"(2;,) —v"(y;,) > 0, v"(zj,) <0, v"(yj,) > 0 and the result follows.
Subcase 1c (y;, <r < y;):

V' (p+edz) =V (p+ed,y)]— [V'(p,2z) = V' (py)
= [V (p+€d) =V (p)][v"(2,) = v"(y;,)]
+ [V, (p+e0) = VL, (][ (25,) — 0" (y5)]-

Now v"(zj,) —v"(y5,) > 0, v"(2;,) — v"(y;,) < 0 and the result follows.
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Subcase 1d (y;, <1 < zj,):

V' (p+ed,z) =V (p+ed,y)] — [V (p,2) = V7 (p,y)]
= [V, (p+€0) = V5 (p)]v"(z) = [V}, (p+ €0) = V5 (p)]0" (y5,)
+ [V, (0 +€d) = Vi, (][0 (z5,) = v"(y5)]-
Now v"(z;,) > 0, v"(y;,) <0, v"(zj,) — v"(yj,) <0 and the result follows.
Subcase le (z;, <r):
[V'(p+ed,z) = V'(p+ed,y)] = [V'(p, ) = V'(p,y)]
(V5 (0 +€0) = V5 (v (25) — 0" (y;,)]
+ [V (p + 65) \Y% 2(p)][UT(Zj2) - Ur(yjz)]'

Now v"(2;,) —v"(y;,) > 0, v"(zj,) — v"(yj,) < 0 and the result follows.
Case 2 (j1 > j2) implies the order y;, < xj, < z;, < y;,. Taking 0 = d(j2, j1), each of the
subcases depending on the position of the reference point can be handled as in case 1. [

Remark 3.3.4. The vector 9 used in the proof of the this lemma depends only on the prospects
(p,2z) and (p,y) and not on the reference point r. In fact, it depends only on the order
structure of the vectors z and y and not on the probability distribution vector p as long as
p;j > 0 for all 1 < j <t. Also, the range of € for which the claim holds depends only on the
prospects (p, z) and (p,y) and not on the reference point . Lemma 3.3.3 can be extended to
more general CPT settings as in [30], where the outcome space is assumed to be a connected
topological space instead of monetary outcomes in R.

Proof of proposition 3.3.2. If a CPT Nash equilibrium /i is not completely mixed, i.e. there
is a player 7 and an action a; € A;, such that fi;(a;) = 0, then i assigns zero probability to
one or more action profiles and hence lies on the boundary of A=! and thus also on the
boundary of Copr.

Suppose now that i € A*(A) N C(T') is completely mixed. Then the inequalities (3.2.3)
hold for all 7 and for all a;,a; € A;. In particular, for any pair a;, a; € A; we have

{(-da-ila, ailana-))}, ca )
" (Lo i@ a-))}, ea )
(G- sacsfa). v a-)}y_ea
Vi ({dasida. aan o))l ea )

However, since 1 € A*(A), we have ji_; :== fi_;(-|a;) = fi_;(+|a;) and hence the above inequal-
ities are in fact equalities. The same is true for all the inequalities (3.2.3).

Since the game is non-trivial, there exist ¢ € [n] and a;,a; € A; such that x;(a;,a_;) #
xi(@i,a—;) for some a_; € A_;. Consider the inequality in (3.2.3) corresponding to such an

Vrz' (&)

%

VRS

v
N

Vn( )

(2

VS

v
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(i,a4,a;). Fix a one to one correspondence between the numbers {1,... ¢} and the action

profiles {a_; € A_;} (here t = |A_;|). Let
Z = (21, cee 7Zt) = (%‘(ai, a—i))a_ieA_i;

and
Yy = (yh cee 7yt> = (xi(dia a—i))a_ieA_i-
Since [ is completely mixed, fi;(a;) > 0. Let

p=01- ) = (f-i(a-i))a_sea_,

be the conditional probability distribution on A_;.

If either profile (p, z) or (p,y) pointwise dominated the other then the pointwise domi-
nance would be strict since z and y are distinct and p; > 0 for all 1 < j < ¢. By the strict
monotonicity property of CPT, we would get V(™ (p, ) # V") (p,4) contrary to our as-
sumption. Thus condition (ii) in Lemma 3.3.3 is satisfied and there exists a direction vector
d=(01,...,0;) with Z§'=1 d; = 0 such that V" (p+€d,2) < V;""(p+ €d,y) for all r; € R, for
all € > 0 such that p+ed € A", Note that the vector § and the range of € does not depend
on the reference point r; (see Remark 3.3.4). Consider the joint probability distribution x
given by

L fii(a;)(pj + €0;) if a; = a; and j corresponds to a_; ,
,u(aiv a—‘) i SN .
f(a;, a_;) otherwise.

Let Z(-) denote the regret corresponding to player i, evaluated using her value function
and probability weighting functions. This should be thought of as defined for any pair
of outcome profiles z and y on A_; with a given probability distribution p on A_;, as in
equation (3.3.1), with V" being replaced by V" and defined as in equation (1.3.8), using the
value function v} and the weighting functions wi". Since i € A*(A) N CO(T),

B (s 2y) = VP p.2) = VI P (py) =0,

)

and ) ) )
%n(u) (ﬂ—ia Y, Z) _ Viﬁ(#) (p, y) B Viri(u) (p, Z) —0.

)

respectively. Now if _ 7
%Tz(ﬂ) (ﬂ—ia z, y) < %Zﬂl(u) (,&—ia 2 y)

)

then from the choice of [

Z (i), 2,y) = B (p+ €8, 2,y) < B (p, 2,y) = B (i, 2,y) < 0.
On the other hand, if . )
‘%rl(u) ([j’—iv Z, y) > %:2(/“‘) (ﬂ—% Z, y) =0

(2
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then ) _ _
%n(u)(ﬂ_i(_mi)’y’Z) _ sz‘(/ﬁ)(ﬂ_i’y’z) = _'%:i(ﬂ)<ﬂ—ivz7y) < 0.

3 3

Thus either of the inequalities in (3.2.3) corresponding to deviation from a; to a; or a; to a;
is violated by the joint distribution f. Thus, for any neighborhood N of i, i belongs to N
for sufficiently small € and g ¢ C(I"). Thus £ lies on the boundary of C'(T). O

3.4 2 x2 Games

For a game I, the set C'(I"), in general, need not be convex (Example 2 in [74]). In this section
we will see that, in the special case of a 2 x 2 game with players having a fixed reference
point independent of the underlying probability distribution, C'(T") is a convex polytope.

Consider a 2 player game I" with N = {1,2} and A; = Ay = {0,1}. With player 1 as
the row player and player 2 as the column player and {c;;, d;;}ijefo1} representing payoffs
for player 1 and 2 respectively, let the payoff matrix be as shown in Figure 3.1. Here, the
real numbers ¢;; and d;; should be thought of as outcomes in the terminology of cumulative
prospect theory, but we will call them payoffs in this section. Let = {100, fto1, f10, pt11} € A3
be a joint probability distribution assigning probabilities to action profiles as represented by
the matrix in Figure 3.1. Let r; and 7o be the fixed reference points (independent of the
joint probability distribution p) for players 1 and 2 respectively.

0 1 0 1
0 | coo,doo | cot1,dor 0 | oo | Ho1
1| cio, le C11, dyy 1 Hio0 | M11

Figure 3.1: Payoff matrix (left) and joint probability matrix (right) of a 2 x 2 game

Proposition 3.4.1. For the above 2 X 2 game, the set Copr 1S a convex polytope.

Proof. The condition for y € Copr corresponding to the row player deviating from strategy
0 to strategy 1 in (3.2.3) is:

if poo + po1 > 0 then Z7' (p', z,y) > 0, (3.4.1)

1 _ 1 .1 1 __ 00 1 __ 0 _ _
where p* = (pg, p1), po = AP D1 = ooty # = (Coos Co1), ¥ = (cio, ¢11). Let €y denote

the set of all € A3 satisfying condition (3.4.1). We have:
(1) if Coo Z C10 and Co1 Z C11, then Cl = Ag,

(ii) if cop < c10 and co; = 11 (resp. coo = ¢y and cgy < c11), then C = {u € A3|ugy = 0}
(resp. Cy = {p € A%|gy = 0});

(111) If cop < 19 and o1 < C11, then C; = {/L S A3|,U/00 = O?MOI = 0},
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(iv) if coo < 10 and co; > c¢11 (resp. cop > c10 and cg; < c11), then from lemma 3.3.3,
X (p', z,y) is strictly monotonic as a function of pj (= 1 — p}) on the interval (0,1),

1 ((0,1),z,y) > 0> %'((1,0), z,9)
(resp. Z,'((0,1),2,y) <0< %' ((1,0), 2,9))),

and hence the inequality in condition (3.4.1) holds iff p} < qo (resp. p} < ¢) for a
certain qo € (0,1) (resp. ¢ € (0,1)) depending on the payoffs cqo, co1, 10 and i1,
the value function v7(-), and the probability weight functions wi(-). Thus C; = {u €

A¥lappigo < por} with ag = % (resp. C1 = {p € A%arpugo > por } with aq = $2-).

In each case, (] is a convex polytope. Similarly, the other three conditions in (3.2.3),
corresponding to the row player deviating from action 1 to action 0, the column player
deviating from action 0 to action 1, and the column player deviating from action 1 to action
0, give rise to convex polytopes Cy, C3 and Cjy respectively. The set C(I) is the (non-empty)
intersection of these convex polytopes and hence is itself a convex polytope. O

Remark 3.4.2. From the assumption that the value functions and the probability weighting
functions are continuous, we get that the CPT value function V" (p, z) is continuous in r,p
and z [74], and hence Z" (p', z,y) in the proof above is continuous in 71, p', z and y. In case
(iv) above, since R™(p',z,y) is a strictly monotonic continuous function, the probability
threshold go (resp. ¢; depending on the relation between the payoffs) is uniquely determined
by the payoff vectors x and y (keeping the reference point, value function and probability
weighting functions fixed) as the one satisfying 2" (qo, z,y) = 0 (resp. Z™(q1,z,y) = 0).
Let (2 = (¢}, cby),t > 1) and (y* = (¢}, ct;),t > 1) be a sequence of payoff vectors such that
cho < cigand by > ¢t for all t > 1 and 28 — 2* = (¢, ;) and y' — y* = (¢, ). Let ¢f
be the corresponding probability threshold for payoff vectors 2* and y*. Unless ¢, = ¢, and
coy = ¢, there is a unique ¢ such that 2™ (¢, 2*,y*) = 0. If ¢} 4 ¢, then the sequence
(¢5,t > 1) has a limit point Gy # ¢ and from the continuity of the function Z™ (p, z,y) we
get that 2" (Go, z*,y*) = 0 contradicting the uniqueness of ¢j. Hence, except for the case
when ¢, = ¢f, and ¢, = ¢;;, we have ¢}, — ¢; and hence of, = % — a* € Rt U {0, 00}
We further note that the limit o* depends only on the payoff vectors z*,y* and not on
the limiting sequence z*,y*. This fact will be useful in analyzing 2 x 2 games with weakly
dominated strategies as defined below. The case when ¢}, > ¢, and ¢}, < ¢, for all ¢ is
similar.

Definition 3.4.3. For an n player game I' = ([n], (A;)ic), (T)icn)); let ai,a; € A; be two
strategies corresponding to player 7.

e Strategies a; and a; are said to be equivalent if player 7 is indifferent in choosing between
a; and a; no matter what the other players do.

e Strategy a; is said to be weakly dominated by strategy a; if there exists at least one
strategy profile of the opponents for which choosing a; is better than choosing a;, and
for all strategy profiles of the opponents choosing a; is at least as good as choosing a;.
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e Strategy a; is said to be strictly dominated by strategy a; if, for every strategy profile
of the opponents, choosing a; is better than choosing a;.

Note that a strictly dominated strategy is also a weakly dominated strategy.

As observed in Section 3.3, two outcome profiles z and y are equivalent under all prob-
ability distributions p iff z = y. Thus, as under EUT, for players with CPT preferences we
have the following:

e Strategy a; is equivalent to strategy a; iff
in(ai, CL_i) = Si(&i7 CL_Z‘) VCL_Z‘ S S—i-

e Strategy a; is weakly dominated by strategy a; iff
ri(a;,a_;) < x(a;,a_;) Va_; € Ay,
where strict inequality holds for at least one a_; € A_;.

e Strategy a; is strictly dominated by strategy a; iff
xi(ai, (l_i) < .I'Z(CNL“ (l_i) Va_; € S_;.

We now look at the convex polytope C(I") for a 2 x 2 game in more detail.

2 X 2 games with at least one equivalent pair of strategies

Consider a 2 x 2 game with at least one equivalent pair of strategies. Suppose player 1 has
equivalent strategies. This corresponds to case (i) above with both equalities (i.e. coo = ¢1o
and cg; = ¢19). Thus player 1 is indifferent between his strategies. For player 2, if the two
strategies are equivalent, then the game is trivial and C'(I') = A3. If one of the strategies
for player 2 is weakly dominated, say strategy 0 is weakly dominated by strategy 1, then
either do() = dgl,dlo < dqq or doo < d01,d10 = dy. If doo = dgl,dlo < dlla then the set
C() = {u € A3|up = 0} is a triangle with vertices F = (1,0,0,0), G = (0,1,0,0) and
H =(0,0,0,1). It intersects the set A*(A) at the lines with endpoints {F,G} and {G, H}.
The other three cases are similar. If neither of the two strategies for player 2 dominates the
other, then C(I") is characterized by the inequalities

{Broo > 1o, Bror < par}y or {Broo < pao, Bior > i}

where the former pair holds if dyy > doy1,d190 < di; and the latter holds if dyy < doy, d1g >
dy1. Suppose the first pair of inequalities hold (the other case can be handled similarly).
Then one can check that the set C(I") is a tetrahedron with vertices £ = (1,0,0,0), F' =
(ﬁ, 0, %, 0),G =(0,0,0,1) and H = (0, ﬁ, 0, %) It intersects A*(A) at the lines with
endpoints {E, F'}, {G, H} and {F, H}.
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2 X 2 games with at least one strictly dominated strategy

Consider now a 2 x 2 game with at least one strictly dominated strategy. This corresponds to
case (i) above with both inequalities strict (i.e. coo > c19 and co; > ¢11) or case (iii). Strictly
dominated strategies cannot be used with positive probability in any correlated equilibrium
of that game. It is easy then to compute the set C(I") for such a game by eliminating the
strictly dominated strategies. Suppose strategy 1 is strictly dominated by strategy 0. Thus,
coo > 1o and co; > cqq. If dog > doy then C(T) = {u € A3|por = po = p11 = 0} is a
point. If dogg < do; then C(T') = {u € A3|ugo = p1o = p11 = 0} is a point. If dyg = dp; then
C(T) = {p € A3|p1o = p11 = 0} is a line segment. In each case C(T') is contained in A*(A).
The case when strategy 0 is strictly dominated by strategy 1 is similar.

2 x 2 games with no equivalent or weakly dominated strategies

We now discuss 2 x 2 games with no equivalent or weakly dominated strategies. Let G°
denote the set of all such games. For any game I' € G°, the relation amongst the payoffs for
all the four conditions corresponding to Cy, Cy, C3 and C} are as in case (iv) above. Further,
the conditions corresponding to the row player deviating from strategy 0 to strategy 1, and

vice versa are
if f100 + por > 0 then V' (p*, 2) > V' (p', y); (3.4.2)

and
if p110 + g1 > 0 then V' (p?, 2) < VI (p?,y); (3.4.3)

respectively, where p' is as in Proposition 3.4.1 and p* = (p,p3), p2 = ﬁ and p? =

—L_— - Now there exists a ¢y € (0,1) (or a ¢; € (0,1)) such that inequality (3.4.2) holds

pio+p1r”

for all pj < qo (resp. pI < ¢1) and inequality (3.4.3) holds for all p > qo (resp. p? >
Q1)- Thus if Cl = {/L S A3|040/L00 < ,UJOI} (resp. Cl = {,u S AS‘OKLU/OO > ,U/()l}), then
Cy = {u € Nlagpro > pa1} (resp. Cy = {u € A%|aypno < pai}). Similarly for player 2.
Thus, depending on the relation amongst the payoffs, the conditions (3.2.3) take one of the
following forms:

(I) if coo > c10, co1 < 11, doo > do1, dip < dqp then
Qoo = fo1, Q1o < Hit, Bpoo = o, Bror < s

(IT) if coo < €10, o1 > €11, doo > do1, d1p < dqp then
apoo < flor, Qftio = ity Bpoo = o, Bror < pat;

(ITI) if ego > c10,Co1 < €11, doo < do1,d1o > di1 then

Qfloo > fot, oftio < pat, Broo < oy Bror = i
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0 1 0 1
0| a,pB1]0,0 0| —a,B8| 0,0
1[0,0]1,1 1) 0,0 | -1,1
’71(0475) ’711(0475)
0 1 0 1
0| a, -5 0,0 0| —a,—p 0,0
1 0,0 1,—1 1 0,0 —1,-1
7111(0475) 'YIV(aaﬁ)

Figure 3.2: Canonical 2 x 2 games

(IV) if Coo < C10,Co1 > C11, doo < d(n, d10 > d11 then
apoo < pot, Qo = par, Broo < pio, BHor =

for some «a, > 0. Thus every 2 x 2 game with no equivalent or weakly dominated strategies
can be classified into one of the above four types depending on the relations amongst its
payoffs.

We consider the canonical 2 x 2 games ,(«, 3) for [ € {I, 11, 11I,IV} with o, 5 > 0 as
shown in Figure 3.2. One can check that the set C'gyr for each of these games is given by
the corresponding inequalities above.

As in the paper [23], based on the type of inequalities satisfied, we classify all 2 x 2 games,
with no equivalent or weakly dominated strategies, into three types:

e coordination games if the inequalities take form (),
e anti-coordination games if the inequalities take form (IV) and,
e competitive games if the inequalities take either form (II) or form (III).

Since the inequalities above completely characterize the set C(I), it is enough to find the
set Cgyr (L) for each of the canonical games. For case (II), we have

Qoo < o1 < % and 11 < apno < Bapio-
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H Hoo Ho1 H1o M1
wa(a, B) 1 0 0 0
(e, B) 0 0 0 1
el COE) I ery o e B e e B e
ppla, ) 1+B+apB 0 1+/36+a6 1+gf-a5
/L*E(a@ B) 1+a1+cx,3 1+aoj-a,3 0 1+cc>f-a,3

Figure 3.3: Vertices of the convex polytope Cryr for v(a, )

Thus all inequalities must be satisfied with equality and we get

1 Q
Mo = o)+~ U+ a)1+5)
B af

o= v +8" " U+ +8) (3:44)

Case (III) is similar. Thus, for competitive games, the set Cryr(I') is reduced to a single
point, which is also the unique mixed Nash equilibrium. For coordination games, the set
Cgur(l) is a convex polytope with five vertices as given in Figure 3.3. It intersects the
set A*(A) at the three vertices p%(«, 8), u(a, 8) and pg(a, 5) of which the first two are
pure Nash equilibria. From the set of inequalities corresponding to cases (I) and (IV) we
can see that the joint distribution g = (poo, fo1, f10, p11) belongs to Cpyr(T) of v/ («, ) iff
7(1) = (p10, f11, Hoo, po1) belongs to Cryr(I') of yrv(a,1/8). Thus, for anti-coordination
games, the set Cgyr(I') is again a convex polytope with five vertices and it intersects A*(A)
at three of its vertices with two of them pure Nash equilibria. The vertices can be found from
Figure 3.3, using the transformation 7, and replacing 5 by 1//3. Since C(I") is determined by
the same set of inequalities in v and 3, all the results carry over to 2 x 2 games with CPT
preferences. In particular, the set C'(I') is determined by a and /3. Since the set of CPT Nash
equilibria (pure and mixed) is given by the intersection of A*(A) and C(I"), we have a unique
mixed CPT Nash equilibrium and no pure CPT Nash equilibria for competitive games, and
one mixed and two pure CPT Nash equilibria for coordination and anti-coordination games.

2 X 2 games with at least one weakly dominated strategy but no
equivalent or strictly dominated strategy

Let G' denote the set of all 2 x 2 games with at least one weakly dominated strategy but no
equivalent or strictly dominated strategy. If player 1 has a weakly dominated strategy then
this corresponds to case (i) above with one equality and one strict inequality (i.e. coo > c1o
and co; = ¢11, or o = ¢10 and cg; > ¢11), or case (ii). The set of all 2 x 2 games, each game
characterized by its payoff matrix, forms an 8-dimensional Euclidean vector space.
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6=0 0<fB < £ =00
a=0 o1 =0 o1 =0 to1 =0
p10 =0 Blioo > fio
0<a<oo| poe=0 — to1 =0
Qoo = flot apig < fii
= 00 10 =0 p10 =0 o1 =0
Bror < piin 10 =0

Figure 3.4: The set Copr for games of type (I) with weakly dominated strategies

For every game I' € G*, the intersection of any e-neighborhood of I' for sufficiently small
€ > 0 with the set G° is non-empty and contains games of a unique type and hence I' can
be seen as a limit of games in G° of a unique type | € {I,1I,I1I,IV}."" Let o/(T), g4(I),
for I' € G°, be such that ~,(o/(I"), B4I)) are the corresponding canonical games to I'. From
Remark 3.4.2, for any sequence (I'y,t > 1) of games I'; € G° of this unique type [, such that
I'; — I, the sequences o!(I';) — « and BY(T';) — 3, where a, 3 depend on the game I' and
not on the sequence (I'y,t > 1).

For example, a game I' € G with payoffs satisfying cog < ci9, co1 = ci1,doo > dor, dig <
diy is the limit, as € | 0, of games I'. € G° with payoffs same as that of I' except co; replaced
by ¢co1 + €. Each of the games T, is of type (II) for sufficiently small ¢ > 0. Further, if
vrr(ae, Be) are the canonical games corresponding to I'c then a. — a = oo and 5. = f for
some fixed (.

Suppose v (a, ) is the corresponding canonical game for I'. Then the payoffs of player 1
are strategically equivalent to

a 0
M= [ : 1} .

Strategically equivalent here should be interpreted as meaning that the best response of
player 1 to a mixed strategy p' = (p},p7) in a game, with her payoffs given by matrix M
under EUT, is same as that in the game I' under CPT. When o = oo, it means that action
1 is player 1’s best response only to the mixed strategy p' = (0,1) and action 0 is her best
response for all mixed strategies p*, which is true when action 0 weakly dominates action 1
but not strictly.

Using this observation we classify every game I' € G* into four types { € {I,II,I11,1V}
and each of these 4 types into eight further subtypes depending on the limit of o, and S,
going either to 0,00 or some real number in (0,00) with at least one of them tending to
0 or co. The set C(I") for games of the type (I) and (II) are given in Figures 3.4 and 3.5
respectively. The set C'(I") for types (IV) and (III) can be found using the transformation 7
and replacing 5 by 1/8 (with the convention 1/0 = oo and 1/00 = 0) from Figures 3.4 and
3.5 respectively.
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6=0 0<f < b =00
a=0 p1r =0 p11 = po1 =0 pi1 =10
pio =0 Blioo > fio o1 = 0
O<a<oo | =po=0 — o1 = ploo = 0
Qoo < flo1 Qg = fi11
= 00 10 =0 oo = p1o =0 foo = 0
ftoo = 0 Bror < piin o1 =0

Figure 3.5: The set Copr for games of type (II) with weakly dominated strategies

We now describe the typical geometry displayed by the CPT equilibrium notions in each
of the above cases. The geometry of Ceopr in case (1) is as follows:

elfa=p3=0o0ra=p= o0, then C(I') is a line with endpoints F' = (1,0,0,0) and
G =(0,0,0,1). Tt intersects the set I at the two endpoints F' and G.

o If « =0,0 =00, then C(T') is a triangle with vertices F' = (1,0,0,0), G = (0,0, 1,0),
and H = (0,0,0,1). It intersects A*(A) at the lines with endpoints { F, G} and {G, H}.
Similarly, if @« = oo, 8 = 0, then Copr is a triangle and it intersects A*(A) at two lines.

e If « = 0,0 < f < oo, then C(I') is a triangle with vertices F' = (0,0,0,1), G =
(1,0,0,0), and H = (ﬁ,o, %, ). Tt intersects the set A*(A) at the point (0,0,0,1)
and the line joining the points (1,0,0,0) and (=,0, £-,0). The remaining three

1487 2 148
cases can be analyzed similarly.
The geometry of C(I') in case (II) is as follows:

e If « = = 0, then the set C(I') is a line joining the points (1,0,0,0) and (0,1,0,0)
contained in the set A*(A). Similarly, for the cases when ov = 0 or co and # = 0 or oo,
the set C'(I') is a line segment contained in the set A*(A).

e Ifa=10,0 < < oo, then C(T) is aline joining the points (1,0,0,0) and (5,0, %,0)

and is contained in the set /. The remaining three cases can be analyzed similarly.

The geometry of C(I") is cases (IV) and (III) can be obtained from cases (I) and (II) respec-
tively, using the transformation 7, and replacing 5 by 1/8.

3.5 On the connectedness of CPT correlated
equilirbium

In the previous section, we saw that for 2 x 2 games the set C(I') is a convex polytope.
However, in general, the set C'(I') can have a more complicated geometry. We will now see
that the set Copr can, in fact, be disconnected.
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In this section, we restrict our attention to games with each player i having reference point
r; = 0, and all the outcomes z;(-) non-negative. Thus all our outcome profiles are “one-sided”
with zero reference point, and we will denote w; (), v?(+), Vi"(+) simply by w;(-), v:(+), Vi(+)
respectively.

The geometry of the set Copr is determined by the set of inequalities (3.2.3). Let us
consider the inequality corresponding to player ¢ deviating from strategy a; to a;. For ease
of notation, fix a one to one correspondence between the numbers {1,... ¢} and the joint
strategies {a_; € A_;} (here t = |A_;|). Let

z = (zl, ce zt) = (Ui(ffi(az‘, a—i)))a,ieAq )

and

y= (- y) = (vi@i(@i,a-3)))y_ea, -
Let p = (p1,...,p:) € A1 be a joint probability distribution on S_;. Let (a4, ..., q;) and
(b1, ..., B) be permutations of (1,...,¢) such that

Zoay 2 Zag 2 2 Za, and Yg, > Yp, > - > Yg,,

respectively.
Consider the inequality . .
Vilp, 2) = Vi(p, ), (3.5.1)
where
V;(]L Z) = Zay + wi(poq +oee +p0¢t—l)[zat71 - Zat]
+ wi(poél T+ +pat—2)[zat72 - Zatﬂ] +eet wi<pa1)[za1 — Raz) (352)
and
Vi(p,y) = yp, + wi(ps, + -+ + Ppi_i)Yp1 — Ysi)
+ wi(pﬁl T+ +p6t72)[y5t72 - yﬁtfl] +eot wi(pﬁ1)[y51 - y52]' (353)
To contrast with the notation used in earlier sections, note that Vi(p,z) = Vj(p, %) and

Vi(p,y) = Vi(p, §), where T := (zi(ai,a—i)), ., and §:= (2i(@i,a—)), .4 .- Let C(I',i,a;a;)
denote the set of all probability vectors p € A1 that satisfy the inequality (3.5.1). We can
similarly define C'(T', 4, s;,d;) for all i € [n], a;,a; € A;. It is clear from the definition of CPT
correlated equilibrium that for a joint probability distribution p € C(T'), provided p;(s;) > 0,
the probability vector p = u_;(-|a;) € A"! should belong to C(T,14,a;, a;) for all a; € A;.
Let

C(Tyi,a;) := Naen, C(L, 4, a;, @;).

Now, for all 4, define a subset C(T',7) C A= as follows:

O, i) == {p e A=Y u_i(-|la;) € C(T,i,0a,),Ya; € A; such that p(a;) > 0}.
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Note that since C(I') is nonempty, the set C(I',7) is nonempty for each i. The set C(I',1)
can be constructed from the sets {C(I',4,a;),a; € A;} as follows: let p* € C(T,4,qa;) for
all a; € A; such that C(T',i,a;) # ¢, let ¢; € AlI=1 be a probability distribution over A,
such that ¢;(a;) = 0 for all a; € S; such that C(T',i,a;) = 0, and define a joint probability
distribution u € A= by u(a;,a;) = qi(a)p¥(a_;) if C(T,i,a;) # ¢ and p(as,a_;) = 0
otherwise. Then p € C(T',i), and for every u € C(T',i), the corresponding ¢; = p; for all
a; € A; and p* = p_;(-|a;) for all a; € A; with C(T', i, a;) # ¢. Further, it is clear that

C(T) = P C(T, )

Thus the set C(I") is uniquely determined by the collection of sets
{C(T,i,a;,a;),i € [n],a;,a; € A;}.

Lemma 3.5.1. In the above setting, the set C(I',1,a;,a;) is connected.

Proof. Suppose the permutations (s, ...,a;) and (B, ..., ;) can be chosen such that they
are equal. Let

J J
l = wi(Zpak) = wl-(Zpgk)7 for 1 <j<t. (3.5.4)
k=1 k=1
For every vector [ = (I1,...,l;) € R" such that 0 < l; < --- <[, = 1, there corresponds a

unique probability vector p = (p,...,p;) satisfying equations (3.5.4) and this mapping is

continuous because w;(-) is a continuous strictly increasing function. Thus we have a one-

to-one correspondence between probability vectors (py,...,p;) and the vectors (Iy,...,1;).
Inequality (3.5.1) can then be written as

t—1 t—1
lt'zat + Z lt*i[zatﬂ' - ZatfiJrl] > lty/Bt + Z lt*l’[yﬁtfi - yﬁtﬂ‘ﬂ]' (355)

i=1 i=1
Since this is linear in (ly,...,[;), the set of all vectors (Iy,...,[;) satisfying inequal-

ity (3.5.5) is a convex polytope. In particular, it is connected. Thus the set C(T', 1, a;, a;) is
also connected.

Suppose now the permutations (ay, ..., o) and (B, ..., ;) cannot be chosen to be equal.
Then there exists 1 < jy,jo < t such that z;, > z;, and y;, < y;,. lf p € C(I',4,a;,a;) such
that pj, > 0, then, by the stochastic dominance property, the following probability vector
q(e), for all 0 < e < 1, also belongs to C(T', 4, a;, @;):

Pj T (1 - €>pj2 if j = J,
QJ(6> - 6pjz 1fj = j27
p; otherwise.
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RED YELLOW GREEN

TOP [69,10] 61,0 20, 10
CENTER | 50,0 | 60, 10 30,0
BOTTOM [ 101,0 | 41,10 0,0

Table 3.1: Payoff matrix for the game in Section 3.6

Thus, from every vector p € C(I',4,a;,a;), we have a path connecting it to a probability
vector p' € C(I',i,a;,a;) such that p;, = 0. To show that C(I',4,a;,a;) is connected it is
enough to show that the subset

C/(F, iv a;, dz) = {p/ € C(Fv iv Q;, d1)|p;2 - O}

is connected. From (3.5.2) and (3.5.3), we can see that the CPT values of the prospects
(p,z) and (p,y) with probability vector restricted to C'(T',4,a;,a;) do not depend on the

outcomes z;, and y;,. If one can now choose permutations (o, ..., a;_;) and (85,...,5,_)
of {1,...,t}\{j2} such that

Zof 2 Zo/2 > > Zoz;_l and yﬁi > yﬁé > 2 yﬂé_la

1 =

then, as before, one can argue that the set C'(i, s;, d;) is connected. If not, we can continue to
decrease the support of the probability vectors under consideration. This process terminates
since our state space is finite. O

Even though the sets C(I',i,a;,a;) are connected, their intersection might be discon-
nected, as in the example given in the next section.

3.6 Example of a Game with Disconnected CPT
Correlated Equilibrium

Consider a 2 player I' game with each player having three pure strategies: TOP, CENTER,
BOTTOM for player 1 (row player) and RED, YELLOW, GREEN for player 2 (column
player), with the corresponding payoffs as shown in Table 3.1. For both the players, let v;(+)
be the identity function. For the probability weight function w;(-) we employ the function
suggested by Prelec [113], which, for i = 1,2, is given by

w;(p) = exp{—(—Inp)"},

for some v; € (0,1]. We take v, = 0.5 and 7, = 1. We will now see that the set C(I', 1, TOP)
is disconnected. Fix the correspondence (R,Y,G) <> (RED, YELLOW, GREEN). The set
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C(1, TOP,BOTTOM) consists of all probability vectors p = (pg, py, pg) € A? satisfying the
following inequality:

20 + wi(pr + py)[61 — 20] + w1(pr)[69 — 61]
Z 0+ wl(pR + py)[41 — 0] + wl(pR)[l(]l — 41]

This holds iff pr < 0.40 (all the decimal numbers henceforth are correct up to two decimal
points). Thus, we have

C(T, 1, TOP,BOTTOM) = {p € A?|pr < 0.40}.

The set C(T',1, TOP, CENTER) consists of all probability vectors p = (pg,py,pq) € A?
satisfying the inequality

20 + wn (pr + py )[61 — 20] + w1 (pr)[69 — 61]
> 30 4+ w1 (pr + py)[50 — 30] 4+ w1 (py)[60 — 50].

Rearranging, we get
21w (1 — pg) — 10wy (1 — pr — pg) > 10 — 8wy (pg).

For each pr € [0,0.4], we solve the above inequality for pg. The set C(T', 1, TOP), as shown
in Figure 3.1, is disconnected. One can check that

(0,¢,1 —¢€) € C(I',1,CENTER) and (1 — ¢,¢,0) € C(I', 1, BOTTOM),

for e € [0,0.20]. We cannot as yet conclude that the set C(T', 1) is disconnected, because of
the existence of joint probability distributions p with marginal distribution u;(TOP) = 0.
We now show that C(I',2) cannot contain any distribution p with p; (TOP) = 0.

Fix the correspondence (T, C, B) <» (TOP,CENTER,BOTTOM). A similar analysis for
player 2 shows that

C(T,2,RED) = {p € A?|pr > 0.5},
C(I',2, YELLOW) = {p € A%pp < 0.5},
C(T,2,GREEN) = {p € A%|pr > 0.5}.

Suppose that there were p € C(I') with py(TOP) = 0. Then
4(TOP,RED) = u(TOP,YELLOW) = 11(TOP,GREEN) = 0,
and from the structure of the sets C(2, RED) and C'(2, GREEN) we get

1i2(RED) = 115(GREEN) = 0.
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(1,0,0)

(0,1,0) (0,0,1)

Figure 3.1: Standard 2-simplex of probability vectors p = (pg, py,pc). The shaded region
represents the set C'(I', 1, TOP) and is disconnected.

Thus, the joint probability 1 has support only on the strategy pairs (CENTER,YELLOW)
and (BOTTOM,YELLOW). Thus, player 2 always plays strategy YELLOW and player 1
mixes between CENTER and BOTTOM. However, given player 2 plays strategy YELLOW,
player 1’s TOP strategy dominates strategies CENTER and BOTTOM. Hence such a joint
probability distribution is not possible. Thus there does not exist any distribution p € C(T")
with u1(TOP) = 0.

There is a possibility that one of the components of C(I', 1, TOP) could disappear in the
intersection C(I', 1) N C'(2). However, this does not happen because both the distributions
i, i in Figure 3.2 belong to C(I") with i_;(:|/TOP) and fi_;(-|TOP) belonging to different
components of C(T", 1, TOP). ]

3.7 Summary

Although the set of correlated equilibria under CPT has a more complicated geometry than
a convex polytope, property (P), on the intersection of the Nash and correlated equilibrium
sets, continues to hold. Property (P) is particularly relevant to the interactive learning
problem in game theory [50, 51, 60]. This raises the question of analyzing the interactive
learning problem under cumulative prospect theoretic preferences. We will get back to this
in Chapter 5. In this process, we will see that the notion of CPT correlated equilibrium
needs to be reconsidered.
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RED YELLOW GREEN

TOP 0.4 0.1 0.5
CENTER 0 0.05 0.5
BOTTOM | 04 0.05 0

RED YELLOW GREEN

TOP 0.4 0 0.6
CENTER 0 0 0.6
BOTTOM | 04 0 0

Figure 3.2: Un-normalized distributions iz and f.

In the next chapter, we will see another interesting phenomenon related to the notion of
Nash equilibria when players have CPT preferences. We will rethink the reasoning behind
the definition of Nash equilibrium and discuss its implications to the definition of CPT Nash
equilibrium. This will give rise to two novel notions of equilibrium that we call black-box
equilibrium.

Notes

9A working paper [23] analyzes the set of correlated equilibria for 2x2 games. However, some of the results
in that paper are partially incorrect, and unfortunately, due to the untimely death of the author, they never
got addressed. Our characterization is based on the ideas presented in that paper.

10K eskin defines CPT equilibrium assuming w* () = w™(-). However, the definition can be easily extended
to our general setting and the proof of existence goes through without difficulty.

"Even though the game I' can be obtained as a limit of a sequence of games in G°, one cannot obtain, in
general, the set C(T") as a limit of the sets of correlated equilibria of the games in G°. This is because the
set of correlated equilibria is only upper-semicontinuous as a function of the game.
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Chapter 4

Black-Box Equilibrium:
Reconsidering CPT Nash Equilibrium

4.1 Introduction

The independence axiom says that if lottery L, is weakly preferred over lottery Lo by an
agent (i.e. the agent wants lottery L at least as much as lottery Ls), and L is some other
lottery, then, for 0 < o < 1, the combined lottery al; + (1 — a)L is weakly preferred over
the combined lottery aLs 4+ (1 — «)L by that agent. A weakened form of the independence
axiom, called betweenness, says that if lottery L; is weakly preferred over lottery Ly (by an
agent), then, for any 0 < o < 1, the mixed lottery L = aLy + (1 — ) L must lie between the
lotteries L, and L in preference. Betweenness implies that if an agent is indifferent between
L, and Lo, then she is indifferent between any mixtures of them too. It is known that
independence implies betweenness, but betweenness does not imply independence [34]. As
a result, EUT preferences, which are known to satisfy the independence axiom, also satisfy
betweenness. CPT preferences, on the other hand, do not satisfy betweenness in general (see
Example 4.2.2). In fact, in Theorem 4.2.3, we show that CPT preferences satisfy betweenness
if and only if they are EUT preferences (recall that EUT preferences are a special case of
CPT preferences).

Suppose in a non-cooperative game that given her beliefs about the other players, a player
is indifferent between two of her actions. Then according to EUT, she should be indifferent
between any of the mixtures of these two actions. This facilitates the proof of the existence
of a Nash equilibrium in mixed actions for such games. However, with CPT preferences, the
player could either prefer some mixture of these two actions over the individual actions or
vice versa.

As a result, it is important to make a distinction in CPT regarding whether the players
can actively randomize over their actions or not. One way to enable active randomization
is by assuming that each player has access to a randomizing device and the player can
“commit” to the outcome of this randomization. The commitment assumption is necessary,
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as is evident from the following scenario (the gambles presented below appear in [112]). Alice
needs to choose between the following two actions:

1. Action 1 results in a lottery L; = {(0.34,$20,000); (0.66, $0)}, i.e. she receives $20,000
with probability 0.34 and nothing with probability 0.66.

2. Action 2 results in a lottery L, = {(0.17,$30,000); (0.83,$0)}.

(See Example 4.3.7 for an instance of a 2-player game with Alice and Bob, where Alice
has two actions that result in the above two lotteries.) Note that L; is a less risky gamble
with a lower reward and Ly is a more risky gamble with a higher reward. Now consider a
compound lottery L = 16/17L; 4+ 1/17Ls. Substituting for the lotteries L; and Ly we get L
in its reduced form to be

L = {(0.01,$30,000); (0.32, $20,000); (0.67, $0)}.

