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ABSTRACT

Dynamic decision problems with cooperative and strategic agents and asymmetric
information

by

Deepanshu Vasal

Chair: Achilleas Anastasopoulos

There exist many real world situations involving multiple decision makers with asymmet-
ric information, such as communication systems, social networks, economic markets and
many others. Through this dissertation, we attempt to enhance the conceptual understand-
ing of such systems and provide analytical tools to characterize the optimum or equilibrium
behavior.

Specifically, we study four discrete time, decentralized decision problems in stochastic
dynamical systems with cooperative and strategic agents. The first problem we consider is
arelay channel where nodes’ queue lengths, modeled as conditionally independent Markov
chains, are nodes’ private information, whereas nodes’ actions are publicly observed. This
results in non-classical information pattern. Energy-delay tradeoff is studied for this chan-
nel through stochastic control techniques for cooperative agents. Extending this model for
strategic users, in the second problem we study a general model with N strategic players
having conditionally independent, Markovian types and publicly observed actions. This re-
sults in a dynamic game with asymmetric information. We present a forward/backward se-
quential decomposition algorithm to find a class of perfect Bayesian equilibria of the game.

Using this methodology, in the third problem, we study a general two player dynamic LQG
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game with asymmetric information, where players’ types evolve as independent, controlled
linear Gaussian processes and players incur quadratic instantaneous costs. We show that
under certain conditions, players’ strategies that are linear in their private types, together
with Gaussian beliefs, form a perfect Bayesian equilibrium (PBE) of the game. Finally, we
consider two sub problems in decentralized Bayesian learning in dynamic games. In the
first part, we consider an ergodic version of a sequential buyers game where strategic users
sequentially make a decision to buy or not buy a product. In this problem, we design in-
centives to align players’ individual objectives with the team objective. In the second part,
we present a framework to study learning dynamics and especially informational cascades
for decentralized dynamic games. We first generalize our methodology to find PBE to the
case when players do not perfectly observe their types; rather they make independent, noisy
observations. Based on this, we characterize informational cascades for a specific learning

model.



CHAPTER 1

Introduction

1.1 Background

Dynamic decision problems are ubiquitous in real life situations and are studied in many
academic disciplines such as communication systems, industrial engineering, computer
science, economics, and many many more. Some examples include inventory control, it-
erative decoding, resource allocation, finding minimum spanning tree, traffic management,
shortest path algorithms, computing equilibria for markets, control of queues, sequential
hypothesis testing, and the list is unending. Such problems involve a single or multiple
decision makers (also referred to as players, agents, users or controllers) who make obser-
vations and take actions throughout the duration of the process and also receive rewards
(or incur costs). Each player wants to maximize its total reward, which may or may not
align with other players rewards. If the players’ rewards are aligned i.e. when all players
have the same objective, then we refer to such problems as team problems. If the play-
ers have different objectives, we refer to such problems as game problems. In this thesis,
we study scenarios of decision makers with different information sets in a dynamic setting
and provide tools to analyze such systems, and present structural results for optimum or
equilibrium strategies.

We start by describing a simple, canonical example on inventory control to highlight
some key ideas from stochastic control theory for a problem with classical information
structure i.e. with a single controller and with perfect recall. Suppose there is a gasoline
seller who makes a decision everyday on the quantity of gasoline she buys to maintain a
stock, based on the demand and her stock capacity. Let z; € X be the stock of gasoline she
has at the starting of the day ¢, v, € U be the amount she buys and w; € V is the random
demand she receives during the day, whose statistics she knows. Then, the next day, her
stock is given by

Typ1 = Tt + Up — Wy



Her everyday reward depends on the amount of gasoline she sells that day, which is min (z;+
ug, wy ), and she wants to maximize her cumulative rewards over the duration of 7" days. Till
day ¢, she has made the observations z1, x», . . . 74, and thus, her decision action on that day,
ut, is some function of this information available, i.e. u; = g;(x1,...x;), where g; is her
strategy. Thus, she wants to find the best set of strategies (¢1,¢> ..., gr) that maximizes
her total reward for 7' days.

Assuming the action and space of stock, ¢/ and X, are finite, then there exist [/ ||X I
possible strategies g;, at time ¢. For any finite duration 7°, the complexity of the last day
dominates and thus the space of optimization for the problem is of the order of [/|I* "
Since the space of optimization increases double exponentially in 7', it renders the prob-
lem practically intractable for any reasonable time duration. This curse of dimensionality,
as presented in this canonical example, represents a fundamental issue in dynamical op-
timization problems. However, many a times there exists more structure to the problem,
for example a concept of ‘state’ of system, which could be exploited to mitigate this issue.
For example, in the problem described before, if it were known that w, are i.i.d. random
variables, then (X, U;); can be shown to be a controlled Markov process and results from
classical stochastic control theory provide structural results for the optimal policies. Specif-
ically, these results show that there exist an optimal strategy at time ¢ that depends only on
the current state x;, i.e. u; = g¢;(z;), and thus the optimal strategy g; could be found
in the space of |U/|l*! functions. Moreover, there exists a backward recursive, dynamic
programming methodology to find optimal strategies, which further reduces the space of
optimization at time ¢ to |X'||{/|. Thus, for a problem with a finite horizon 7', this method-
ology reduces the complexity of the optimization from double exponential in 7" to linear in
T, which highlights the power and usefulness of this technique.

Such problems, for which the state of the system is perfectly observed, are called
Markov decision problems (MDPs). If the state is not observed perfectly, rather inde-
pendent, noisy observations are made, then such problems are called partially observed
Markov decision problems (POMDPs), which are also MDPs with posterior beliefs as per-
fectly observed state (for a more precise and elaborate description, see a standard text on
stochastic control e.g. [Kumar and Varaiya, 1986]).

These problems consists of
* State update function: x;,1 = f (2, ug, wy)
* Observation function (for POMDP): y; = h(xy, v;)

* Actions as function of information (MDP or POMDP) : u; = g;(z1,...,x;) or u; =

Ge(Y1s - Yt)



* Instantaneous reward (or cost): R;(z, u;)
¢ All basic random variables (z1, w1, ws, . . ., v, Ve, . . .) are mutually independent
« Objective: max,( or miny) E9{> ] R/(X,,U,)}

Dynamic programming is used profusely in many dynamic optimization problems to
find analytical and numerical, optimal or near-optimal solutions. One such case that has
been extensively considered in literature, for its virtue of being analytical and for the ap-
peal for its ease of implementation, is linear quadratic Gaussian (LQG) control. In the
LQG model for perfectly observed states, the state update is linear, the instantaneous cost
is quadratic in state and control, and all basic random variables are i.i.d. Gaussian. The
optimal strategies are linear function of the state with coefficients as Kalman gains. If the
state is not observed perfectly, but through a linear, independent observation kernel, then
it is shown that strategies that are linear function of estimate of the state are optimal, with
same coefficients as in the case of perfectly observable state. This substitution of estimate
of state for the state itself, in the optimal control policies, is also referred to as certainty
equivalence [Kumar and Varaiya, 1986] or separation of estimation and control [Witsen-
hausen, 1971].

The problem described above with a single controller with perfect recall (i.e. with
access to all past observations) is called a stochastic control problem with classical infor-
mation pattern. The problem becomes considerably more difficult for non-classical infor-
mation pattern i.e. when there are multiple controllers with different information sets, or
without perfect recall, or both. For example, it is shown in Witsenhausen’s counterex-
ample [Witsenhausen, 1971] that even for a very simple two-stage LQG system without
perfect recall, linear strategies are not optimal, and moreover, the optimization problem is
non-convex.

In this thesis, we always assume perfect recall and refer to problems with multiple
controllers with different information but same objective, as decentralized team problems.
There are specifically two key line of thoughts in the literature to find structural proper-
ties of the optimal control policies (which we discuss more in chapter 2, where we deal
with a decentralized team problem). The first approach, which is called agent-by-agent
approach [Ho, 1980], works as follows. It is shown that for any fixed strategy of the other
players, player ¢ faces an MDP with an appropriately defined state, and thus can restrict its
search over Markov policies that are function of that state. Since each player can do the
same, using this approach, one can show that there exist optimal policies for the players
that are functions of a considerably smaller set of players’ available information. The sec-

ond approach, which is referred to as common-agent approach [Nayyar et al., 2013], works



as follows. It assumes that there is a fictitious common agent who, at each time ¢, observes
the common information of the players at that time, and take actions that are prescription
functions for the players. Each player uses that prescription function on its private infor-
mation to generate its action. Using this approach, the decentralized problem is shown to
be equivalent to a centralized problem with only one decision maker, the common agent'.
Then it is shown that common agent’s problem is a POMDP, thus there exists a dynamic
programming equation to find its optimal policies. Its optimal policies are Markov in na-
ture and are functions of the posterior belief on the state of the system and players’ private
information conditioned on the common information. The optimal policies of the common
agent can easily be translated to decentralized optimal policies of the players.