In Example 4.2.1, we provide a CPT model for Alice’s preferences that result in lottery
Ly being preferred over lottery Lo, whereas lottery L is preferred over lotteries L; and L.
Roughly speaking, the underlying intuition is that Alice is risk-averse in general, and she
prefers lottery L; over lottery Lo. However, she over-weights the small 1% chance of getting
$30,000 in L and finds it lucrative enough to make her prefer lottery L over both the lotteries
Ly and Ls. Let us say Alice has a biased coin that she can use to implement the randomized
strategy. Now, if Alice tossed the coin, and the outcome was to play action 2, then in the
absence of commitment, she will switch to action 1, since she prefers lottery L, over lottery
L,. Commitment can be achieved, for example, by asking a trusted party to implement
the randomized strategy for her or use a device that would carry out the randomization
and implement the outcome without further consultation with Alice. Regardless of the
implementation mechanism, we will call such randomized strategies black-box strategies. The
above problem of commitment is closely related to the problem of using non-EUT models in
dynamic decisions. For an interesting discussion on this topic, see Appendix C of [132] and
the references therein.

Traditionally, mixed actions have been considered from two viewpoints, especially in
the context of mixed action Nash equilibrium. According to the first viewpoint, these are
conscious randomizations by the players — each player only knows her mixed action and
not its pure realization. The notion of black-box strategies captures this interpretation
of mixed actions. According to the other viewpoint, players do not randomize, and each
player chooses some definite action, but the other players need not know which one, and the
mixture represents their uncertainty, i.e. their conjecture about her choice. Aumann and
Brandenburger [8] establish mixed action Nash equilibrium as an equilibrium in conjectures
provided they satisfy certain epistemic conditions regarding the common knowledge amongst
the players.

In the absence of the betweenness condition, these two viewpoints give rise to different
notions of Nash equilibria. Throughout we assume that the player set and their correspond-
ing action sets and payoff functions, as well as the rationality of each player, are common
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knowledge. A player is said to be rational if, given her beliefs and her preferences, she does
not play any suboptimal strategy. Suppose each player plays a fixed action, and these fixed
actions are common knowledge, then we get back the notion of pure Nash equilibrium (see
Definition 4.3.2). If each player plays a fixed action, but the other players have mixed conjec-
tures over her action, and these conjectures are common knowledge, then this gives us mized
action Nash equilibrium (see Definition 4.3.4). This coincides with the notion of Nash equi-
librium that we saw in Chapter 3. Now suppose each player can randomize over her actions
and hence implement a black-box strategy. If each player plays a fixed black-box strategy
and these black-box strategies are common knowledge, then this gives rise to a new notion
of equilibrium. We call it black-box strategy Nash equilibrium (see Definition 4.3.8). If each
player plays a fixed black-box strategy and the other players have mixed conjectures over her
black-box strategy, and these conjectures are common knowledge, then we get the notion of
mized black-box strategy Nash equilibrium (see Definition 4.3.10). It should be noted that the
notion of mixed black-box strategy Nash equilibrium is identical to the notion of equilibrium
in beliefs as defined in [37] when restricted to players having CPT preferences.!?

In the setting of an n-player normal form game with real valued payoff functions, the pure
Nash equilibria do not depend on the specific CPT features of the players, i.e. the reference
point, the value function and the two probability weighting functions, one for gains and one
for losses. Hence the traditional result on the lack of guarantee for the existence of a pure
Nash equilibrium continues to hold when players have CPT preferences. Keskin [74] proves
the existence of a mixed action Nash equilibrium for any finite game when players have
CPT preferences. In Example 4.3.9, we show that a finite game may not have any black-box
strategy Nash equilibrium.!® On the other hand, in Theorem 4.3.12, we prove our main
result that for any finite game with players having CPT preferences, there exists a mixed
black-box strategy Nash equilibrium. If the players have EUT preferences, then the notions
of black-box strategy Nash equilibrium and mixed black-box strategy Nash equilibrium are
equivalent to the notion of mixed action Nash equilibrium (when interpreted appropriately;
see the remark before Proposition 4.3.14; see also Figure 4.5).

The chapter is organized as follows. In Section 4.2, we describe the CPT setup and
establish that under this setup betweenness is equivalent to independence (Theorem 4.2.3).1
In Section 4.3, we describe an n-player non-cooperative game setup and define various notions
of Nash equilibrium in the absence of betweenness, in particular with CPT preferences. We
discuss the questions concerning their existence and how these different notions of equilibria
compare with each other. In Section 5.6, we conclude with a table that summarizes the
results.

4.2 CPT and Betweenness

In this chapter, we assume that each person is associated with a fixed reference point r € R,
a value function v : R — R, and two probability weighting functions w* : [0,1] — [0,1], w™
for gains and w™ for losses. The CPT value is evaluated as described in Section 1.3.
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We now define some axioms for preferences over lotteries. We are interested in “mixtures”
of lotteries, i.e. lotteries with other lotteries as outcomes. Consider a (two-stage) compound
lottery K := {(¢/, L7) }1<j<i, where L7 = (p/,27),1 < j < t, are lotteries over real outcomes
and ¢’ is the chance of lottery L. We assume that Z;Zl ¢ = 1. A two-stage compound
lottery can be reduced to a single-stage lottery by multiplying the probability vector p’
corresponding to the lottery L’ by ¢’ for each j,1 < j < t, and then adding the probabilities
of identical outcomes across all the lotteries L7,1 < j < t. Let 22:1 ¢’ L7 denote the reduced
lottery corresponding to the compound lottery K.

Let < denote a preference relation over single-stage lotteries. We assume < to be a weak
order, i.e. =< is transitive (if L; < Ly and Ly =< Ls, then L; < L3) and complete (for all
Ly, Ly, we have Ly =< Ly or Ly < Ly, where possibly both preferences hold). The additional
binary relations =, ~, < and > are derived from =< in the usual manner. A preference relation
=< is a CPT preference relation if there exist CPT features (r,v, wi) such that Ly < Lo iff
V(Ly) < V(Ls). Note that a CPT preference relation is a weak order. A preference relation
=< satisfies independence if for any lotteries L1, L and L, and any constant 0 < a < 1,
Ly < Ly implies aL; + (1 — a)L < aly + (1 — a)L. A preference relation =< satisfies
betweenness if for any lotteries Ly =< Lo, we have Ly < al; + (1 — )Ly = Ly, for all
0 < a < 1. A preference relation < satisfies weak betweenness if for any lotteries Ly ~ Lo,
we have Ly ~ alj + (1 — «a)Ly, for all 0 < a < 1.

Suppose a preference relation < satisfies independence. Then L; < Lo implies

L1 = OéLl + (1 — Oé)Ll j OéLl + <1 — O{)LQ j OéLQ -+ (1 — Oz)LQ = L2.

Thus, if a preference relation satisfies independence, then it satisfies betweenness. Also, if a
preference relation satisfies betweenness, then it satisfies weak betweenness.

In the following example, we will provide CPT features for Alice so that her preferences
agree with those described in Section 4.1. This example also shows that cumulative prospect
theory can give rise to preferences that do not satisfy betweenness.

Example 4.2.1. Recall that Alice is faced with the following three lotteries:

Ly = {(0.34,$20,000); (0.66, $0)},
Ly = {(0.17,$30,000); (0.83,$0)},
L = {(0.01,$30,000): (0.32, $20, 000): (0.67, $0)}.

Let r = 0 be the reference point of Alice. Thus all the outcomes lie in the gains domain. Let
v(z) = 2% for x > 0; Alice is risk-averse in the gains domain. Let the probability weighting
function for gains be given by

w*(p) = exp{—(—Inp)*°},

a form suggested by Prelec [113] (see Figure 4.1). We won’t need the probability weighting
function for losses. Direct computations show that V(L) = 968.96, V' (Ly) = 932.29, and
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Figure 4.1: The solid curve shows the probability weighting function for Alice from Exam-
ple 4.2.1 and Example 4.3.7, and the dashed curve shows the probability weighting function
for Charlie from Example 4.2.2.

V(L) = 1022.51 (all decimal numbers in this example are correct to two decimal places).
Thus the preference behavior of Alice, as described in Section 4.1 (i.e., she prefers L; over
Lo, but prefers L over Ly and L), is consistent with CPT and can be modeled, for example,
with the CPT features stated here. m

The following example shows that CPT can give rise to preferences that do not satisfy
weak betweenness (the lotteries and the CPT features presented below appear in [74]).

Ezxample 4.2.2. Suppose Charlie has » = 0 as his reference point and v(z) = x as his value
function. Let his probability weighting function for gains be given by

w*(p) = exp{—(—1np)*°}.

(See Figure 4.1.) We won’t need the probability weighting function for losses since we
consider only outcomes in the gains domain in this example. Consider the lotteries L; =
{(0.5,25);(0.5,0)} and Lo = {(0.5,8 + 1);(0.5,1)}, where f§ = 1/w*(0.5) = 2.299 (all
decimal numbers in this example are correct to three decimal places). Direct computations
reveal that V(Ly) = V(Ly) = 2.000 > V(0.5L; + 0.5Ls) = 1.985.

O

Given a utility function v : R — R (assumed to be continuous and strictly increasing),
the expected utility of a lottery L = {(px, k) }1<k<m is defined as U(L) = > /" pru(z).
A preference relation < is said to be an EUT preference relation if there exists a utility
function u such that Ly < Lo iff U(L;) < U(Ls). Note that if the CPT probability weighting
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functions are linear, i.e. w*(p) = p for 0 < p < 1, then the CPT value of a lottery coincides
with the expected utility of that lottery with respect to the utility function v = v. It is well
known that EUT preference relations satisfy independence and hence betweenness. Sev-
eral generalizations of EUT have been obtained by weakening the independence axiom and
assuming only betweenness, for example, weighted utility theory [32, 33], skew-symmetric
bilinear utility [47, 18], implicit expected utility [40, 34] and disappointment aversion theory
[55, 17]. The following theorem shows that in the restricted setting of CPT preferences,
betweenness and independence are equivalent.

Theorem 4.2.3. If < is a CPT preference relation, then the following are equivalent:
(i) = is an EUT preference relation,

(ii) = satisfies independence,

(111) = satisfies betweenness.

Wakker [131] considers rank-dependent utility (RDU) preferences [114], which is a special
case of CPT preferences; RDU preferences are CP'T preferences for which the probability
weighting functions satisfy wt(p) = 1 — w™(1 — p) for all p € [0,1]. Wakker proves that,
under RDU preferences =, the probability weighting function w™ is linear if and only if
=< satisfies betweenness. In fact, Wakker proves something more general. A preference
relation < is said to be quasi-concave (resp. quasi-convex) if for any lotteries L, Lo and
any constant 0 < o < 1, Ly < Ly implies L; = aL; + (1 — «a)Ly (resp. Ly = Lo implies
Ly = aly + (1 — a)Ly). Note that =< satisfies betweenness if it is both quasi-concave and
quasi-convex. Wakker shows that, under RDU preferences, w™ is concave (resp. convex) if
and only if < is quasi-concave (resp. quasi-convex).

Wakker proves this by defining a measure of convexity

w*(p)/2 +w(q)/2 —w*(p/2 + q/2)
wt(p) —wt(q) ’

and showing that A[p1, ga] + A\[p2,q2] > 0, for any 0 < p; < ¢1 < pa < g2 < 1, if < satisfies
quasi-convexity by consideration of proper lotteries. A simple analytic proof is then used
to show that the above condition implies convexity of wt. Although Wakker’s proof can
be easily modified to account for general CP'T preferences, we give an alternative proof in
Appendix 4.B, where we show that the probability weighting functions satisfy

[wi(%) - wi(b)} [wi(b) - wi(cl)} = [wi(b) - wi(al)} [wi(@) - wi(bﬂ )

for any 0 < a1 < ¢; < b < g < ag < 1 such that (as —b)(b—c1) = (b — ay)(cy — b), if <
satisfies betweenness. We then solve this functional equation using the appropriate boundary
conditions and the continuity property of w® to show that w*(p) = p for p € [0, 1].

Alp,q] =
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4.3 Equilibrium in Black-Box Strategies

We now consider an n-player non-cooperative game where the players have CPT preferences.
We will discuss several notions of equilibrium for such a game and will contrast them.

Let T := (N, (Ai)ien, (;)ien) denote a game, where N := {1,... n} is the set of players,
A; is the finite action set of player i, and z; : A — R is the payoff function for player i.
Here A :=[], A; denotes the set of all action profiles a := (a4, ...,a,). Let A_; := H#j A;
denote the set of action profiles a_; of all players except player 7.

Definition 4.3.1. For any action profile a_; € A_; of the opponents, we define the best
response action set of player i to be
i(a_;) == argmax z;(a;, a_;). (4.3.1)
aieAi
Definition 4.3.2. An action profile a = (ay, ..., a,) is said to be a pure Nash equilibrium if
for each player ¢ € N, we have
a; € i(a_;).

The notion of pure Nash equilibrium is the same whether the players have CPT pref-
erences or EUT preferences because only deterministic lotteries, comprised of being offered
one outcome with probability 1, are considered in the framework of this notion. It is well
known that for any given game I', a pure Nash equilibrium need not exist.

Let pu_; € A(A_;) denote a belief of player i on the action profiles of her opponents.
Given the belief 11_; of player ¢, if she decides to play action a;, then she will face the lottery
{(M—i[a—i]v ZEZ-(CL,‘, a—i))}a—iGA—i'

Definition 4.3.3. For any belief u_; € A(A_;), define the best response action set of player i
as
(i) = argmacV; ({(pilo-d. ilon o)}y ea ) (43.2)
a; €A;

Note that this definition is consistent with the definition of the best response action set
that takes an action profile a_; of the opponents as its input (Definition 4.3.1), if we interpret
a_; as the belief 1{a_;} € A(A_;), since % (1{a_;}) = H(a_;).

Let 0; € A(A;) denote a conjecture over the action of player i. Let o := (01,...,0,)
denote a profile of conjectures, and let o_; := (0;);. denote the profile of conjectures for all
players except player i. Let u_;(0_;) € A(A_;) be the belief induced by conjectures o;, j # 1,
given by

p—i(o—i)[a—;] == HUJ [a_i],
J#i
which is nothing but the product distribution induced by o_;.
Definition 4.3.4. A conjecture profile o = (01,...,0,) is said to be a mized action Nash
equilibrium if, for each player i, we have

a; € i(pu_i(o_;)), for all a; € supp o;.
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In other words, the conjecture o; over the action of player ¢ should assign positive prob-
abilities to only optimal actions of player i, given her belief p_;(o_;).

It is well known that a mixed Nash equilibrium exists for every game with EUT players,
see [99]. Keskin [74] generalizes the result of Nash [99] on the existence of a mixed action
Nash equilibrium to the case when players have CPT preferences.

Let B; := A(A4;) denote the set of all black-box strategies for player ¢ with a typical
element denoted by b; € B;. Recall that if player ¢ implements a black-box strategy b;, then
we interpret this as a trusted party other than the player sampling an action a; € A; from
the distribution b; and playing action a; on behalf of player i. We assume the usual topology
on B;. Let B := [[,B; and B_; := H#i B; with typical elements denoted by b and b_;,
respectively.

Note that, although a conjecture o; and a black-box strategy b; are mathematically equiv-
alent, viz. they are elements of the same set B; = A(A;), they have different interpretations.
We will call s; € A(A;) a mizture of actions of player ¢ when we want to be agnostic to which
interpretation is being imposed. Let S; := A(4;),S = [[; A(4;) and S_; := [, S; with
typical elements denoted by s;, s and s_;, respectively. (Note that S # A(A) unless all but
one player have singleton action sets.)

For any belief u_; € A(A_;) and any black-box strategy b; of player i, let u(b;, u_;) €
A(A) denote the product distribution given by

pu(bi, i) a] == bila]p—ifa—i].

Given the belief p1_; of player i, if she decides to implement the black-box strategy b;, then
she will face the lottery {u(b;, p_;)lal, zi(a))}aca.

Definition 4.3.5. For any belief p_; € A(A_;), define the best response black-box strategy set
of player i as

Bi(1e) = argmax V; ({(plbe o) al. 2:(@))}.c.)

b, €B;

Lemma 4.3.6. For any belief u_;, the set B;(u—;) is non-empty, and

co(ZBi(p-i)) = co(Hi(pi—i))-

See Appendix 4.C for proof.

Let us compare the two concepts: the best response action set (Definition 4.3.3) and
the best response black-box strategy set (Definition 4.3.5). Even though both of them take
the belief p_; of player i as input, the best response action set <7 (u_;) outputs a collection
of actions of player i, whereas the best response black-box strategy set %;(u_;) outputs a
collection of black-box strategies of player 7, which are probability distributions over the set
of actions a; € A;. If we interpret an action a; as the mixture 1{a;} € S; = A(A4;), and a
black-box strategy b; as a mixture as well, then we can compare the two sets <7 (u_;) and
PB(11—;) as subsets of S;. The following example shows that, in general, the two sets can be
disjoint, and hence quite distinct.
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1 2 3
1 | $20,000 | $20,000 | $0
2 | $30,000 $0 $0

Figure 4.1: Payoff matrix for Alice in Example 4.3.7. Rows and columns correspond to Alice’s
and Bob’s actions respectively. The amount in each cell corresponds to Alice’s payoff.

Example 4.3.7. We consider a 2-player game. Let Alice be player 1, with action set A; =
{1,2}, and let Bob be player 2, with action set Ay = {1,2,3}. Let the payoff function
for Alice be as shown in Figure 4.1. Let pu_y = (0.17,0.17,0.66) € A(A_;) = A(Ay)
be the belief of Alice. Then, as considered in Section 4.1, Alice faces the lottery L; =
{(0.34, $20,000); (0.66, $0) } if she plays action 1 and the lottery Lo = {(0.17,$30, 000); (0.83, $0)}
if she plays action 2. We retain the CPT features for Alice, as in Example 4.2.1, viz.: r = 0,
v(z) = 2% for x > 0, and
wt(p) = exp{—(~1Inp)"°}.

We saw that Vi(L;) = 968.96, Vi(Ls) = 932.29, and V(16/17L; + 1/17Ly) = 1022.51
(all decimal numbers in this example are correct to two decimal places). Amongst all the
mixtures, the maximum CPT value is achieved at the unique mixture L* = a*L;+(1—a*) Lo,
where a* = 0.96; we have Vi(L*) = 1023.16. Thus, ) (u—1) = {1{1}} and B (u_1) =
{(a*,1 —a*)}. O

For any black-box strategy profile b_; of the opponents, let u_;(b_;) € A(A_;) be the
induced belief given by
pei(bdla) == [ [ bsla-i].
i
Definition 4.3.8. A black-box strategy profile b = (by, ..., b,) is said to be a black-boz strategy
Nash equilibrium if, for each player ¢, we have

bi € Bi(p-i(b-:)).

If the players have EUT preferences, a conjecture profile ¢ = (o1,...,0,) is a mixed
action Nash equilibrium if and only if the black-box strategy profile b = (b1, ...,b,), where
b; = oy, for all i« € N, is a black-box strategy Nash equilibrium. Thus, under EUT, the
notion of a black-box strategy Nash equilibrium is equivalent to the notion of a mixed action
Nash equilibrium, although there is still a conceptual difference between these two notions
based on the interpretations for the mixtures of actions. Further, we have the existence of a
black-box strategy Nash equilibrium for any game when players have EUT preferences from
the well-known result about the existence of a mixed action Nash equilibrium. The following
example shows that, in general, a black-box strategy Nash equilibrium may not exist when
players have CPT preferences.
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0 1 0 1
0140 0]0]1
1131 11110

Figure 4.2: Payoff matrices for the 2 x 2 game in Example 4.3.9 (left matrix for player 1 and
right matrix for player 2). The rows and the columns correspond to the actions of player 1
and player 2, respectively, and the entries in the cell represent the corresponding payoffs.

Ezample 4.3.9. Consider a 2 x 2 game (i.e a 2-player game where each player has two
actions {0, 1}) with the payoff matrices as shown in Figure 4.2. Let the reference points be
r1 = ry = 0. Let v;(+) be the identity function for ¢ = 1,2. Let the probability weighting
functions for gains for the two players be given by

w; (p) = exp{—(—1Inp)”}, fori=1,2,

where 73 = 0.5 and 75 = 1. We do not need the probability weighting functions for losses
since all the outcomes lie in the gains domain for both the players. Notice that player 2 has
EUT preferences since wy (p) = p.

Suppose player 1 and player 2 play black-box strategies (1 — p,p) and (1 — g, ¢), respec-
tively, where p,q € [0,1]. With an abuse of notation, we identify these black-box strategies

by p and ¢, respectively. The corresponding lottery faced by player 1 is given by
Li(p, q) := {(p[0,0],4); (u[L, 0],3); (u[L, 1], 1); (u[0, 1], 0) },

where £[0,0] := (1 — p)(1 — q), u[1,0] := p(1 — q), x[0,1] := (1 — p)q, and u[l, 1] := pg. By
(1.3.8), the CPT value of the lottery faced by player 1 is given by

Vi(Li(p, q)) := 4 x [wi (u[0,0])]
+3x [wf (u[0,0] + p[L, 0]) — wy (1[0, 0]))]
+ 1 x [wi (u[0,0] + p[1,0] + p[1,1]) — wi ([0,0] + w[1,0])] .

The plot of the function Vi (L;(p, q)) with respect to p, for ¢ = 0.3 and ¢ = 0.35, is shown in
Figure 4.3. We observe that the best response black-box strategy set % (u_1(q)) of player 1
to player 2’s black-box strategy ¢ € By satisfies the following: % (u—1(q)) = {0} for ¢ < ¢*,
B (-1(q)) ={0,p*} for ¢ = ¢*, and H(u-1(q)) C [p*, 1] for ¢ > ¢*, where p* = 0.996 and
¢* = 0.340 (here the numbers are correct to three decimal points). Further, % (1_1(q)) is
singleton for ¢ € (¢*, 1] and the unique element in % (u—1(q)) increases monotonically with
respect to ¢ from p* to 1 (see Figure 4.4). In particular, $;(u_1(1)) = {1}. The lottery
faced by player 2 is given by

L2(p7 Q> = {(M[07 0]7 0); (:UJ[L 0]7 1); (M[la 1]7 0); (:u[ov 1]7 1)}7
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2.2

2.15

2.1

Vi(Li(p, q))

2.05

0 01 02 03 04 05 06 07 08 09 1
p

Figure 4.3: The CPT value of player 1 in Example 4.3.9. Here, p and g denote the black-box
strategies for player 1 and 2, respectively. Note the rise and sharp drop in the two curves
near p = 1. For the curve for ¢ = 0.3, the global maximum is attained at p = 0, whereas, for
the curve for ¢ = 0.35, the global maximum is attained close to p = 1, specifically for some
p € [0.9,1].

and the CPT value of player 2 for this lottery is given by Va(La(p, q)) = p(1 — q) + q(1 — p).
The best response black-box strategy set %Bo(p_2(p)) of player 2 to player 1’s black-box
strategy p € By satisfies the following: HBa(p—2(p)) = {1} for p < 0.5, Ba(p—2(p)) = [0, 1]
for p = 0.5, and HBa(pu—2(p)) = {0} for p > 0.5. As a result, see Figure 4.4, there does not
exist any (p/,¢’) such that p’ € %1 (u-1(¢')) and ¢ € Ba(p—2(p')), and hence no black-box

strategy Nash equilibrium exists for this game.
m

Let ; € #(B;) denote a conjecture over the black-box strategy of player i. This will
induce a conjecture o;(7;) € A(A;) over the action of player i, given by

Uz'(Ti) [CLZ] = ET’L bz [CLZ] .

Given conjectures over black-box strategies (7; € A(B;),j # 1), let o_;(7—;) := (0j(75)) ji-

Definition 4.3.10. A profile of conjectures over black-box strategies 7 = (11,...,7,) is said
to be a mized black-box strategy Nash equilibrium if, for each player ¢, we have

bi € Bi(p—i(o_i(1—;))), for all b; € supp ;.
Proposition 4.3.11. For a profile of conjectures o* = (o7, ...,0%), consider the condition
o] € co(HBi(p—i(c2,))), for all i. (4.3.3)

(1) If T is a mized black-box strategy Nash equilibrium, then the profile of conjectures o*,
where o} = o,(1;), i, satisfies (4.3.3).
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Figure 4.4: The figure (not to scale) shows the best response black-box strategy sets of the
two players for the game in Example 4.3.9. The red (dashed) line shows the best response
black-box strategy set of player 2 in response to the black-box strategy (1 —p, p) of player 1.
The green (solid) line shows the best response black-box strategy set of player 1 in response
to the black-box strategy (1 — ¢, q) of player 2. Note that there is no intersection of these
lines.

(11) If o* satisfies (4.3.3), then there exists a profile of finite support conjectures on black-
box strategies T = (71,...,T,), where 7; € Ay(B;), Vi, that is a mized black-box strategy
Nash equilibrium, such that o} = o;(1;), Vi.

We prove this proposition in Appendix 4.D. The content of this proposition is that in
order to determine whether a profile 7 of conjectures on black box strategies is a mixed black-
box strategy Nash equilibrium or not it suffices to study the associated profile of conjectures
on actions that is induced by 7. This justifies the study of the set mBBNE discussed below.

* *

Theorem 4.3.12. For any game I, there ezists a profile of conjectures o* = (of,...,0})
that satisfies (4.3.3).

We prove this theorem in Appendix 4.E. We have the following corollary from Theo-
rem 4.3.12 and statement (ii) of Proposition 4.3.11.

Corollary 4.3.13. For any finite game I', there exists a mized black-box strateqy Nash
equilibrium. In particular, there is one that is a profile of finite support conjectures over the
black-box strategies of players. [

We now compare the different notions of Nash equilibrium defined above. To that end,
we will associate each of the equilibrium notions with their corresponding natural profile
of mixtures over actions. For example, corresponding to any pure Nash equilibrium a =
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(a1, ...,a,), assign the profile of mixtures over actions (1{a,},...,1{a,}) € S. Let pNE C S
denote the set of all profiles of mixtures over actions that correspond to pure Nash equilibria.
Let mNE C S denote the set of all mixed action Nash equilibria ¢ € S. Let BBNE C §
denote the set of all black-box strategy Nash equilibria b € S. Corresponding to any mixed
black-box strategy Nash equilibrium 7 = (7,...,7,), assign the profiles of mixtures over
actions (o1(71),...,0.(7)) € S, and let mBBNE C S denote the set of all such profiles.
Note that each of the above subsets depends on the underlying game I" and the CPT features
of the players.

Proposition 4.3.14. For any fired game I' and CPT features of the players, we have
(i) pNE C mNE,
(ii) pNE C BBNE, and

(i77) BBNE C mBBNE.

Proof. The proof of statement (i) can be found in [74].

For statement (ii), let (1{a1},...,1{a,}) € pNE. For a black-box strategy b; of player 1,
the belief _; = 1{a_;} of player i gives rise to the lottery {(bi[ai], zi(a}, a—i)) }arca,. From the
definition of CPT value (see Equation (1.3.8)), we observe that Vi({(bi[a}], zi(a}, a—:))}area;)
is optimal as long as the probability distribution b; does not assign positive probability to
any suboptimal outcome. Hence,

Bi(1{a_;}) = co(1{a;} € S; : a; € F(1{a_;})).

In particular, 1{a;} € %;(1{a_;}), and hence (1{a;},...,1{a,}) € BBNE.
Statement (iii) follows directly from the Definitions 4.3.8 and 4.3.10. O

In the following, we show via examples that each of the labeled regions ((a)—(g)), in
Figure 4.5, is non-empty in general.

Example 4.3.15. For each of the seven regions in Figure 4.5, we provide a 2 x 2 game with
the accompanying CPT features for the two players verifying that the corresponding region
is non-empty. Let the action sets be A} = Ay = {0,1}. With an abuse of notation, let
p,q € [0,1] denote the mixtures over actions for players 1 and 2, respectively, where p and
q are the probabilities corresponding to action 1 for both the players. Thus, the set of all
profiles of mixtures over actions is S = {(p, q) : p,q € [0,1]}. Let L1(p, q) and La(p, q) denote
the corresponding lotteries faced by the two players. (All decimal numbers in these examples
are correct to three decimal places.)

(a) Let both the players have EUT preferences with their utility functions given by the iden-
tity functions u;(x) = z, for i = 1,2. Let the payoff matrix be as shown in Figure 4.6a.
Clearly, (p = 0,9 = 0) € pNE.
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S BBNE

Figure 4.5: Venn diagram depicting the different notions of equilibrium as subsets of the
set S = [[, A(4;). The sets marked pNE, mNE, BBNE, and mBBNE represent the sets of
pure Nash equilibria, mixed action Nash equilibria, black-box strategy Nash equilibria, and
mixed black-box strategy Nash equilibria, respectively. Examples are given in the body of
the text of CPT games lying in each of the indicated regions (a) through (g).

(b) Let r; = 0,v;(z) = =z, for i = 1,2. Let wi (p) = p®® and wy (p) = p, for p € [0,1]. Let
the payoff matrix be as shown in Figure 4.6b, where 3 := 1/w{ (0.5) = 1.414. We have

Li(p,q) = {((1 = p)(1 — q),28); (p(1 — q), B+ 1); (pg, 1); (1 — p)g,0)}.

The way f is defined, we get V1(L1(0,0.5)) = Vi(L1(1,0.5)) = 2. Also, observe that
Vo(L2(0.5,0)) = Va(L(0.5,q)) = Va(L2(0.5,1)),Vq € [0,1]. With these observations, we
get that (0.5,0.5) € mNE. We have, arg max,¢(o 1 Vi(L1(p,0.5)) = {p'}, where p’ = 0.707
(see Figure 4.7). Hence 0.5 ¢ co(%(1-1(0.5))) and (0.5,0.5) ¢ mBBNE.

(c) Let the CPT features for both the players be as in (b). Let the payoff matrix be as
shown in Figure 4.6¢, where 3 := 1/w{(0.5) = 1.414 and v = (1—p')/p’ (here p' = 0.707
as in (b)). As observed in (b), %1 (1—1(0.5)) = {p'}. From the definition of v, we see

that player 2 is indifferent between her two actions, given her belief p’ over player 1’s
actions. Thus (p',0.5) € (mNE N BBNE)\pNE.

(d) Let r; = 0,v;(z) = =z, for i = 1,2. Let wy(p) = p®° w5 (p) = p. Let the payoff
matrix be as shown in Figure 4.6d, where 8 := 1/w;(0.5) = 1.414. Note that the
payoffs for player 1 are negations of her payoffs in (b), and her probability weighing
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function for losses is same as her probability weighing function for gains in (b). Thus
her CPT value function Vi(Ly(p,q)) is the negation of her CPT value function in (b).
In particular, we have V;(L1(0,0.5)) = Vi(L1(1,0.5)) > Vi(L:(p,0.5)) for all p € (0,1).
Thus, 0.5 € co(%B1(p-1(0.5))), but 0.5 ¢ A1 (u_1(0.5)). The payoffs and CPT features
of player 2 are same as in (b). Thus, (0.5,0.5) € (mNE N mBBNE)\BBNE.

(e) Let the CPT features for both the players be as in (b). Let the payoff matrix be as
shown in Figure 4.6e, where 8 := 1/w{(0.5) = 1.414,¢ = 0.1, and v := (1 — p)/p;
here p = 0.582 is the unique maximizer of Vi(L;(p,0.5)) (see Figure 4.8). We have
Vi(L£1(0,0.5)) = 2.071 > 2 = Vi(L1(1,0.5)) and argmax, Vi(L1(p,0.5)) = {p} with
Vi(L1(p,0.5)) = 2.125. From the definition of v, we see that player 2 is indifferent

between her two actions, given her belief p over player 1’s actions. Thus, (p,0.5) €
BBNE\mNE.

(f) Let the CPT features be as in Example 4.3.9. Let p* = 0.996 and ¢* = 0.340 be the same
as in Example 4.3.9. Let the payoff matrix be as shown in Figure 4.6f. Note that the
payoffs for both the players are the same as in Example 4.3.9. Recall %;(u_1(q)) =0
for g < ¢*, $B1(pn-1(q)) = {0,p*} for ¢ = ¢*, and % (u-1(q)) C [p*, 1] for ¢ > ¢*, and
hence 0.5 € co(%(u-1(¢*))) and 0.5 ¢ By (1—1(¢*)). Further, from the definition of ~,
we have V5(L2(0.5,0)) = Va(L2(0.5,q)) = Va(L2(0.5,1)),Vq € [0,1]. Hence, (0.5,¢*) €
mBBNE\ (mNE N BBNE).

(g) Finally, if we let the players have EUT preferences and the payoffs as in (a), then
(1,0) ¢ (mNE UmBBNE).

]

4.4 Summary

In the study of non-cooperative game theory from a decision-theoretic viewpoint, it is im-
portant to distinguish between two types of randomization:

1. conscious randomizations implemented by the players, and

2. randomizations in conjectures resulting from the beliefs held by the other players about
the behavior of a given player.

This difference becomes evident when the preferences of the players over lotteries do not sat-
isfy betweenness, a weakened form of independence property. We considered n-player normal
form games where players have CPT preferences, an important example of preference relation
that does not satisfy betweenness. This gives rise to four types of Nash equilibrium notions,
depending on the different types of randomizations. We defined these different notions of
equilibrium and discussed the question of their existence. The results are summarized in
Table 4.1.
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0,0

0,0

(a) pNE

0

1

0 —2B3,0

0,1

1] -1,0

(d) (mNE N mBBNE)\BBNE

0 1
28,0 0,1
B+1,1]1,0

(b) mNE\mBBNE

0
1

0 1
28 +¢€010,1
f+1,v |10

(e) BBNE\mNE

86

0 1
0 23,0 0,1
1|p/+1,v]| 10

(c) (mNE N BBNE)\pNE

0
1

0

1

4,0

0,1

3,1

1,0

(f) mBBNE\ (mNE U BBNE)

Figure 4.6: Payoff matrices for the 2 x 2 games in Example 4.3.15. The rows and the
columns correspond to the actions of player 1 and player 2, respectively. In each cell, the
left and right entries correspond to player 1 and player 2, respectively. The labels indicate
the corresponding regions in Figure 4.5. The game matrix for the example corresponding to
region (g) is the same as that for the one corresponding to region (a).
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Figure 4.7: The CPT value function for
player 1 in Example 4.3.15(b), when ¢ =

0.5 is the mixture of actions of player 2.

2.1
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2

p
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Figure 4.8: The CPT value function for
player 1 in Example 4.3.15(e), when ¢ =
0.5 is the mixture of actions of player 2.
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Type of Nash Strategies Conjectures Always exists
equilibrium
Pure Nash equilibrium Pure Exact conjectures No

actions
Mixed action Nash Pure Mixed conjectures  Yes [74]
equilibrium actions

Black-box strategy Nash  Black box Exact conjectures No (Exam-

equilibrium strategies ple 4.3.9)
Mixed black-box Black box Mixed conjectures  Yes (Theo-
strategy Nash strategies rem 4.3.12)
equilibrium

Table 4.1: Different types of Nash equilibrium when players have CPT preferences.
Appendix

4.A Proof of Theorem 4.2.3

Proof. Let the CPT preference relation < be given by (r,v, w*). Since an EUT preference
relation satisfies independence, we get that (i) implies (ii). Since betweenness is a weaker
condition than independence, we get that (ii) implies (iii). We will now show that if <
satisfies betweenness, then the probability weighting functions are linear, i.e. w®(p) = p for
0 < p < 1. This will imply that < is an EUT preference relation with utility function u = v,
and hence complete the proof.

Assume that the CPT preference relation < satisfies betweenness. Consider a lottery
A :={(p1,2), (p2, 22), (1 —p1 —p2,7)} such that z; > 2o > r, p; >0,ps > 0and p; +ps < 1.
By (1.3.9), we have

V(A) = 51U}+(P1> + 52w+(P2),

where 07 = v(z1) — v(2z2), 09 = v(z2), P, := p; and P := p; + py. Let lottery B =

{(q1, 1), (g2, 22), (1=q1—q2,7)} be such that ¢1,¢g2 > 0, Q1 := ¢1 > p1, and Q2 := 1 +q2 < P.
By (1.3.9), we have

V(B) = 51w+(Q1) + 52w+(Q2).
If z1, 29, p1, P2, g1 and ¢o are such that

0w (R) —wh(Q2)
2 " W@ (R A
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then V(A) = V(B) and, by betweenness, for any 0 < o < 1 we have V(A) = V(B) =
V(eA+ (1 —a)B), ie.

wt (Q1) + dw™(Q2) = drw™ (P + (1 — a)Q1) 4 dow™ (aPy + (1 — a)Qs).
Using (4.A.1) we get
[0 (P) = w*(Qa)] [0 (@) — w*aPi + (1= 0)Q)]
= [w*(Q1) —w' (P)] [w(aPy 4+ (1 — 2)Q2) —w' (Q2)] . (4.A2)

Given any 0 < P} < Q1 < Q2 < P < 1, there exist z; and 2z such that (4.A.1) holds.
Indeed, take any § > 0 belonging to the range of the function v. This exists because v(r) =0
and v is a strictly increasing function. Since w* is a strictly increasing function, we have

. wt(Py) —w'(Q2)
" Q) e (m)

Take 2o = v7'(§/(1 + k)) and z; = v~ !(5). These are well defined because v is assumed
to be continuous and strictly increasing, and ¢ belongs to its range. Hence z; > 2o > r as
required. Thus (4.A.2) holds for any 0 < P, < @1 < Q2 < P» < 1. In particular, when
Q1 = ()2, we have

[w (Py) —w(Q)] [w"(Q) — w'(Ry)] = [w™(Q) —w"(P)] [w' (R2) —w™(Q)],

where @ := Q1 = Qa, R := aP; + (1 — a)Q and Ry := aP; + (1 — a)Q. Equivalently, for
any 0 < ay; < c¢; <b<cy <ag <1such that (ay —b)(b—c1) = (b—a1)(ca — b), we have

[wh (az) — wr (b)] [wh(b) —w(c1)] = [wF(b) —w(a1)] [wH(c2) —wF(b)] .

In Lemma 4.B.1, we prove that the above condition implies w*(p) = p, for 0 < p < 1.
Similarly, we can show that w™(p) = p, for 0 < p < 1. This completes the proof. O
4.B An Interesting Functional Equation

Lemma 4.B.1. Let w : [0,1] — [0,1] be a continuous, strictly increasing function such
that w(0) = 0 and w(l) = 1. For any 0 < a1 < ¢ < b < ¢3 < ay < 1 such that
(ag —b)(b—c1) = (b—ay)(cy — ), let

[w(az) —w®)] [w(b) —wler)] = [w(b) = wla)] [wlez) —w(b)]. (4.B.1)

Then w(p) = p for all p € [0, 1].
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Proof. Taking a; = 0,¢; = 1/4,b=1/2,¢o = 3/4 and as = 1 in (4.B.1) we get,

[1—w1/2)][w(1/2) — w(1/4)] = [w(1/2)] w(3/4) — w(1/2)],
and hence,
w(1/2) + w(1/2)w(1/4) — w(1/4)
w(1/2) '
Note that w(1/2) > 0. Taking a; = 0,¢; = 1/4,b=1/3,¢c2 = 1/2 and ay = 1 in (4.B.1) we
get,

w(3/4) =

1= w@/3)][w(1/3) = w(1/4)] = [w(1/3)] [w(1/2) = w(l/3)],

and hence,

w(l/4)
w/3) = T A ) + (A

Note that 1 —w(1/2) +w(1/4) > 1 —w(1/2) > 0. Taking a; = 0,¢; =1/3,b=1/2,¢5 =2/3
and as = 1 in (4.B.1) we get,

1= w(1/2)} [w(1/2) = w(1/3)] = [w(1/2)} [w(2/3) = w(1/2)],

and substituting for w(1/3) we get,

w(1/2) — w(1/2)? + 2w(1/2)w(1/4) — w(1/4)
w(1/2) — w(1/2)% + w(1/2)w(1/4

w(2/3) =

Note that
w(1/2) = w(1/2)* +w(1/2)w(1/4) = w(1/2)[1 —w(1/2) + w(1/4)] > 0.
Taking a; = 0,¢; = 1/2,b=2/3,c, = 3/4 and as = 1 in (4.B.1) we get,
[1— w(2/3)] [w(2/3) — w(1/2)] = [w(2/3)] [w(3/4) — w(2/3)].
Simplifying we get,
w(2/3) — w(2/3)w(3/4) = w(1/2) — w(1/2w(2/3),
Substituting for w(2/3) and w(3/4) we get,

{w(1/2) —w(1/2)* + 2w(1/2)w(1/4) — w(1/4)} [w(l/él) —w(1/2)w(1/4)
w(1/2) —w(1/2)2 +w(1/2)w(1/4) w(1/2)

3 w(1/4) — w(1/2)w(1/4)
=i {w(1/2) —w(1/27 + w(1/2)w(1/4)] |
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Since w(1/4) — w(1/2)w(1/4) > 0 and w(1/2) — w(1/2)* + w(1/2)w(1/4) > 0, we get

w(1/2) — w(1/4) = 2w(1/2)[w(1/2) — w(1/4)].