When players are strategic and information is perfect and complete, the appropriate no-
tions of equilibria are sub-game perfect equilibrium (SPE) and Markov perfect equilibrium
(MPE) [Osborne and Rubinstein, 1994, Maskin and Tirole, 2001]. These equilibria can
be found through backward induction by computing Nash equilibria for every subgame,
for every history or every state, respectively. When players are strategic and information
is asymmetric (although complete), such games are called dynamic games with asymmet-
ric information and appropriate notions of equilibria include perfect Bayesian equilibrium
(PBE), sequential equilibrium (SE), trembling hand equilibrium (THE). In such games, for
every time ¢, for every history of the game h;, player ¢ observes only part of it, say h%. For
the part that it does not observe i.e. ht\hi, it puts a belief on it, in order to calculate its future
reward from that time on. Thus the equilibrium notion consists of a strategy and a belief
profile for the players for all private histories. The strategies satisfy sequential rationality
conditions (i.e. no player gains by unilateral deviation in strategies, for every subgame)
using equilibrium beliefs and the beliefs are found using equilibrium strategies and Bayes’
rule (with some other refinements). Thus there is a circular argument for finding equilib-
rium strategy and belief profiles, and there does not exist any dynamic programming like
backward recursive methodology to find such equilibria for such games in general. This
remains a bottleneck in studying many real-life situations that involve strategic agents in
a dynamical system with different information sets, for instance social networks, markets

etc.

'These problems are equivalent for total reward in expectation but not for every realization. This point
becomes crucial and hinders this approach from being utilized directly for decentralized dynamic games, as
discussed in chapter 3 in section 3.4.2.



1.2 Problems considered

In this thesis, we consider four problems of stochastic systems with asymmetric informa-
tion pattern. A common thread in these problems is that they involve multiple decision
makers with different information sets with common and private components. There is an
underlying discrete time dynamical system that obeys controlled Markov dynamics. Play-
ers are cooperative or strategic, and incur cost or rewards in each period that are additive
over a time horizon.

In the first problem, described in chapter 2, we study node cooperation in a wireless
network from the multiple access control (MAC) layer perspective. A simple relay chan-
nel with a source, a relay and a destination node is considered, where the source and the
relay nodes have packets arriving as Bernoulli arrival processes. The source can transmit
a packet directly to the destination or transmit through the relay. The tradeoff between
average energy and delay is studied by posing the problem as a stochastic dynamical opti-
mization problem. The following two cases are considered: (a) nodes are cooperative and
information is decentralized; (b) nodes are strategic and information is centralized.

With decentralized information and cooperative nodes, a structural result is proven that
the optimal policy is the solution of a Bellman-type fixed-point equation over a time in-
variant state space. For specific cost functions reflecting transmission energy consumption
and average delay, numerical results are presented showing that a policy found by solving
this fixed-point equation outperforms conventionally used time-division multiple access
(TDMA) and random access (RA) policies.

When nodes are strategic and information is common knowledge, it is shown that co-
operation can be induced by exchange of payments between the nodes, imposed by the
network designer such that the socially optimal Markov policy corresponding to the cen-
tralized solution is the unique subgame perfect equilibrium of the resulting dynamic game.

Taking motivation from the previous model, we then consider in chapter 3, a finite
horizon dynamic game with N selfish players, who observe their types privately and take
actions, which are publicly observed. Players’ types evolve as conditionally independent
Markov processes, conditioned on their current actions. Their actions and types jointly
determine their instantaneous rewards. Since each player has a different information set,
this is a dynamic game with asymmetric information, and in general, there is no known
methodology to find perfect Bayesian equilibria (PBE) for such games. In this chapter,
for a specific class of such games with independent types, we develop a methodology to
obtain a class of PBE using a belief state based on players’ common information. We first

show that any expected reward profile that can be achieved by any general strategy profile



can also be achieved by a policy based on players’ private information and this belief state.
With this structural result as our motivation, we develop our main result that provides a
two-step backward-forward recursive algorithm to find a class of PBE of this game that
are based on this belief state. We refer to such equilibria as structured Bayesian perfect
equilibria (SPBE). The backward recursive part of this algorithm defines an equilibrium
generating function. Each period in the backward recursion involves solving a fixed point
equation on the space of probability simplexes for every possible belief on types. Using
this function, equilibrium strategies and beliefs are generated through a forward recursion.

In chapter 4, we then consider a finite horizon dynamic game with two players who
observe their types privately and take actions, which are publicly observed. Players’ types
evolve as independent, controlled linear Gaussian processes and players incur quadratic
instantaneous costs. This forms a dynamic linear quadratic Gaussian (LQG) game with
asymmetric information. We show that under certain conditions, players’ strategies that
are linear in their private types, together with Gaussian beliefs form an SPBE of the game.
Furthermore, it is shown that this is a signaling equilibrium due to the fact that future be-
liefs on players’ types are affected by the equilibrium strategies. We provide a backward-
forward algorithm to find SPBEs. Each step of the backward algorithm reduces to solving
an algebraic matrix equation for every possible realization of the state estimate covariance
matrix. The forward algorithm consists of Kalman filter recursions, where state estimate
covariance matrices depend on equilibrium strategies. As a result, unlike the case of classi-
cal stochastic control or LQG games with non-signaling equilibria, the beliefs are strategy
dependent.

In Chapter 5, we study two problems that relate to decentralized Bayesian learning in
dynamical systems with strategic agents. In the first problem, we consider the problem of
how strategic users with asymmetric information can learn an underlying time-varying state
in a sequential buyers game. The exogenously selected strategic users sequentially make a
decision to buy or not to buy a product, which is either good or bad, based on their private
observation and publicly available information about decision of the past users. There
is interesting literature on this problem, on occurrence of informational cascades under
certain conditions where a user would discard its private information and base its decision
on previous users’ actions. This leads to its actions being uninformative for future users,
and learning stops for the team as a whole. Every future player repeats the same action
and users are said to be in a cascade. For a social objective, it is desirable to avoid to bad
cascades. We consider an ergodic version of this problem where users who observe private
signals about the state, sequentially make a decision about buying a product whose value

varies with time via an ergodic process. We formulate the team problem as an instance of



decentralized stochastic control and characterize its optimal policies. With strategic users,
we design incentives such that users reveal their true private signals, so that the gap between
the strategic and team objective is small, and the overall expected incentive payments are
also small.

In the second part, we study a more general model for decentralized Bayesian learn-
ing in a dynamical system involving strategic agents with asymmetric information, where
players participate (take actions and receive rewards) for the whole duration of the game,
and cases where an internal process selects which subset of players will act at each time
instance. The proposed methodology hinges on a sequential decomposition for finding
perfect Bayesian equilibria (PBE) of a general class of dynamic games with asymmetric
information, where users’ types evolve as conditionally independent Markov process and
users make independent noisy observations of their types. Based on this methodology, we
study a specific scenario of Bayesian learning where we characterize informational cas-

cades for the truly dynamic game considered.

1.2.1 Contributions

In this thesis, we make contributions to the theory of dynamic games with asymmetric
information and provide insights into specific decentralized problems considered.

In chapter 2, we utilize two keys ideas in the literature of decentralized team problems
to provide structural results of the optimum policies in energy-delay tradeoff in a relay
channel. Based on these structural results, we find two, potentially suboptimal policies and
show that they perform better than standard TDMA (time division multiple access) and RA
(random access) policies. Furthermore, for strategic users with complete and perfect infor-
mation, we show existence of incentives to align the team objective with the social goal.
This is one of the very few works that considers the stochastic arrival nature of the packets
in a relay channel, and studies the problem from the stochastic control perspective. In gen-
eral, the structural results presented motivate design or redesign of optimal and suboptimal
policies for cooperative communication in decentralized network systems.