Since w(1/2) —w(1/4) > 0, we get w(1/2) = 1/2.
For any fixed 0 <z <y <1, let

w(y) — w(z)
Note that w' : [0,1] — [0, 1] is a continuous, strictly increasing function with w’(0) = 0 and
w'(1) = 1. Further, if 0 < d} < ¢ <V <, < a)y <1 are such that (a}) — V)b — ) =
(b —a))(cy — V'), then

[w'(a5) — w' (V)] [w' (V) — ()] = [w' () — w'(a))] [w'(c5) — w' ()]
Thus w'(1/2) = 1/2 and hence w ((x + y)/2) = (w(z) + w(y))/2. Using this repeatedly we

get w(k/2Y) = k/2' for 0 < k < 2' ¢t =1,2,.... Continuity of w then implies w(p) = p, for
all p € [0, 1]. O

, forall0 <p < 1.

4.C Proof of Lemma 4.3.6

Proof. For a lottery L = (p, z), where z = (2x)1<k<m is the outcome profile, and (px)1<r<m
is the probability vector, the function V;(p, z) is continuous with respect to p € A™~! [74].
Thus, V;({(u(bi, p—i)lal, zi(a))}aca) is a function continuous with respect to b; € B;, and
hence %;(u—;) is a non-empty closed subset of the compact space B;. Since the convex hull
of a compact subset of a Euclidean space is compact, the set co(%;(u_;)) is closed. This
completes the proof. O

4.D Proof of Proposition 4.3.11

Proof. Suppose 7 is a mixed black-box strategy Nash equilibrium. Let of = o;(7;). Then,
for all b; € supp 7;, we have b; € B;(1u—;(c*,)), and hence o € ¢6(%;(u—i(c*;))). This proves
statement (i).

For statement (ii), suppose o* satisfies condition (4.3.3). In fact, by Lemma 4.3.6 we
have, of € co(%Bi(n_i(c*;))) C A(4;), and by Caratheodory’s theorem, o} is a convex
combination of at most |A4;| elements in %B;(u_;(c*;)). Hence, we can construct a mixed
black-box strategy Nash equilibrium 7 such that 7, € A¢(B;) and o] = 0;(7;), Vi. O

4.E Proof of Theorem 4.3.12

Proof. The idea is to use the Kakutani fixed-point theorem, as in the proof of the existence
of mixed action Nash equilibrium [100]. Assume the usual topology on S;, for each i, and
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let S have the corresponding product topology. The set S is a non-empty compact convex
subset of the Euclidean space [[; R“4il. Let K (o) be the set-valued function given by

K(0) = [[0(Zinilo-0))),

i

for all o0 € S. Since ©0(%;(p_i(0_;))) is non-empty and convex for each i (Lemma 4.3.6),
the function K (o) is non-empty and convex for any o € S. We now show that the function
K(-) has a closed graph. Let {o'}°, and {s'}?°; be two sequences in S that converge to &
and 3, respectively, and let s* € K (o) for all ¢. It is enough to show that 5§ € K (7). For all
S; € SZ',OLZ' S Sfi, let

Vi(si, o) = e E. Vi ({(ubi; pi(o-2))a], wi(a)) Yaca)

Er bi=s;

Since the product distribution pu(b;, u_;(0_;)) is jointly continuous in b; and o_;, and, as
noted earlier, V;(p, z) is continuous with respect to the probability vector p, for any fixed
outcome profile z, the function V; ({u(bi, p—i(0—;))[a], x;(a) }aca) is jointly continuous in b;
and o_;. This implies that the function ‘N/i(si, o_;) is jointly continuous in s; and o_; (see
Appendix 4.F). From the definition of Vi, it follows that

silenﬁi(li) Vi(si,0_) = max Vi ({(pa(bi, p—i(0—i))[al, vi(a)) faca) -

Indeed, the maximum on the left-hand side is well-defined since A(4;) is a compact space
and V;(-,0_;) is a continuous function. The maximum on the right-hand side is well-defined
and the maximum is achieved by all b; € %;(uu—;(0—;)) (Lemma 4.3.6). Hence,

arg max XN/Z (8i,0_;) = co(HBi(p—i(0-;))).
SiEA(Ai)

Since st € c6(%;(1—:(";))), for all ¢, we have

Vi(st,ot,) > Vi(3;,0t,), forall 5; € S;.
Since Vj(s;, 0_;) is jointly continuous in s; and o_;, we get
f/i(gi,&_i) Z f/i(éi,&_i), for all '§z € Sl

Hence we have §; € ¢o6(%;(p—;(d%,))). This shows that the function K(-) has a closed graph.
By the Kakutani fixed-point theorem, there exists ¢* such that c* € K(o*), i.e. o* satisfies
condition (4.3.3) [69]. This completes the proof. O



CHAPTER 4. BLACKBOX EQUILIBRIUM 92

4.F Joint Continuity of the Concave Hull of a Jointly
Continuous Function

Let A™~! and A" ! be simplices of the corresponding dimensions with the usual topologies.
Let f: A™ ! x A" — R be a continuous function on A™" ! x A" ! (with the product
topology). Let Z2(A™ ') denote the space of all probability measures on A™~! with the
topology of weak convergence. Let g : A1 x A""! — R be given by

g(z,y) :==sup {Ex, f(X,y)|p € P(A" "), Expid(X) =2}

where id : A™~! — A™~1 is the identity function id(x) := z,Vax € A™ ! and the expectation
is over a random variable X taking values in A™~! with the distribution p.

Proposition 4.F.1. The function g(z,y) is continuous on A™1 x A"~L,

Proof. We first prove that the function g(x,y) is upper semi-continuous. Let z;, — = and y, —
y. Let {g(x,, vy, )} be a convergent subsequence of {g(x;,y;)} with limit L. It is enough to
show that the limit L < g(z,y). Since for all n the set {p € P(A™ 1), Ex.,id(X) =z} is
compact, we know that there exists p;,, € Z(A™ '), such that g(z,, %) = Exp,, [F(X, U1,)]
and Ex.p, [id(X)] = zt,. The sequence {p;,} has a convergent subsequence, say p;, —
p (because Z(A™1) is a compact space). Now, Ex ;[id(X)] = limy Ex~p,, [1[d(X)] =
limy 2y, = x. Further, EXNPtnk [f(X,yt,, )] = Ex~p[f(X,y)], since the product distributions
Pta, X Wy, }, for all k, on A1 A1, converge weakly to the product distribution px1{y}.
Thus, L = Ex5[f(X,y)] < g(z,y) and the function g(x,y) is upper-semicontinuous.

We now prove that the function g(z,y) is lower semi-continuous. Let z; — z and y, — y.
The simplex A™! can be triangulated into finitely many other simplices, say T3, ..., Tk,
whose vertices are z and some m — 1 of the m vertices of A™~1. Let (z;,) be any subsequence
such that all z;, € T} for some simplex. It is enough to show that the lim inf of the sequence
{9(x,,yt,)} is greater than or equal to g(x,y). Let the other vertices of T be eq,. .., em_1.
Let z;, = (ztln, cee zﬁn) be the barycentric coordinates of z;, with respect to the simplex Tj,
ie.

t, =(1—z, — =2 Nr+z e+ 42" emr.

The function g(z,y) is concave in x for any fixed y by construction. We have,
9@, ye,) = (L=z) — =2 g, m,) + 2, 9(e1,y,) + -+ 27 g(em—1. U,
Since z;, — (0,...,0) and g(e1,ys,),- -, 9(€m—1, s, ) are all finite we get,
liminf g(zy,, y,,) > liminf g(x, y,, ).
Let p € 2(A™ 1) be such that Ex.;[f(X,y)] = g(z,y) and Ex.;[id(X)] = z. Then,
g(x, ) > Exp[f(X,y,)], for all n, and hence,
liminf g(x, y, ) > liminf Ex 5[ f (X, y,)] = g9(x, y).

This shows that the function g(z,y) is lower semi-continuous.
Since the function g(x,y) is upper and lower semi-continuous, it is continuous. ]
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Notes

12 Crawford [37] defines the notion of equilibrium in beliefs for 2-player games, but, as noted by Crawford,
it can be easily extended to games with more than 2 players.

13 For the setting of 2-player games, this follows from the result of Crawford [37] on the existence of
equilibrium in beliefs. A technical complex analysis argument is required to extend this result to more than
2 players. It appears that Crawford was aware of this (see footnote 9 in [37]). We provide an independent
proof in Section 4.3 for the sake of completeness.

14 A similar result was proved by Wakker [131] in the setting of rank-dependent utility (RDU) preferences
[114], which is a special case of CPT preferences. See the discussion following Theorem 4.2.3 for more on
this.
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Chapter 5

Mediated Correlated Equilibrium:
Reconsidering CPT Correlated
Equilibrium

5.1 Introduction

In the previous two chapters we took the neoclassical economics viewpoint of game theory
that attempts to explain an equilibrium as a self-evident outcome of the optimal behavior
of the participating players, assuming them to be rational. An alternative approach, called
learning in games, is concerned with justifying equilibrium behavior via a dynamic process
where the players learn from the past play and observations from the environment, and adapt
accordingly [7, 52, 136]. In this chapter, we will be concerned with this alternative approach.
Along the process, we will naturally come up with a modified version of the notion of CPT
correlated equilibrium that will prove to be more appropriate in the settings of learning in
games as well as mechanism design, which we consider in more detail in the next chapter.

It becomes even more important to consider non-EUT behavior in the theory of learning
in games. For example, in a repeated game, Hart [59] argues that players tend to use simple
procedures like regret minimization. A player i is said to have no regret!® if, for each pair of
her actions a;, a;, she does not regret not having played action a; whenever she played action
a;. Such regrets can simply be computed as the difference in the average payoffs received
by the player from playing action a; instead of action a;, assuming the opponents stick to
their actions. While evaluating such regrets in the real world, however, players who are
modeled as evaluating lotteries according to CPT preferences are likely to exhibit different
kinds of learning behavior than that exhibited by EUT players. The proposed model in this
chapter is an attempt to handle these systematic deviations in learning, anticipated from the
empirically observed behavioral features exhibited by human agents, as captured by CPT.
We pose the following question: How do the predictions of the theory of learning in games
change if the players behave according to CPT?
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For a repeated game, Foster and Vohra [49] describe a procedure based on calibrated
learning that guarantees the convergence of the empirical distribution of action play to the set
of correlated equilibria, when players behave according to EUT. In Section 5.2, we formulate
an analog for their procedure when players behave according to CPT. In Example 5.2.1, we
describe a game for which the set of all CPT correlated equilibria is non-convex and we show
that the empirical distribution of action play does not converge to this set.

We then define an extension of the set of CPT correlated equilibria and establish the
convergence of the empirical distribution of action play to this extended set. It turns out that
this extension has a nice game-theoretic interpretation, obtained by allowing the mediator
to send any private signal (instead of restricting her to send a signal corresponding to some
action). We formally define this setup in Section 5.3, and call it a mediated game. Myerson
[91] has considered a further generalization in which each player i first reports her type from
a finite set T;. The mediator collects the reports from all the players and then sends each
one of them a private signal from a finite set B;. The mediator is characterized by a rule
v [LT: — A([, Bi) that maps each type profile to a probability distribution on the
set of signal profiles from which it samples the private signals to be sent. Based on her
received signal, each player chooses her action. These are called games with communication.
The type sets (7;)",, the signal sets (B;)",, and the mediator rule 1 together are said
to comprise a communication system. Under EUT, the set of all correlated equilibria of a
game is characterized as the union, over all possible communication systems, of the sets of
joint distributions on the action profiles of all players arising from all the Nash equilibria
for the corresponding game with communication (for a detailed exposition, see Chapter 6 in
[89]). This is sometimes referred to as the Bayes-Nash revelation principle, or simply the
revelation principle. Since a mediated game is a specific type of game with communication,
characterized by players not reporting their type, or equivalently by the mediator ignoring
the types reported by the players, our analysis shows that the revelation principle does not
hold under CPT.

Calibrated learning is one way of studying learning in games. Some other approaches
originate from Blackwell’s approachability theory and the regret-based framework of online
learning ([60, 53]). In fact, Foster and Vohra [49] establish the existence of calibrated learning
schemes using such a regret-based framework and Blackwell’s approachability theory. See
[104] for a comparison between these approaches, and see also [27]. Hannan [56] introduced
the concept of no-regret strategies in the context of repeated matrix games. No-regret
learning in games is equivalent to the convergence of the empirical distribution of action
play to the set of correlated equilibria [60, 53]. We establish an analog of this result when
players behave according to CPT. We then ask if no-regret learning is possible under CPT.

Blackwell’s approachability theorem prescribes a strategy to steer the average payoff
vector of a player in a game with vector payoffs towards a given target set, irrespective of the
strategies of the other players. The theorem also gives a necessary and sufficient condition for
the existence of such a strategy provided the target set is convex and the game environment
remains fixed. Here, by game environment, we mean the rule by which the payoff vectors
depend on the players’ actions. Under EUT, Hart and Mas-Colell [60] take these payoff
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vectors to be the regrets associated to a player and establish no-regret learning by showing
that the nonpositive orthant in the space of payoff vectors is approachable. Under CPT,
although the target set is convex, the environment is not fixed. It depends on the empirical
distribution of play at each step. A similar problem with dynamically evolving environment
is considered in [70], where they get around this problem by considering a Stackelberg setting;
one player (leader) plays an action first, then, after observing this action, the other player
(follower) plays her action. In the absence of a Stackelberg setting, as in our case, we do not
know of any result that characterizes approachability under dynamic environments. However,
as far as games with CPT preferences are concerned, we answer this question by giving an
example of a game for which a no-regret learning strategy does not exist (Example 5.5.2).

5.2 Calibrated Learning in Games

Let I' = ([n], (Ai)icn], (%i)icm)) be a finite n-person game which is played repeatedly at each
step t > 1. The game I is called the stage game of the repeated game. At every step t,
each player ¢ draws an action af € A; with the probability distribution o! € A(A4;). We
assume that the randomizations of the players are independent of each other and of the
past randomizations. For example, if each player i uses a uniform random variable U} to
draw a sample from of, then the random variables {U}};cjnj1>1 are independent. Each player
is assumed to know the action space of all the players in the stage game I', but does not
know the payoff functions and the CPT parameters of the other players. We assume that,
after playing her action af, each player observes the actions taken by all the other players
and thus at any step t all the players have access to the past history of the play at step
t, H=' .= (a',...,a""), where a' := (al);cn) is the action profile played at step t. Let
the strategy for player i for the repeated game above be given by 7; := (¢}, > 1), where
ol H=1 — A(A;), for each t.

We first describe the result of Foster and Vohra [50]. Suppose the players follow the
following natural strategy: At every step ¢, on the basis of the past history of play, H'™!,
each player ¢ predicts a joint distribution u', € A(A_;) on the action profile of all the other
players. This is player i’s assessment of how her opponents might play at step . The
sequence of functions of past history giving rise to the assessment is called the assessment
scheme of the player. Depending on her assessment at step ¢, player ¢ chooses a specific
action among those that are most preferred by her in response to her assessment, called her
best reaction.'d This is done using a fixed (time-invariant) function from A(A_;) to A;, which
maps p_; € A(A_;) to an action in A; that is in the best response set for p_;; this function is
called the best reaction map of player i. Foster and Vohra [50] prove that (i) if each player’s
assessments are calibrated with respect to the sequence of action profiles of the other players
and (ii) if each player plays the best reaction to her assessments, then the limit points of the
empirical distribution of action play are correlated equilibria. By action play we mean the
sequence of action profiles played by the players. We will give a formal definition of what is
meant by calibration shortly. For the moment, roughly speaking, calibration says that the
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empirical distributions conditioned on assessments converge to the assessments. The best
reaction of player ¢ to her assessment p_; of the actions of the other players, as considered in
[50], is a specific action a € A; that maximizes the expected payoff to player i with respect
to her assessment, i.e.,

a; € arg max Z p—i(a—i)wi(as, a_;).

a;€A;
! ‘ a_;€EA_;

Thus the best reaction is an action in the best response set. Note that it is assumed that
each player uses a fixed tie breaking rule if there is more than one action in the best response
set.

Suppose now that the players behave with CPT preferences. Given player ¢’s assessment
p—; of the play of her opponents, she is faced with the following set of lotteries, one for each
of her actions a; € A;:

Li(p—i, ai) == {p—i(a—:), i (ai, a—i)}a,ieA,i :

Out of these lotteries, the ones she prefers most are those with the maximum CPT value
Vi (L; (11—, a;)), evaluated using her CPT features. The choice of the action she takes corre-
sponding to her most preferred lottery (with any arbitrary but fixed tie breaking rule) will
be called her best reaction, and the map from A(A_;) to A; giving the best reaction as a
function of the assessment will be called the best reaction map of player i. Thus, once again,
the best reaction is a specific action in the best response set.

We now ask the following question: Suppose each player’s assessments are calibrated
with respect to the sequence of action profiles of the other players and she evaluates her
best reaction in accordance with CPT preferences as explained above, then are the limat
points of the empirical distribution of play contained in the set of CPT correlated equilibria?
Unfortunately, the answer is no (see Example 5.2.1). Before seeing why, let us give the
promised formal definition of the notion of calibration.

Consider a sequence of outcomes y', 32, ... generated by Nature, belonging to some finite
set S. At each step t, the forecaster predicts a distribution ¢* € A(S). Let N(q,t) denote the
number of times the distribution ¢ is forecast up to step t, i.e. N(q,t) := Zizl 1{q¢" = ¢},
where 1{-} is the indicator function that takes value 1 if the expression inside {-} holds and
0 otherwise. Let p(q,y,t) be the fraction of the steps on which the forecaster predicts ¢ for
which Nature plays y € S, i.e.,

=

if N(q,t) =0,

o~

10<q’ y7t) = 1{q"=¢}1{y" =y}
1

N(g,t) ’

T

otherwise.

The forecast is said to be calibrated with respect to the sequence of plays made by Nature if

tlggo Z lp(q,y,t) — q(y)|N(q,t)

qeQ?

=0, forally € S, (5.2.1)

where the sum is over the set Q' of all distributions predicted by the forecaster up to step t.
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I 11 111 \Y
0[ 28,1 [B+L,1] 0,1 L1
1[1.99,0] 1.99,0 | 1.99,0 | 1.99,0

Table 5.1: Payoff matrix for the game ['* in Example 5.2.1. The rows and columns correspond
to player 1 and 2’s actions respectively. The first entry in each cell corresponds to player 1’s
payoff and second to player 2’s payoft.

Ezample 5.2.1. We consider a modification of the 2-player game proposed by Keskin [74],
who uses it to demonstrate that the set of CPT correlated equilibria can be nonconvex. Let
the 2-player game I'* be represented by the matrix in Table 5.1, where 8 = 1/w{ (0.5). For
the probability weighting functions w;t(-), we employ the functions of the form suggested by
Prelec [113], which, for ¢ = 1,2, are given by
w;(p) = exp{—(~1np)"},

where v; = 0.5 and 7, = 1. We thus have w{ (0.5) = 0.435 and 3 = 2.299. Let the reference
points be 1 = 19 = 0. Let v;(+) be the identity function for i = 1,2. Notice that player 2 is
indifferent amongst her actions.

Let ptogq := (0.5,0,0.5,0) and fiepen = (0,0.5,0,0.5) be probability distributions on player
2’s actions. We can evaluate the CPT values of player 1 for the following lotteries:

Vi(L1(fodd; 0)) = 25wf(0-5) = 2, Vi(Li(Hoda, 1)) = 1.99,
V1<L1(Nevena 0)) =1+ ﬁwf(Oﬁ) = 2, Vi (L1 (fteven, 1)) = 1.99.

Thus, player 1’s best reaction to both these distributions ¢ and piepen is action 0. Since,
player 2 is indifferent amongst her actions, we get that the distributions u® and u¢, repre-
sented in Tables 5.2 and 5.3 respectively, belong to the set C'(I'*) (the set of CPT correlated
equilibria of the game I'*). The mean of these two distributions is given by u* as represented
in Table 5.4. Let fynir = (0.25,0.25,0.25,0.25) be the uniform distribution on player 2’s
actions. The CPT values of player 1 for the lotteries corresponding to player 2 playing fiynf
are:

VoLt (ftonsr. 0)) = i (0.75) + But (0.5) + (6 — Dt (0.25) = 1.985,

since wi (0.25) = 0.308 and w; (0.75) = 0.585. We see that player 1’s best reaction to the
distribution fiy,;¢ of player 2 is action 1. This shows that p* ¢ C(I'*), and hence C(I'*) is
not convex.

Using this fact, we will attempt to construct an assessment scheme and a best reaction
function for each player such that if each player makes assessments at each step according
to her assessment scheme and acts according to the best reaction to her assessment at each
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I II I Iv
0/05[0105] 0
11700} 010

Table 5.2: Empirical distribution p° for the action play in Example 5.2.1.

I I 11 1Iv
0/0]05] 0 |05
110 0 010

Table 5.3: Empirical distribution u¢ for the action play in Example 5.2.1.

I IT Inr 1v
01]0.25]0.25]0.25]0.25
11 0 0 0 0

Table 5.4: Empirical distribution p* for the action play in Example 5.2.1.

step, then the assessments of each player are calibrated with respect to the sequence of action
profiles of the other player and the limit of the generated empirical distribution of action
play does not belong to C'(I'*).

Suppose player 2 plays her actions in a cyclic manner starting with action I at step 1,
followed by actions II, III, IV and then again I and so on. Suppose player 1’s assessment of
player 2’s action is ptoqq = (0.5,0,0.5,0) and pieyen, = (0,0.5,0,0.5) at each odd and even step
respectively. Then it is easy to see that player 1’s assessments are calibrated with respect to
the sequence of actions of player 2. (Here player 2 plays the role of Nature from the point of
view of player 1.) Since player 1’s best reaction is action 0 to all her assessments, she would
play action 0 throughout. The distribution p* is a limit point of the empirical distribution
of action play and does not belong to C(I™).

We have not described player 2’s assessments. We would like to come up with an assess-
ment scheme and a best reaction map for player 2 such that if player 2 forms assessments
according to this assessment scheme and acts according to this best reaction map, then the
sequence of her actions is the cyclic sequence that we require her to play and, further, player
2’s assessments are calibrated with respect to the sequence of actions of player 1 (which is the
all 0 sequence). Instead of doing this for the game I'*, we find it more natural to modify it
into a 3-person game, denoted f‘*, and create an assessment scheme and a best reaction map
for each player in this 3-person game such that the assessments of each player are calibrated
with respect to the sequence of action profiles of her opponents, each player plays her best
reaction to her assessments at each step, and the limit empirical distribution of action play
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exists but is not a CPT correlated equilibrium. We describe this in the following.

In the 3-person game I'*, player 1 has two actions {0,1}, and players 2 and 3 each have
four actions {I,ILIILIV}. Let the payoffs to all the three players be —1 if players 2 and 3
play different actions. If players 2 and 3 play the same action, then let the resulting payoft
matrix be as represented in Table 5.1, where the rows correspond to player 1’s actions and
the columns correspond to the common actions of players 2 and 3. Player 1 receives the
payoff represented by the first entry in each cell and players 2 and 3 each receive the payoff
represented by the second entry. Let player 1’s CPT features be as in the 2-person game I'*.
For players 2 and 3, let them be as for player 2 in that game. Let players 2 and 3 play in
the cyclic manner as above, in sync with each other. Let player 1 play action 0 throughout.
Let player 2’s assessment at step ¢ be the point distribution supported by the action profile
a' , which equals 0 for player 1 and the action played by player 2 for player 3. Similarly,
let player 3’s assessment at step t be the point distribution supported by the action profile
a' 5 which equals 0 for player 1 and the action played by player 3 for player 2. Then, for
each of the players 2 and 3, her assessments are calibrated with respect to the sequence of
action profiles of her opponents. Here the action pair comprised of the actions of players 1
and 3 plays the role of the actions of Nature from the point of view of player 2, and similarly
the action pair comprised of the actions of players 1 and 2 plays the role of the actions of
Nature from the point of view of player 3. The actions of player 2 and 3 at every step are
best reactions to their corresponding assessments. Let the assessment of player 1 be ji,qq and
fleven @t odd and even steps respectively, where now the distribution ji,qq puts 0.5 probability
on action profiles (I,I) and (IILIII), and fiepen, puts 0.5 probability on action profiles (II,1I)
and (IV,IV). Again player 1’s assessments are calibrated with respect to the sequence of
action profiles of her opponents (where now action pairs comprised of the actions of player 2
and player 3 play the role of the actions of Nature from the point of view of player 1) and her
actions are best reactions to her assessments. The limit point of the empirical distribution
of action play is the distribution that puts probability 0.25 on action profiles (0,1,I), (0,ILII),
(0,IILIII) and (0,IV,IV). Since action 0 is not a best response of player 1 to the distribution
flunis that puts probability 0.25 on action profiles (LI), (ILII), (IILIII) and (IV,IV), the limit
point of the empirical distribution is not a CPT correlated equilibrium of the 3-player game
['*. Thus, we have a game where the assessments of each player are calibrated with respect
to the sequence of action profiles of her opponents, each player plays her best reaction to
her assessments at each step, and the limit empirical distribution of action play exists but
is not a CPT correlated equilibrium. ]

5.3 Mediated Games and Equilibrium

In Example 5.2.1, the fact that action 0 is player 1’s best reaction to the distributions tiqq
and fleyen, but not to fu,ir, plays an essential role in showing the non-convexity of the set
C(I'*) in the 2-player game I'*, and the fact that action 0 is player 1’s best reaction to the
distributions fiqq and fieyen, but not to iy, helps us in showing the non-convergence of
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calibrated learning to the set C (f*) in the 3-player game I'*. We now describe a convex
extension of the set C'(I") in a general finite n-person game I', and establish the convergence
of the empirical distribution of action play to this extended set when each player plays the
best reaction to her assessment at each step and her assessment scheme is calibrated with
respect to the sequence of action profiles of her opponents. It turns out that this extended set
of equilibria also has a game-theoretic interpretation, as follows. Suppose we add a signal
system (B;)icin to a game I', where each B; is a finite set. (In Appendix 5.C, we study
what happens when we relax the assumption that the sets B; are finite and show that in a
certain sense it is enough to consider only finite signal sets.) Suppose there is a mediator
who sends a signal b; € B; to player i. Let B := Iljc,)B; be the set of all signal profiles
b= (bi)iem), and let B_; := I, B; denote the set of signal profiles b_; of all players except
player i. Let T' := (T, (B;)icin)) denote such a game with a signal system. We call it a
mediated game. The mediator is characterized by a distribution ¢ € A(B) that we call the
mediator distribution!mediated game. Thus, the mediator draws a signal profile b = (b;);cpn)
from the mediator distribution v and sends signal b; to player i. Let v; denote the marginal
probability distribution on B; induced by v, and for b; such that ;(b;) > 0, let ¥_;(-|b;)
denote the conditional probability distribution on B_;. In the definition of a correlated
equilibrium, the set B; is restricted to be the set of actions A; for each player 7.

A randomized strategy for any player i is given by a function o; : B; — A(4;) and a
randomized strategy profile o = (oy,...,0,) gives the randomized strategy for all players.
We define the best response set of player ¢ to a randomized strategy profile o and a mediator
distribution ) as

BR;(¢,0) = {a;‘ : B = A(A;)| for all b; € supp(v),

supp(o; (b)) C arg gleaji_vi <{ﬂ—i(a—i|bi), zi(ai, a*i)}a_ieA_i) }7 (5.3.1)

where

filasilb) ==Y woi(boilb) [ o5(0)(ay), (5.3.2)

b_i€B_; Jem\i
and supp(+) denotes the support of the distribution within the parentheses.
Definition 5.3.1. A randomized strategy profile o is said to be a mediated CPT Nash equilib-
rium of a mediated game I' = (I, (B;);c[,)) With respect to a mediator distribution ¢ € A(B)
if
o; € BR;(¢,0) for all i € [n].

Let (T, (B;)icn)» ¥) denote the set of all mediated CPT Nash equilibria of r=(T, (Bi)icm))
with respect to a mediator distribution ¢ € A(B).
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For any mediator distribution ¢» € A(B), and any randomized strategy profile o, let
n(¥, o) € A(A) be given by

(o) (a) = > () [] oi(b:)(as). (5.3.3)

beB i€[n]

Thus, n(1, o) gives the joint distribution over the action profiles of all the players corre-
sponding to the randomized strategy ¢ and the mediator distribution .

Definition 5.3.2. A probability distribution p € A(A) is said to be a mediated CPT correlated
equilibrium of a game I if there exist a signal system (B5;);cjn), @ mediator distribution ¢ €
A(B), and a mediated CPT Nash equilibrium o € X(I', (B;)ejn), 1) such that p =n(¢, o).

Consider an arbitrary mediated game T' = (T', (B;)ic|s) with an arbitrary mediator dis-
tribution ¢ € A(B), where B = [[;_, B;. If all the players choose to ignore the signals sent
by the mediator, then the corresponding randomized strategy profile ¢ consists of constant
functions o;(b;) = pf. Further, as shown in Remark 5.A.1 in Appendix 5.A, it follows from
Definition 3.2.4 and Definition 5.3.1 that the product probability distribution p* = Hiem wr
is a CPT Nash equilibrium of the game I' iff ¢ is a mediated CPT Nash equilibrium of the
mediated game I' with respect to the mediator distribution ¢. In particular, since every
game T has at least one CPT Nash equilibrium, we see that every mediated game I has at
least one mediated CPT Nash equilibrium with respect to the mediator distribution v, for
any mediator distribution .

Let D(T") denote the set of all mediated CPT correlated equilibria of a game I'. By
definition, D(I") is the union over all signal systems (B;);cn) and mediator distributions ¢ €
A(B) of {n(v,0) : 0 € BT, (Bi)icpn), ¥)}- When B; = A; for all i € [n] and 0 = (04,...,05)
is the deterministic strategy profile given, with an abuse of notation, by o;(b;)(a;) = 1{b; =
a;}, one can check, see Remark 5.A.2 in Appendix 5.A, that o € X(I, (A;)icp, v) iff ¥ €
C(T"). In this case n(¢,0) = ¢ and so we have C(I') € D(I'). Under EUT, [5] proves
that D(I') = C(I'). However, under CPT, this property, in general, does not hold true.
Lemma 5.3.3 shows how D(I') compares with C(T").

For any i,a;,a; € A;, let C(I',4,a;,a;) denote the set of all probability vectors m_; €
A(A_;) such that

Vi(Li(m_i,a;)) > Vi(Li(m_, ;). (5.3.4)

It is clear from the definition of CPT correlated equilibrium that, for a joint probability
distribution p € C(T'), provided p;(a;) > 0, the probability vector m_;(-) = p_;(-|a;) €
A(A_;) should belong to C(T', 1, a;, a;) for all a; € A;. Let

C(F, 7:, ai) = ﬂaieAiO(F, 'é, a;, dl)
Notice that the set C(T',4, a;) is comprised of all probability vectors 7_; € A(A_;) such that

Vi(Li(m_;, a;)) > Vi(Li(7_, a@;)), Va; € A;.
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In other words, C(I', 4, a;) is the set of all probability distributions on the opponents’ action
profiles for which the lottery corresponding to action a; gives the maximum CPT value to
player i amongst all her actions. Now, for all i, define a subset C(I',i) C A(A), as follows:

C(T,i) :={pe A(A)|p—i(-|la;) € C(T',4,a;),Va; € supp (i)}

In words, C(I',4) is the set of all probability distributions u € A(A) such that, for every
action a; that has a positive probability under the marginal distribution u;, the conditional
distribution p_;(-|a;) is such that the lottery corresponding to action a; gives the maximum
CPT value to player ¢ amongst all her actions. Note that, since V;(L;(7_;, a;)) is a continuous
function of 7_;, the sets C(T', 4, a;,a;), C(I',7,a;) and C(I', ) are all closed.

Lemma 5.3.3. For any game I', we have
(i) For alli € [n], ©o (C(I',0)) = {p € A(A)|p—i(-]a;) € @6 (C(T,4,0a;)), Va; € supp (pi)},
(ii) C(I') = NMiepC(I,0), and

(iii) D(T) = iy 0(C(T, ).

where ©o(S) denotes the conver hull of a set S.

We prove this in Appendix 5.D.

For the 2-person game I'* in Example 5.2.1, we observed that the set C'(I'*) is non-
convex and hence C(I'*) # D(I'™). If ' is a 2 x 2 game, i.e., a game with 2 players, each
having two actions, and both behaving according to CPT, then [108] prove that the sets
C(T',7), corresponding to both these players are convex, and hence also the set C(I"). From
Lemma 5.3.3, we have the following result, having the flavor of the revelation principle:

Proposition 5.3.4. If I" is a 2 x 2 game, then the set of all CPT correlated equilibria is
equal to the set of all mediated CPT correlated equilibria. [

In the context of mediated games, a strategy o; for player i is said to be pure if supp (o)
is singleton and a strategy profile o = (0;)icpy is said to be a pure strategy profile if each o;
is a pure strategy.

Remark 5.3.5. From the proof of Lemma 5.3.3, we observe that for any p € D(I"), there exists
a signal system (B;);cp (of size | B;| = |A;| x |M;| = | A]), a mediator distribution ¢ € A(B),
and a mediated CPT Nash equilibrium o € (I, (B;)ic[), ¥) such that u = n(¢, o) where o
is a pure strategy profile.
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5.4 Calibrated Learning to Mediated CPT Correlated
Equilibrium

Let &' denote the empirical joint distribution of the action play up to step t. Formally,

1 t
ft - Z;eaﬂ

where e, is an |A]-dimensional vector with its a’-th component equal to 1 and the rest
0. We write the coordinates of &' as (£'(a),a € A). For each i € [n]|, we write & :=
(€i(ai), a; € A;) for the empirical distribution of the actions of player i. Thus &! is the i-th
marginal distribution corresponding to &'. Similarly, for i € [n], &, := (§",(a_s|a;),a € A)
are conditional distributions corresponding to &, where &' ;(a_;|a;) is defined to be 0 when
§'(a) =0

Let the distance between a vector x and a set X in the same Euclidean space be given
by

. /
d(z, X) = f [lz — a7,

where ||z|| denotes the standard Euclidean norm of 2. We say that a sequence (z',¢ > 1)
converges to a set X if the following holds:

lim d(2', X) = 0.

t—o0
Theorem 5.4.1. Assume that the assessment schemes and best reaction maps of the players
are such that if each player at each step plays the best reaction to her assessment then
each player is calibrated with respect to the sequence of action profiles of the other players.

Then the empirical joint distribution of action play & converges to the set of mediated CPT
correlated equilibria.

We prove this theorem in Appendix 5.E.

Remark 5.4.2. In the proof of Theorem 5.4.1, in fact, we prove the following stronger state-
ment: If player ¢’s assessments are calibrated with respect to the sequence of action profiles
of her opponents and she chooses the best reaction to her assessments at every step, then
the joint empirical distribution of action play converges to the set ¢o (C(T,1)).

Now the question remains whether each player ¢ can make assessments that are guaran-
teed to be calibrated no matter what strategies her opponents use. But this has nothing to
do whether the players have EUT or CPT preferences, and has been answered in the affirma-
tive by Theorem 3 in [50]. To be precise, at each step ¢, the player i predicts a distribution
pt, € A(A_;) by drawing one from a distribution over the space of distributions A(A_;),
determined by the history H'~! (which we recall is given by the sequence of action profiles of
all the players over the steps up to ¢t — 1) and a random seed U}, where the seeds (U}, t > 1)
are i.i.d. and independent of the randomizations, if any, used by the other players. The rule
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by which this probability distribution is created as a function of H~! and U} is assumed to
be common knowledge to all the players. The assessment of player ¢ at step ¢ is then the re-
alization of this random choice. Lumping together the opponents of player i as Nature from
the point of view of this player, at each step ¢, Nature can be assumed to have access not
only to the history H'~! but also to the realizations of the past seed values (U}, ..., U™,
so Nature knows the assessments of the player ¢ from steps 1 to t —1. Crucially, while Nature
now knows the distribution of the assessment of player ¢ at time t, Nature does not know
the realization of this assessment till the next time step. In this scenario (referred to as the
adaptive adversary scenario in [49]), a strategy for Nature is comprised of Nature playing an
action at step ¢t by drawing one randomly from a distribution on her set of actions (i.e. the
set A_; of action profiles of the opponents of player i) based on the information available to
her at this step, namely H*~' and (U},...,U/™"). The calibrated learning result proved in
[49] says that there exists such a randomized forecasting scheme on the part of player i such
that, no matter what randomized strategy Nature employs as above, we have

Z lp(q,y,t) — q(y)|M — 0, as t — oo, (5.4.1)

t
qeqQ?

for all y € A_;, almost surely (over the random seeds of player i and the randomization
in Nature’s strategy).!” Here, as in equation (5.2.1), Q' denotes the set of probability
distributions in A(A_;) actually predicted by player i up to step ¢.

Combining this result with Theorem 5.4.1 we have the following corollary, proved in
Appendix 5.F.

Corollary 5.4.3. There exist a randomized assessment scheme and a best reaction map for
each player such that, if each player predicts her assessments according to her scheme and
plays the best reaction to her assessments, then it is almost surely true (over the random-
ization in the randomized assessment schemes for the players) that each player is calibrated
with respect to the sequence of action profiles of her opponents, and hence the empirical
distribution of action play converges to the set of mediated CPT correlated equilibria.

We now show that, in a certain sense, the set D(I") is the smallest possible extension of
the set C(T") that guarantees convergence of the empirical distribution of action play to this
set, when all the players have assessment schemes and best reaction maps such that when
each player plays the best reaction to her assessment at each step the player is calibrated
with respect to the sequence of action profiles of her opponents. In particular, we claim the
following.

Proposition 5.4.4. For all games T such that the sets C(T',i,a;),1 € [n],a; € A; do not have
any isolated points, if p € D(T), then there exists an assessment scheme and a best reaction
map for each player such that if each player plays her best reaction to her assessment at
each step then each player’s assessments are calibrated with respect to the sequence of action
profiles of her opponents and the empirical distribution of action play converges to .
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See Appendix 5.G for a proof of this proposition. The following proposition (proved in
Appendix 5.H) shows under some technical conditions on the value function of each player
that, for generic games I, the sets C'(I', 4, a;), ¢ € [n],a; € A;, do not have any isolated points.
For any player i, we know that the value function v;*(z) is a strictly increasing continuous
function. Let the open interval Y; C R denote the range of v;’, and let A\’ denote the push
forward measure of the Lebesgue measure on R with respect to the function v;". Let i
denote the Lebesgue measure restricted to the interval Y;. We will require that the function

v;" is such that \! < by (i.e., the measure \! is absolutely continuous with respect to the

3
measure J\;). Since the function v}’ is strictly increasing, its inverse function (v;*)~!:Y; — R

is well defined. We have A < A; if and only if the function (v/*)~" is absolutely continuous.

Proposition 5.4.5. For any fived CPT features r;,v)*, w= such that (v]")™' is absolutely
continuous, and a fixed action set A; for each of the players i € [n]| (here, we assume n > 1
and |A;| > 1,Yi € [n]), the set of all games I for which there exists a player i € [n| and
an action a; € A; such that the set C(I',i,a;) has an isolated point is a null set with respect
to the Lebesque measure A on the space of payoffs (z;(a),a € A,i € [n]), viewed as an

n x |Al-dimensional Euclidean space.

5.5 No-Regret Learning and CPT Correlated
Equilibrium

The randomized forecasting scheme proposed in [49] generates a probability distribution on
the space of assessments of player 7. Player ¢ draws her assessment from this distribution
and then plays her best reaction. This two step process gives rise to a randomized strategy
for player ¢ at each step. Together with Remark 5.4.2 we get that, no matter what strategies
the opponents play, player ¢ can guarantee that the empirical distribution of action play
converges almost surely to the set ¢o (C(I',7)).

Under EUT, player ¢ has a strategy that guarantees the almost sure convergence of the
empirical distribution of action play to the set C(T',7). This convergence is related to the
notion of no-regret learning. We now describe this approach. Suppose that, at step ¢,
player ¢ imagines replacing action a; by action a;, every time she played action a; in the
past. Assuming the actions of the other players did not change, her payoff would become
xi(a;,a”,;) for all 7 < ¢ such that af = q;, instead of x;(a;,a”;), while for all 7 < ¢ such that
at # a; it will continue to be z;(a'). We define the resulting CPT regret of player i for having
played action a; instead of action a; as

K(as, @) := €(a:)) %, [{(ﬁt_i(a_ﬂai),xi(di,a_i),xi(ai,a_i))}a_ieA_J , (5.5.1)

where

X (v, 2, 20 12 = Vi ({20 120 — Vi ({200 120) (5.5.2)
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is the difference in the CPT values of the lotteries {(v, %)},%, and {(v, z)},~,. We associate
player i with CPT regrets {K!(a;, a;),a;,a; € A;,a; # a;)} at each step t. Under EUT, this

simplifies to
1
t ~ o (5. T o (AT
K;(a;,a;) = i g [zi(a;,a”;) — z;i(a’)], (5.5.3)

AT —pq .
T<t:a]=a;

in agreement with the definition given in [60].
The following proposition (proved in Appendix 5.1) shows the connection between regrets
and correlated equilibrium.

Proposition 5.5.1. Let (a');>1 be a sequence of action profiles played by the players. Then
limsup,_,., K!(a;,a;) <0, for every i € [n] and every a;,a; € A;, a; # a;, if and only if the
sequence of empirical distributions £ converges to the set C(T') of CPT correlated equilibrium.

Player i is said to have a no-regret learning strategy if, irrespective of the strategies of
the other players, her regrets satisfy

t—o00

P <limsup Kl(a;,a;) < O) =1, for every a;,a; € A;, a; # a;.

This is equivalent to asking if the vector of regrets (K (a;, a;), a;,a; € A;, a; # a;)), converges
to the nonpositive orthant almost surely. This is related to the concept of approachability,
the setup for which is as follows. Consider a repeated two player game, where now at step t,
if the row player and the column player play actions a’,, and @’ , respectively, then the row
player receives a vector payoff Z(al,,,al,,) instead of a scalar payoff. A subset S is said to
be approachable by the row player if she has a (randomized) strategy such that, no matter

how the column player plays, we have

¢
: 1 2(at ot _
tlglgod (; E Ty s Qo) S) = 0, almost surely.

=1

Blackwell’s approachability theorem [16] establishes that a convex closed set S is approach-
able if and only if every halfspace # containing S is approachable.

[60] cast the repeated game with stage game I' in the above setup as a two player repeated
game where player ¢ is the row player and the opponents together form the column player.
Let Z(a;, a_;) be the vector payoff when player i plays action a; and the others play a_;, with
components given by

. /\7' _ . . ’\74 .f o .
fai,ai(&i,d,i) — {mz(azaa 1) l'l(al,& z) if a; ai,

0 otherwise,

for all a;,a; € A;,a; # a;. Under EUT, the average vector payoff of the row player corre-
sponds to the regret of player i (see equation (5.5.3)). Hart and Mas-Colell [60] show that
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the nonpositive orthant is approachable for the row player and hence player ¢ has a no-regret
learning strategy. Under CPT, if the average vector payoffs were to match the regrets of
player i, then the vector payoffs for the row player at step ¢ would need to depend on the
empirical distribution of action play up to step t. Indeed, the component corresponding to
the pair (a;,a;) of the vector payoff for the row player at step ¢ when player ¢ plays action
a; and the others play a_; would need to match the difference

This difference depends on the empirical distribution of action play up to step ¢, and hence
in general changes with t. This suggests that there might be difficulties in adapting the
approach in [60] to study no-regret learning strategies under CPT.

The following example shows that, under CPT, approachability of the nonpositive orthant
need not hold. In other words, it can happen under CPT that at least one of the players
does not have a no-regret learning strategy.

Example 5.5.2. Consider the 2-player repeated game from Example 5.2.1. Recall the fol-
lowing distributions on player 2’s actions: 0,49 = (0.5,0,0.5,0), 0cpen, = (0,0.5,0,0.5) and
ouni = (0.25,0.25,0.25,0.25). We observed that player 1’s action 1 is not a best response to
Oodd and oeyen and player 1’s action 0 is not a best response to oyy,i¢. For an integer T' > 2,
consider the following strategy for player 2:

e play mixed strategy o,qq at step 1,

e play mixed strategy gepen at step 2,

e play mixed strategy o,qq at steps 27% < t < T+ for k > 0,

e play mixed strategy Geyen at steps TF < t < 2T+ for k > 0.

The rest of this section will be devoted to proving that player 1 cannot have a no-regret
learning strategy. In particular, we will prove the following in Appendix 5.K:

Proposition 5.5.3. In the above example, for a suitable choice of T,6 > 0 and € > 0, there
exists an integer ko such that no matter what learning strategy player 1 uses, for all k > ko
we have

P (K" >¢) >4,
where B - . .
K* = [KT (2,007 + [K777 (0, 0] + [KT7 (1,01, (5.5.4)

using the notation [-|* := max{-,0}. Here, for actions a; and a; of player 1, Ki(a;,a;) are
the CPT regrets of player 1 at step t, as defined in equation (5.5.1).
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Consider the subsequence of steps (¢! ,;)i>1 when player 2 played o,44. Let v ,(ay,as)
denote the empirical distribution over those times of the action profile (aq, as), where a; €
{0,1}, ay € {L,IIT}, i.e.

!
1 u
Voga(ar, az) = 7 Z Haloar = (ar,az)}. (5.5.5)
u=1

Similarly, consider the sequence of steps (¢!, )i>1 when player 2 played 0eyen. Let V2 (a1, a2)

denote the empirical distribution over those times of the action profile (aq, as), where a; €
{0,1}, ay € {IL,IV}, i.e.

!
1 u

Vewen (01, 02) 1= 7 Zl 1{a" = (a1, as)}. (5.5.6)
Lemma 5.5.4. For any 6 > 0, there exists an integer lg > 1, such that for all | > ls, we have
P ([v544(0.1)) = vga(0,1ID] < 8) > 1 =3, (5.5.7)

P ([vpaa(1,0)) = voga(LIID] < 8) > 1 =34, (5.5.8)

P (|Véven<07[])) o I/éven(a[‘/)’ < 5) >1- 57 (559)

P (| yen(2,10) = VL (1IV)| < 8) > 1 — 6. (5.5.10)

The proof of Lemma 5.5.4 can be found in Appendix 5.J.

For a vector ¢ € R® and € > 0, let [gle :== {g€RY:|d(s) — q(s)| <€ Vs €S} denote
the set of all vectors strictly within € of ¢ in the sup norm. Select positive constants
€3, C3, €2, Ca, €1, C1 as follows:

e Let e3 < 1 and c¢3 be such that for the indicated regret we have

0 [{(n(-), 21 (1, ), 21(0,-))}] > ¢, (5.5.11)

for all probability distributions p € [oyunif]e, (Such constants exist because action 0 is
not a best response to g,,; f). Let

63 = 63/2. (5512)
Note that 03 < 1/2.
e Let €5 < 1 and ¢y be such that for the indicated regret we have

0 [{(n(-), 21(0, ), 21(1,))}] > ¢, (5.5.13)

for all probability distributions p € [0eyen]e, (Such constants exist because action 1 is
not a best response to O’even). Let

52 = 6253/4. (5514)
Note that 6o < 1/8.
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e Let ¢ < 0.5 and ¢; be such that for the indicated regret we have

Z1 [{(u(-), 21(0,-), 21(1, )} > e, (5.5.15)

for all probability distributions p € [044]e, (Such constants exist because action 1 is
not a best response to aodd). Let

61 = 6152. (5516)
Note that §; < 1/16.

Let T' > 2/4; and kg be such that
TR > masc {th Lohas dens den | (5.5.17)

where [, is such that the inequalities in Lemma 5.5.4 hold for § = ¢;.
For k > 0, let fF*! denote the fraction of times player 2 plays oeyen up to step t = T+,
From the definition of the strategy of player 2, we have
2Tk 2
k1 _
Similarly, for & > 0, let f5*! denote the fraction of times player 2 plays oepe, up to step
t = 27%+1. We have

k41 | Th+1—1
S = 111 (5.5.19)
2 2Tk +1 22 T’
where the last inclusion follows from the assumption that 7' > 2. Note that
=124 g,
Next, for k > 0, let "
B TN 0), (5.5.20)
i.e. the fraction of times player 1 plays action 0 up to step ¢t = T*!, and let
R 92T () — ¢T(0), (5.5.21)

i.e. the fraction of times player 1 plays action 0 among the steps from T#+! + 1 to 2T**!.
Note that f¥*! and fF*' are random variables, in contrast with ™' and fy*'.

We will establish the proof of Proposition 5.5.3 is stages through several lemmas. In the
next couple of paragraphs we first outline our proof strategy.

Depending on the strategy of player 1, we have two possibilities, either P( é““ <1-
85) > 1/4 or P(f¥™ < 1 —4,) < 1/4. In the former case, in Lemma 5.K.3, we show that
the empirical distribution £Tk+1(1, -) is restricted to be of a certain type with significant
probability, conditioned on {f5** < 1 — d,}. The purpose of this lemma is to show that the

conditional distribution €7} (]1) is close to ogq. We explain this in Lemma 5.K.4, and use
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it to establish that player 1 has a significant regret at step T%*! for not having played action
0 whenever she played action 1 up to that step, i.e. KT k+1(1,0) is considerable.

In the latter case, in Lemma 5.K.5, we show that the distribution fZTkH is restricted to
be of a certain type with significant probability, conditioned on {f&** > 1 — §,}. We then
consider two cases depending on f™! which was defined in equation (5.5.21). If f¥*! is less
than 1 — 3, then, in Lemma 5.K.6, we show that the conditional distribution £27"" (-|1) is
similar to Gepen, and hence player 1 suffers from a significant regret at step 27%*! for not
having played action 0 whenever she played action 1 up to that step, i.e. K12Tk+1(1,0) is
considerable. If f{ is greater than or equal to 1 — 83, then, in Lemma 5.K.7, we show that
the conditional distribution £27"""(-|0) is similar to ¢,y and hence player 1 suffers from a
significant regret at step 27**! for not having played action 1 whenever she played action
0 up to that step, i.e. K 12Tk+1(0,1) is considerable. Finally, we can combine these results to
show that player 1 faces some regret either at step 7%+ or 27%*! for all k > kg, and hence

the regret vector of player 1 never converges to the nonpositive orthant.

5.6 Summary

We studied how some of the results from the theory of learning in games are affected when
the players in the game have cumulative prospect theoretic preferences. For example, we saw
that the notion of mediated CPT correlated equilibrium arising from mediated games is more
appropriate than the notion of CPT correlated equilibrium while studying the convergence of
the empirical distribution of action play, in particular for calibrated learning schemes. One
can ask similar questions with respect to other learning schemes such as follow the perturbed
leader [53], fictitious play [22], etc. We leave this for future work. In general, it seems that
the results from the theory of learning in games continue to hold under CPT with slight
modifications.

We also observed that the revelation principle does not hold under CPT. In the next
chapter, we will see the implications of this to mechanism design.

Appendix

5.A Notions of equilibrium

In this appendix, we explore the relationship between the different notions of equilibrium for
a finite n-person normal form game I' with CPT players, organizing our observations into a
sequence of remarks. For convenience, we first briefly recall the four notions of equilibrium
that played a role in the discussion in this chapter. A CPT correlated equilibrium of the
game I, see Definition 3.2.3, is an element of A(A). A CPT Nash equilibrium of the game T',
see Definition 3.2.4, is an element of A*(A). Given a signal system (B,;);c[,) and a mediator
distribution ¢ € A(B), where B := [[;_, B;, a mediated CPT Nash equilibrium of the
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mediated game T' := (T, (Bi)ic[n)) with respect to the mediator distribution ¢, see Definition
5.3.1, is a randomized strategy profile o = (o4, ...,0,), where o; : B; — A(A;). A mediated
CPT correlated equilibrium of the game I', see Definition 5.3.2, is an element of A(A).

Remark 5.A.1. Let p = [[_, i € A*(A) be a CPT Nash equilibrium of the game T.
Then, for every signal system (B5;);c[n) and mediator distribution ¢» € A(B), the randomized
strategy profile 0 = (oy,...,0,), where o; : B; — A(A;) is the constant function given
by o;(b;) = p; for all b; € B;, is a mediated CPT Nash equilibrium of the mediated game
[:= (T, (B))iem)) with respect to the mediator distribution . Conversely, if o is defined in
terms of p € A*(A) as above and o is a mediated CPT Nash equilibrium of the mediated
game T := (I, (B;)ie()) With respect to the mediator distribution 1, then y is a CPT Nash
equilibrium of the game T'.

To see this, note that for the strategy profile o, for all b; € B;, we have fi_;(a_;|b;) =
H#i wi(a;) for all a_; € A_;, where fi_;(a_;|b;) is as defined in equation (5.3.2). Hence
o; € BR;(¢,0), where BR;(¢,0) is as defined in equation (5.3.1), iff u; € BR;(u), where
BR;(u) is as defined in equation (3.2.4). This establishes the claim.

Remark 5.A.2. Every CPT correlated equilibrium of the game I' is a mediated CPT corre-
lated equilibrium of the game I'. Namely C(I') C D(I').

To see this, let u € C(I'). Consider the signal system (A;)cp (ie. take B; = A; for
all 7 € [n]) with the mediator distribution u, and consider the deterministic strategy profile
o= (01,...,0,) given, with an abuse of notation, by o;(b;) = 1{b; = a;}. Note that n(¢, o),
as defined in equation (5.3.3), equals p. Since p € C(I), it verifies the condition in equation
(3.2.3), which then implies that o0; € BR;(¢,0), where ¢ = p and BR;(1, 0) is as defined in
equation (5.3.1). This implies that u € D(T').

Remark 5.A.3. Suppose the mediator distribution v is of product form, which we write as
€ A*(B). Let 0 = (04, ...,0,) be amediated CPT Nash equilibrium of the mediated game
I := (T, (Bi)ief) with respect to the mediator distribution . Let u := 1(1, o), as defined
in equation (5.3.3). Note that we will have u € A*(A). A simple calculation shows that
fii(a—i|b;) = [ 1, pi(a;) for all i € [n], b; € B;, and a—; € A_;, where fi_;(a_[b;) is as defined
in equation (5.3.2). Thus o; € BR; (v, 0) iff for all b; € supp(¢);) we have o;(b;) € BR;(1).
This, in turn, is equivalent to p; € BR;(u). This characterizes the mediated CPT Nash
equilibria of a mediated game T' := (T, (B:)ic[y) with respect to product form mediator
distributions ¥ € A*(B) in terms the CPT Nash equilibria of the game I'.

Remark 5.A.4. In [101], the authors showed that for any finite n-person game the Nash
equilibria all lie on the boundary of the set of correlated equilibria. We extended this result
to the CPT setting and showed that all the CPT Nash equilibria lie on the boundary of the
set of CPT correlated equilibria in Chapter 3. It is natural to ask whether the CPT Nash
equilibria in fact lie on the boundary of the set of all mediated CPT correlated equilibria.
We know this is true for any 2 x 2 game I, since C(I') = D(I") for such games. However,
it is not known if this property holds in general for all finite n-person CPT games, and we
leave this for future work.
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5.B Beyond Fixed Reference Points

CPT differs from EUT in several ways:

(i) The reference point r divides the outcomes into two domains — gains (z > r) and losses
(x < r) — and governs the shape of the value function v". Recall that v"(r) = 0, and
typically v"(z) is convex in the losses frame and concave in the gains frame, and it is
steeper in the losses frame than in the gains frame.

(ii) The probability weighting functions w® govern the probabilistic sensitivity of an indi-
vidual for gains and losses, respectively.

(iii) The cumulative functional form of the CPT value function based on the reference point,
the value function and the probability weighting functions governs the CPT preferences.

Throughout this chapter we have assumed that the reference points r; are exogenous and
hence fixed, for all players 7. In Example 5.2.1 and Example 5.5.2, the reference points of the
players were set to be zero, all the outcomes were non-negative (hence, in the gains domain),
and the value functions were set to be the identity functions. Thus, the results from these
two examples are purely an effect of the probability weighting functions and the cumulative
functional form of the CPT values (equation (1.3.9)). The two results, namely:

1. the lack of convergence of the empirical distribution of action play to the set of CPT
correlated equilibria when each player’s assessments are calibrated with respect to the
sequence of action profiles of the other players and she evaluates her best reaction in
accordance to CPT preferences, and

2. the existence of instances of repeated games where a player does not have a no-regret
learning strategy under CPT preferences,

carry over to other restrictive versions of CPT such as rank-dependent utility theory (RDU)
[114] and Yaari’s dual theory [135].

Although our framework with exogenous reference points is rich enough to capture loss
aversion, diminishing sensitivity to returns, and the cumulative functional form of the CPT
value function that depends on the reference point and treats gains and losses separately, it
is interesting to consider reference points that are determined endogenously. For instance, in
the definition of CPT Nash equilibrium and CPT correlated equilibrium given in Chapter 3,
we allow the reference point r; to depend on the equilibrium distribution u € A(A) given
by a function 7; : A(A) — R, for each player i. (For other works with endogenous reference
points, see [121] and [78].)

In general, there is no consensus in the literature on how the players update their reference
points at each step of a repeated game (see, for example, [13, 82, 81, 77, 57]). Taking the
viewpoint that the reference point indicates the expectations of the player for the decision-
making problem at hand, we assume that the reference point of player ¢ at step ¢ is determined



CHAPTER 5. MEDIATED CORRELATED EQUILIBRIUM 114

by her assessment pu' . € A(A_;) over the actions of the other players. Let this be given by
a function

Ti . A(A,Z) — R,

for each player i (we assume that 7; is same across all the steps). Let V""(L;) denote the
CPT value evaluated by player i for lottery L; when her reference point is r;. At step ¢,
if player ’s assessment of the actions of the other players is p';, then she evaluates the

lottery corresponding to each of her actions using the CPT value function V;ri(“t’i) based on
the reference point 7 (u’ ;) and the value function v, ) A before, we assume that she
prefers to play an action that gives her the maximum CPT value (now incorporating the
updated reference point 7;(u' ;)). Accordingly, for any assessment p_; € A(A_;), we assume
that player ¢ has a corresponding action that gives her the maximum CPT value (with any
arbitrary but fixed tie breaking rule if multiple actions correspond to the maximum CPT
value). We call this her best reaction for her assessment p_;.

We now consider a repeated game where each player’s assessments are calibrated with
respect to the sequence of action profiles of the other players and she evaluates her best
reaction in accordance with CPT preferences corresponding to the reference point determined
by her assessment at each step. To study the convergence of the empirical distribution of
play, we need to modify the definitions of CPT correlated equilibrium and mediated CPT
correlated equilibrium to account for the reference points based on functions 7;, for all players
i.

A joint probability distribution p € A(A) will be called a CPT correlated equilibrium
(with reference points 7;) of a game I' if it satisfies the following inequalities for all ¢, and
for all a;,a; € A;, such that u;(a;) > 0:

Vfi(uii(.‘ai))(Lz'<,ufi(a7'i|ai)7 a;)) > Vf(“”("“i))(Li(ufi(afi!ai), @)
Let C(I') denote the set of all CPT correlated equilibria (with reference points given by
7i : A(A_;) — R). Notice that this definition of CPT correlated equilibrium is different from
the definition given in Chapter 3, where the reference points are determined by the functions
7; : A(A) — R. These two definitions coincide when the reference points are fixed, i.e. 7;
and 7; are constant functions.

We can also define the notion of CPT Nash equilibrium (with reference points 7;) as
follows: For any mixed strategy profile u € A*(A), where A*(A) is defined in equation (3.2.2),
the reference point for each player i is given by 7i(u—;), where p—; = ], ;. If player i
decides to deviate and play a mixed strategy ji; while the rest of the players continue to play
1—;, then define the average CPT value for player ¢ by

AN i(ai) VY (L s, a:)).

aiEAi
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The best response set of player i to a mixed strategy profile u € A*(A) can now be defined
as

BR(u) = {ui € AV € AA), At pmi) = s i) |
= it e AAlsupp(D) € angma VO (L) }.

A mixed strategy profile p* € A*(A) is a CPT Nash equilibrium (with reference points 7;)
of T iff -
i € BR;(p*) for all 4.

We observe that CPT Nash equilibrium (with reference points 7;) as defined here is a
special case of CPT Nash equilibrium as defined in [74]. To see this, notice that, for any
mixed strategy profile u € A*(A), the reference point 7; is a function of the mixed strate-
gies u;, Vi € [n], whereas 7; is a function of the mixed strategies of the opponents, namely,
i, Vi # . Thus, when we restrict our attention to mixed strategy profiles p € A*(A), the
reference points 7; are a special case of the reference points ;. From this observation and the
existence of CPT Nash equilibrium (with reference points 7;) established in [[]Theorem 1]ke-
skin2016equilibrium, we conclude that, for any game I'; there exists a CP'T Nash equilibrium
(with reference points 7).

Further, it can be shown that the set of all CPT Nash equilibria of a game I' with CPT
players with reference points given by 7; : A(A_;) — R is equal to C(I') N A*(A). The
proof of this is identical, with the obvious modifications, to the one given in Proposition 1 of
[74] for the notion of CPT correlated equilibrium considered there, i.e. where the reference
points are determined by the functions #; : A(A) — R. Thus, we get that the set C(I') is
non-empty.

In a mediated game, the best response set of player i as defined in Equation 3.2.4, can be
modified as follows: For a mediated game T' = (T, (Bi)icm)), the best response set of player ¢
(with reference points 7;) to a randomized strategy profile o and a mediator distribution 1)
is defined as

BR;(¢, o) :—{a;‘ : B; — A(A;)| for all b; € supp(v;),

supp(o;(b;)) C arg max V —i(a—;]bi)) ({gfi(a,i\bi),xi(ai, a*i)}a_ieA_Z) },

where fi_;(a_;|b;) is as defined in equation (5.3.2), namely,
fii(asilb) = > _i(bilb) H o;(b
b_,e€B_; [n]\¢

A randomized strategy profile o is said to be a mediated CPT Nash equilibrium (with ref-
erence points 7;) of a mediated game I = (I, (Bi)icn)) with respect to a mediator distribution
¥ e A(B) if

o; € BR;(1),0) for all i € [n].
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A probability distribution p € A(A) is said to be a mediated CPT correlated equilibrium
(with reference points 7;) of a game I' if there exist a signal system (B5;);c[,, a mediator
distribution ¢ € A(B), and a mediated CPT Nash equilibrium (with endogenous reference
points 7;) ¢ such that p = (1), o). Let D(T') denote the set of all such equilibria. It can be
seen that D(I') contains C(T), by considering the special case where the signal sets B; are
equal to the respective action sets A;, the mediator distribution is in C (T), and the strategy
of each player is to play the action suggested by the mediator. Hence D(F) is nonempty.

As before, we can define for any i,a;,a; € A;, the set C’(F,z’,ai,&i) of all probability
vectors m_; € A(A_;) such that

VI (La(mi, a0) 2 VIO (Li(r ).
Let
C'(P, i, ai) = m&ieAié(F, ’i, a;, dz),

and
C(T, i) == {u € A(A)|u_i(-|a;) € C(T,i,a;),Ya; € supp (1)}

Similarly to Lemma 5.3.3, we can show that

C(F) = mie[n]o(ra Z))

and

D(F) = Nig[n] @(C(F, Z))
Lemma 5.3.3 and its proof extends verbatim if we replace C(I',4,a;), C(T',4), and D(I") by
C(T,4,a;), C(T, i), and D(T), respectively.

Similarly to Theorem 5.4.1, we can show that in a repeated game when each player’s
assessments are calibrated with respect to the sequence of action profiles of the other players
and at each step she plays the best reaction to her assessment (the best reaction map now
depends on the function 7;), then the empirical distribution of action play converges to
the set D(F) The proof of Theorem 5.4.1 extends verbatim to this setting if we replace
Cc(T,i,a;),C(T, i), and D(I") by (T, 4, a;), C(r, i), and D(F), respectively, and interpret the
set R;(a;) C A(A_;) of all joint distributions u_; for which action a; is player i’s best reaction
as per the CPT preferences of player ¢ with endogenous reference point 7;.

Along similar lines; we can extend Proposition 5.4.4 and its proof by replacing C(T', , a;),
C(I,i), and D(T') by C(T',4,a;), C(I,i), and D(I), respectively. The analog of Proposi-
tion 5.4.5, however, remains aloof, and we leave it for future work.

5.C Generalized Signal Spaces

We now allow the signal set B; to be an arbitrary Polish space (a complete separable metric
space) for all i € [n]. The product spaces B := [[,c(, Bi and B_; := [],; B;, for all i € [n],
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are then also Polish spaces because a countable product of Polish spaces is a Polish space. Let
B, B and B_; denote the o-algebra of Borel sets on the spaces B;, B and B_; respectively.
Let the mediator be characterized by a probability distribution ¢ on (B, %). Let 1; denote
the marginal probability distribution on B; induced by . Let ©_; : B; x B_; — [0,1] be a
function which satisfies:

1. 1_;(b;,-) is a probability distribution on (B_;, Z_;), for all b; € B;,
2. 1¥_;(-, X) is a measurable function on (B;, %;), for all X € #_,,
3. forall X € Z_; and Y € %;,

B(Y x X) = /Y boi(y, Xl dy). (5.C.1)

The function _; is called a regular conditional probability. For a proof of its existence, see
[29, Theorem 1] (this theorem needs to be used in the framework of [29, Example 2]).

Let a randomized strategy for any player ¢ be given by a measurable function o; : B; —
A(A;) with respect to the Borel o-algebra on A(A;), and let ¢ = (0y,...,0,) denote the
randomized strategy profile as before. Let o—; := [[; ;05 : B-i — A(A-;). Let v_;(b;) be
the push forward probability distribution of ¢_;(b;, -) with respect to the function o_;, and
let

f_i(a_i|b;) := /A(A .)p(a_i)l/_i(bz-)(dp). (5.C.2)

Note that fi—;(-|b;) € A(A_;). Let v(¢), o) be the push forward probability distribution of ¢
with respect to the function o :=[[,c(, 05 : B — A(A), and let

n(,0)(a) = /A Pty (5.0.3)

Note that n(y,0) € A(A).
Let the best response set of player ¢ to a randomized strategy profile ¢ and a mediator
distribution 1 be given by

BR;(¢,0) = {O': : B; — A(A;) a measurable function| for all b; € supp(v),

supp(o ()  angmse Vi ({andb) iona0lyea ) b (500

where supp(v;) is the smallest closed set Y C B; with ¢;(B;\Y) = 0.

We can now define, exactly as in Definition 5.3.1, the notion of a mediated CPT Nash
equilibrium for the mediated game I' := (T, (Bi)icm)) with respect to a probability distribu-
tion 1 on (B, %), where now (B;, %;);cjn) are arbitrary Polish spaces. Let X*(T', (B;)icpn), ¥)
denote the set of such mediated CPT Nash equilibria. We can also define, exactly as in
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Definition 5.3.2, the notion of a mediated CPT correlated equilibrium (which is a proba-
bility distribution in A(A), as before) in this extended setting where the signal spaces are
allowed to be arbitrary Polish spaces. Let D*(I') denote the set of mediated CPT correlated
equilibria in this extended sense. Let C(T', 4, a;) and C(T',7) be defined as before.

Lemma 5.C.1. For any game I', we have
D*(T) € My e0(C(T, ).

Proof. Let u € D*(I"). Then there exists a signal system comprised of Polish spaces (B;, %;)ic[n)»
a mediator distribution ¢ which is a probability distribution on (B, %), and a mediated CPT
Nash equilibrium o € X*(T', (B;)icpn, ¥) such that = n(1), o). Fix i € [n]. For b; € supp(¢;)
and a; € supp (0;(b;)), we have fi_;(-|b;) € C(I',4,a;), from equations (5.C.4) and (5.3.4).
Let a; be such that p;(a;) > 0. We have

i) = [ %M-\mwdbi).

Also, since o is the product function Hie[n] o; and p is the push forward probability distri-
bution of 1 with respect to o, we have that p; is the push forward probability distribution
of v; with respect to the function o;, i.e.

i) = [ ab)las)in(an).

Since the set co(C(I', 1, a;)) is closed, we have pu_;(+|a;) € @ (C(T', 4, a;)). Since this holds for
all i € [n], we have 1 = n(v,0) € Mg €0(C(I,4)). This completes the proof. ]

Since a finite set B; is a Polish space with respect to the discrete topology, we have
D(I') ¢ D*(I"). From the above lemma and Lemma 5.3.3 we have D*(I") = D(I"). Hence,
it is enough to restrict our attention to signals B; that are finite sets. In fact, it suffices to
restrict attention to signal sets B; of size at most |A| (see Remark 5.3.5).

5.D Proof of Lemma 5.3.3

Fix i € [n]. Note that, since the sets C'(I',7) and C(I',4,q;) for each a; € A; are closed, the
convex hulls of these sets are closed. Suppose p = Au! + (1 — \)p? where ut, pu? € C(T,4)
and 0 < A < 1. If a; € supp(p;), then one of the following three cases holds:

Case 1 [a; € supp(u}), a; € supp(p?)]. Then, pul,(-|a;), u*;(-|a;) € C(T,i,a;) and we

have,
|ai) + (1 = Mg (ai) w2 (-|ai)
(a;) + (1 = M) (ai) '
). Then pi_y(-|a,

oy = AL

Let 0 = (A (a:)/ (A (as) + (1 = Npi ()
and hence p_;(+|a;) € @0 (C(T, 1, a;)).
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Case 2 [a; € supp(u}), a; ¢ supp(u?)] Here pu_;(-la;) = p';(-la;). Hence u_;(-la;) €
C(F, i, CLZ‘) .

Case 3 [a; ¢ supp(y;), a; € supp(p?)] This can be handled similarly to case 2.

Also, the above argument can be easily extended to when p is a convex combination of
any finite number of distributions. Since all our sets are compact subsets of finite dimensional
Euclidean spaces, Caratheodory’s theorem applies, and hence we need to consider only finite
convex combinations.

This shows that the set on the left hand side is contained in the set on the right hand
side of the equation in (i) for the given fixed ¢ € [n].

To prove the inclusion in the other direction, fix ¢ € [n] and let u belong to the set on the
right hand side of the equation in (i). If a; € supp(,uz) then p—;(+|a;) is a linear combination
of |A_;| joint distributions (allowing repetitions), call them

Lo : C'AJEC(FZCQ)

—i,a;) ) —z al —i,a

with coefficients 6% 1 < m; < |A_;| respectively (where 0 < 07, < 1forall 1 <m; < |A_|

2,a4

can be ensured because we allow repetitions). For each ("}, | construct a distribution i, €
A(A) by iy (as,a—;) = {a; = a;}¢", (a—). Then py € C(T,i). Let Ay = ;/Jl(az)HZ”;,
for all 7 ml, a; such that p;(a;) > 0. One can now check that p = ) )\:”a pi . for the
given fixed i € [n]. Thus u € @ (C(T,1)).

Statement (ii) follows directly from the definition of CPT correlated equilibrium.

For statement (iii), let © € A(A) be such that u € co(C(I', 7)) for all 7. For any a,; such
that p;(a;) > 0, by (i), we have, u_;(-la;) € co(C(I',i,a;)). As above, let u_;(-|a;) be a
convex combination of |A_;| joint distributions (allowing repetitions), call them

™my,a4

di,aw ARG C'_é ail e C(Ii,ay),
with coefficients 0], 1 < m; < |A_i] respectively (where 0 < 6 <1 for all 1 <m; < |A
can be ensured because we allow repetitions). For all i, let B; := A; x M;, where M; :=
{1,...,|A_|}. Let the mediator distribution be given by
a) [T {67 ¢™ (a_y .
@) I { laj—w@( J; , if p(a) >0,
U (a1, m1), . (G, M) = { Smicm {000 @0} (5.D.1)
0, otherwise.

It is useful to note that
Z H {01 a; —z zzz } = H:ufi(afi’ai); (5D2)
m;,i€[n] =1 i=1

and that, for every i € [n],

vi((a;, my)) == Z U ((a1,my), ..., (ap,my)) = ui(ai)Hﬁi. (5.D.3)

(aj,myj),jen]\i
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Let the strategy for each player ¢ be

1

0, otherwise.

o i(as, mi) (@) = { , a=a, (5.D.4)

From equations (5.3.3), (5.D.1) and (5.D.4) we have

nW.o)a)= Y U@ m)... @ ma)) T o (@, m)) ()

(ai,mqi)EB;,i€[n] 1€[n]

= Z ¢ ((al,ml), ey (an,mn))

ms,i€[n]

TT{075,C, (0-0)

m;,i€[n] Zm JA€[n] H {le;l anzaz *1)}
= p(a).
From equations (5.3.2), (5.D.1), (5.D.2), (5.D.3) and (5.D.4) we have

fi-i(ai|(ai, m;)) = > v-i(((@j, my), j € [n]\i) [(ai, m;))
(aj,m;)€B;,j€n]\i
x ] (@, m;))(ay)
JE[n]\i
> voil((ag,my), 5 € n\i) | (i, ms))
mj,j€nJ\i
- ij,je[n}\z’ (8 ((ab ml)? T (a’m mn))
B vi(ai, m;))

= Tii,ai (a_i) °

Thus we have fi_;(-|(a;,m;)) € C(I',i,a;). Hence p € D(I'). We have established that
Nien co(C(T,4)) € D(T).

For the other direction of statement (iii), let g € D(I"). Then there exists a signal system
(Bi)icm), a mediator distribution ¢ € A(B), and a mediated CPT Nash equilibrium o €
X(T, (Bi)iem)» ¥) such that = n(v, o). Fixi € [n]. For b; € supp(¢;) and a; € supp (0;(b;)),
we have fi_;(-|b;) € C(I',14,qa;), from equations (5.3.1) and (5.3.4). But

peilla) = ) 20 bt z):z’("bz‘)-

b; €supp (i) ,uz(az)

= p(a)

Hence p_;(-|a;) € @ (C(T,4,a;)). Since this holds for all i € [n], we have u = n(¢¥,0) €
Niep €0(C'(I',4)). This completes the proof. O
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5.E Proof of Theorem 5.4.1

Consider the sequence of empirical distributions £'. Since the simplex A(A) of all joint
distributions over action profiles is a compact set, every such sequence has a convergent
subsequence. Thus, it is enough to show that the limit of any convergent subsequence of &*
is in D(T"). Let £ be such a convergent subsequence and denote its limit by é .

Let a; be an action of player i such that f,-(ai) > 0. Let R;(a;) C A(A_;) be the set of all
joint distributions p_; for which action a; is player ¢’s best reaction. Note that R;(a;) forms
a partition of the simplex A(A_;). Let u', € A(A_;) denote player i’s assessment at step ¢,

and let Q! denote the set of assessments made by her up to step ¢. Since éi(ai) > 0, there
exists an integer ko > 1 and an € > 0 such that, for all k > ko, we have £*(a;) > e. For all
k > ko, we have

(aila)g ()t = Y Hal,=a}
T<tg
s.t. pul ;€R;(a;)

= Z Z 1{a", =a_;}

t <t
ER;(a;)NQ;k TStk
q 7.( z) Ql s.t. /":i:q

— Z p(q,a—;, tx)N(q,ty)

t
q€R;(a;:)NQ*

= > qla)N(g,te)

qER;(a;)NQLF
+ > (plgacity) — qla)) N(q.ti).

qER;(a;)NQLk

Using

g€ Ri(a;:)NQ;*
we get, for all k > ko,
ZqERi(ai)ﬂsz q(a—l)N(qa tk)
ZqERZ(al)ﬂsz N(Q? tk)
1
oY, (plg.ait) —glay)

-l a
7 7 t
g€R;i(a;)NQ,*

¢ (azila;) =

te

Since player ¢ is calibrated with respect to the sequence of action profiles of her opponents,
the second term in the last expression goes to zero as k — oo (here, we use the fact that
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% (a;) > € > 0 for all k > k). Further, we have, for all k > 1,

quRi(ai)ﬁsz qN(q, tr)
ZqERi(ai)ﬂsz N(q,tx)

Taking the limit as k — oo we have, £_(-|a;) € @ (Ri(a;)), where @o(-) denotes the closed
convex hull. Note that R;(a;) C C(T,i,a;) and C(T,4,a;) is closed. Thus £_;(-|a;) €
@ (C(T,i,a;)) for all a; € A; such that &/(a;) > 0. By Lemma 5.3.3, we have £ € o (C(T, 1)),
and since this is true for all players i, we have £ € D(I). ]

5.F Proof of Corollary 5.4.3

Let player ¢ be the forecaster and let all the opponents together form Nature from the point
of view of the player. Thus Nature’s action set is A_;. By the [49] result, there exists a
randomized assessment scheme for player ¢ such that, whatever the randomized strategy
that Nature uses, the sequence of assessments of player ¢ is calibrated almost surely with
respect to the sequence of actions of Nature. Let player ¢ use such a randomized scheme to
determine her assessments. From Remark 5.4.2, it follows that the empirical distribution of
play converges to the set ¢o (C(I',4)) almost surely. If each player follows such a strategy,
then we get almost sure convergence to D(T'). O

5.G Proof of Proposition 5.4.4

Since € D(I'), as noted in Remark 5.3.5, there exists a signal system (B;);cp,) Where B;
can be identified with A; x A_;, a mediator distribution ¢» € A(B), and a mediated CPT
Nash equilibrium o € X(T', (B;)icn), %) such that p = n(¢,0), where o is a pure strategy
profile. With an abuse of notation, let ¢;(b;) denote the unique element in the support of
o;(b;). Let (b',b?,...) be a sequence of signal profiles such that the empirical distribution
of these signal profiles converges to ¢ and such that ¥ (b") > 0 for all t > 1. At step ¢, let
player ¢ predict her assessment fi_;(-|b;) (as defined in equation (5.3.2)) and play o;(b;). The
sequence of assessments of each player is calibrated with respect to the sequence of action
profiles of her opponents. To see this, fix a player i, let ¢ € A(A_;) be one of the assessments
made by her, and let G = {b; € B;|ji_;(-|b;) = ¢q}. Let t*(b;) denote the step when player
1 receives signal b; for the kth time. By construction, the empirical average of the action
profiles of the opponents of player i over the steps (t¥(b;))r>1 converges to ji_;(+|b;). As a
result, the empirical average of the action profiles of the opponents of player i over the steps
when player ¢ receives a signal b; € G converges to ¢. Since this holds for any assessment
g made by player i, her assessments are calibrated. Further, by construction, the empirical
distribution of action play converges to .