In chapter 3, we consider a class of dynamic games with asymmetric information
with conditionally independent Markovian types. We provide a sequential decomposition
methodology to find a class of PBE of the game, based on common belief state, where there
does not exist such a methodology for such games in general. We illustrate this method-
ology for a public goods example in this chapter and for models considered in chapter 4
and chapter 5. Before this, a common approach to find a PBE was to guess the solution,

if possible, and prove that it satisfies the equilibrium conditions. This, of course ,could be



done for simpler systems, and in general, PBE remained an elusive concept mainly for the-
oretical understanding and interest. This methodology provides a fundamental result in the
theory of dynamic games, which opens up the door to study many problems in economic
markets, social networks, auctions and more, and to provide analytical and numerical solu-
tions that were not tractable before. The existence of a solution of the fixed point equation
in the backward recursion remains an open problem. In general, this work inspires new

research directions such as

(a) Proving existence of solution for the fixed point equation for general or a class of

games;

(b) Finding such decomposition for other classes of dynamic games with asymmetric

information;
(c) Finding structural properties of equilibria in specific games;
(d) Extension of the methodology for infinite time horizon games;
(e) Dynamic mechanism design for dynamic games with asymmetric information.

In chapter 4, we study dynamic LQG games with asymmetric information, where we
use the methodology developed in chapter 3 to show that under certain conditions, signal-
ing strategies that are linear in players’ private information, in conjunction with Gaussian
beliefs, form a PBE of the game. This result is an important result in the theory of the
dynamic LQG games and extends the models considered in the literature thus far. We also
provide algorithmic sufficient conditions for a solution to exist for scalar actions. However,
there remains a possibility of finding more general conditions.

In chapter 5, we consider the problem of decentralized Bayesian learning in dynamic
games through two specific models. In the first problem, we highlight the significance of
certain infrequent histories of the game that play a very crucial role for the learning of the
players as a whole. Specifically, we show that by incentivizing players to report their ob-
servations at these histories, and thus contributing to the learning of the team, the resulting
game objective is close to the social objective. And since such histories are infrequent, the
expected payout is small. In the second problem, we consider a more general model than
the one considered in the informational cascades literature for the Bayesian learning with
strategic agents, where players participate in the game for the whole duration. We first ex-
tend the methodology developed in chapter 3 to find PBE for the case where users’ do not
observe their types, but make independent, noisy observations. We propose this as a frame-

work to study informational cascades for a more dynamic set-up than the one studied in the



literature. Based on this methodology, for a specific learning model, we characterize sets
of common beliefs as “cascades”, such that if these beliefs occur at any point in the game,
then players repeat the cascading actions for the rest of the game. In general this frame-
work presents a vast unexplored landscape to study learning dynamics and informational

cascades. Some important research directions include
(a) Characterization of cascades for specific classes of models;

(b) Studying convergent learning behavior in such games including the probability and

the rate of “falling” into a cascade;

(c) Incentive or mechanism design to avoid bad cascades.

1.3 Notation

We use the following notation throughout this thesis, however, some chapter specific no-
tation is provided in at the end of introductions of the respective chapters. A random
variable is denoted by an upper case letter and its realization by the corresponding lower
case letter. Subscripts denote time indices, such that X, is a short hand for the vector
(X4, Xas1,---,Xp), if a > b, then X, is empty. Superscripts denote agents’ identities,
such that U}, is a quantity relevant to agent 7. We use notation —i to represent all play-
ers other than player i i.e. —i = {1,2,...i — 1,0 +1,...,N}. We use 4;" to mean
(AL, A2, A A AN) . We remove superscripts or subscripts if we want to rep-
resent the whole vector, for example A; represents (A}, ..., AN). In a similar vein, for
any collection of sets (X*);cpr, we denote x;cn X by X. We denote the indicator func-
tion of any set A by /4(-). For any finite set S, P(S) represents the space of probability
measures on S and |S| represents its cardinality. We denote by P? (or [£9) the probability
measure generated by (or expectation with respect to) strategy profile g. We denote the set
of real numbers by R. All equalities and inequalities involving random variables are to be
interpreted in the a.s. sense, unless otherwise specified.

The proofs of theorems, lemmas and claims in each chapter, are provided in the appen-
dices at the end of that chapter.



CHAPTER 2

Stochastic control of relay channel

2.1 Introduction

In a wireless network, energy efficiency is an important criterion due to battery constraints.
Traditionally in a network, nodes communicate directly to the base station. However, the
presence of other nodes in the network can lead to more energy efficient systems through
node cooperation. This is because the presence of other nodes in the network can provide
alternate routes with possibly less transmission energy costs. On the other hand, this also
increases the delay in the system as such cooperation requires successful transmission from
the source to the relay node, and then from the relay node to the destination node. Thus
there is a tradeoff between the energy cost for successfully routing a packet and the cor-
responding delay cost. The study of this tradeoff in the case of cooperative or strategic
users with decentralized information can lead to interesting insights for the design of future
cooperative communication systems.