If fis(-|b;) = ji_s(-|b;) implies o;(b;) = o3(b;), for all b;,b; € B;,i € [n], then we can
define o;(b;) as the best reaction to the assessment fi_;(:|b;) and the claim is proved. If
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there exist by, b; such that fi_;(-|b;) = ji_i(-|b;) but o;(b;) # o4(b;), then there is a problem
in defining the best reaction to the assessment fi_;(-|b;). We now describe a way to get
around such a situation, analogous to the scheme used in [50] to resolve the same kind of
issue. Let ¢*; == ji_;(-|b;) = fi_s(-|b;) and let a* := o;(b;) # o4(b;). By the assumption
that the set C(I',,a}) does not have any isolated points, there exists a sequence (fl_i)lzl
of distinct probability distributions in C(T',7,a}) such that ¢, — ¢*, and ((,);>1 are all

~

distinct from the distributions (fi_;(:|b;),vb; € B;). Further, let the sequence (¢';);>1 be
such that |C\(a_;) — ¢*,(a)| < 1/1, for all a_; € A_;, i.e. ', is within 1/1 of ¢*, in the
sup norm, for all [ > 1. We will now replace the assessments (*; at the steps (t*(b;))r>1 by
the assessments (@_ J)i>1, with each @_ , repeated sufficiently many times that the empirical
distribution of the action profiles of the opponents over the steps that player i’s assessment
is ¢!, is within 1/1 of ¢*; in the sup norm. To achieve this, start by replacing the assessment
at step t'(b;) by éiz Next replace the assessments at steps t*(b;), k = 2,3, ... with 532 until
the empirical distribution of the action profiles of the opponents over these steps is within
1/2 of ¢*, in the sup norm. In general, keep replacing the assessments at steps t*(b;) with
QA"Z_Z until the empirical distribution of the action profiles of the opponents over these steps
is within 1/1 of *; in the sup norm, and then switch to replacing by CAZ_JQI Note that each

assessment f ! will be used only for a finite number of steps since the empirical distribution
of the action profiles of the opponents over the steps (t*(b;))x>1converges to ¢*;. Thus, the
empirical distribution of the action profiles of the opponents over the steps when player ¢
makes assessment él_z is within 2/1 of CAl_ ; in the sup norm. We know that if a sequence of
probability distributions (s;);>; on A_; converges to a probability distribution s on A_;, then
the sequence of the running averages S; = (1/t) S°L_, s,,t > 1, also converges to s. Using this
fact, we observe that the sequence of player i’s assessments continues to be calibrated with
respect to the sequence of action profiles of her opponents even after the above replacement.
Since the assessments {¢';} are distinct from the assessments (fi_;(-|b;),Vb; € B;), we can
define action a¥ as the best reaction to (', for all I > 1. The above trick can be used to
resolve all instances where fi_;(-|b;) = fi_i(:|b;) but o;(b;) # 0:(b;). Each time taking the
corresponding sequence {é’ .} distinct from all previously used assessments. This solves the
problem of defining the best reaction map of each player and completes the proof. n

5.H Proof of Proposition 5.4.5

For each of the players i € [n], let us fix the CPT features r;, v)*, w;" such that (v)?)~! is
absolutely continuous. We also fix the action set A; for each of the players i € [n]. Since n
and |A;|, Vi are finite, it is enough to show that for any fixed i € [n] and a; € A; the set of
all games I' for which the set C(T', 4, a;) has an isolated point is a null set. Since the set of
all games for which any two payoffs of player i are equal, i.e. z;(a) = x;(a), a # a, is a null
set, we can restrict our attention to games where all the payoffs for player i corresponding
to her playing a; are distinct. Let (m;(1),m;(2),...,m(]A_;])) be a permutation of A_; such
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that
zi(a;, (1) > xi(a;, m(2)) > - > xi(a;, m(|A=])).

Suppose we fix z;(a) € R for all j # 4, and x;(@;,a—;) € R for all a; # a;,a_; € A_,.
Then the game I' is completely determined by the vector of payoffs (x;(a;,a_;))a_,ca_,. Let
S denote the set of all (z;(ai,a—;))a_,ea_, for which the set C(I',4, a;) has isolated points.
We will show that S is a null set with respect to the Lebesgue measure on R4~ Then, by
Tonelli’s theorem, we have the required result.

Recall that Y; C R denotes the range of v;* and that Y; is an open interval because v}’
is assumed to be continuous and strictly increasing on R. Also recall that A} is the measure
on Y; that is the push forward of the Lebesgue measure on R under v}, \: denotes Lebesgue
measure restricted to Y;, and that the assumption that (v;")~! is absolutely continuous implies
that A7 is absolutely continuous with respect to \i. Consider the function f:RA= - Y;‘A*”
given by

f((xi(ai,azi))a_iea ) = (0] (xi(ai, a—:)))a_ea_,
Let yi(a—;) = v (zi(a;,a—;)) € Y; for all a_; € A_;. Since v} is strictly increasing, the
mapping f is a bijection between (z;(a;, a_;))a_ca_, € R4 and (yi(a_))a_,ea_, € YJA’”.
Also, we have
yi(mi(1)) > yi(mi(2)) > -+ > pi(mi(|A]).

Suppose we could show that the set f(.5) is a null set with respect to the Lebesgue measure
on Y;IA‘”. Since the Lebesgue measure on Y;‘A‘” is the completion of (A;)!4-il, this would
imply that there exists a subset S* such that f(S) C S* C Y;lA’” and (\;)14-1(5*) = 0. Since
AF < Ai, we have (AF)1 4= < (A;)l4-i| and hence we would have (A\*)I4-i(S$*) = 0. Since A? is
the push forward of the Lebesgue measure \; under v}*, we would have (\;)l4-(f~%(S*)) = 0
and hence S is a null set with respect to the Lebesgue measure on RI4-il.

We will now show that the set f(S) is a null set with respect to the Lebesgue measure
on Y=, The vector (yi(a—;))a_,ea_, is completely determined by choosing each of the

following;:

(i) a permutation (m;(1),m;(2),...,m(|A—;])) of A_;,
(ii) the differences y;(m;(t)) — y;(mi(t +1)) > 0 for all 1 <t < |A_,],
(iii) y;(mi(]A—;|)) € Y; such that

|[A_i|-1

yi(mi(1)) = yi(mi(| A=) + Z yi(mi(t)) — yi(mi(t + 1)) € Y.

t=1

Consider the product measure of the following:

(1) the uniform distribution on the set of permutations of A_;,
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(2) Lebesgue measure on y;(m;(t)) — yi(m(t+1)) > 0 for all 1 <t < |A_],

(3) Lebesgue measure on y;(m;(|A_;|)) € R, restricted to y;(m;(|A_;|)) belonging to the in-
terval such that y;(m;(|A_;])) € ¥; and

|[A_;|-1

yi(m(1) = yi(m(|AD) + D l(m(®) = yalm(t +1)] € Vi
=1
Now take the push forward of this product measure to the space Y;-‘A‘i' with respect to the
mapping described above. Then, we observe that the completion of this measure is given by
the Lebesgue measure on Yi‘A*”.

We will now show that for any fixed permutation (m;(1), m;(2), ..., m(]A-;|)) and any fixed
positive differences y;(m;(t)) —y;(m;i(t+1)) > 0 for all 1 <t < |A_;|, the set of all y;(m;(|A_;|))
such that (y;(a—;))a_,ea_, € f(S) is a null set with respect to the one-dimensional Lebesgue
measure.

Let (J,6) be the largest open interval such that if v;(m;(|A_;|)) = & for any 6 € (6,0),
then y;(m;(|A_4])), v:(mi(1)) € Y;. Note that the interval (8,0) could be empty depending on
the fixed positive differences y;(m;(t)) — yi(m;(t+1)) > 0 forall 1 < ¢ < |A_4|. For 6 € (6,0),
let T denote the game defined by letting y;(mi(|A_;])) := §. In particular, for the game I'’,
the payoffs corresponding to player ¢ and action a; are given by

) (a;,a) == (0]") " (yi(a—y)),

for all a_; € A_;, where

[A_;|-1

vila) =0+ Y [ya(m®) — wilm(t + 1))
t=n"1(a_y)

(3

Consider the function G% : A(A_;) x (8,8) — R, given by

G (i, 0) = max Zil{(n-ias), wi(@s, a-i), 29 (a5, a-3)) ba_sea ],

where the regret function %;[] is as defined in equation (5.5.2). Since the probability weight-
ing functions and the value function for player ¢ are assumed to be continuous, the CPT
value function V;(L) is continuous with respect to the probabilities and the outcomes in the
lottery L. Thus, the regret function Z;[-] is continuous in its arguments, and hence we get
that the function GY* is continuous in its arguments.

Now observe that, for any fixed § € (8,0), the outcomes (x9(a;,a_;))a_,ca_, are divided
into gains and losses depending on the reference point r;. Hence, for some 0 < ¢, < |A_;|, we
have the outcomes z{(a;, 7;(t)),Vt < t,, as gains, and the outcomes ¢ (a;, 7;(t)),Vt > t,, as

losses, where t, = 0 corresponds to the case where all the outcomes (2%(a;, a_;))a_,ca_,
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are losses. As a result, the interval (§,0) can be partitioned into sub-intervals (d,4;),
[61,82),...,[0,0), where § < &, < dy--- < &, < 9, such that over any subinterval I the out-
comes are divided into gains and losses at the same point ¢,. Here 0 < s < |A_;|, with the case
s = 0 corresponding to the scenario where the division of the outcomes (2%(a;, a_;))a_,ca_,
into gains and losses is the same throughout (&,0). Note that such an interval I could be
open or half-open and half-closed. In the following argument it will not matter whether the
subinterval is open or half-open and half closed.

Let us now consider the function G} restricted to A(A_;) x I for a fixed subinterval I.
Let 0 < t, < |A_;| be the point that divides the outcomes (29(a;,a_;))a_,ca_, into gains
and losses. Suppose we could show that the set of 6 € I such that (y;(a—;))a_,ea_, € f(S5)
is a null set with respect to the one-dimensional Lebesgue measure. Since this would be
true for each of the subintervals I, and there are only finitely many such subintervals in the
partitioning of (J,8) above, we would get the desired result.

We first prove the following useful property: For any 6,6 € I, and p—; € A(A_;), we have

G (i, 8) = G2 (-5,8) = Wi(puo) (5 — 8), (5.H.1)
where
tr |[A—i]
Wip—i) = w; (Z p—i (it ))) g | Y pea(m(t)
t=t,+1
To see this, write

62(12,9) = (max W(Llposa-, a- e

a;F#a;
— Vil{(n-i(a—i), 27 (ai,a-)) Ya_sea_,),

which gives
G (i, 0) = G (s, 0) = Vi{(p—ila—s), 22 (@i, 0)) }a_sea )
— Vil{(n=ila—i), 2{(ai, a—)) Ya_ea_,)-

Equation (5.H.1) then follows from equation (1.3.9).
Note that W;(u—;) > 0 always. Indeed, since

tr A
D psi(m) + Y pea(mlt) =1,
t=1 t=t,+1

at least one of these two summations is positive, and w3 (p) > 0 for p > 0 from the assump-
tions on the probability weighting functions.

For any ¢ € I, we have pu_; € C(I',i,a;) if and only if G{*(u_;,8) < 0. If GY*(u_,0) <0
then, by the continuity of the function GY*, we will have a neighborhood around the point

7 )



CHAPTER 5. MEDIATED CORRELATED EQUILIBRIUM 127

p_; that belongs to C(I°,4,a;). Since the domain A(A_;) itself does not have any isolated
points, it prevents y_; from being an isolated point of C(I'’,4,a;). Thus, the fact that p_;
is an isolated point of C(I'?,4,a;) implies that G (u_;,8) = 0. If p_; is not a strict local
minimum of G{*(-,d), then there exists a sequence of points (u’,;);>1 converging to p_; such
that G§*(u_;,8) <0, for all t > 1. Then the sequence (p';);>1 belongs to the set C(I°, i, a;),
contradicting the fact that p_; is an isolated point in the set C'(I°,i,a;). We have shown
that if _; is an isolated point in the set C(I'?,4,a;), this implies that G{*(u_;,6) = 0 and
that p_; is a strict local minimum of G{*(fi_;,d) as a function of i_; € A(A_;).

To complete the proof of the proposition, it is enough to show that the set of all § € [
for which there exists p_; € A(A_;) such that G} (u_;,d) = 0 and p_; is a strict local
minimum of G{*(-,9) is a null set with respect to one dimensional Lebesgue measure. Let
T C A(A_;) x I be the set of all pairs (pu_;,9) such that G;"(u—;,0) = 0 and p—; is a strict
local minimum of G}*(-,0). We will prove that the set T" is countable. To see this, for each
pair (p—;,0) € T, there exists a pair of vectors with rational elements, (p, ,s(a—i))a_ea_,
and (¢, ,s(a—i))a_,ea_,, such that

Pu_ss(a—i) < p_i(as;) < qu_,s(ay), foralla_; € A,
and for any fi_; € A(A_;) such that
pu_h(;(a_i) < ,&—i(a—i) < qu_h(;(a_i), for all a_; € A_i,

we have G} (fi—;,0) > G (pu—s, d). Suppose there are two distinct pairs (¢’ ;, '), (¢”,;,0") € T
such that p, s(a—;) = pur sr(a—) = pla;) and qu (a—) = qu (a—;) =: qla_;) for all
a_; € A_;. We note that in this case we must have §' # 0”. Let ' < ¢” without loss of
generality. We have G*(u' ;,6") > 0 because

pla_;) < p';(a—;) < qla_;), foralla_; € A_,.
From equation (5.H.1), we have
Gy (s, 0") = Git(ply, 68") = Wipl;)(8" = 0) > 0.

This implies G{*(u";,0") > 0 contradicting (u';,0’) € T. Thus we have an injective map
from the set 7" to the set Q24~il. Hence the set T is countable. Thus the set of all § € I, for
which there exists a p_; such that (u_;,d) € T is also countable and hence a null set. This
completes the proof. O

5.1 Proof of proposition 5.5.1

Since A(A) is a compact set, £t converges to the set C'(I") iff for every convergent subsequence
&' say, converging to &, we have £ € C'(T"). Let &' — § be a convergent subsequence. For
each player i, and for every a;,a; € A;, a; # a; such that &;(a;) > 0, we have

Ki*(as, ) — &(a) %, {{ (€ sardas), wiar, ao), (o, a)) }A} N CARY
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by continuity of V;(p, x) as a function of the probability vector p for a fixed outcome profile
x. The result is immediate from the definition of CPT correlated equilibrium. O

5.J Proof of Lemma 5.5.4

We will first use the fact that player 2 is randomizing over her actions I and III, independently
at all the steps (¢ ;;)i>1, and show that for sufficiently large I, v’ ,,;(0,1) and v (0, I1I) are
almost equal with high probability. To see this, observe that the sequence (M;, [ > 1) is a
martingale, where

M, =1 (Vgq(0,1) = v,34(0,111)).
Indeed, letting M! := (M, ..., M;), we have
I I tl+1 tl+l I
E[Mi1 — Mi|My] = E[Mys1 — Mi|M;, ay"** = 0] P(ay* = 0[ M)
I+1 1+1
+EDMis — MM o = 1P = 1130

1+1 1+1
— E[1{a = (0,1)} — L{a’eu = (0, [I)}| M!, a'»* = 0]P(a'>* = 0[M]) +0
1 1
= - — — = 0
2 2 ’

where the last line follows from the fact that player 2 plays o,4q at each of the steps ¢,
independently. Thus, for example by the Azuma-Hoeffding inequality, for any > 0, there
exists an integer lgl) > 1, such that for all [ > lgl), equation (5.5.7) holds. Similarly, there

exist integers lgz), l((;?’), l§4) > 1, such that for all [ > l§2), equation (5.5.8) holds, for all [ > l((;?’),
equation (5.5.9) holds, and for all [ > l§4), equation (5.5.10) holds. This taking

l5 = max{l{", 1" 1§V, 15V},

we get the required result. O

5.K Proof of Proposition 5.5.3

Here are two simple technical lemmas that we will use repeatedly in the rest of the discussion
in this section. The proof of each of these lemmas is elementary, and is therefore omitted.

Lemma 5.K.1. If P(Fy) > a and P(Fy) > [ such that o+ 8 > 1, then
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Lemma 5.K.2. Ifé > 0, and z,y, a,b are real numbers such that z+y € [a,b] and |x—y| < ¢,
then
z,y € ((a—0)/2,(b+0)/2).

Let EY denote the event that the following inclusion holds:

1 1 — k+1 1 — k+1
& (1) € 0, —2—,0])| . (5.K.1)
2 2 N

Lemma 5.K.3. Recall that ko is defined in equation (5.5.17). For any k > ko, if P(fs*! <
1—4392) > 1/4, then

P(EF|f5 <1 —6y) > 1/4— 0, (5.K.2)
Proof. Fix k > kq. From inequality (5.5.18) and the assumption T > 2/§;, we have
2
M) + €7 (1IV) < =<, (5.K.3)
and hence each term is strictly less than 4, i.e.
I, €7 (1,IV) € [0,6,). (5.K.4)
Since k > ko, from (5.5.17) and (5.5.8), for [ := max{l : ¢ ,; < T**1}, we have
P <]§T’““(1,I) — ML) < 51)

=P (|V(l>dd(171)) - Vf)dd(lalﬂﬂ(l - fH) < 51)
> P (|hg(1]) — vhyg(LII)] < 61) > 1 — 6y,

In Lemma 5.K.1, taking F} to be the event
{lE" =" ) < o}

and F, to be the event {ff™ < 1 — &}, we have P(Fy) > 1 — 6;, P(F,) > 1/4. Since
91 < 1/4, we have

P <|§T’““(1,1) — T < 51‘f§+1 <1- 52> >1/4— 6, (5.K.5)

Since
k+1 k+1 k+1 k+1
D)+ (LI + 7T (LD + €7 (LIV) = 1 — fi

combined with (5.K.3), we have

5Tk+1(171> + ngH(l,IH) c [1 . éc+1 _ 517 1— éﬁ—l] ] (5.K.6)
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From (5.K.5), (5.K.6) and Lemma 5.K.2, we have

k+1 o
Th+1 Th+1 1-— -0 _ (il 1— ﬁ k1 _
P <§ (1,0, T, e (2 St | AT <16

> 1/4 — 0.
Combined with (5.K.4), we get (5.K.2) and this completes the proof of the lemma. O
Lemma 5.K.4. For any k > ko, if P(f&™h <1 —6,) > 1/4, then

1 /1
P ([KT’““(J 0]t > (5201) > (Z - 51) . (5.K.7)

Proof. From (5.5.18), we know that player 2 plays 0,44 for at least a fraction 1 — % of the
steps up to step ¢t = T*+1. Since action 1 is not a best response of player 1 for goqq, we will
now show that, if player 1 does not play action 0 for a sufficiently high fraction of steps up
to step t = T**!, then she will have a significant regret KlTkH(l,O). More precisely, for any
k > ko, if f5*1 < 1 — 6, and the inclusion (5.K.1) holds, then we can write

k1 - 1— 5t 1 — it
T el MG[( 014 nﬂ
o1
ft1 k:-‘rl 1_ k+1
= - e | (F o))
2 4
1
,0

)L /=5

Hence, from (5.5.16) and (5.5.15), we have
KT (10) = € (g [{ (€57 ¢, 200,01 (1,9)) }] > dae,

on the event where f&*! < 1 — 8, and the inclusion (5.K.1) holds. Thus for any k > ko, if
P(f5%1 <1 —8y) > 1/4, then we have

2 ([KT’““(1 0)]F > 52c1>

=P ([KTkJrl(l 0)] > (5201‘ k+1 <1-— 52) P( k1 <1-— 52)
> P (Ef|ffT <1—=0) P(fiTh <1—6)
1/1

>z<z—&»

where the last but one inequality follows from the fact that E¥ and {ff™' < 1 — §,} imply
[KT"(1,0)]T > d5¢1, and the last inequality follows from the condition P( k“ <1-—10y) >
1/4 and Lemma 5.K.3. O
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I 11 111 Y%
0.25 0.25 71 0.25 0.25f;
1 0 [025(1—f7) 1 0 |0.25(1— f)

Table 5.K.1: Empirical distribution 4 in Example 5.5.2.

Consider now the probability distribution /i shown in Table 5.K.1. Recall that ff** is
the fraction of times player 1 plays action 0 among the steps from step T%*! 4+ 1 to step
2T*+1 Note that, since fi*! is a random variable, so is /.

Lemma 5.K.5. For all k > ko, if P(fs™' < 1—6,) < 1/4, then
P(ET € [als,| /A > 1= 6,) > 1/4 — 36,. (5.K.8)
We also recall that 6, < 1/16, so the lower bound in (5.K.8) is strictly positive.
Proof. Since player 2 plays 0epe, from step TF+! 4 1 to step 27! if f&1 > 1 — §,, then
e eI < 2= (- Y2 <62 (BKY)
This means that each term is strictly less than 5, so we have
TN, T (1IN € [0, 6,). (5.K.10)
Further, from equation (5.5.19) and the assumption 7" > 2/d;, we have

ET0.1) + €7 (0,111) + €7 (1,1) + €7 (1,11)
=1—fy™€0.5-1/T,0.5 C [0.5—6;,0.5].

Combining this with (5.K.9), we have
N0, + T0I) € [0.5 — & — 65/2,0.5), (5.K.11)

on the event where ff™ > 1 —§,. Since k > ko, from (5.5.17) and (5.5.7), for [ := max{[ :
t! g < 2T} we have

P (17 0.1) = 7 0,1 < 4 )
=P (|V(l>dd(071)) - Vf)dd(oalﬂﬂ(l - 5“) < 51)
> P (|h3q(0.1)) — ) 3q(0.II1)] < 61) > 1 — 6.

In Lemma 5.K.1, taking F; to be the event

{lem oy — ¢ o) < o
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and F, to be the event {ff™ > 1 — &}, we have P(Fy) > 1 — d;, P(F,) > 3/4. Since
9 < 1/4, we have

P (167 0.0 = €7 (0IID)] < 81| 5 21— 6) > 3/4— 6y, (5.K.12)
Form (5.K.11), (5.K.12) and Lemma 5.K.2, we have
P (&7 01, &7 (0T € (025 — 0y — 52/4,0.25 + 61/2)| i1 2 1 - &)
> 3/4 — 4.
Here we note that 0.25 — §; — d2/4 > 0. Since ¢; < 0.5 and 0; = €102, we have
P (g?T’““(o,I),52T’““(0,1H) € (0.25 — 09,0.25 + &) | fi+ > 1 — 52) >3/4—d1. (5.K.13)
From (5.5.18) and the assumption T' > 2/§;, we have

ETNOIT) + 7 (0,IV) € [0.5 51, 0.5 5 4 0.5 51
e [0.5f8+ 0.5 841 4 6,]. (5.K.14)

Since k > ko, from (5.5.17) and (5.5.9), for [ := max{l : ¢! ., < 2T*"1} we have

even

P <|§2T“1(0,11) _ ™M V)| < 51)

= P ([Ve0en (0.11)) = vy (OIV)|(f5H) < 1)
> P (‘Vé'uen(O?II)) - Vé'uen(O?IV” < 51) >1—0d:.

In Lemma 5.K.1, taking F; to be the event
{177 0.m) - €7 (0,0v)] < o}

and F, to be the event {ff™ > 1 — &}, we have P(Fy) > 1 — d;, P(F,) > 3/4. Since
d; < 1/4, we have

P (yg”’““(o,n) — T OIV)| < 0y [ fAH > 1 — 52) > 3/4— 6. (5.K.15)
From (5.K.14), (5.K.15) and Lemma 5.K.2, we have

P (gQT’““(o,H), TN (0,IV) € (0.25f41 — 61,025 F4+1 + 51)‘]‘:?“ >1- 52)
S84 4, (5.K.16)
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Note that here 0.25 7 — ¢, could be negative. From (5.5.18) and the assumption 7' > 2/6;,
we have
M) + T (LIV) € [0.5(1 — 51, 0.5(1 — f£71) + 0.5 1]
€ [0.5(1 — fH1,0.5(1 — fEY) 4 44). (5.K.17)

Since k > ko, from (5.5.17) and (5.5.10), for [ := max{l : t.,_ < 2T**'} we have

even —

P <|52T’““(1,11) . §2T“1(1 V)| < 51>
=P (|, (LID)) — LIV)|(f5™) < 61)
> P (|tyen(LID) — LIV)| <d1) > 1— 6.

even ( even (

E’UETZ ( even (

In Lemma 5.K.1, taking F; to be the event
{1 (L) — &7 (1) < o }

and F, to be the event {ff™ > 1 — &}, we have P(Fy) > 1 — d;, P(F,) > 3/4. Since
01 < 1/4, we have

J2 <|§2T’““(1,11) ~ TNV < 6| i > 1 - 52) >3/4— 4. (5.K.18)
Form (5.K.17), (5.K.18) and Lemma 5.K.2, we have
P (5 T, 7T (1,IV) € (0.25(1 — f5TY) — 61,0.25(1 — £ + 6y) ‘f’““ >1 - 52)
>3/4— 6. (5.K.19)

Note that 0.25(1 — f¥*1) — ¢, could be negative. From (5.K.13), (5.K.16), (5.K.19) and
(5.K.10) we get (5.K.8), and this completes the proof. O

We now consider two scenarios based on whether fF*! < 1 — 65 or fi*1 > 1 —4§s.

Lemma 5.K.6. For any k > ko, if i <1 =65 and &7 € [fils,, then K2 (1,0) >
0. 55302

Proof. Tf fi+! < 1—d5, then €27 € [fi,, implies that €27 (:|1) € [Ocven)052)0.35) Indleed,
since €271 (1) > (1 — fF1)/2 > 0.585, normalizing €27 (1, ) by €277 (1), we get

A (1]1), €287 (TT1]1) € [0, 285/65), (5.K.20)
and

4(52

3

12T 1) — 1 AV < (5.K.21)
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Since
) 4+ T ) 4+ 5 ) + 5 av)) = 1,
we have,
I + (V) € {1 - 45—52, 1} . (5.K.22)
3

From (5.K.21), (5.K.22) and Lemma 5.K.2, we have

1 46, 1 262>

27k +1 2T’“+1
1|1 V|1 —, -+ — K.2
2, v € (-2 g (5.K.23)

and hence €27 (-]1) € [0even) (45255~ Then, from the assumption (5.5.14) we have €277 (-[1) €
[Oeven)es, and hence from (5.5.13) we have

K2T1,0) = T (1) H( 211, (0, ),x1(1,.))}} > 0.505¢5. (5.K.24)
O

Lemma 5.K.7. For any k > ko, if fF72 > 1— 05, f572 > 1 -0, and €27 € [j]s,, then
K2"7(0,1) > (1 — 65)cs.

Proof. It fF1 > 1 — 65 and fI*' > 1 —4,, then €27 € [fi]s, implies that

szH ( |O) [Oumf] 53/4+089+383/8+55/8 - (5.K.25)

1-03/2—089/2
To see this, note that f£1 > 1—d5 and €27 € [ji]s, imply that €277 (0, ) € [Cuniflss/ars,-
We have €277 (0) = fE+1/9 4 fF1/2 > 1 — 65/2 — 8,/2. Let & := (1 — £27°7°(0)) /4. Thus
0 <k <63/8+092/8. Let oypnif — k= (0.25 — £,0.25 — £,0.25 — £,0.25 — k). Then we have

E70,) € [0.25 — £,0.25 — ,0.25 — K, 0.25 — Ky, 4161

Normalizing oy, — k with 1 — 4k = fkaH(O) gives us oupnir. As a result, normalizing
€20, ) with €27 (0) gives (5.K.25). Then, from the assumptions es < 1,y < 1,0, =
€203/4 and d3 = €3/2, we have

§3/4+ 65+ 05/8 + 02/8 6
<
1—03/2—06,/2 —1-20,

S €3.

Thus, €27 (:|0) € [Gunifles, and hence from (5.5.11) we have

KE(0.0) = 7 00 [{ (€57 () (1,10, (5.K.26)
> (1—=063/2—92/2)cg > (1 — d3)cs. (5.K.27)
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Lemma 5.K.8. For any k > ko, if P(f5™ < 1—6,) < 1/4, then

_ 1
P (Kk > HliIl{O.E)(SgCQ, (1 — 53)03}) > % <Z — 3(51) y (5K28)

where K* is defined in equation (5.5.4).

Proof. From Lemma 5.K.6 and Lemma 5.K.7 we obtain the following: if f3k+1 > 1 — 0
and €27 € [i;,, then K* > min{0.505¢5, (1 — d3)cs}. As a result, from Lemma 5.K.5, if
P(f5tt <1 —6,) < 1/4, then

> (i — 351)

O

Proof of Proposition 5.5.3. Take

€ = min {dsc1, 0.5d3¢9, (1 — d3)c3}
and
jomn{1(2-5).2 (3o}
From Lemma 5.K.4 and Lemma 5.K.8 it follows that for all £ > ky,
P (K" >¢) >4,
and this concludes the proof. O

Notes

15 Also known as the internal regret or the conditional regret.

6Foster and Vohra [50] refer to it as the best response. In order to avoid confusion with the best response
set defined in Chapter 3, we prefer to use the term best reaction.

1"Foster and Vohra [49] prove the existence of a randomized forecasting scheme that makes the forecaster’s
calibration score, i.e. the expression in equation (5.4.1), tend to zero in probability. However, as noted in
[27], the same argument proves that the convergence of the calibration score holds, in fact, almost surely.
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Chapter 6

Mediated Mechanism Design for CPT
Players

6.1 Introduction

In nearly every application of mechanism design, the decision-making entities are predomi-
nantly human beings faced with uncertainties. These uncertainties, for example, could arise
from a combination of one or more factors from the following: (i) lack of information about
the outcomes (e.g. oil lease auctions, kidney-exchange, insurance markets), (ii) each player
having uncertainty about other players’ behavior (e.g. voting behavior in elections, incli-
nation to getting vaccinated in immunization programs), (iii) strategic interactions between
the players (e.g. players could employ randomized strategies to hedge their market returns),
(iv) randomness introduced by design (e.g. Tullock contests, where the probability of win-
ning a prize depends on the amount of effort an agent puts into it). Naturally, to realize the
mechanism designer’s objectives, it is beneficial to consider as accurate and general models
for human preference behavior under uncertainty as possible. Our goal here is to study
mechanism design when players exhibit CPT preferences.

We are interested in situations where the agents participating in the system have private
types (comprised of private information and preferences). The system operator'® is in a
position to set the rules of communication and can control the implementation in the system.
It aims to achieve certain goals, such as social welfare or revenue generation, without getting
to directly observe the types of the players. Studying these systems when agents have CPT
preferences requires modifications to the formal structures commonly encountered in classical
mechanism design [58, 90, 93, 88, 83|. But before engaging in a systematic discussion of these
issues, let us briefly describe our key result.

This starts with the observation that if the players are assumed to have CPT preferences
instead of expected utility theory (EUT) preferences, then the revelation principle [92], one
of the fundamental principles in mechanism design, does not hold anymore. A related obser-
vation was made in [71], where the authors show that in a second-price sealed-bid auction the
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revelation principle holds in general if and only if the players have EUT preferences. Chew
[35] provides an example to show that the revelation principle fails in a second-price sealed-
bid auction when the players have preferences given by implicit weighted utility theory [40,
34].

The classical mechanism design framework is comprised of a fixed number of players, an
allocation set, a set of types for each player, and a signal set for each player. (In this chapter,
we will be concerned with the setting where all these sets are assumed to be finite.) The
system operator commits to an allocation function, i.e. a function from the signal profile of
the players to an allocation (see (6.2.11) for the formal definition).

The mechanism operates as follows:

1. Each player sends a signal strategically to the system operator based on its type (which
is private knowledge to the player).

2. The system operator implements the allocation based on the signals from all the players
in accordance to the allocation function that it committed to.

If we assume a prior over the types of the players which is common knowledge to all the
agents and the system operator, and we assume that the signal sets of all the players, the
allocation set and the allocation mapping are also common knowledge, then this constitutes a
Bayesian game and one studies the outcome of such a game through its Bayes-Nash equilibria
(see (6.2.15) for the formal definition). The revelation principle states that for the question
of implementability of social choice functions (see (6.2.2) and (6.2.16) for formal definitions
of social choice functions and their implementability), it is enough to assume the signal set
to be the same as the type set for each player and confine attention to the equilibrium in
which each player reports her type truthfully.

We propose a modification to the above framework that we call a mediated mechanism.
We introduce a new stage where the system operator acts like a mediator and sends each
player a private message sampled from a certain joint distribution on the set of message
profiles. The allocation chosen by the system operator can now depend on both the message
profile and the signal profile. Further, we explicitly allow the choice of the allocation to
be randomized, which turns out to have no advantage in the classical mechanism design
framework but can lead to benefits with CPT agents.

A mediated mechanism is therefore comprised of a fixed number of players, an allocation
set, a set of types for each player, a message set for each player, and a signal set for each
player, all of which are generally assumed to be finite sets. The system operator commits
to a mediator distribution, which is a probability distribution on the set of message profiles.
It also commits to a mediated allocation function, which maps each pair of signal profile
and message profile to a probability distribution on allocations (see (6.4.2) for the formal
definition).

The mechanism operates as follows:

1. The system operator samples a message profile from the declared mediator distribution
and sends the individual messages to each player privately.
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2. Each player receives her mediator message and, based on this message and her privately
known type, sends a signal strategically to the system operator.

3. Based on the signals collected from all the players and the sampled message profile, the
system operator samples the allocation in accordance to the probability distribution
on allocations resulting from the mediated allocation function that it committed to.

Similarly to the previous setting we assume a prior over the types of the players that
is common knowledge to all the agents and the system operator. We also assume that the
message sets and the signal sets of all the players, the mediator distribution, the alloca-
tion set, and the allocation-outcome mapping are common knowledge. This along with the
mechanism operation stated above constitutes a Bayesian game and we study the outcome
of such a game through its Bayes-Nash equilibria (see (6.4.7) for the formal definition). With
this modified framework, we recover a form of the revelation principle which states that it is
enough to assume the signal set to be the same as the type set for each player and confine
our attention to the equilibrium in which each player reports her true type irrespective of
the private message she receives from the mediator. (See statement (i) of Theorem 6.4.1.)

As the mediator message sets could be arbitrary, it might seem that the problem of
designing the signal sets has been transformed into the problem of designing the message
sets. Although this is true, notice that the revelation principle allows us to restrict our
attention to truthful strategies for each player, which have a simple form, thus resolving the
difficult task of finding all the Bayes-Nash equilibria of the resulting game. Further, the fact
that truthful reporting does not depend on the private message received by a player makes
it a practical and natural strategy for the players.

We now resume our discussion of the different aspects involved in the study of mechanism
design when agents have CPT preferences. The majority of the mechanism design literature
has been restricted to EUT modeling of individual decision-making under uncertainty. In-
deed, EUT has a nice normative interpretation and provides a useful and insightful first-order
approximation (see, for example, [120]). However, systematic deviations from the predictions
of EUT have been observed in several empirical studies involving human decision-makers [3,
48, 68] (see [124] for an excellent survey). With the advent of e-commerce activities and the
ever-growing online marketplaces such as Amazon, eBay, and Uber, where the participating
agents are largely human beings, who exhibit behavior that is highly susceptible to these
deviations from EUT, it has become crucial to account for such behavioral deviations in
the modeling of these systems. (For example, the paper [103] discusses the phenomenon
of premium prices showing up in online marketplaces such as eBay to differentiate among
sellers based on their reputation and buyers’ perceived risks.)

A typical environment in the traditional mechanism design setup consists of a set of
players that have private information about their types and an allocation set listing the
possible alternatives from which the system operator chooses one that is best suited given
the players’ types. As mentioned earlier, we assume that the system operator controls the
implementation and the players do not have separate decision domains. (Recall that by
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private decision domains we mean possible actions for the player that directly affect the
outcomes.) This is typical in several online marketplaces. For example, in online advertising
platforms such as Google Ads, the platform has complete control over where to place which
ads. Note that although the agents can affect the implementation of the system through
their bids, these signals fall under the communication protocol set by the system, leaving the
ultimate implementation in the hands of the system operator. In online matching markets
such as eBay and Uber, the platform matches the buyers to sellers as in eBay, or riders to
drivers as in Uber.!?

Even if the system operator has complete control over the implementation, it wants the
implementation to depend on the types of the agents. However, it does not have access to
these types, and hence needs to design a mechanism to achieve this goal. Thus the system
implementation indirectly depends on the choices of the participating agents. Note that the
e-commerce applications mentioned above—Amazon, eBay, and Uber—fit well in this setup.
Indeed, these are instances of a delivery system, an auction house, and a clearinghouse,
which have been topics of interest for several years in mechanism design. However, the
nature of these applications, and the presence of vast data corresponding to several repeated
short-lived interactions of the system with any given user, makes it feasible to incorporate
the behavioral features displayed by the users.

It has been a convention to assume that the outcome set for each player is identical to
the allocation set, and hence the type for each player is assumed to capture her preferences
over the allocation set (see, for example, [129]). However, in principle, the outcome set for
any player need not be the same as the allocation set. Indeed the allocation set is a list of the
alternatives available to the system operator to implement, whereas the outcome set consists
of the outcomes realized by the players, and these can be quite different. For example, in
the case of Amazon, the allocation set consists of alternative resource allocations to fulfill
the delivery of purchased products, whereas the outcome set of a buyer consists of features
such as time of delivery, place of delivery, etc. It makes sense to consider the preferences of a
player over her outcome set, and any consideration of her preferences over the allocation set
should be thought of as a pullback or a precomposition of her preferences over the outcome
set with respect to the (possibly random) function that maps allocations to outcomes for
this player.

We allow the above mapping from allocations to outcomes for any player to be random-
ized. Indeed, more often than not, the system operator does not have complete control over
the outcomes of the players due to intrinsic uncertainties present in the system. For example,
fixed resource allocations by Amazon can lead to uncertainty in the delivery times, possibly
due to factors not part of the system model. In the case of Uber, upon matching the riders
with the drivers in a certain way and choosing their corresponding routes, the arrival times
and the riding experience of the users remain uncertain. In an auction setting such as eBay,
if we consider the outcome set for any player to indicate if she receives the item or not,
then the mapping from allocation to outcomes is deterministic. However, if we model the
outcome set to indicate whether the player is satisfied with the item she receives, then we
have to allow the mapping to be randomized.
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Furthermore, the system operator might not be able to observe the outcome realization,
for example the ride experience of a passenger. It can only try to learn this in hindsight
through customer feedback. Besides, the outcome set for any single player is typically small as
compared to the allocation set and the product of the outcome spaces of all the participating
agents. Thus, treating each player’s outcome set separately would enable us to focus on
the preference behavior of an individual player and have better models for this player’s
preferences.

The (random) mapping from allocations to outcomes for any player induces a lottery L
on the outcome set of this player for each allocation. EUT satisfies the linearity property
which states that U(aL; + (1 — a)Ls) = aU(Ly) + (1 — a)U(Ls), where 0 < a < 1, Ly, Lo
are two lotteries, and U(+) denotes the expected utility of the lottery within the parentheses.
This property of EUT allows us to model the type of a player by considering her utility
values for each allocation. For any lottery L over her outcomes that is induced by a lottery
over the allocations p, we can evaluate her utility U(L) by taking the expectation over her
utility values of the allocations with respect to the distribution . CPT on the other hand
does not satisfy this linearity property (see, for example, [127]), and hence it is important
that we consider the general model with separate outcome sets.

We formalize this general setup and provide preliminary background on CPT preferences
in Section 6.2. Then, we consider the traditional mechanism design framework where each
player knows her (private) type and strategically sends a signal to the system operator. The
system operator collects these signals and implements a lottery over the allocation set.

We define a social choice function as a function mapping each type profile into a lottery
over the product of the outcome sets for each player (see (6.2.2) for the formal definition).
As an intermediate step, we consider an allocation choice function (i.e. a function that
maps type profiles into lotteries over the allocation set, see (6.2.4)). Each allocation choice
function uniquely defines a social choice function through the allocation-outcome mapping
(see (6.2.5)), which we think of as a mapping from allocations to probability distributions
on the product of the outcome sets of the agents. Note that there can be multiple allocation
choice functions that give rise to the same social choice function. We define the notion of
implementability for an allocation choice function in Bayes-Nash equilibrium (see (6.2.16)).
We say that a social choice function is implementable in Bayes-Nash equilibrium if there
exists an allocation choice function that is implementable in Bayes-Nash equilibrium and
induces this social choice function.

We similarly define the notions of implementability in dominant equilibrium. Here,
we identify an additional notion of implementability that we call implementable in belief-
dominant equilibrium. Roughly speaking, a dominant strategy is a best response to all the
strategy profiles of the opponents (see (6.2.18)), and a belief-dominant strategy is a best
response to all the beliefs over the strategy profiles of the opponents (see (6.2.20)). Under
EUT, the notion of a dominant strategy is equivalent to that of a belief-dominant strategy.
However, this is not true in general when the agents have CPT preferences, thus making it
necessary to distinguish between these two notions of equilibrium.

In Section 6.3, we define the notions of direct mechanism (see (6.3.1)) and truthful im-
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plementation (see (6.3.2)). We then give an example that highlights the shortcoming of
restricting oneself to direct mechanisms when the players have CPT preferences, as opposed
to EUT preferences. In particular, we consider a 2-player setting where the players have CPT
preferences that are not EUT preferences. Example 6.3.1 gives an allocation choice function
for which the revelation principle does not hold for implementation in Bayes-Nash equilib-
rium. We then introduce the framework of mediated mechanism design in Section 6.4. We
define the corresponding notions of Bayes-Nash equilibrium (see (6.4.7)), dominant equilib-
rium (see (6.4.11)), and belief-dominant equilibrium (see (6.4.12)) for mediated mechanisms.
In Theorem 6.4.1, we recover the revelation principle under certain settings (see Table 6.1).

6.2 Mechanism Design Framework

Preliminaries

Let [n] := {1,2,...,n} be the set of players participating in the system. Let A denote
the set of allocations for this system. We assume unless stated otherwise that the set of
allocations is finite, say A := {a!,...,a'}. For example, in the sale of a single item (or
multiple items), it could represent the allocation of the item(s) to the different individuals.
In a routing system, such as traffic routing or internet packet routing, it could represent
the different routing alternatives. More generally, in a resource allocation setting it could
represent the assignment of resources to the participating agents (with their corresponding
payments) that respect the system (and budget) constraints. In a voting scenario, it could
represent the winning candidate. Thus, we imagine the allocations o € A as being the
various alternatives available to the system operator to implement.

Traditionally, each player is assumed to have a value for each of the allocations, and this
defines the type of this player. It describes the preferences of a player over the allocations,
and further, by assuming EUT behavior, we get her preferences over the lotteries over these
allocations. Here, instead, we assume that for each player ¢ € [n], we have a finite set of
outcomes T; := {~},... ,vf i}, and player i’s type is defined by her CPT preferences over
the lotteries on this set I';. We imagine the set I'; to capture the outcome features that are
relevant to player <. Thus the outcome set I'; allows us to separate out the features that affect
player ¢ from the underlying allocations that give rise to these outcomes. We capture this
relation between the allocation set and the outcome sets through a mapping ¢ : A — A(T)
that we call the allocation-outcome mapping, where I' :== [[,I';. Let ; : A — A(I';) denote
allocation-outcome mapping for player ¢ given by the marginal of ( on the set I';.

From a behavioral point of view it is natural to model a player’s preferences on the
outcome set I'; rather than the allocation set A. Then why is it that the sets I'; and
the mapping ¢ are usually missing from the mechanism design framework prevalent in the
literature? At the end of this section after setting up the relevant notation, we will show
that under EUT, from the point of view of the typical goals of the mechanism designer,
it is enough to consider a transformation of the system where I'; = A, for all 7, and the
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allocation-outcome mappings are trivial, namely, (;(«) = «, for all @« € A,i € [n] (this is
shown formally in Appendix 6.C). We will also show that this does not hold in general when
the players do not have EUT preferences, and in particular when they have CPT preferences.

We model the preference behavior of the players using cumulative prospect theory. Sup-
pose I'; is the outcome set for player i, who is associated with a value function v; : I'; = R
and two probability weighting functions wi : [0,1] — [0,1]. The value function v; partitions
the set of outcomes I'; into two parts: gains and losses; an outcome ; € I'; is said to be a
gain if v;(;) > 0, and a loss otherwise. The probability weighting functions w;™ and w; will
be used for gains and losses, respectively. The probability weighting functions wz-i are as-
sumed to satisfy the following: (i) they are strictly increasing, (ii) w;"(0) = 0 and wi(1) = 1.
We say that (v;, w) are the CPT features of player .

%

Mechanism design framework

For each 1, let ©; denote the set from which the permissible types for player ¢ are drawn.
Corresponding to any type 6; for player ¢, let v; : I, — R be her walue function, and
w1 [0,1] = [0,1] be her probability weighting functions. Let V% (L;) denote the CPT value
of the lottery L; € A(T;) for player ¢ having type ;. Thus, the type 0; completely determines
the preferences of player i over lotteries on her outcome set I';.2° We will assume that the
sets ©; are finite for all 3.

Let 6 := (64,...,0,) denote the profile of types of the players, and let © := [], ©;. We
assume that each player knows her type but cannot observe the types of her opponents.

Let the set of players [n], their corresponding type sets ©;,7 € [n], the allocation set
A, and the outcome spaces I';,i € [n], together with the mapping ¢ form an environment,
denoted by

& = ([n], (@i)ie[n}a A, (Fi)ie[n]7 C) . (6.2.1)

A social choice function
g:0 — A(l) (6.2.2)

determines a lottery over the product of the outcome sets of the individual players given the
type profile # of all the players. The outcome choice function for player ¢ corresponding to
the social choice function g is

9+ © = A(lY), (6.2.3)

given by the restriction of g to the set I';, and represents the lottery faced by player ¢ given
the type profile 8 of all the players. We will treat the social choice function g as the goal of
the mechanism designer, i.e, the goal is to design a mechanism to implement a social choice
function g without having knowledge of the true types of the players.

Let an allocation choice function

£:6 = A(A) (6.2.4)

represent the choice of the allocation to be implemented by the system operator given a
type profile # € ©. Note that f(f) is a probability distribution over the allocations A.
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Thus we allow the system operator to implement a randomized allocation. A deterministic
allocation choice function maps each type profile to a unique allocation. Since the mapping ¢
is fixed and a part of the environment description, the allocation choice function f effectively
captures the goal of a mechanism designer. More precisely, let .%(g) denote the set of all
allocation choice functions that induce the social choice function g, i.e. for all 8 € ©, ¢(0)
is the mixture probability distribution of the probability distributions ({(«),a € A) with
weights f(a|f). We note that the set .%(g) is non-empty if and only if

9(0) € co{((a) : a € A},

for all 8 € ©. We wish to design a mechanism that would implement an allocation choice
function in .#(g). Thus a social choice function is implementable if and only if we can
implement an allocation choice function f that satisfies

g(v|0) = Zf alf)(v]a), (6.2.5)

acA

for all v € I', 8 € ©. This raises the main question in mechanism design, namely whether we
can design a game that results in the implementation of some given allocation choice function
f under certain rationality conditions on the players even when the system operator cannot
observe the players’ types.

First, let us look at the the relationship between lotteries on allocations and lotteries on
the outcome set of a given player. Any lottery pu € A(A) induces a lottery L;(p) € A(T;)
given by

Li(yilp) ==Y pla)G(yil). (6.2.6)
acA
Given that player 7 has type 6;, we know that the CPT value of lottery L;(p) is V.7 (L;(1)).
This induces a value for player ¢ with type 6; on the lottery u denoted by

Wi (1) == V7 (Li(p)).- (6.2.7)

This defines a utility function W : A(A) — R that gives the preference relation over the

7

lotteries p € A(A) for a player ¢ having type 0;. Let
ui' (@) = Vi (Gla) = W (a) (6.2.8)

be the CPT value of the lottery for player i corresponding to allocation «.?! If player i has
EUT preferences, then we have that

= p(e)u (o). (6.2.9)

We now consider a mechanism

%0 = ((‘Ijz)ze[n]v ho), (6210)
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consisting of a collection of finite signal sets V;, one for each player i, and an allocation
function

ho: U — A(A), (6.2.11)

where U := J[,c,; ¥i. Note that the allocation function is allowed to be randomized. Let
1; denote a typical element of W;, and 1) := (¢;);c[) denote a typical element of ¥, called a
signal profile.

It is straightforward to incorporate the feature that the outcome sets I'; might be different
from the allocation set A, and the corresponding allocation-outcome mapping ¢, so as to
extend the definition of a Bayes-Nash equilibrium strategy profile for the mechanism .
and the implementability of an allocation choice function f in Bayes-Nash equilibrium. To
do this, assume that the types of the individual players are drawn according to a prior
distribution F' € A(©) and that this distribution is common knowledge among the agents
and the system operator. Let F; € A(©;) denote the marginal of F' on ©;. Suppose player
1 has type ;. Then the belief of player ¢ about the types of other players is given by the
conditional distribution

F(Q’L? 9—7,)

F_i(0-i10;) := F;(6;)

, forall 0_; € ©_;,0; € supp F},

where 6_; := (0;), is the profile of types of all players other than player 7, ©_; := H#i 0,.
Recall that ¢; denotes a typical element of W;, and ¢ := (1;);c[,) denotes a typical element

of . Let U_; := H#i VU, with a typical element denoted by 1_;. Let

be a strategy for player i, and let o := (01, 09,...,0,) denote a strategy profile. Let o_; :=
(0;)j+i denote the strategy profile of all players other than player i. For any type 6; (such that
F;(0;) > 0) and signal 1;, consider the probability distribution p;(0;,;; 4y, F,o_;) € A(A)
given by

pilal0s, s My, Fro i) = > Foi(0416:) > [ os@510)holal), (6.2.13)

—i€0_; Y_i€W_; jFi

for all @ € A. Suppose player i has type 6; (such that F;(6;) > 0), and she chooses to signal
;. Then, by Bayes’ rule, the lottery faced by player i is given by

L; (,Ui(eia Vi Mo, F, Ufi)) .

This comes from the assumption that player ¢ knows her type 6;, the common prior F', the
strategies 0;,j # 4 of her opponents, and the mapping ¢;. Given that player ¢ has type 6;,
her CPT value for the lottery L;(u;(0;,v;; Ao, F,o_;) is given by

Wiei (Mz(gm 1/}27 %07 F7 U—i)) - ‘/7;91‘ (LZ(/’LZ(em wla %07 F7 J—i)) )
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where we recall that W/ (1) is the CPT value of player i with type 6 for the lottery L;(u) €
A(T;) induced by the distribution p € A(A). Let the best response strategy set BR;(0_;) for
player ¢ to a strategy profile o_; of her opponents consist of all strategies o7 : ©; — A(¥;)
such that

W (13 (0, 55 Mo, F0-3)) = W (11305, 0% Ao, FLo-3), (6.2.14)

for all 0; € supp F;,1; € suppo;(6;),v; € ¥;. The rationale behind this definition is that a
player’s best response strategy ¢* should not assign positive probability to any suboptimal
signal 1; given her type 6;.

A strategy profile o is said to be an F'-Bayes-Nash equilibrium for the environment &
and common prior F' with respect to the mechanism .7, if, for each player i, we have

o; € BR;(0",). (6.2.15)

We will refer to ¢* simply as a Bayes-Nash equilibrium when the respective environment &,
the common prior F', and mechanism .7 are clear from the context.

We say that the allocation choice function f is implementable in F-Bayes-Nash equilib-
rium by a mechanism if there exists a mechanism .#; and an F-Bayes-Nash equilibrium o
such that f is the induced distribution, i.e. for all #; € supp F;, a« € A, we have

Flal) =" | T oo(wil6:) | holel). (6.2.16)

Yev \i€[n]

An alternative notion is that of an allocation choice function f being implementable in
dominant equilibrium. The traditional notion states that a strategy o; is a dominant strategy
for player 7 if the signals in the support of 0;(6;) are optimal given player i’s type 6; and any
signal profile v_; of the opponents. More precisely, if we let

Mi(ei,%;///o,?ﬁfi) = ho(wz’,wﬂ')a (6-2'17)

then of is a dominant strategy if, for all 8; € 6;, ¢; € suppo;(6;), V) € V;, and p_; € ¥_;,
we have

Wiei (1 (03, i; Ao, i) > Wz‘ei (a0, 0 Mo, )-i)).- (6.2.18)

Thus, if player ¢ employs a dominant strategy, then regardless of the signal profile of the
opponents she always signals a best response given her type. A dominant equilibrium is one
in which each player plays a dominant strategy. We say that an allocation choice function
f is implementable in dominant equilibrium if there exists a mechanism .#, and a strategy
profile 0* = (o7, ..., 0}) where each ¢} is a dominant strategy (equivalently, o* is a dominant
equilibrium) such that (6.2.16) holds for all §, € ©,a € A.

Under EUT, if a signal ¢; is a best response of player 7 for all of the opponents’ signal
profiles, then it is also a best response for any belief G_; € A(V_;) of player i over her
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opponents’ signal profiles. However, under CPT, this need not hold. (See Example 6.2.1.)
This observation leads us to the following stricter notion of dominant strategies under CPT.
We call a strategy o; a belief-dominant strategy for player i if the signals in the support of
0i(0;) are optimal given player i’s type 6; and any belief G_; € A(V_;) she has on the signal
profile of her opponents. If we let

Ni(9i7 Vy; My, G—i) = Z G—z‘W—i)howi, ¢—z‘)a (6‘2'19)
i

then vf is a belief-dominant strategy for player i if, for all ; € 0;, 1; € supp o (0;), V) € V;,
and G_; € A(V_;), we have

Wiei(ﬂi(eiawiQ%Oy Gi)) 2 Wiei(:ui(eivwz{;‘%o’ G-i)). (6.2.20)

It is straightforward to check that under EUT a strategy is dominant if and only if it is belief-
dominant. A belief-dominant equilibrium is one in which every player plays a belief-dominant
strategy. We say that an allocation choice function f is implementable in belief-dominant
equilibrium if there exists a mechanism .#;, and a strategy profile o* = (o7, ..., 0%) where
each o7 is a belief-dominant strategy (equivalently, o* is a belief-dominant equilibrium) such
that (6.2.16) holds for all §; € ©,« € A.

Note that if ¢* is a belief-dominant strategy profile, and thus a belief-dominant equi-
librium, then it is a dominant strategy profile, i.e. a dominant equilibrium, and also an

F-Bayes-Nash equilibrium with respect to any prior distribution F' on type profiles.

Ezample 6.2.1. Let n = 2. Let ©1 = ©y = {UP,DN}. Let A = {a,b,c}, 'y = {I, 1L, II[, IV, V},
and I'y = A. Let the allocation-outcome mapping be given by the product distribution of the

marginals ¢; and (s, given by (i (a) = {(1/2,1); (1/2,V)}, (1 (b) = {(1/2,11); (1/2,IV)}, (i (c) =
{(1,(II1)) }, and (2(ar) = «,Vex € A. Let the probability weighting functions for gains for the

two players be given by

wi (p) = exp{—(~1np)**}, w3 (p) = p,
for p € [0,1]. In this example, we consider only lotteries with outcomes in the gains domain,
and hence an arbitrary probability weighting function for the losses can be assumed. Here,
for player 1’s probability weighting function, we employ the form suggested by Prelec [113]
(see Figure 6.1). Note that player 2 has EUT preferences. Let the value functions v; and v
be given by

U1 I 1I Imr | I1v | v vg |al|b]ec
UP |2 |2+1]199| 1 |0 UP|1(0]2
DN | 0 0 1 010 DN|O|1]2

where x := 1/w] (0.5) = 2.2992. Note that 2z = 4.5984 and x + 1 = 3.2992. We have,
Vi (Li(a)) = 2zwi (0.5) = 2,
VP (Ly(b)) = 1+ 2w (0.5) = 2,
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Figure 6.1: The solid curve shows the probability weighting function w;~ for player 1 from
Example 6.2.1 and Example 6.4.2. The dotted curve shows the probability weighting func-
tion wy for player 2 in Example 6.2.1 and Example 6.4.2, which is the linear function
corresponding to EUT preferences.

and,

VPP (0.5L,(a) + 0.5L (b)) = w(0.75) + zw; (0.5) + (x — 1)w; (0.25)
= 1.9851.

(Here, we have w (0.25) = 0.3081, w; (0.5) = 0.4349, and w; (0.75) = 0.5849.) Consider the
mechanism .# = ((V;)icjn), ho), where ¥y = W, = {UP, DN}, and hy is given by

ho(UP, UP) = a, ho(UP,DN) = b, hy(DN, UP) = ¢, hy(DN,DN) = c.

Consider the strategies
0;(UP) = UP, and o;(DN) = DN,

for both the players i. It is easy to see that these strategies are dominant for both the
players. However, if player 1 has type UP and believes that there is an equal chance of
player 2 reporting her strategy to be UP and DN, then player 1’s best response is to report
DN. Thus, oy is not a belief-dominant strategy for player 1.

O

We will now look at the remark made earlier about the absence of the distinction between
the allocation set and the outcome sets in classical mechanism design, and why it is important
to consider this distinction under CPT. In Appendix 6.C, we show that under EUT it suffices
to consider the scenario where the outcome set of each player is the same as the allocation
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set by the simple expedient of interpreting each type 6; € ©; in terms of the utility function
on allocations that it defines via (6.2.8).

While equation (6.2.9) holds under EUT, under CPT in general it does not hold, and in
general the utility function Wfi is not completely determined by the values uf (), Va € A.
Thus, we can either characterize the type of a player by her utility function I/Vf" or by her
CPT features which, combined with the mapping (;, together define the utility function I/Vfi.
In any given setting, it is more natural to put behavioral assumptions on the CPT features
(v;, wE) than on the utility function W22 Hence, we include the sets T'; and the mappings

(;, for all 7, in our system model under CPT.

6.3 The Revelation Principle

A mechanism #, = ((V;)icin); ho) is called a direct mechanism if ¥; = ©;, for all i. Let
M = ((0:)iefn), hi) denote a direct mechanism, where

hi: 0 — A(A) (6.3.1)

is the direct allocation function. Corresponding to a direct mechanism, let ¢ : ©; — ©;
denote the truthful strategy for player 7, given by

ol(0;) = 0;, (6.3.2)

for all ; € ©,. An allocation choice function f is said to be truthfully implementable in F-
Bayes-Nash equilibrium (resp. dominant equilibrium or belief-dominant equilibrium) if there
exists a direct mechanism . such that the truthful strategy profile ¢ is an F-Bayes-Nash
equilibrium (resp. dominant equilibrium or belief-dominant equilibrium), and it induces f.

The revelation principle®® says that if an allocation choice function is implementable in
Bayes-Nash equilibrium (resp. dominant equilibrium or belief-dominant equilibrium) by
a mechanism, then it is also truthfully implementable in Bayes-Nash equilibrium (resp.
dominant equilibrium or belief-dominant equilibrium) by a direct mechanism. When the
players are restricted to have EUT preferences and the outcome set of each player is assumed
to be the same as the allocation set with the trivial allocation-outcome mapping, Myerson
[93] proved that the revelation principle holds for both the versions - Bayes-Nash equilibrium
and dominant equilibrium (and hence also for belief-dominant equilibrium, since dominant
strategies are equivalent to belief-dominant strategies under EUT). It is easy to extend this
result to the general setting where some of the individual outcome sets might differ from
the allocation set, provided the players are restricted to have EUT preferences. Indeed, in
Appendix 6.C it is proved that, under EUT, an allocation choice function f is implementable
in F-Bayes-Nash (resp. dominant or belief-dominant) equilibrium by a mechanism .# for
the environment & with the equilibrium strategy o, if and only if, for the corresponding
environment &” (defined in Appendix 6.C), the corresponding allocation choice function
f’ is implementable in F’-Bayes-Nash (resp. dominant or belief-dominant) by the same
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mechanism .#, with the corresponding equilibrium strategy ¢’. We now observe that . is a
direct mechanism for environment & if and only if it is a direct mechanism for environment &”.
Also, o; is the truthful strategy with respect to the environment & and a direct mechanism
M, if and only if, the corresponding strategy o, is the truthful strategy with respect to the
environment &’ and the same direct mechanism .#y. These observations together give us
the required revelation principle under EUT for the setting where the outcome sets of some
of the players can differ from the allocation set.

The following example shows that the revelation principle need not hold when players
have CPT preferences. We will consider implementability in Bayes-Nash equilibrium in this
example.

Ezxample 6.3.1. Let there be two players, i.e. n = 2. Let each player belong to one of the three
types: Mildly Favorable (MF), Unfavorable (UF), and Super Favorable (SF), i.e. ©; = Oy =
{MF,UF,SF}. Let the outcome sets for both the players be I'y = I'y = {I[, I, II[, IV, V}.
Let the value functions v; and vy for both the players be as shown below.

I IT III IV |V
MF | 13.616 | 8.616 | 5.816 | 3.8 | O
UF | —=190 | =100 | —1K | =50 | O
SFE 0 0 1M 0 0

Observe that a player with type MF has mild gains for all the outcomes, a player with type
UF has medium losses for all outcomes except outcome III, where she has a big loss, and a
player of type SF has a huge gain for outcome III and zero gains otherwise.

Let the probability weighting functions for both the players, for all of their types, be
given by the following piecewise linear functions:

(8/7)p, for 0 < p < (7/32),
wh(p) =< (1/4) + (2/3)(p — 7/32), for (7/32) < p < 25/32,
(5/8) + (12/7)(p — 25/32), for (25/32) < p < 1,

for gains, and

(3/2)p. for 0 < p < (1/8),
w(p) = { (3/16) + (1/2)(p — 1/8), for (1/8) <p < 3/4,
(1/2) + 2(p — 3/4), for (3/4) <p < 1,

for losses. See Figure 6.1.
Let the prior distribution F' be such that the types of the players are independently
sampled with probabilities,

P(MF) = 1/2,P(UF) = 3/8,P(SF) = 1/8. (6.3.3)
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Figure 6.1: Probability weighting functions for the players in Example 6.3.1.

Let A = {a,b,c} be the allocation set, and let the allocation-outcome mapping be given

by

C(a) = {(1/2a (L I)); (1/27 (V’ V))},
C(b) = {<1/27 (Hv H)), (1/27 (IV’ IV))},
C(C) = (IH,IH).

Consider the allocation choice function f* given by

f*(SF,Qg) = f*(91, SF) = c, V91 < @1,92 c @2,
f*(UF,0y) = f*(61,UF) = {(1/2,a);(1/2,b)}, VO, € {MF,UF}, 0, € {MF, UF},
ST (MF,MF) = {(1/2,a); (1/2,b)}.

We will now show that f* is not truthfully implementable in F-Bayes-Nash equilibrium by
a direct mechanism. However, if we do not restrict ourselves to direct mechanisms, then we
will show that it is possible to implement f* in F-Bayes-Nash equilibrium. We will then
conclude that the revelation principle does not hold for Bayes-Nash implementability when
the players have CPT preferences.

We observe that if either of the players is of type SF then under the allocation ¢ the players
with type SF get the maximum possible reward, i.e. 1M. This motivates implementing
allocation c if either of the players is of type SF. Now suppose none of the players has type
SF. If player 1 is of type UF, then in Claim 6.3.2, we show that player 1’s CPT value for
the lottery L;(u) corresponding to a distribution p € A(A) is maximized when

p={(1/2,a);(1/2,b); (0, c)}. (6.3.4)
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Thus, if at least one of the players has type UF and none of the players have type SF, then
the distribution in (6.3.4) gives the best CPT value for the players with type UF. This
motivates the following definition: we will call an allocation choice function f special if it
satisfies
f(SF792) = f(@l,SF) = {(1,0)},V91 € 01,0, € Oy, (635)
and
f(UF,6y) = f(61,UF) = {(1/2,a);(1/2,b)},V6,,0, € {MF, UF}. (6.3.6)

Note that f* is special.

After proving Claim 6.3.2, we will show that it is impossible to truthfully implement any
special allocation choice function in F-Bayes-Nash equilibrium by a direct mechanism. In
particular, this would imply that f* is not truthfully implementable by a direct mechanism.
We will then give a mechanism ., that implements f* in F-Bayes-Nash equilibrium.

Claim 6.3.2. The CPT value V¥ (Ly(u)) is mazimized when p is given by (6.3.4).
Proof of Claim 6.5.2. Consider a lottery

n = {(SL’,CL); (y7b); (Z7C>}7

where x,y, z are nonnegative numbers with z + y + 2z = 1. Then the outcome lottery for
player 1 is

Ly () = {(/2,1); (y/2,11); (2, 1I); (y/2,1V); (2/2, V) }.
CPT satisfies strict stochastic dominance [30], i.e. shifting positive probability mass from
an outcome to a strictly preferred outcome leads to a strictly preferred lottery. This implies
that z = 0 in the optimal solution. Taking z = 0 and y = 1 — «, from (1.3.9), we have

B(w) = VP ({(2/2,1); (1/2 — /2,105 (0, TID); (1/2 — /2, IV); (2/2, V)})
= 90w (z/2) — 50w (1/2) — 50w~ (1 — x/2).

We can verify that this function is maximized at x = 1/2. See Figure 6.2.

]

Suppose we have a direct mechanism .Z¢ = h¢ that truthfully implements a special
allocation choice function f. Then the allocation function h¢ must be equal to the allocation
choice function f. Since f satisfies (6.3.5) and (6.3.6), the only freedom left is in the choice
of f(MF,MF). Let

ho(MF, MF) = f(MF,MF) = {(z", a); (y/,0); (', )},

where 2,1/, 2/ are nonnegative numbers with 2’ + ¢y’ + 2’ = 1. The lottery faced by a player
of type MF signaling truthfully would then be

Ly (s (MF, MF; .8, F, o)) = {(3/32+2"/4,1); (3/32 + o/ /4, 11);
(1/8 4+ 2'/2,111); (3/32 + v/ /4,1V); (3/32 + 2/ /4, V) }.
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Figure 6.2: Plot of expression E(z) in Claim 6.3.2.

We obtain this by using the belief F_;(-|MF) of player 1 on the type of player 2 given by

(6.3.3), the truthful strategy o4 for player 2, and the allocation function hg in (6.2.13).

Claim 6.3.3. For any nonnegative x',y', 2" such that ' +y' + 2/ = 1, we have
VME(Ly (uy (MF, MF; ¢, F,0%,))) < 5.816.

Proof of Claim 6.3.3. We have

VM Ly (p (MF, MF; 28, F,0%))) =3.8w"(29/32 — 2/ /4) + 2.016w ™" (18/32 4 2/ /4)
+2.8wT(14/32 — 2/ /4) + 5w"(3/32 + 2/ /4).

We observe that the expression,
Ei(Z") :=2.016w™ (18/32 + 2'/4) + 2.8w™*(14/32 — 2'/4),

is maximized at 2’ = 0 with value E;(0) = 2.0743. See Figure 6.3.
We can therefore set 2/ = 0, since this choice would also lead to the least constrained
problem of maximizing the expression

Ey(2) := 3.8w%(29/32 — 2/ /4) + bw™ (3/32 + 2/ /4) + 2.0743,

which we can see is maximized at 2’ = 0 and 2’ = 1. At 2/ =0, and either 2’ =0 or 2’ =1,
we have VMY L (11 (MF, MF)) = 5.7993. See Figure 6.4.
This establishes the claim. O]
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2.1

2.05

Ei(2))

195 | | | |

Figure 6.3: Plot of expression E)(2') in Claim 6.3.3.

2.85

565 | | | |

Figure 6.4: Plot of expression Fy(z') in Claim 6.3.3.
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Thus, player 1 will defect from the truthful strategy and report SF when her true type
is MF, because if she does so the allocation ¢ will be implemented by the system operator,
which results in her outcome being III, hence giving her a value of 5.816. Hence, truthful
strategies do not form a Bayes-Nash equilibrium under the allocation function hg. And
hence, any allocation choice function f that satisfies (6.3.5) and (6.3.6) is not truthfully
implementable by a direct mechanism.

We will now show that the allocation choice function f* is implementable in Bayes-Nash
equilibrium. Consider the mechanism .#, = ((V;);, ho) with the signal sets for the players
being ¥, = ¥, = {MF? MF® UF,SF}, and the allocation function hq given by

ho(SF, v2) = ho(31,SF) = ¢, Vi1 € Wy, 9, € Uy,

o7 (SF) = SF,
o;(UF) = UF,
o (MF) = {(1/2,MF*); (1/2, MF®)}, (6.3.7)

fori=1,2.

One can check that the allocation function hg and the strategy profile ¢* induce the
allocation choice function f* defined above. We will now verify that ¢* is a Bayes-Nash
equilibrium and thus conclude that f* is implementable in Bayes-Nash equilibrium.

If player ¢ has type SF then clearly SF is a best response signal for her. To see this,
observe that amongst all the lotteries L; € A(T;), VSF(L;) is maximized when L; = III
(this follows from the first order stochastic dominance property of CPT preferences). Since
signaling SF produces the lottery III for player 7, we get that it is her best response. If player
1 has type UF, then signaling UF dominates signaling SF. To see this, note that amongst
all the lotteries L; € A(T;), V;9F(L;) is minimized when L; = III (this follows from the first
order stochastic dominance property of CPT preferences). Since signaling SF produces the
lottery III for player i, we get that it is dominated by all other strategies, in particular,
signaling UF. As for comparing with signaling MF?® or MF?, if she signals UF then she will
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face the lottery

L;(1:(UF, UF; Ay, F,0*,)) = {(7/32,1); (7/32,11); (1/8,111); (7/32,1V); (7/32, V) }.
If she signals MF“, then she will face the lottery

L;(1;(UF, MF*; 4y, F,0*;)) = {(3/8,1); (1/16,1I); (1/8,111); (1/16,1V); (3/8, V) }.
If she signals MF?, then she will face the lottery

Li(1i(UF, ME; 4, F.0*,)) = {(1/16,1); (3/8,11); (1/8, II1); (3/8, IV); (1/16, V)}.

The CPT wvalues in each of these scenarios are as follows:

— 50w (25/32) — 50w (18/32) — 90w (11/32) — 810w (4/32)
— _227.0312,

VU (L (i (UF, MF%; 4, F, 0" )))
= —50w ™ (20/32) — 50w~ (18/32) — 90w~ (16/32) — 810w (4/32)
= —227.8125,

and,

VR (Li(ps(UF, MF®; Ay, F,0%,)))
— —50w(30/32) — 50w (18/32) — 90w (6/32) — 810w~ (4/32)
— —235.6250.

Thus, signaling UF is the best response of a player with type UF.
Finally, let player ¢ have type MF. Depending on what she signals, we have the following
lotteries:

{(3/8,1); (1/16,11); (1/8,11I); (1/16,1V); (3/8, V) },
{(1/16,1); (3/8,11); (1/8, 111); (3/8,1V); (1/16, V) },
{(7/32,1): (7/32,11); (1/8, 111): (7/32,1V): (7/32, V)},
111

Li(p;(MF, MF®; 4y, F, 0* )
Li(ps(MF, MF®; 4, F, "))
Li(ui(MF, UF; 4, F,0",))
Li(ps(MF, SF; Ay, F,0*))

) =
) =

The corresponding CPT values are as follows:
ViMF(Li(ﬂi<MF7 MFa; ‘/%07 F7 Uiz)))
= 3.8w*(20/32) + 2.016w™ (18/32) + 2.8w™*(14/32) + 5w (12/32)
= 5.8243,
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V;MF(LZ (M,‘(MF, MFb; '/%0’ Fv Jiz)))
— 3.8w"(30/32) + 2.016w™ (18/32) + 2.8w ™ (14/32) + 5w™(2/32)
— 5.8243,

ViMF(Li(IMi(MF7 UF; %0’ F’ Uiz)))
= 3.8w"(25/32) + 2.016w™ (18/32) + 2.8w™ (14/32) + 5w (7/32)
= 5.6993,

and,
VMF(L; (us(MF, SF; Ay, F,0*,))) = 5.816.

Thus o (MF) has support on optimal signals, and hence is a best response. This completes
the verification that ¢* is a Bayes-Nash equilibrium. With this, we end our example. O]

In the previous example, let us focus on the behavior of player ¢+ when she has type MF.
For any mechanism with the signal sets for the players being U; = Uy = {MF*, MF®, UF, SF}
as above (the mechanism .#, = ((V;);, ho) considered above is an instance of such a mecha-
nism), the signals MF* and MF b allow this player to play so that the lotteries faced by her
are L) = L;(u;(MF,MF®); #,F,0_;) and L/ := L;(u;(MF, MF®); ., F,0_;) respectively,
where F' denotes the prior distribution on types (i.e. the product distribution with marginals
given as in (6.3.3) above) and o_; denotes the strategy of the other player. The lotteries L/
and L! are equally preferred by player ¢ when she has type MF, and they are preferred over
the lotteries corresponding to signaling UF or SF, when the mechanism is .#, = ((¥;);, ho) as
considered in Example 6.3.1, and the other player plays according to the strategy prescribed
in (6.3.7). Under the equilibrium strategy o}, as defined in (6.3.7), when player i has type
MF she signals MF?® or MF? each with probability half.

We can think of player 1 as tossing a fair coin to decide whether to signal MF® or MF?
when her type is MF, and similarly for player 2. The outcome of the coin toss is private
knowledge to the player tossing the coin. The equilibrium strategies in (6.3.7) correspond
to each player signaling UF or SF truthfully if that is her type, while if her type is MF then
she signals MF?® or MF® depending on the outcome of her coin toss. From our analysis in
the above example, we have that these strategies form an F-Bayes-Nash equilibrium for this
game and induce the allocation choice function f*.

An alternate viewpoint is to think of the coins being tossed at the beginning as before,
but now let us assume that the system operator observes the outcomes of both the coins. We
continue to assume that each player does not observe the result of the coin toss of the other
player. Suppose each player only has the option to signal from {MF, UF,SF}. The system
operator collects these signals and implements a lottery on the allocation set according to
the following rule: If player i signals UF or SF then let ¢ = UF or ] = SF respectively. If
player ¢ signals MF then, depending on the outcome of coin toss i, let ¢, = MF® or ME?.
The system operator implements ho(1],15). Now consider the strategy where each player
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reports her type truthfully. We observe that this strategy is an F-Bayes-Nash equilibrium
for this game and induces f*.

Thus the issue with the revelation principle is superficial in the sense that the reason that
it does not hold is not that player ¢ does not wish to reveal her type, but rather that she
would like to have an asymmetry in the information of the players. In the above example,
this asymmetry comes from the coin tosses and, as seen in the latter viewpoint, these coin
tosses can be thought of as shared between each individual player and the system operator,
so one could even think of the coins as being tossed by system operator, with the result of
each individual coin toss being shared with the respective player. To capture this intuition,
we propose a framework where there is a mediator who sends messages to each individual
player before collecting their signals. As we will see now, this way we can recover a form of
the revelation principle.

6.4 Mediated Mechanisms and the Revelation
Principle

We now lay out the framework for a mechanism with messages from the mediator, along the
lines of the augmented framework for mechanism design motivated by the example above.
Let ®; be a finite message set for each player ¢, with a typical element denoted by ¢;, and let
¢ =[], ®;. Let D € A(®P) denote a mediator distribution from which the mediator draws a
profile of messages ¢ := (¢1,...,¢,). Let D; € A(®;) denote the marginal of D on ®;. For
any ¢; € supp D;, let the conditional distribution be given by

D(¢s, ¢-i)

D72(¢72’¢z) = W, for all sti S (I),Z', (641)

where ¢_; 1= (¢;);2 and &_; := H#i ;. Let U, be a finite set of signals as before. Let
h:®xW¥— A(A) (6.4.2)

be a mediated allocation function. The message sets ®;,7 € [n], a mediator distribution
D € A(®), and a mediated allocation function h together constitute a mediated mechanism,
denoted by

% = (((I)Z)ze[n}a D, (qli)ie[n]a h) (643)

The mediator first draws a profile of messages ¢ from the distribution D. Each player ¢
observes her message ¢;, and then sends a signal 1); to the mediator. The mediator collects
the signals from all the players and then chooses an allocation according to the probability
distribution h(¢, ). A strategy for any player i is thus given by

Let 7;(1;|¢:,0;) denote the probability of signal ; under the distribution 7;(¢;,6;). Let
T := (1m,...,7T,) denote the profile of strategies. Suppose player i has received message
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¢; and has type 0; (thus, ¢; € supp D;, and 6; € supp F;), and she chooses to signal v
(so ¥; € supp 7i(¢;, 0;)); then consider the probability distribution p;(¢;, 6;, 0 A, F,7_;) €
A(A) given by

pie) i, 05, s M Fo7—g) = D_y(dilon) > Fi(0_10;)
d—i 0_;

S TI 7wl 0)halo,0).  (6.4.5)

i jFi

The best response strategy set BR;(1_;) of player i to a strategy profile 7_; of her oppo-
nents consists of all strategies 7;* : ®; x ©; — A(¥;) such that

W (11i(i, 03, bs; A, Fy 7)) > Wiei(ﬂi(@,ei,w;;«///vﬂ 7)), (6.4.6)

for all ¢; € supp D;, 0; € supp Fj, ¢; € supp 7;° (s, 0;), ¥; € V.
A strategy profile 7* is said to be an F'-Bayes-Nash equilibrium for the environment &
with respect to the mediated mechanism .# if for each player ¢ we have

T € BR;(T7)). (6.4.7)

We will say that an allocation choice function f : © — A(A) is implementable in F-
Bayes-Nash equilibrium by a mediated mechanism if there exists a mediated mechanism .#
and an F-Bayes-Nash equilibrium 7 with respect to this mediated mechanism such that f is
the induced allocation choice function, i.e. for all § € supp F,a € A, we have

flal0) =) D)) (H Ti<¢i|¢i79i)) h(alg, ¥). (6.4.8)
o v \i

A mediated mechanism # = ((®;)icn); D, (V;)icm); h) is called a direct mediated mecha-
nism if U; = O, for all i, and we write it as .Z¢ = ((®i)icm)s D, (©4)icm) h?), where

he:d x O — A(A)

is the corresponding direct mediated allocation function.