The relay channel is the simplest model and a building block for user cooperation in
a network. It has been and is currently being studied extensively from the perspective of
information theory (see for instance [van der Meulen, 1971, Cover and El Gamal, 1979,
Chakrabarti et al., 2007] and references therein), where theoretically achievable rates and
practically implementable codes are investigated. Since information theory is an asymp-
totic theory, it does not capture directly the delay requirements that are important for many
communication applications. In addition, information theoretic formulations cannot cap-
ture the dynamical aspect of a relay network that may be crucial when studying the behavior
of higher layers in the network hierarchy. Finally, since in practice wireless devices are op-
erated by humans, selfish behavior needs to be taken into account for cooperation to be
successful.

Recently game theory has been used as a tool to study strategic behavior of nodes partic-

ipating in a communication network (see [Marti et al., 2000, Pietro Michiardi, 2001, Mar-
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bach and Berry, 2002, Qiu and Marbach, 2003, Srinivasan et al., 2003, Ileri et al., 2005,
Meshkati et al., 2007, Yang and Brown, 2007, Huang et al., 2008, Kamhoua et al., 2010]
and references therein). [ Yang and Brown, 2007] study a source-relay channel with non-
cooperative nodes in fading and non-fading channel as finite and infinite repeated games,
respectively. [Marti et al., 2000, Pietro Michiardi, 2001] propose schemes for multi-hop
routing based on a reputation system to punish non-cooperative nodes in wireless ad hoc
networks. Evolutionary game theory is used in [Kamhoua et al., 2010] to punish self-
ish nodes that do not cooperate to forward packets. [Marbach and Berry, 2002, Qiu and
Marbach, 2003, Ileri et al., 2005, Huang et al., 2008] adopt pricing mechanisms in wire-
less ad hoc networks to foster cooperation among non-cooperative nodes. Two auction
mechanisms for a relay network are proposed in [Huang et al., 2008] (SNR auction and
power auction) that determine relay selection and relay power allocation in a distributed
fashion. [Ileri et al., 2005] introduces a “bribery” mechanism that fosters cooperation us-
ing a microeconomic framework based on game theory that encourages forwarding among
selfish nodes by reimbursing forwarding. Finally, [Srinivasan et al., 2003] propose a dis-
tributed and scalable acceptance algorithm for nodes to decide whether to accept or reject
a relay request. Their algorithm results in a Nash equilibrium, and it is proven that the
system converges to the rational and optimal operating point.

Most of the works [Marbach and Berry, 2002, Qiu and Marbach, 2003, Srinivasan et al.,
2003, Ileri et al., 2005, Yang and Brown, 2007, Huang et al., 2008, Kamhoua et al., 2010]
assume that sources always have data to send, and thus do not consider random traffic
arrival processes at a node as may be the case in a network. Others [Srinivasan et al., 2003,
Yang and Brown, 2007,Kamhoua et al., 2010] model the communication as repeated games
(for example iterative prisoner’s dilemma where Tit-for-Tat strategy induces cooperative
behavior), whereas [Marbach and Berry, 2002, Qiu and Marbach, 2003, Huang et al., 2008,
Ileri et al., 2005] use prices to incentivize nodes to cooperate. This chapter considers
independent random arrival processes at the source and the relay node which results in
a dynamic system (either a dynamic team for cooperative nodes, or a dynamic game for
strategic users).

In this chapter the MAC layer of the relay channel is studied as a stochastic control
problem of optimally routing packets to the destination. The model assumes a half duplex
relay channel with a source, a relay and a destination node with incoming traffic at both the
source and the relay node. Also it assumes generic cost functions at time ¢ reflecting packet
delay (through the backlog in each agent’s queue) and transmission energy. Among other
possible formulations, stochastic control of a relay channel can be studied as a static or a

dynamic optimization problem, or when information (such as queue backlog) is centralized

11



or decentralized, or when users are non-strategic (cooperative) or strategic, or with com-
plete or incomplete information (of utilities and system parameters). This chapter focuses

on complete-information of utilities and system parameters and studies two cases:

(a) dynamic, non-strategic (cooperative) players with decentralized information (Sec-
tion 2.3);

(b) dynamic, strategic players with centralized information (Section 2.4).