For a direct mediated mechanism, the truthful strategy 7¢ for player i should satisfy
745, 0;) = 0;, for all ¢; € ®;, and 0; € ©;. Thus, if player i receives a message ¢; and
has type 0;, she reports her true type 6; irrespective of her received message. In a way, the
messages are present only to align the beliefs of the players appropriately so that truth-telling
is an equilibrium strategy (depending on the type of equilibrium under consideration, i.e.
Bayes-Nash, dominant, or belief-dominant equilibrium). Note that in the definition of the
truthful strategy 7¢ for player i we require 7¢(¢;, 6;) = 0;, for all §; € ©; and ¢; € ®;, and
not just for 6; € supp F; (when discussing an F-Bayes-Nash equilibrium) and ¢; € supp D;.
This is done to make the notion of a truthful strategy uniquely defined.
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An allocation choice function f is said to be truthfully implementable in mediated F-
Bayes-Nash equilibrium if there exists a direct mediated mechanism .# ¢ such that the truth-
ful strategy profile 7¢ is a mediated F-Bayes-Nash equilibrium and it implements f.

Let us now extend the notion of dominant equilibrium and belief-dominant equilibrium
to the mediated mechanism framework. Let

wil( b, O, s M ) ZD_Z ERICR (6.4.9)

denote the lottery faced by player ¢ with type 6;, who has received message ¢; (thus, ¢; €
supp D;) and believes that her opponents are going to report ¢_;. Similarly, let

i, O, s M, G3) ==Y D_i(64]n) ZG_Z h(9, ), (6.4.10)
b—i

denote the lottery faced by player ¢ with type 6;, who has received message ¢; € supp D;
and has belief G_; € A(V_;) over her opponents’ signal profiles. We define strategy 7. to
be dominant if, for all ¢; € supp D;, 0; € ©;, ¥; € supp7/(¢;,0;), ¥, € ¥;, and _; € ¥_;,
we have

W (il i O i A ) = W (i (B3, G, s A 10-3)). (6.4.11)

Similarly, we define strategy 7 to be belief-dominant if, for all ¢, € supp D;, 0; € ©,,
; € supp 77 (s, 0;), Yl € W;, and G_; € A(V_;), we have

W 1s(05, 00, 055 A, G i) = W (i, 00, 0 A, G3). (6.4.12)

An allocation choice function f is said to be implementable in dominant equilibrium by
a mediated mechanism if there is a mediated mechanism .# and a dominant equilibrium 7
(i.e. a strategy profile comprised of dominant strategies for the individual players) such that
[ is the allocation choice function induced by 7 under ., i.e. (6.4.8) holds for all # € © and
a € A. fissaid to be truthfully implementable in dominant equilibrium by a direct mediated
mechanism if there is a directed mediated mechanism .#¢ such that the truthful strategy
profile is a dominant equilibrium and induces f under .#?. The notions of implementability
by a mediated mechanism and truthful implementability by a direct mediated mechanism of
an allocation choice function in belief-dominant equilibrium can be similarly defined.

If the message set ®; is a singleton for each player i, then we get back the original
mechanism design framework. Thus, the mediated mechanism design framework defined
above is a generalization of the mechanism design framework. This generalization allows us
to establish a form of the revelation principle even when players have CPT preferences.

A special case of the mediated mechanism design framework is when the mediator message
profile ¢ is publicly known. That is, each player knows the entire message profile instead of
privately knowing only her own message. This would happen if ®; = ®,, for all i € [n], and
D is a diagonal distribution, i.e. D(¢) = 0 for all message profiles ¢ = (¢;)icpn) such that
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¢i # ¢; for some pair i, j € [n]. Let ®, denote the common message set and let D, € A(®,)
denote the mediator distribution on this set. Let

M = ((I)*; D*7 (\Dz)ze[n]y h*)
denote such a mediated mechanism with common messages, where now
he : @ x ¥ — A(A).

We will call ., a publicly mediated mechanism. The notions of an allocation choice function
being implementable in publicly mediated Bayes-Nash equilibrium, publicly mediated domi-
nant equilibrium, or publicly mediated belief-dominant equilibrium can be defined similarly
to the corresponding earlier definitions that were made for general message sets. The notions
of an allocation choice function being truthfully implementable in direct publicly mediated
Bayes-Nash equilibrium, direct publicly mediated dominant equilibrium, or direct publicly
mediated belief-dominant equilibrium can also be defined similarly to the corresponding
earlier definitions that were made for general message sets.
We are now in a position to state one of our main results.

Theorem 6.4.1 (Revelation Principle). We have the following three versions of the revela-
tion principle:

(1) If an allocation choice function is implementable in Bayes-Nash equilibrium by a me-
diated mechanism, then it is also truthfully implementable in Bayes-Nash equilibrium
by a direct mediated mechanism.

(i) If an allocation choice function is implementable in dominant equilibrium by a publicly
mediated mechanism, then it is also truthfully implementable in dominant equilibrium
by a direct publicly mediated mechanism.

(ii) If an allocation choice function is implementable in belief-dominant equilibrium by a
mediated (resp. publicly mediated) mechanism, then it is also truthfully implementable
in belief-dominant equilibrium by a direct mediated (resp. direct publicly mediated)
mechanism.

We prove this theorem in Appendix 6.A. Theorem 6.4.1, in particular, implies that if an
allocation choice function is implementable in Bayes-Nash equilibrium by a non-mediated
mechanism then it is truthfully implementable in Bayes-Nash equilibrium by a direct me-
diated mechanism. Similarly, if an allocation choice function is implementable in dominant
strategies (resp. belief-dominant strategies) by a non-mediated mechanism, then it is truth-
fully implementable in dominant strategies (resp. belief-dominant strategies) by a direct
publicly mediated mechanism. Table 6.1 summarizes the different implementability settings
under which the revelation principle does and does not hold. Example 6.3.1 shows that
the revelation principle does not hold for the setting with Bayes-Nash equilibrium and non-
mediated mechanism. In Example 6.4.2, we show that the revelation principle does not hold



CHAPTER 6. MEDIATED MECHANISM DESIGN 161

Non-mediated | Publicly Mediated | Mediated
Bayes-Nash Equilibrium b 4 b 4 v
Dominant Equilibrium X v X
Belief-dominant Equilibrium b 4 v 4

Table 6.1: Settings in which the revelation principle holds.

for the settings with dominant equilibrium or belief-dominant equilibrium and non-mediated
mechanism. In Example 6.4.3, we show that the revelation principle does not hold for the
settings with Bayes-Nash equilibrium and publicly mediated mechanism. Finally, in Exam-
ple 6.4.4, we show that the revelation principle does not hold for the setting with dominant
equilibrium and mediated mechanism.

Example 6.4.2. Consider the setting from Example 6.2.1 with two players. Recall that
©, =0y = {UP,DN}, A = {a,b,c}, 'y = {I,I1I,1I1,1V, V}, I'y = A. The allocation-outcome
mapping is given by the product distribution of the marginals (; and (s, given by (;(a) =
[(1/2.: (1/2, V)1, G (b) = {(1/2,11); (1/2,1V)}, Gi(e) = {(1, (IID))}, and G(a) = a, Yo € A.

The probability weighting functions for gains for the two players are

wi (p) = exp{—(—Inp)*°},wi (p) = p,

for p € [0,1] (see Figure 6.1). Let the value functions v; and vy be given by

v | 1 IT Ir | 1v | v vy |a|b|c
UP |2z |z+1]199| 1 |0 UP| 1|02
DN | O 0 1 010 DN |O|1]2

where x := 1/w] (0.5) = 2.2992.
Consider a mechanism # = {(V1, U3), ho}, where ¥, = {a, b, c}, V5 = {UP,DN}, and
ho(a,v2) = a
hO(ba ’QDQ) = b7
hO(Ca 77Z)2) =G

for all ¥y € Wy. The CPT values for player 1 having type UP for the lotteries over her
outcomes corresponding to the different allocations are given by

Vi7" (Li(a)) = 22wf (0.5) = 2,
ViP(La(b) = wi (1) + 2w (0.5) = 2,
VPP (Ly(c)) = 1.99.
Further, the CPT values for player 1 having type DN for the above lotteries are given by
Vi (Li(a)) = 0, ViPN(Li(b) = 0, VPN (Li(e) = 1.
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Since the allocation choice function hg does not depend on the signal of player 2, from the
above the above calculations, we observe that the strategy o; given by

o1(-]0) = {(0.5,a); (0.5,0)},
o) =

is a dominant strategy. and a belief-dominant strategy. Let g9 be the truthful strategy for
player 2. Again, since the allocation choice function hy does not depend on the signal of player
2, 09 is trivially a dominant strategy and a belief-dominant strategy. Thus o = (01, 0) is
a dominant equilibrium and a belief-dominant equilibrium. The corresponding social choice
function f is given by

f(UP,65) = {(0.5,a); (0.5,)},
f(DN, 92) = C.

Thus, the allocation choice function f is implementable in dominant (resp. belief-dominant)
equilibrium. Suppose there were a direct mechanism ¢ = h¢ that truthfully implements
the allocation choice function f in dominant (resp. belief-dominant) equilibrium. Then,
hd = f. As observed in Example 6.2.1, the CPT value for player 1 having type UP for the
lottery corresponding to {(0.5,a); (0.5;0)} is

VP (L1 ({(0.5,a); (0.5;b)})) = 1.9851.

If player 1 has type UP and believes that player 2’s type report is UP (or equivalently,
any other distribution over player 2’s type report), then player 1 would deviate from her
truthful strategy and report DN instead, because it gives her a higher CPT value. Hence
the truthful strategy of is not a dominant (resp. belief-dominant) equilibrium for the direct
mechanism .Z¢. Thus f is not truthfully implementable in dominant (resp. belief-dominant)
equilibrium by a direct mechanism. O]

We will now show that the revelation principle does not hold for the setting with Bayes-
Nash equilibrium and publicly mediated mechanism. Let us first make an observation re-
garding the allocation choice functions that are truthfully implementable in F-Bayes-Nash
equilibrium by a direct publicly mediated mechanism. Let f be an allocation choice function
that is truthfully implementable in F'-Bayes-Nash equilibrium by a direct publicly mediated
mechanism

where

he:®, x © = A(A), (6.4.14)

is the direct mediated allocation function for this direct publicly mediated mechanism. Since
truthful strategies 7 are an F-Bayes-Nash equilibrium, for each ¢, € supp D,, we have

mei(Ui(¢*7 0;, 0s; %ﬁ, F, ng)) > Wiai (Mi<¢*7 0;, éi; %57 F, Tgi))v (6415>



CHAPTER 6. MEDIATED MECHANISM DESIGN 163

for all 6; € supp F},0; € ©,,i € [n], where

Ni(ﬁé*’eiaéi;«///f;F’T ZF |9 hd ¢*76179 )

is the lottery induced on the allocations for player ¢ receiving message ¢,, having type 6;,
and deciding to report type ;. Now, fix ¢, € ®, with D.(¢.) > 0, and consider a non-
mediated direct mechanism ¢ := ((©;)ief), hd), with its direct allocation function being
ha(-) = h¥(gs,-) : © — A(A). Tt follows from (6.4.15) that truthful strategies correspond-
ing to mechanism . form an F-Bayes-Nash equilibrium. Thus, we note that hd(¢., )
is the allocation function truthfully implemented by the non-mediated direct mechanism
AE. Since mechanism .#¢ truthfully implements the allocation function f in F-Bayes-Nash
equilibrium, we have that

= " D.(¢.)hd(¢1,0),
e

for all 8 € supp F'. From these two observations, we conclude that if f is an allocation choice
function that is truthfully implementable in F-Bayes-Nash equilibrium by a direct publicly
mediated mechanism, then f is a convex combination of allocation choice functions each of
which is truthfully implementable in F-Bayes-Nash equilibrium by a non-mediated direct
mechanism. It is easy to see that the converse of this statement is also true.

In the following example, we will use this observation to establish that the revelation
principle does not hold for the setting with Bayes-Nash equilibrium and publicly mediated
mechanism.

Ezample 6.4.3. Let there be two players, i.e. n = 2. Let ©; = Oy = {UP,DN}. Let
Iy =Ty = {LILIII,IV, V}. Let the value function v; for player 1 be as shown below

vy | I | II] I [IV |V
UP |80 |57 34 |17 ] 0
DN| O | 0O ]100| 0 |0

and let the value function vy for player 2 be as shown below

Vg I IT I | 1Iv. | v
UP | =79 | =56 | =33 | =17 | 0
DN | O 0 100 0 0

Let the probability weighting functions for both the players, for both types, for gains and
losses, be given by the following piecewise linear function:

(8/7)p, for 0 < p < (7/32),
wit(p) =wy(p) = w(p) = { (1/4) + (2/3)(p — 7/32),  for (7/32) < p < 25/32,
(5/8) + (12/7)(p — 25/32), for (25/32) < p < 1,
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(See the probability weighting function for gains in Figure 6.1.) Let the prior distribution F
be such that the types of the players are independently sampled with probabilities,

P(UP) = 3/4,P(DN) = 1/4. (6.4.16)
Let A ={a,b,c}. Let

((a)
¢(b)
¢(c)

Consider the allocation choice function f* given by

{(1/2, (LI (1/2,(V, V)1,
{(1/2, (IL11)); (1/2, (IV, IV)) },
(111, I11).

f*(DN, 62> = f*(91, DN) =C, V¢91 c @1, 62 c @2
J*(UP,UP) = {(1/2,a); (1/2,b)}.

We will now show that f* is implementable in F-Bayes-Nash equilibrium by a publicly
mediated mechanism. In fact, we will show that f* is implementable in F-Bayes-Nash
equilibrium by a non-mediated mechanism. We will then show that f* cannot be a convex
combination of allocation choice functions each of which is truthfully implementable by a
non-mediated direct mechanism. This will give us that f* is not truthfully implementable in
F-Bayes-Nash equilibrium by a direct publicly mediated mechanism. We will then conclude
that the revelation principle does not hold for the setting with Bayes-Nash equilibrium and
publicly mediated mechanism.

Consider the mechanism .#, = ((¥;)icp, ho), where ¥, = {UP?, UP’, DN}, ¥, =
{UP, DN}, and the allocation function hy is given by

(DN 1/12) =
ho(UP*, UP)
(UP“ UP)

77/)1,DN) =c, v77b1 € \Pl,wg c \112,

ho(
b

Consider the strategy o; for player 1 given by

o1(UP) = {(1/2,UP%); (1/2,UP")},
o1(DN) = DN,

and the strategy o, for player 2 given by

75(UP) = UP,
3(DN) = DN.

It is easy to see that this induces the allocation choice function f*.
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We will now verify that ¢ is an F-Bayes-Nash equilibrium for .#;. If player 1 has type
UP, then the CPT values of the lotteries faced by her corresponding to her signals are as
follows:

W (ua (UP, UPY; oy, Fyo-1)) = VPP ({(3/8,1); (0,10); (1/4, T11); (0, 1V); (3/8, V) })
= 46w(3/8) + 34w(5/8)
— 34,

WP (42 (UP, UP; oy, Fro 1)) = VPP ({(0,1); (3/8, 11); (1/4,110); (3/8,1V); (0, V) })
= 23w(3/8) + 17Tw(5/8) + 17
= 34.

WP (111 (UP,DN; 4, F,0_1)) = V,"F(I11) = 34.

Thus player 1 is indifferent between all signals when she has type UP and so the strategy of
signaling o (UP) = {(1/2, UP%); (1/2, UP")} is optimal for her.

If player 1 has type DN, then III is the best outcome and she receives this lottery if she
signals DN. Thus DN dominates any other strategy, in particular, signaling UP® or UP?.

If player 2 has type UP, then the CPT values of the lotteries faced by her corresponding
to her signals are as follows:

WP (11 (UP, UP; 4y, F,05)) = VP ({(3/16,1); (3/16, 11); (1/4, 111); (3/16,1V); (3/16, V) })
= —23w(3/16) — 23w(3/8) — 16w(5/8) — 17w (13/16)
= —32.94.

Wy (11 (UP, DN; o, F,0_5)) = VP (1) = —33,

Hence the strategy of signaling oo(UP) = UP is optimal for player 2 when she has type UP.

If player 2 has type DN, then III is the best outcome and she receives this lottery if she
signals DN. Thus DN dominates any other strategy, in particular, signaling UP.

This shows that ¢ is an F-Bayes-Nash equilibrium for .#{, and hence establishes that f*
is implementable in F-Bayes-Nash equilibrium by a non-mediated mechanism.

Suppose f* were a convex combination of allocation choice functions each of which is
truthfully implementable by a non-mediated direct mechanism. Let f be one of the allocation
choice functions in this convex combination. Since f*(DN, 6,) = f*(61, DN) = ¢ for all 6, s,
and since {c} is an extreme point of the simplex A(A), we get that

f(DN,QQ) = f(Hl,DN) =c, Vo, € @1,02 € 0,. (6417)

Similarly, since f*(UP, UP) lies on the line joining the vertices {a} and {b} of the simplex
A(A), we get that
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34

Es(z)

33.38 | 8

Figure 6.1: Plot of expression E3(z) in Example 6.4.3.

where 0 < x < 1.

Let f be truthfully implementable in F-Bayes-Nash equilibrium by the non-mediated
direct mechanism .Z¢ = hd. Then hd = f. If player 1 has type UP, then the lottery faced
by her if she reports UP is given by

Ly (1 (UP, UP; ¢, F 0™,)) = {(3/8,1); (3(1—2) /8, 11); (1/4, T11); (3(1—a) /8, 1V); (32/8, )},
where 0¢, = o¢ is the truthful strategy of player 2. Let

1 _
Esy(z) := 23w (‘%E) + 23w (g) + 17w (g) + 17w ( ng) ,

for z € [0,1]. We observe that F3(z) is maximum at z = 0 and = 1, and for all z € (0, 1),
Es(x) < 34. (See Figure 6.1.)

Now, unless x = 0 or x = 1, player 1 will defect from the truthful strategy and report
DN when her true type is UP, because if she does so the allocation ¢ will be implemented by
the system operator, which results in her outcome III, hence giving her a value of 34. Thus,
r=0o0orx=1.

If player 2 has type UP, then the lottery faced by her if she reports UP is given by

Lo(pa(UP, UPs A, F 0%,)) = {(32/8,1); (3(1—x) /8, I1); (1/4, I1I); (3(1—=) /8, 1V); (32/8, V)},

where 0¢, = o{ is the truthful strategy of player 1. If x = 0, then the CPT value for player
2 is given by

Vo P ({(0,1); (3/8,10); (1/4,T10); (3/8,1V); (0, V) }
= —23w(3/8) — 16w(5/8) — 17
— —33.48.
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If x =1, then the CPT value for player 2 is given by

V2UP({(3/87 D); (0,11); (1/4, I11); (0,IV); (3/8, V) }
= —46w(3/8) — 33w(5/8)
= —33.48.

Now, if x = 0 or x = 1, player 2 will defect from the truthful strategy and report DN when
her true type is UP, because if she does so the allocation ¢ will be implemented by the
system operator, which results in her outcome III, hence giving her a value of —33. Thus
x cannot be 0 or 1, leading to a contradiction. Thus, f* cannot be a convex combination
of allocation choice functions each of which is truthfully implementable by a non-mediated
direct mechanism. This completes the argument. O

Ezxample 6.4.4. We will now show that in the setting with dominant equilibrium and mediated
mechanism, the revelation principle does not hold. This happens even when the players have
EUT preferences. Let there be two players, i.e. n = 2. Let ©; = {UP,DN}, ©, = {UN}.
Let I'y =Ty = A = {[,1I,11I}. Let the value functions v; and vy be given by

vy [T IT | III
UpP | 5|10 10
DN O] O 10

vy | I | I | III
UN | 5| =10 | =5

Both the players have EUT preferences (i.e, their probability weighting functions are identity
functions).
Consider the allocation choice function f given by

F(UP,UN) =1 and f(DN,UN) = IIL

We claim that this allocation choice function cannot be implemented by any direct mediated
mechanism in truthful dominant equilibrium. To see this, suppose there exists a direct
mediated mechanism .#Z? = ((®;,®,), D, h) that truthfully implements the allocation choice
function f in dominant equilibrium. Consider the lottery

pa(1, 01,0552 UN) =~ D_y(¢n|1)h(9, 0}, UN),
P2

for player 1 when she receives message ¢, has type 6;, chooses to report 0] (and trivially
believes that player 2 reports type UN since that is the only type for player 2). Note that
p1(o1,01,04; 49, UN) does not depend on the type 6; of player 1. For any message ¢1,
consider the function 7 (¢1,-) : © — A(A) given by

7T1(<Z51,917UN) = M1(¢1,91791;=///d>UN)-

Note that m(¢1,-) is an allocation choice function. Since .#¢ truthfully implements f, we
have

F(01,UN) = " Dy(¢1)mi(1, 61, UN),
$1
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for #;, = UP and DN. Thus, the allocation choice function f is a convex combination of the
functions {71 (¢1,-)}4,. Since f is an extreme point of the convex set of all allocation choice
functions, we get that m(¢1,-) = f(+) for all ¢;. Since truthful strategies are assumed to
form a dominant equilibrium, we should have

W (1 (1, 01, 01; A, UN)) > Wi (11 (1, 01, 01; 4, UN)),
for #; = UP and DN. However,

WP (41(61, UP, UP;., UN)) = WYP (m, (61, UP, UN))
= WF(f(UP,UN))
= WYP(I) = 5 < 10 = WP (1)
= WP (f(DN, UN))
= WPF(m1(¢1, DN, UN))
= WP (111 (¢, UP, DN; ., UN)).

This is a contradiction, and hence, we conclude that the allocation choice function f is not
truthfully implementable by a direct mediated mechanism in dominant equilibrium.

We will now show that the allocation choice function f can be implemented by mediated
mechanism in dominant equilibrium if we use the message sets ®; = {C'}, 3 = {L, R} and
the signal sets ¥; = {UP,DN}, U, = {L, R}. Let the mediator distribution be given by
D(C,L) = D(C,R) = 1/2. Let the mediated allocation function h : & x ¥ — A(A) be given
by

hC,L,UP,L) =1,
h(C,L,UP,R) =1,
h(C,L,DN, L) = III,
h(C,L,DN, R) =11,
hC,R,UP,L) =1,
h(C,R,UP,R) =1,
h(C,R,DN, L) =11,
h(C,R,DN, R) = IIL.

Let .#4 = ((C,(L,R)),D,h) be the mediated mechanism. Now, consider the strategies
o1: P x 01 = A(Vy) and oy : Py X Oy — A(V,) given by

o1(C, UP) = UP and ,(C,DN) = DN,
o3(L, UN) = L and o1(R, UN) = R,
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We will now verify that these strategies form a dominant equilibrium and implement the
allocation choice function f. Let us first verify that o, is a dominant strategy. We have,

WP (uy (C, UP, UP; #, L)) = 0.507F (h(C, L, UP, L)) + 0.50F (h(C, R, UP, L)
WP (1 (C, UP,DN;.#, L)) = 0.507" (h(C, L,DN, L)) + 0.50,F (h(C, R, DN, L)
WP (i (C,UP, UP; .4, R)) = 0.50F (h(C, L, UP, R)) + 0.50{F (h(C, R, UP, R)
WP (1 (C,UP,DN; .#, R)) = 0.507" (h(C, L,DN, R)) + 0.5v7" (h(C, R,DN, R)) =

Y

) =5,
)=0
) =5,
0.

Thus, when player 1 has type UP, it is in her best interest to report UP in both the cases
corresponding to her belief about the report by player 2, namely, L and R. On the other
hand, when player 1 has type DN, we have
WPN(u1 (C,DN, UP; ., L)) = 0.5 (h(C, L, UP, L)) + 0.50PN (h(C, R, UP, L)
WPN(u1(C,DN,DN; ., L)) = 0.50PN(h(C, L,DN, L)) + 0.50PN(h(C, R, DN, L)
WPN(u1(C,DN, UP; ., R)) = 0.50PN(h(C, L, UP, R)) + 0.50PN(h(C, R, UP, R)
WPN(u1(C,DN,DN; . #, R)) = 0.50°N(h(C, L, DN, R)) 4+ 0.50°N(h(C, R,DN, R)) =

)

)
)
)

)

0
5,
0
D.

Thus, when player 1 has type DN, it is in her best interest to report DN in both the cases
corresponding to her belief about the report by player 2, namely, L and R. Hence, oy is a
dominant strategy for player 1. For player 2, we have
Wy (pa(L, UN, L; .4, UP)) = vy~ (h(C, L, UP, L)) =
WENmQ(L,UN,R;///,UP)) = v2 ( (C,L,UP R))
W (i3(L, UN, R .4/, DN)) = Y <h<c L.DN. ) =

Y

5
9,
-9,
—10
Hence, o5 is a dominant strategy for player 1.

Thus, o is a dominant equilibrium. It is easy to verify that it implements the allocation

choice function f for the mechanism .#. We thus conclude that the revelation principle does
not hold in the setting with dominant equilibrium and mediated mechanism. O]

6.5 Summary

In this chapter, we considered mechanism design for CPT players and in this process we
discovered several important concepts that have gone unnoticed in the classical setting with
EUT players. Namely, we saw that it is important to treat the allocation set and the outcome
set of each player separately, both from theoretical as well as behavioral point of view. We
also saw that we need to be careful while considering the notion of dominant strategies
with CPT players and we need to treat the two notions of dominant equilibrium and belief-
dominant equilibrium separately. Next, we saw that the generalized framework of mediated
mechanisms recovers the coveted revelation principle.
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Notice that in Table 6.1, we have a tick mark in each row. This tells us that anything
that can be implemented by a non-mediated mechanism (possibly with general signals) can
be truthfully implemented by a direct (publicly or general) mediated mechanism. Indeed,
if a social choice function is implementable in Bayes-Nash equilibrium by a non-mediated
equilibrium, then it is truthfully implementable in Bayes-Nash equilibrium by a direct me-
diated mechanism. Further, the setting for implementability in Bayes-Nash equilibrium by
mediated mechanisms is favorable in the sense that the revelation principle holds here and
we can restrict our attention to truthful implementability by direct mediated mechanisms.
In the setting for implementability in dominant equilibrium, if a social choice function is
implementable in dominant equilibrium by a non-mediated equilibrium, then it is truthfully
implementable in dominant equilibrium by a direct publicly mediated mechanism. And,
the setting for implementability in dominant equilibrium by publicly mediated mechanisms
is favorable in the sense that the revelation principle holds here and we can restrict our
attention to truthful implementability by direct publicly mediated mechanisms. Finally,
in the setting of implementability in belief-dominant equilibrium, if a social choice func-
tion is implementable in belief-dominant equilibrium by a non-mediated equilibrium, then
it is truthfully implementable in belief-dominant equilibrium by a direct publicly mediated
mechanism. Besides, the revelation principle holds for both publicly mediated and mediated
mechanisms in the setting of belief-dominant equilibrium.

It is worthwhile to repeat the importance of truthful implementability of social choice
functions by direct (mediated) mechanisms, namely, we can restrict our attention to truthful
strategies. We will now see some of the benefits of the revelation principle and truthful
strategies that make applications of mechanism design practical for large-scale implementa-
tion with participants who can be both, humans and machines.

Generally in the settings where agents exhibit deviations from expected utility behavior,
one would expect that the participating agents do not possess large computational power.
Hence, truthful strategies are especially suitable for such settings in contrast to the more
complicated strategies that are permitted by the concept of Bayes-Nash equilibrium. On
the other hand, if our participating agents do not possess large computational power, then
it is natural to question if they have the ability to exhibit strategic behavior, in particular
the requirement that the strategies form a Bayes-Nash equilibrium (or dominant equilibrium
or belief-dominant equilibrium). However, there can also be agents in the system who do
possess large computational power. Indeed, most of the systems such as online auctions
and marketplaces or networked-systems such as transportation networks, Internet routing
networks, etc. are comprised of players having varying degrees of computational and strategic
abilities. For example, a firm participating in an online marketplace has the resources to
estimate the common prior and other players’ strategies through extensive data collection,
and thus can develop optimal strategies. On the other hand, individual agents participating
in the same system often lack such resources. When truthful strategies are in equilibrium,
we get the best of both the worlds — it is easy for the players with limited resources to
implement optimal strategies and at the same time there is no incentive for the players with
large resources to deviate from these strategies.
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Consider the setting when players have independent types, i.e. the common prior F on
the type profiles has a product distribution F =[], F;. Let 4% = ((®;)iefn), D, (0:)iefn): hY)
be a direct mediated mechanism in such a setting. We note that the lottery induced on the
outcome set of player ¢ when she receives a message ¢;, has type 6;, and decides to report é,
is independent of her own type 6;. This is because her belief F_;(-|6;) on the type profiles of
her opponents is independent of her type ;. With an abuse of notation, let us denote this
belief by F; € A(©_;). Then the lottery induced on the outcome set of player ¢ when she
receives a message ¢; € supp D;, and decides to report 9~, is given by

L () == Y Dol dn) Y Fo(0-) > h' (0], 8.0-)G(vila), v € T
D 0_; o

We will now interpret the message profile as determining the menu of options to be presented
to each player. For example, if the message profile ¢ € ® is drawn from the distribution D,
then player i would be presented with the menu comprised of lotteries, one for each type
6; € O, of the player. Let ~
L) = (L7 Yg.c0,

denote the list of lotteries presented to player ¢ when her message is ¢; € ®;. Depending on
the player’s type, she chooses the lottery that gives her maximum CPT value. If truthful
strategies form an F-Bayes-Nash equilibrium, then the lottery Lf“ei is indeed the best option
for a player with type 6;.

In several practical situations, the players are unaware of the type sets of other players
©,,j # i, the allocation set A, the allocation-outcome mapping ¢, and the common prior F'.
It might also be preferable to relieve the players from the burden of knowing the message
sets and the mediator distribution D. Note that the system operator has enough knowledge
to construct the list of lotteries .Z;(¢;) for each player i based on her sampled message ¢;.
Now, using the knowledge of her own type #;, namely her preferences on the lotteries over
her outcome set, player i can select the lottery that is optimal for her from the list .Z;(¢;).
This provides a way to operate the mechanism .#¢ under reasonable assumptions on the
players’ information.

Further, it is beneficial to limit the complexity of the list .Z;(¢;) presented to the players.
A way to do this would be to limit the size of the list and the complexity of each individual
lottery in the list. The complexity of each individual lottery can be restricted, for example,
by limiting the size of the outcome set I'; and by restricting the probabilities of each outcome
to belong to a grid {k/K : 0 < k < K}, where K > 0 determines the granularity of the grid.
Our framework with separate allocation and outcome sets is helpful in imposing restrictions
on the size of the outcome set I';. Subsequently, for any lottery L; € A(T;), we can find an
approximate lottery L; = {(pi(7:), %) }er, such that pi(v;) € {k/K : 0 < k < K} for all

On the other hand, the size of the list .Z;(¢;) is same as the size of the type set ©; in the
worst case. This could make things practically infeasible. For example, when considering
type spaces comprised of general CPT preferences, it might be impossible in practice to
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elicit the probability weighting functions from the agents. Restricting the type space can
lead to inefficient social choice functions. The mediated mechanism design framework could
allow us to limit the size of menu options and at the same time have diversity in the social
choice function across different types of the players, facilitated by the messaging stage. Such
multiple communication rounds have been studied under EUT and there is an extensive lit-
erature concerning the communication requirements in mechanism design. (See [86] and the
references therein. See also the literature on computational mechanism design [36].) Given
that the non-EUT preferences can reliably be applied only to non-dynamic decision-making,
we are especially interested in mechanisms that have a single stage of mediator messages to
which the participating agents respond optimally by choosing their best option. It would be
interesting to study the design of mechanisms that optimally elicit CPT preferences under
communication restrictions such as limiting the size of the menu options. For example, we
could consider mechanism designs where the mediated allocation function h? for a direct
mediated mechanism has to satisfy [{-Z;(¢;}| < B, for all messages ¢;, for some bound B.

In this chapter, we focused on the mechanism design framework and the revelation prin-
ciple for agents having CPT preferences. It is just the first step towards mechanism design
for non-EUT players, with several interesting directions for future work. In the next chapter,
we will discuss some of these directions.

Appendix

6.A Proof of the Revelation Principle

We will first consider the revelation principle in the setting of mediated mechanisms. This
corresponds to statement (i) and a part of statement (ii) of Theorem 6.4.1. In this setting
we will show that if an allocation choice function f is implementable in Bayes-Nash equi-
librium (resp. belief-dominant equilibrium) by a mediated mechanism then it is truthfully
implementable in Bayes-Nash equilibrium (resp. belief-dominant equilibrium) by a direct
mediated mechanism. We will then consider the setting of publicly mediated mechanisms
and show that if an allocation choice function f is implementable in dominant equilibrium
(resp. belief-dominant equilibrium) by a publicly mediated mechanism then it is truthfully
implementable in dominant equilibrium (resp. belief-dominant equilibrium) by a direct pub-
licly mediated mechanism. This will complete the proof of statement (ii) and the remaining
part of statement (iii) of Theorem 6.4.1.
For the first setting, let

M = (((I)z)lé[n]7 ‘DJ (‘Ijz)zé[n]7 h’)?

be a mediated mechanism and let 7 be a strategy profile that induces f for this mechanism.
Consider now the direct mediated mechanism

‘%d = ((q);)lé[n]? Dla (61)16[71]7 hd>>
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where the message set is given by
P = b, x (1,)°" (6.A.1)
with a typical element denoted by

& = (1, (U] )greo,), (6.A.2)

and the mediator distribution D’ is given by

D'(¢") = (@) [T TT = (!

i€[n] 0}€O;

&1, e;) for all ¢/ € @', (6.A.3)

The modified mediator messages and the mediator distribution can be interpreted as encap-
sulating the randomness in the strategies of the players for each of their types into their
private messages.

We now observe that

Di(¢;) = Di(¢:) H Ti (7/’1'62

9£€®¢

i, eg) , (6.A.4)

and

> D¢ =Y D(¢)=1

¢, €] @'ed’

Thus, D' € A(®') is indeed a valid distribution. Equation (6.A.4) can be formally proved as
follows:

D¢y = > D', ¢

¢, €D,
0. 0!
= Z D(¢17¢72) Z H H Tj <w]J’¢]79;> H T; <¢/ szae;)
¢_;ed_; 99 e 9;663- 9;6@,-
(wj )G;E(aj,jyﬁi
EHJ-#(‘I’J')@J'
0] o
= Y D@eo) [T = (went) [ TITTT 3 = (¢716:.0))
P_€P_; ASCH J7#i 05€0; o

’Lﬁjj €V,

> Do) [T = (wfene) (T IT 1

P_i€d_; 0/€0; JF#i 0;693'
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= D;(¢:) H Ti (%’9;

9;6@1

Let the direct mediated allocation function be given by

hi(¢',0') :=h <¢; (@Uf;)ie[n}) for all ¢’ € ', 6 € ©. (6.A.5)

Note that the construction of the direct mediated mechanism is independent of the prior
distribution F'.

The modified mediator messages and the direct mediated allocation function h? essen-
tially transfer the randomness in the strategies of the players to the mediator messages, thus
allowing each player to simply report her type. We observe that the truthful strategies

7(6: 4, 0:) = 1{6; = 0},
for all players i, implement the allocation choice function f for the direct mediated mechanism
A°. Here is a formal proof.

Let us compute the distribution on the allocation set induced by the truthful strategy
for the direct mediated mechanism. For any fixed § € © and o € A, we have

S 0@) > | TT #4610 | hé(ale'. )

s bco \i€ln]
=> D@y | []1He=63|niale.0)
@€’ dco \i€[n]
... because 7% is a truthful strategy

= > D'(¢)h(ald',0)

e’
= > 0) | IT IT = (10 82) | 1tal’0)
¢'ed’ i€[n] 0€0;

... from (6.A.3)

=200 3> TL I = (o

i€[n] 0}€O;

0:.6,) | h'(ald'.6)
(wfg)e;eei,idn]
EHiG[n](‘l}i)@i
... from (6.A.2)

=Y pw) > (I II = (e

i€[n] 0}€O;

60.0) | (el (80) 1)
(Ujieg)ege(—)i,ie[n]
EHiE[n] (\Ill)el
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.. from (6.A.5)

Y0 Y 3 [T I1 = (¢/10:€)

ped (w?i)ie[n] ZG[n] 9;7591.

o
;" )9/.;&9',7;6[77.]
€Il !

€llicrn (W;)9i\%i

’ l_[[}n(zp@ “gb i zen1>

o) | (als, (99 ,)

=>"D@) > |[]=

gee (W Yierm  \'EM
Ellicm ¥

X Z H H i (wfl

0l i€[n] 0/#£6;
¥, )e;;ﬁei,ie[n] v

ElTiepn (W) @i\

=30 > (II7 o6 ) n(ale. (v0) )

P (1/1?i)ie[n] i€[n]
Elligm ¥

eg)

<111 Zﬂ(

i€ln] 0,£0;

0)
=> D) > |17 @le:6) h<a|¢’ (@Z’fi)ie[n]) IBIE

B oy \i el o7
Ellicpn i

.. because 7;(+|¢;, 0!) € A(Y;)

=3 0@ X | IT 7 (wilou6) | h(afs.v)

ped Yev \ic[n]

= f(«]@) if 0 € supp F’

.. from (6.4.8).

This confirms that the truthful strategy profile implements the social choice function for the
direct mediated mechanism .Z“.

We will now show that if 7 is an F-Bayes-Nash equilibrium for .#, then 7% is an F-
Bayes-Nash equilibrium for .#Z?¢. We will then show that if 7 is a belief-dominant equilibrium
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for .4, then 7@ is a belief-dominant equilibrium for .#Z?. To prove these two statements,
we first make the following observation concerning the lottery induced over the allocations
for player i in the setting of the direct mediated mechanism .#¢, when she receives the
message ¢, := (¢, (wf;)gge@i) € supp D}, has type 6; € ©;, has a belief G, € A(O_;) on
the opponents’ type reports (which are the signals of the opponents in this direct mediated
mechanism), and decides to report 6;. The lottery induced over the allocations for player i
satisfies

165, 00, 0 G = Y DL 160 D GLi(0-)h (¢, 6:,6-,)

¢ €D, 0_,€0_;
= > Dalode) > Gl
¢ ed_; 0_,€0_;
x> (H 7j (%’\(ﬁja@j)) h (<I57 z[)f",z/;,l-> . (6.A.6)
Yv_i \j#i

We give a formal proof of this in Appendix 6.B. Let us see how this observation helps us prove
the two statements above, namely, 7¢ is an equilibrium (F-Bayes-Nash or belief-dominant
resp.) of .#¢ given that 7 is an equilibrium (F-Bayes-Nash or belief-dominant resp.) of ..

Suppose F'is the common prior and 7 is an F-Bayes-Nash equilibrium for the mediated
mechanism .Z. Let ¢, € supp D’ and 0; € supp F;. From (6.A.4), we know that D.(¢}) >0

implies D;(¢;) > 0 and TZ( 0}) > 0, for all ¢, € ©;, (and in particular, we have
(0% ¢, 6;) > 0). Since 7 is a Bayes Nash equilibrium for .#, we have

WY (i, 05,005 M Fy723)) > WY (M% 0, Vi: M, F, T_; ))

for all ¢); € ¥;. (Note that 1/)191 € supp 7i(+|¢i, 0;), ¢; € supp D;, 0; € supp F;.) Taking
G, =F_;(:]6;) in (6.A.6), we get that

/J;(Cb;, 0;, éi; ///d> F, Tﬂi) = Mi(¢i7 0;, ﬁ’fﬁ M, F, T—i)> (G-A-7)

for all §; € O, and thus,

> (MZ(¢17 “wz 7% F T— )>

for all f; € ©,. This establishes that the truthful strategy 7¢ is an F-Bayes-Nash equilibrium
for A .
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Now suppose 7 is a belief-dominant strategy for .#. Let ¢ € supp D} and ; € ©,. Again,
this implies D;(¢;) > 0 and @Dfi € supp 7i(¢;, ;). Corresponding to a belief G", € A(©_;),
consider the belief G_; € A(V_;) given by

G_i(¢Y—i) = Z D_i(¢-ilo:) Z G ,(0-;) (HTj (¢j|¢j79j)> (6.A.9)

¢—i€P_; 0_;€0_; J#i

Then, from (6.A.6), we have that
Y, 0, 05 G = palbi, 00,00, Gy) (6.A.10)

Noting that wfi € supp T¢<¢Z’,éi) for all 6; € ©; and ¢; € supp D;, and 7; being a belief-
dominant strategy, we get that

W (i85, 03, 05520, G)) > W (ué(ééﬁi,&};///d,GLi)) (6.A.11)

for all §; € ©;. Thus, the truthful strategy 7¢ is a belief-dominant strategy for .#.

This completes the proof of statement (i) in Theorem 6.4.1 and part of statement (iii)
corresponding to mediated mechanisms. We now consider the setting of publicly mediated
mechanisms and establish the rest of the theorem.

Let

My = ((b*? D*> (\Iji)idn}’ h*)

be a publicly mediated mechanism and for each player i let 7; : ®, x ©; — A(V;) be her
strategy such that the strategy profile 7 induces the allocation choice function f for this
mechanism. We now consider the direct publicly mediated mechanism

‘%*d = ((I)im Dfm (G)l)'LE[n}a htj)a

where the message set is given by

=1
with a typical element denoted by
9, = (6, (¥ )oreorictn)), (6.4.12)
and the mediator distribution D/ is given by
D(0) = Do) TT T1 7 (v161,61) for all ¢ € @ (6.A.13)

i€[n] 0,€0;
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Similar to the previous setting, here the modified mediator messages and the mediator dis-
tribution can be interpreted as encapsulating the randomness in the strategies of the players
for each of their types into the public messages. We can similarly verify that D! is indeed
a probability distribution on ®,. The direct mediated allocation function A¢ in the direct
publicly mediated mechanism .#¢ is given by

he(¢l,0) = h, <¢*, (¢f§> [ ]) for all ¢/, € @ 0" € ©. (6.A.14)
i€ln
We can similarly verify that the truthful strategies

Td(¢fk7 91) = 9@

implement the allocation choice function f for .Z.
Fix ¢! € supp D.,. Note that

B, 0, 0-3) = hu(Gu 0, (W) 0), (6.A.15)

for all §; € ©,. From (6.A.13), we have ¢, € supp D, and wf" € supp 7; (¢, 0;) for all 6; € ©,.

Now suppose T is a dominant equilibrium for .#,. The lottery induced over the allocations
for player i when she receives a publicly mediated message ¢/, has type 0;, believes that the
opponents are reporting 6_;, and decides to report ; is given by

We get this from (6.4.9) by considering the special case of publicly mediated mechanisms.
From (6.A.15), we get that this is equal to the lottery induced over the allocations for player
1 when she recelves a publicly mediated message gb*, has type 6;, believes that the opponents
are reporting zﬂ]”, j # i, and decides to report ¢, namely,

1D Oy 003 M, (V7520 = P 00, (0724

Since 7; is a dominant strategy, ¢. € supp D,, and ¢ € supp 7; (s, 0;), we have

0

(:UJZ(Qb*,ezaqu)z 7%*7 (1/}] )]#z)) 2 Wiei(ﬂi(qb*u‘giaz;i;%*a (¢jj)j¢i))y
for all @ZZ € U;. Hence, we have
(H’z(qb*?elvela'%*d? —2)) > WH (/"Lz(qb*?e“el?%*d? ))7

for all 61 € ©,. Thus, 7% is a dominant equilibrium of .Z.
Now suppose that 7 is a belief-dominant equilibrium for .#,. Consider the fixed message

0
¢, = (s, (Vi )orco,icim)) € supp D,
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as before. Corresponding to a belief G'_; € A(©_;), consider G_; ., € A(V_;) given by

Gin(o)= Y G0, (6.A.17)
0_,e0_;
sitahy) = Vit

for all ¥_; € U_;, where wfj are the signals corresponding to the types as defined by the
message ¢'.

As observed in equation (6.A.16), the lottery induced over the allocations for player 4,
when she receives message ¢, has type 6;, believes that the opponents’ are reporting 6_;,
and decides to report 6; is given by hi(¢., 0;, 0_;). Now suppose that she has belief G’_; on
her opponents’ type report instead. Then, the induced lottery over the allocations for player
1 is given by

6_;,€0_;

= 3 L0 be (WF)00)

0_,e0_;
... from (6.A.15)

= > h(enyln) > G0
Y€V, 0-i€O—;
s.thy) =P Vii

- Z h*(¢*awzélvr&*l>G*Z:*<lZ*1)
V€T,
... from (6.A.17)

= #i((b*a 0;, @ijlv M., G—i,*)-

Since 7 is a belief-dominant equilibrium, ¢, € supp D., and wf " € supp 7i(¢s, 0;) for all
0; € ©;, we have

I/Viei (M1(¢*7 02'7 Q/}fla %*, G—i,*) 2 Wiei (MZ(¢*7 6i7 1;2; ‘%*7 G—i,*)a
for all @ZZ € U,. Hence, we have
W (8 03, 0 AL GL3)) > W (8L, 6, 055 AL GLY)),

for all §; € ©,. Thus, 7¢ is a belief-dominant equilibrium of .Z2.
This completes the proof of the theorem.
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6.B Proof of Equation (6.A.6)

Let us recall the first setting considered in Appendix 6.A. We have a mediated mechanism
M = (((Di)ie[n]yD, (‘I’i)z‘e[n], h),
and a corresponding strategy profile 7. We had constructed a direct mediated mechanism
M= ((®))icim), D', (8:)iep), ),

given by (6.A.1), (6.A.2), (6.A. 3) and (6.A.5). We are interested in the situation when player
i receives message ¢, := (¢, (wi )g;e@i) € supp D, has type 0; € O;, and belief G'_; € A(©_;)
on the opponents’ type reports, and decides to report 6;. Since D'(¢}) > 0 by assumption,
we have

S DL@Lle) > GL0-)hN&,6:,6)
d)LiEq)l_i 0_,€0_;
B Z¢i¢€¢’1¢ Dl( ;v /—i) Ze,ie@,i G/—i(97i>hd(¢/a9~i79%)
Z¢L¢E<I>Li D/( ;7¢Lz) '

Let the denominator be denoted by

Z D/(fb;?ﬁbiz) = D;((b;)

S

We now focus on the numerator, to get

> D(@¢l) Z G (0 )L (¢, 0:,0-)

(bLZEq)Ll Ee—l
0" !
= > b > (TLII = (v/1es6) | T = (¢10:4)
¢, €P_; 0’ j# 9’-6@]' ASCH
(Tﬁj])e;eej,]‘;ﬁz‘ ! ’
EHj;ei(‘I’j)@j
x Y G ¢, 0:,6_))
169—1
.. from (6.A.3)
0 0
= > pwo > (TLIL = (vr1en6) | | I = (¢F1606)
¢_;ed_; o' JF#i Q;E@j 9;6@1‘

(wjj)ez.e@j,j;&i
@.
€l (¥5)74
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< @ (@,mwf%(w?f)j #)

0_,€0_;
... from (6.A.5)
- (H 7 (w%,ez)) > Do) Y (H 1~ (w?sz»jﬁ;))
0/€O; ¢—i€P_; o J#1 05€0;
(%J)a;e(—)j,j;éi !
€ll:(¥)%
< S G0k (gzsi,gzs_i,wfz(l/z?j), )
0_i€0_; i
Let /
07O,
We have,
> Do) >, (H I1 = (v7 %9}))
p—i€P_; 0% J#1 0'.€0;
(wjj)eg.e(aj,j;ti !
€l (V)%
0_,€0_; ual
~ Y Do) Y G Y (H I1 = (v7 d)jﬁ;))
p_i€P_; 0_,€0_,; ! JF#i 05€0;

J
Wj )Ggeej,j;ﬁi
@.
€l ()77

X h (¢zu ¢—i7¢§i7 <¢f]> . )
JF#i
= g D(¢i, ¢—s) E G~;(0-:)

¢ €P_; 0_.,€0_;

gy 2 (H 11 Tj(w?cz»j,@;))
W57 i i1 0,€6,\6,

o'
(¢j])9’.e@~\e- j#i
€(Ty)ji i

€l1,:(w;)%3\%

X (HT]' (1#?]@,(%)) h (¢i,¢i,¢fia (?ﬁgj)#i)

J#i
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= Z D(¢i, p—i) Z G (0-)

¢_i€P_; 0€0_;
X Z <H Tj (¢fj|¢j,9j)> h <¢za (ﬁfiawfia (%9])]#)
@) 7
E(V;) )i
0’
< T (I A ee)
9;_ J#i 0.€0,\0;
(7/{7' )Ggeej\ﬂj,ﬁﬁi !
€T, (W) %\
= Z D(¢s, d—i) Z Gii<0—i)
p_i€P_; 0_i€0_;
9j ~i 9]'
X Z <H Tj (QZJ] |¢j79j)> h <¢za¢—za¢f ) (% )]7&)
(¢5j)j¢z‘ iz
€(V))ji

T I X = (er16,.6)

i#1 0,€0,\0; 0]

¥, €V
= > D(¢io-) Y. GL(0-)
$—i€P_; 6_,c0_;
X Z <H7—j <w]93|¢]793)> h <¢17¢zawzéla (1?‘]9])]#1)
(wf-j)j;éi i7i
E(W;) 5

x (H 11 1)
I7#1 6/,€0,\0;
= > Dlino-) Y G-

¢_icd_; 0€0_;

% Z <H T <¢?j|¢j79j)> h (¢i’¢i’wfi’ (w?J')j#)

W) NP
E(V;) i

= Y. D(6no) D, GL(6-)

G_;€D_; 0_,€0_;
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x Z (H 7 wjrqu,ej)) h (66l v

o \j#i
¢’L Z sz |¢z Z GLZ<071)
P_;€d_; 0_,€0_;
XD (H 7 <wjr¢j,9j>> A CRERCINT
Vi \Jj#i

We recall that D;(¢;)Cy/Cy = 1 from (6.A.4), and hence, we get (6.A.6).

6.C Outcome Sets can be Identified with the
Allocation Set under EUT

Consider a setting in which all the players have EUT preferences for all their types. For this
restricted setting, we will now construct an environment

&" = ([n], (©)iepm), A, (T))iem): ¢')

that we call the reduced environment corresponding to the environment (as defined in (6.2.1))

& = ([n], (@i)z’e[n}a A, (Fi)ie[nb C) :

From (6.2.9), we observe that, since we are dealing with EUT preferences, the utility
function VV‘9 is completely determined by the values u "(a),Ya € A. Suppose the mechanism
designer models the outcome set of each player ¢ by Fl = A instead of the true outcome set
I';, with the trivial allocation-outcome mapping ¢ instead of the original allocation-outcome
mapping ¢;. Let ¢’ denote the product of the trivial allocation-outcome mappings ¢/, € [n].
Corresponding to a type 0; € ©, for player ¢, the mechanism designer models her type by
0!, which is characterized by the utility functlon u? : T% — R as defined in (6.2.8). Since
the players are assumed to have EUT preferences, the probability weighting functions under
each type 6 are modeled to be w(p) = p,¥p € [0, 1]. Let ©, denote the set comprised of all
types 0} corresponding to the types 6; € ©;. Let .7, : ©; — ©) denote the function for this
correspondence. Suppose the mechanism designer treats the environment as if given by

& = ([n], (@;>z€[n}a A7 (F;)ze[nb C/) :

Let © :=[][,0). Let J : © — © denote the product transformation defined by the
functions .7;, i € [n]. Notice that the function .7 is a bijection since, as pointed out earlier,
even if u% = u for some 0; # 0;, we will treat .Z;(6;) and 7;(6;) as different elements of ©.
For any prior F' € A(0), let F’ € A(©’) be the corresponding prior induced by the bijection
T.
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Note that, for any player i, having any type 6;, and any lottery pu € A(A), we have
Wi () = W7 (). (6.C.1)

(Here, VV{%(QZ') should be interpreted as the utility function for player ¢ with type 6, = 7;(6;)
corresponding to the reduced environment &”.) Let f' : ©" — A be an allocation choice
function that is implementable in F'-Bayes-Nash equilibrium o’ := (07);c[,) (where o} : ©] —
A(P)) for the mechanism

Ao = ((Vi)icp), ho)-

Now suppose the system operator uses the same mechanism .7 in environment &. Con-
sider the allocation choice function f: © — A(A) given by

f(0) = f(7(0)).

For each player i, consider the strategy o; : ©; — A(¥;) given by
0i(6;) = 0i(Fi(6:)).

Similar to (6.2.13), for any 6} € supp F and signal 1);, let

O s M, B0l ) = Y FL(0-i06:) > T oi(wsl0))ho(w), (6.C.2)
0_;€O0_; Y€V _; jF£I
be the belief of player ¢ on the allocation set corresponding to the reduced environment &”.
Note that
1i(0s, Vi; Mo, Fr0_5) = i (F5(0:), i; Mo, F' 07 ).

From observation (6.C.1) and the definition of F-Bayes-Nash equilibrium in (6.2.14) and
(6.2.15), we get that the allocation choice function f is implementable in F-Bayes-Nash
equilibrium by the mechanism .#;, with the equilibrium strategy o.

On the other hand, suppose we have an allocation choice function f : © — A(A).
Consider the corresponding allocation choice function f': ©" — A(A) given by

f1(0) = f(770)).
We now observe that if f is implementable in F-Bayes-Nash equilibrium by a mechanism

My and an F-Bayes-Nash equilibrium o, then so is f’ by the same mechanism .#; and the
F’"-Bayes-Nash equilibrium ¢’ comprised of

0i(0;) = 0T (97),

for all i € [n], 0, € ©L.

We can similarly show that if f’ is implementable in dominant (resp. belief-dominant)
equilibrium by a mechanism ., with the equilibrium strategy profile ¢’ for the reduced
environment &”, then so is f by the same mechanism ., with the corresponding equilibrium
strategy profile o for the environment &, and vice versa.

Hence, under EUT, from the mechanism designer’s point of view, it is enough to model
the types of player i by setting the outcome set I, = A, assuming the trivial allocation-
outcome mapping ¢/, and the types 0, € ©".
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Notes

18 Myerson [93] refers to the mechanism design framework as a generalized principal-agent problem. In
contrast to our framework, Myerson is interested in problems where the agents have private decision domains
in addition to private information. Here, by private decision domains, we mean possible actions for the player
that directly affect the outcomes. For example, in employment contracts the actions of the employee directly
affect the outcome. These actions should not be confused with the signals of the player in the communication
protocol set up by the system operator. We prefer to call the entity in control as the system operator instead
of the principal to emphasize that the system operator alone controls the system implementation. We restrict
ourselves to situations where agents do not have private decision domains because such situations involve
dynamic decision-making, and non-EUT models face several issues in such situations (see Section ?? for
more on this). Thus our model cannot account for moral hazard.

19 Here, strictly speaking, given a matching by the platform, the users can refuse to go through with the
matching. Although these decisions fall under the separate decision domains of the agents, they are rare and
can be accounted for separately.

20 Since we have assumed that the type of a player completely determines her CPT features, we are implic-
itly assuming private preferences, i.e. the preference over lotteries on the outcome set for each player is her
private information and does not depend on other players’ information or types, also known as informational
externalities (see [134]).

21 Even if uf = uf for some 6; # 6; it is sometimes convenient to retain the connection to the underlying
type. Notice that we have allowed different types of player ¢ to have the same CPT features. Later, when
we discuss mechanism design with a common prior, which is a distribution on the types of all the players, it
will let us differentiate between the types of players that have identical CPT features but distinct beliefs on
the opponents’ types. Mechanism design often focuses on “naive type sets”, that is, the type set ©; for each
player 7 is assumed to be comprised of exactly one element for each “preference type” of the player. Here,
by preference type of a player we mean the preferences of the player on her outcome set. We borrow the
expression “naive type sets” from [20]. In this chapter, we do not assume the type sets to be naive. Such an
assumption would entail a bijective correspondence between the types 6; and the CPT features (v;, wzi) for
each player i. This distinction is relevant because besides having a preference type, a player can also have a

“belief type”. For example, the prior I could be such that F_;(6;) # F_;(0;) even when the value function
and the probability weighting functions corresponding to the types 6; and 6; coincide. (For more on this,
see [15, 80], and Chapter 10 of [19].)

22 Note that, in general, the preferences defined by the utility function Wf over the lotteries over the
allocation set may not be given by CPT preferences directly, i.e. there need not exist any probability
weighting functions @ such that, for all u € A(A), W (u) is equal to the CPT value corresponding to
the value function ufi on A and the probability weighting functions wf To see this, consider a type 6;
for player i such that V% (L) = V(L) > V% (0.5L; + 0.5L}), for lotteries L}, L/ € A(T;). See [106] for
an example of CPT preferences and lotteries (over 4 outcomes) that satisfy the above condition. Let there
be two allocations o/ and o such that (;(a/) = L} and (o) = LY. If W/ were to correspond to any
CPT preference directly on the allocation set then, by the first order stochastic dominance property of CPT,
we would get WP (0.50/ 4 0.5a”) = W (a/) = W/ (). But, since this is not true for the setting under
consideration, we get that Wfi cannot correspond to any CPT preference directly over A.

23 This is the version of the revelation principle commonly referred to in the mechanism design context.
Another version of the revelation principle appears in the context of correlated equilibrium [6, 5]. This is
concerned with an m-player non-cooperative game in normal form. A mediator draws a message profile,
comprised of a message for each player, from a fixed joint probability distribution on the set of message
profiles, and sends each player her corresponding message. The joint distribution over message profiles used
is assumed to be common knowledge between the mediator and all the players. Based on her received
signal, each player chooses her action (possibly from a probability distribution over her action set). When

the message set for each player is the same as her action set and the probability distribution on the set of
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message profiles (or equivalently action profiles) is such that truthful strategy, i.e. the strategy of choosing
the action that is received as a message from the mediator, is a Nash equilibrium, then such a probability
distribution is said to be a correlated equilibrium. Under EUT, the set of all correlated equilibria of a
game is characterized as the union over all possible message sets and mediator distributions, of the sets of
joint distributions on the action profiles of all players, arising from all the Nash equilibria for the resulting
game. See [106] for a discussion on the revelation principle for correlated equilibrium when players have CPT
preferences. Myerson [91] has considered a further generalization to games with incomplete information in
which each player first reports her type. Analyzing such settings under CPT would entail dynamic decision
making and is beyond the scope of this chapter.
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Chapter 7

Concluding Remarks and Directions
for Future Work

Civilization advances by
extending the number of
important operations which we
can perform without thinking
about them.

Alfred Whitehead

7.1 Introduction

EUT has been the backbone of almost every development in economics and game theory. It
feels natural to extend these achievements to more general and better models of behavior if
possible. CPT is an excellent tool to make progress in this direction. In my experience, CPT
often introduces several modeling complications, however, in most cases, as is evident from
this thesis, it is possible to extend the results from game theory and economics to players
with CPT preferences. In each instance, we had to make special provisions either to the
underlying framework or define appropriate notions - new ones or old ones with modified
interpretations. This portrays the richness of this pursuit and a cue for future undertakings
along these lines.

By no means this means that CPT can solve all the problems observed due to behavioral
factors and deviations from EUT. For example, in [102], Nwogugu points out that “human
beings and human decision making are subject to emotions, fairness considerations, ethical
considerations, implied or actual constraints, personal aspirations, philosophical differences,
regret, regret aversion, social pressure, peer pressure, phobias, perception of incentives, differ-
ences in cognition, biological differences in neural activity, willingness to defer, reciprocation,
and willingness to use risk management tools, all of which result in significant departures
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from rationality and traditional models of humans in decision making.” Some of these as-
pects can be accounted for by CPT and some cannot. This doesn’t mean that we should
abandon the approach based on theories of rationality. Indeed, principled approaches based
on fundamental theoretical developments have often helped in guiding real-world applica-
tions. Here is an excerpt from [118] stated in another context that illustrates the value of
theoretical pursuits in applied fields:

Consider the design of suspension bridges. The Newtonian physics they embody
is beautiful both in mathematics and in steel, and college students can be taught
to derive the curves that describe the shape of the supporting cables. But no
bridge could be built based only on this elegant theoretical treatment, in which
the only force is gravity, and all beams are perfectly rigid. Real bridges are built
of steel and rest on rock and soil and water, and so bridge design also concerns
metal fatigue, soil mechanics, and the forces of waves and wind. Many design
questions concerning these real-world complications cannot be answered analyt-
ically but, instead, must be explored using physical or computational models.
Often these involve estimating magnitudes of phenomena missing from the sim-
ple Newtonian model, some of which are small enough to be of little consequence,
while others will cause the bridge to fall down if not adequately addressed. Just
as no suspension bridges could be built without an understanding of the under-
lying physics, neither could any be built without understanding many additional
features, also physical in nature, but more varied and complex than addressed
by the simple model. These additional features, and how they are related to
and interact with that part of the physics captured by the simple model, are the
concern of the scientific literature of engineering. Some of this is less elegant than
the Newtonian model, but it is what makes bridges stand. Just as important, it
allows bridges designed on the same basic Newtonian model to be built longer,
stronger, and lighter over time, as the complexities and how to deal with them
become better understood.

Roth and Peranson
“The redesign of the matching market for American physicians: Some
engineering aspects of economic design.” In: American economic review (1999).

Such an engineering approach is essential in behavioral economics too. Today, behavioral
economics is often seen as a magician’s tool used to manipulate human choices and responses
in contrast to the mainstream developments in economics and game theory. For example,
one of the most frequently cited examples of a nudge is the etching of the image of a housefly
into the men’s room urinals at Amsterdam’s Schiphol Airport, which is intended to “improve
the aim.” Some of the behavioral economists have often expressed their discomfort in this
approach. For example, David Gal, a professor of marketing at the University of Illinois
at Chicago, says in an article that appeared in the New York Times with the title “Selling
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Behavioral Economics”: “There is nothing wrong with achieving small victories with mi-
nor interventions. The worry, however, is that the perceived simplicity and efficacy of such
tactics will distract decision makers from more substantive efforts—for example, reducing
electricity consumption by taxing it more heavily or investing in renewable energy resources.
It is great that behavioral economics is receiving its due; the field has contributed signifi-
cantly to our understanding of ourselves. But in all the excitement, its important to keep an
eye on its limits.” George Loewenstein, a professor of economics and psychology at Carnegie
Mellon University and Peter Ubel, a professor of business and public policy at Duke and the
author of “Free Market Madness: Why Human Nature Is at Odds With Economics,” say in
an article that appeared in the New York Times with the title “Economics Behaving Badly”:
“Behavioral economics should complement, not substitute for, more substantive economic
interventions. If traditional economics suggests that we should have a larger price differ-
ence between sugar-free and sugared drinks, behavioral economics could suggest whether
consumers would respond better to a subsidy on unsweetened drinks or a tax on sugary
drinks. But thats the most it can do. For all of its insights, behavioral economics alone is
not a viable alternative to the kinds of far-reaching policies we need to tackle our nations
challenges.”

In my view, behavioral economics need not be limited as an addendum, but instead we
must try to bring behavioral economics to the same level of rigor as classical economics.
In this work, we have just scratched the surface in this regard. Already we saw several
benefits of using CPT to model the players’ behavior. For example, in Chapter 2 we saw the
benefits of lotteries in resource allocation which cannot be explained by EUT. Furthermore,
the fact that optimal resource allocation can be achieved in a market-based setting with real-
time signals between the players and the system operator would enable its implementation
in real-world scenarios. In Chapter 6, we saw the use of the messaging stage to recover
the revelation principle. In this chapter, we will discuss few directions for future work
where behavioral economics would play a huge role if applied in the spirit of the engineering
approach mentioned above. Besides, to include behavioral features not explained by CPT,
we will have to incorporate other behavioral theories (some of which exist today, and some
which will be developed in the future). It is important that these behavioral theories have a
nice mathematical formulation. By a nice mathematical formulation, I mean something that
can be used to model, study, and develop applications and algorithms for social systems.

Until now in this thesis, I have mainly restricted to making concrete statements about
abstract theoretical ideas. In this chapter, at the expense of making half-baked proposals
or impractical claims, I will attempt to unwrap some of the theoretical insights developed
in this thesis, and provide a version of how they could play out in real-world applications.
Finally, to express my intention towards this thesis and the spirit in which this work and

the work to follow should be interpreted, I would like to quote Professor Rummel from his
1975 book “Understanding Conflict and War, Vol. 1: The Dynamic Psychological Field,”

I offer a word about my overall orientation toward this effort. I believe that
to know ourselves we must focus on ourselves as individuals and in society, not
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on our concrete environment, physical nature, or objective vehicles. The proper
study is of our meanings, values, motives, perceptions, inner complexes, and
powers. But we can know ourselves only through a particular perspective, a
point of view. Whether this perspective is True, we cannot know.

However, whether my field view is the proper perspective, whether my efforts
have born fruit, whether I have deluded myself about the importance of what
I now have to say, should be a matter for discussion, critical evaluation, and
debate. What I am offering is not Truth or the Way, but my contributions to
the Struggle of Ideas out of which a better future may be forged. Our knowledge
and our ability to handle our problems progress through the open conflict of
ideas, through the tests of phenomenological adequacy, inner consistency, and
practical-moral consequences. Reason may but err, but it can be moral. If we
must err, let it be on the side of our creativity, our freedom, our betterment.

Rudolf Joseph Rummel
“Understanding Conflict and War, Vol. 1: The Dynamic Psychological Field.”
(1975)

7.2 Role of Communication, Data Analytics and
Artificial Intelligence in Resource Allocation

The network resource allocation problem considered in Chapter 2 and the mechanism design
framework discussed in Chapter 6 have several features in common. They comprise of a
set of players which have preferences over their outcomes known privately to them. In the
network resource allocation problem, the outcome for a player is the amount of resource al-
located to that player, for example, bandwidth over the Internet. Resource allocation more
generally would include things such as transportation units in vehicle routing or delivery
systems, servers in computation networks, advertising space or visibility in social networks,
or contract provisioning in financial networks or labor markets. On the other hand, player
outcomes could take various forms as the delay experienced by a driver or a customer receiv-
ing a delivery, the quality of the goods or services provided to the users, or it could be the
financial gains or prospects associated with the outcome. The system operator is primarily
responsible for allocating resources. In the network resource allocation problem, the system
operator is assumed to allocate resources to each player provided they satisfy the capacity
constraints. But more generally, as considered in the mechanism design framework (Chap-
ter 6), it implements an allocation from the set of available allocations and the implemented
allocation in turn influences the outcomes for each player.

The system operator is central to this setup to facilitate optimal resource allocation. It
communicates with each player, sending messages that provide important system related
information to the player which affect the players beliefs and actions. These messages could
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take the form of providing available options to the players, their corresponding prices, and
the uncertainty associated with different outcomes. For example, a ride hailing platform
provides the riders with different traveling options with estimates about their delays, service
experience, and associated prices. The players respond to these messages through appro-
priate signaling channels provided by the system operator. These responses are governed
by the players’ private information about their types and their surroundings. For example,
in the ride hailing example, their flexibility with time of arrival or departure, their budget,
their knowledge about the people around them seeking transportation services, etc. Their
responses are also affected by the behavioral traits displayed by them and the players around
them and as well as their strategic policies. The system operator aggregates all these signals
from the players and then allocates resources accordingly. Additionally, the system operator
also maintains information about the environment and in conjunction with the information
collected from the players, it is able to allocate resource more efficiently. It is evident that
for the proper functioning of a system under this setup is closely tied to the communication
protocols provided by the system operator and its ability to learn from them.

Notice that we are focusing our attention over markets where there is a central planner
(or what we are calling a system operator) who is deciding the underlying mechanics of the
system within the physical constraints and providing communication channels to the players
to indicate their individual needs and preferences. Although the communication protocol
often leads to a decentralized market-based mechanism, the freedom of choice for the users
is restricted to the options provided by the system operator, and it is important that we
maintain caution in designing these protocols. Having a central planner definitely brings
the perks of improved efficiency due to potentially better planning opportunities but this is
conditioned on the availability of enough relevant information. Hayek argues:

If we can agree that the economic problem of society is mainly one of rapid
adaptation to changes in the particular circumstances of time and place, it would
seem to follow that the ultimate decisions must be left to the people who are
familiar with these circumstances, who know directly of the relevant changes and
of the resources immediately available to meet them. We cannot expect that this
problem will be solved by first communicating all this knowledge to a central
board which, after integrating all knowledge, issues its orders. We must solve
it by some form of decentralization. But this answers only part of our problem.
We need decentralization because only thus can we ensure that the knowledge of
the particular circumstances of time and place will be promptly used. But the
“man on the spot” cannot decide solely on the basis of his limited but intimate
knowledge of the facts of his immediate surroundings. There still remains the
problem of communicating to him such further information as he needs to fit his
decisions into the whole pattern of changes of the larger economic system.

Friedrich Hayek
“The Use of Knowledge in Society.” (1945).
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In the years following the period Hayek made this remark, communication technologies
have made huge progress. Data collection and signaling delays have gotten reduced to
microseconds with the advent of the Internet, and indeed we are seeing a lot of centralized
markets in the form of big online marketplaces. But there are still several bottlenecks
showing up in the form of learning useful information from all the signals and data. Besides,
incorporating behavioral features in the design of these systems in a principled manner
can go a long way. For example, we saw in Chapter 6, that a mediated mechanism which
includes a messaging stage from the system provider to the players can help implement social
choice functions which are not implementable otherwise (plus implement them truthfully by
direct mechanisms). More practically, this would transform into artificial indicators from
the system provider to the players that help align the players beliefs. For example, consider
a food delivery platform that allows customers to order food from restaurants through their
app. The platform can initiate a program where they randomly select some users and provide
them with discounted service for long distance orders. As the players use this app repeatedly,
they start modifying their strategies in response to this program. For example, a user would
restrict his orders to local restaurants and order from far away restaurants only when he gets
the message that he is among the lucky chosen customers. This is an example of a nudge
provided by the platform to alter customer behavior. It is possible that such strategies would
naturally come out of our mechanism design framework. Besides, our framework will help
answer the question of exactly for what purpose are these nudges or incentive programs being
used - How do they affect the welfare of customers? How do they affect the revenue of the
platform?

When applied to real-world scenarios, it is very likely that the solution coming out from
theory would require a complex signaling scheme between the system operator and the play-
ers. Naturally, human players would not be able to maneuver if such complex signaling
schemes are implemented in practice. Additionally, many times the system operator does
not have access to all the necessary information related to resource availability and implemen-
tation. We will now discuss ways in which these communication protocols and information
collection activities can be implemented in practice. Developments in Artificial Intelligence
(AI) would play a key role in these aspects.

Today, big data analytics is a hot topic that has found applications in several domains
such as manufacturing, commerce, healthcare, financial services, safety and security. It is
being used to:

e Predict equipment failure: Machine data such as its year of manufacturing, make,
model, log entries, sensor data, error messages, engine temperature, and other factors
can be used to deploy maintenance more efficiently and predict the remaining optimal
life and state of systems and components.

e Assess resource availability: In situations where it is hard to get direct access to re-
source data, information from other sources such as user feedback can be analyzed to
access this information.
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e Anticipate customer demand: Data from focus groups, social media, and customer
feedback, which comes in varying formats, can be used for product development, re-
source deployment, and operation fine-tuning to improve customer experience.

e Identify high-value customers: Insights from customer choices and spending patterns
can be used to identify types of customers and use this information to target marketing
strategies accordingly.

e Optimize merchandising: Analyzing data from mobile apps, in-store purchases, and
geolocations will help improve inventory management and consequently encourage cus-
tomers to complete purchases.

e Perform pricing analytics: Transaction data and information about supply and demand
will help improve pricing strategies.

e Provide personalized recommendations: Data collected from repeated interactions with
the customers can be used to provide offers that are fine-tuned to their requirements.

e Detect irregularity: Data from past behavior patterns can be used to detect fraud
by identifying irregular transactions, to avoid accidents by detecting irregular driving
patterns, or to caution customers against decisions they might consider irresponsible
if they were in a different emotional state.

Notice how most of these tasks can be conveniently stated in our framework based on
game theory, economics and behavioral psychology. Indeed, predicting equipment failure
and assessing resource availability are related to the system operator gathering information
about the environment such as capacity constraints in the model discussed in Chapter 2 or
the allocation set and the mappings from allocation to outcomes in the mechanism design
framework discussed in Chapter 6. Optimizing merchandising is a related task where the
system operator actively influences the resource availability. Anticipating customer demand
and identifying high-value customers relates to learning the type of players. Personalized
recommendations and pricing are a part of the communication protocol between the players
and the system operator. Detecting irregularity and fraud are a by-product of our behavioral
approach that would help improve safety and security.

The learning tasks above such as gathering information about the environment or the
players behavior and needs will involve taking advantage of the huge data collected through
repeated interactions between the players and the systems, data coming from sensors and
other unstructured sources like natural language or images. Al techniques such as Machine
Learning (ML) and Reinforcement Learning (RL) algorithms aim to solve these problems.
These algorithms require the designer to provide an objective function to maximize or a loss
function to minimize. Also the communication framework is often assumed fixed exogenously
either in an ad hoc fashion or relying on the designer’s experience. Our holistic approach
will not only guide the design of these objective functions and communication protocols
but it will also incorporate the network effects coming from strategic interaction between
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the players that are often missing from Al studies. Rarely is it true that the decisions and
policies matter to a single individual without affecting other players in the system. Our
framework will allow us to approach these problems in a principled manner and give rise
to end-to-end solutions that are interpretable, efficient, and robust. Ideally, we want Al to
be an accessory that would help implement the market-based strategy coming out of our
framework in a practical manner by circumventing the complexity in the proposed solution.
This will necessarily give rise to approximate solutions and methods from approximation
theory, computation theory, and complexity theory that have gained prominence in computer
science will of special interest.

7.3 Fairness and Ethical Considerations

Fairness in and of itself isn’t, and shouldn’t be, the goal toward which we strive.
It’s simply the most obvious result of a far more complex interplay of needs and
systems. Vox magazine - Fairness - May 2021

In Chapter 2, our system problem based on Kelly’s work follows a utilitarian approach
where the objective function is designed to maximize the total social welfare. (Another
example related to the framework of mechanism design discussed in Chapter 6 is the Vickrey-
Clarke-Groves (VCG) mechanism, which aims to implement a social choice function that
maximizes the social welfare for each type profile.) CPT value allows us to incorporate the
perceived happiness or satisfaction of the individuals when faced with uncertain prospects.
In contrast to the EUT based model, it is able to capture psychological factors such as the
lure of winning or the fear of losing. In addition, the reference point dependence property
of CPT value provides a way to capture the behavioral expectations of the individuals such
as social norms in their group or neighborhood, which is an important consideration in
distributive justice. These behavioral features have significant implications to aspects such
as fairness and social welfare in resource allocations problems and a detailed study based
on CPT models would be very beneficial. (See [72] for the notion of proportional fairness
considered in the classical setting of network resource allocation with EUT players.) We
leave this for future work.

The rich structure of CPT towards capturing probabilistic sensitivity of the players pro-
vides additional flexibility in allocating resources based on individual preferences and needs.
For example, our framework allows players to indicate their varying preferences towards
different probabilities of winning as opposed to simply their valuation of winning (with
certainty). In terms of markets, this implies that players can now compete for marginal
probabilities of gaining resources. To appreciate the importance of this, consider the times
when due to surge pricing many individuals with limited budget are capped out from the
market. Often, this dissuades the smaller players from participating in these markets leading
to less diverse markets. A lottery based approach would provide a chance for the smaller
participants to remain in the markets even under peak-price conditions. Surely, they will
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have to pay a premium rate to access the partial chance of winning, but they can do so by
staying within their budget limits. For example, suppose the budget of an individual is $100
and the current price of the item is $2000. The individual however is ready to pay $50 for
a 2% chance of winning the item. This puts him in a competitive position as compared to
an EUT player who values the item at $2000 and has unlimited budget. (Because the EUT
player would be ready to pay only $40 for a 2% chance of winning the item.)

One method used to assign bands to users is auctions, since FCC found this
method to be the most profitable as they earned millions of dollars through
auctions. ... A potential problem of this method is that smaller companies may
be priced out of the market and unable to compete with large firms. This would
reduce the number of points of view in the communications industry, which would
violate one of the principles of the FCC, to protect the public interest. Another
method used to allocate bands of frequencies was lotteries. Lotteries were used by
the FCC in the 1980s. A benefit of lotteries was that it gave all parties a chance
at winning, unlike auctions which favor parties with more money. By giving all
parties a chance it was believed that it served the public interest better.

Networx Security, Augsburg, Germany.

Our framework organically combines lotteries and auctions and it can help address the
above features in a unified manner. A related problem associated with the use of lotteries
is the verification that the announced lotteries are indeed implemented. Methods from
cryptography can be used to achieve this. Algorithms developed in computer science will be
of particular use. Alternatively, in a repeated interaction setting one could use the notion of
calibration (as considered in Chapter 5) to check the consistency of the allocations with the
proposed lotteries. For example, a customer who participates in such lotteries repeatedly
would expect that among all the times she was promised a 10% lottery, she won the lottery
with a frequency not too lower than 10%. This raises several interesting questions such as can
the system operator deviate from the promised lotteries and still end up being calibrated. If
yes, then it can potentially use such tactics to increase its revenue. There are other notions of
calibration similar to the one considered in Chapter 5 and different metrics of calibratedness.
One could ask similar questions with these notions providing another interesting direction
for future work.

Finally, we consider some of the ethical considerations that relate to the use of lotteries
which are often associated with negative connotations. For example, they are often perceived
as preying on the emotional and psychological aspects of the players. As identified by
Kahneman and Tversky, framing effects and emotional response by the individuals are a norm
rather than an exception. Since there is no way of avoiding them, it is better we understand
them and incorporate them in our models. Besides, offering lotteries and making use of
richer frameworks as proposed in this thesis would allow for more flexibility in catering to the
preferences of the individuals. Any statement regarding the social benefits of these general
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methods would depend on further deliberation and on that particular instance. Nonetheless,
it is definitely worth considering these lottery-based methods for resource allocation.

In this regard, recall the hyper-parameter k used in the discretization trick in Chapter 2.
This way we restricted the probabilities offered to the players to be an integral multiple
of 1/k. For example, when k£ = 100, this amounts to showing integral percentages to the
players. This is in contrast to the lotteries where the chance of winning is less than one
in a million or lotteries where the true probabilities are obscured. Such lotteries often take
advantage of the difficulty the players face in comprehending the true probabilities. By fixing
k within reasonable limits depending on the situation, one could potentially avoid taking
advantage of the players’ limited rationality.

Another feature of market-based mechanisms that are designed to align with each indi-
viduals preferences is that it creates differentiated pricing and opportunity discrimination.
This arises purely from the demand for resources and congestion in the market as well as the
behavioral preferences and needs of the individuals. Any influence of factors such as race,
color, religion, or sex will be accompanied by the approximations introduced by the use of
Al to reduce complexities in our framework. This issue related to the use of Al is often
referred to as bias in Al

7.4 Conclusion

Combined efforts from fields such as game theory, behavioral economics, psychology, network
economics, and computer science are needed to develop social systems for optimal allocation
of resources, improved social welfare, and algorithmically assisted decision-making. In this
thesis, we saw that CPT is an excellent tool for the study of behavioral network economics.
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CPT preferences, 11
CPT value, 9
decision weights, 10
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Nash equilibrium, 50, 72
network externality, 3
network problem, 23, 27
normal form game, 50
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