In Section 2.3 the relay channel is studied in the case of cooperative users. The case
where information such as the backlog of each user is known to everybody (the centralized
problem) is well known, and can be formulated and solved as a standard Markov Decision
Process (MDP) problem. The case is more interesting when information about agents’
backlogs is not available to everyone. This problem is studied in Section 2.3.2, where it is
formulated as a decentralized dynamic team problem, where users cooperate to minimize
expected energy and average delay of the entire network. The key feature of the model is the
non-classical information structure, that is, the source and the relay nodes do not observe
each other’s queue lengths, but through feedback, learn each other’s previous actions. Since
there is no single controller, rather both source and relay nodes are controllers with linked
stochastic control problems, this set-up does not fit into the standard framework of MDP
theory [Bertsekas, 1976, Kumar and Varaiya, 1986]. Similar decentralized control problems
were studied in [Mahajan and Teneketzis, 2008, Nayyar and Teneketzis, 2008, Nayyar et al.,
2011]. Utilizing an approach similar to [Nayyar et al., 2011] of viewing the decentralized
system from the point of view of a fictitious coordinator, a structural result is proven which
shows that there exists an optimal policy that is the solution of a Bellman-type fixed point
equation where the optimization is done over a fixed state space as opposed to an ever-
increasing state-space in general. The contribution in this part is to show that the optimal
decentralized control strategies are based on the pair of marginal distributions of the queue
lengths that the source and relay agents are storing and updating in real time. Inspired
by the optimal solution found above, suboptimal decentralized strategies are investigated
and their performance is compared (using numerical analysis and simulation) to standard
transmission strategies such as time-division multiple access (TDMA) and other random
access (RA) protocols.

In Section 2.4 this communication setup is studied with the assumption that users are
strategic in nature and the following question is asked: can the socially optimal policy (ob-
tained by a centralized controller) be implemented by strategic users. The relay channel
was also studied for strategic users in [Sagduyu and Ephremides, 2006]. In that paper, au-

thors pose the problem as a static game, cooperation is induced using a reward mechanism,
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and strategies are analyzed in Nash equilibrium. The present work takes into account the
dynamic aspect of the problem and poses it as a sequential game of complete informa-
tion and simultaneous moves [Osborne and Rubinstein, 1994]. The starting point here is
the observation that when users are strategic, there are more than one equilibria that may
not coincide with the socially optimum solution. The contribution in this part is to show
(through an explicit construction) that the network designer can impose payments to be
exchanged between source and relay nodes, such that the resulting dynamic game has the
social optimal policy as the unique subgame perfect equilibrium.

The two parts of the chapter broadly address the issue of stochastic control of the relay
channel, and have a dynamic flavor due to the random incoming traffic model. This in-
duces the solution concept for both cases to be within the sequential framework: dynamic
programming for the former and subgame perfect equilibrium for the latter.

The remainder of this chapter is structured as follows. Section 2.2 presents the model.
In Section 2.3, the team problem is studied when users are cooperative and minimize a
common cost criterion. The centralized and decentralized problems are posed and struc-
tural results are given for the decentralized problem in Section 2.3.2. In Section 2.3.3,
numerical results are presented comparing the performance of a suboptimal decentralized
policy with TDMA and RA. In Section 2.4, the case when users are strategic is discussed.

Section 2.5 presents the conclusion.

2.2 Model

p2
L Relay

E12 E23
p1
- s 13
Source Destination

Figure 2.1: A simple relay channel model with simultaneous incoming traffic to source and
relay.

The model of the system studied in this chapter, as shown in Fig. 2.1, consists of a

source node (node 1), a relay node (node 2) and a destination node (node 3). The time is
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discretized into slots and Bernoulli! packet arrival processes { P/ }°,, i = 1, 2 are assumed
at node 4, with the probability of arrival of a packet in any slot being p* € [0,1], i = 1, 2.
This model can be considered as a prototype for a larger network, where each source node
can also act as a relay for other source nodes, thereby potentially minimizing total cost in
the network. This view justifies the above assumption of independent arrival processes.
Both nodes 1 and 2 have queues of size /N. The number of packets at time ¢ in the queue
of node i is denoted by z%, i = 1, 2. The source has to send the packets in its queue to the
destination, and it has a choice to either transmit them directly to the destination or transmit
them through the relay or not transmit at all. Attime ¢t € {1,2,...}, node i, i = 1,2 takes
action u!, as a function of all the information gathered till time ¢. In subsequent sections
we will study different scenarios with different available information to the agents at time
t. The possible actions for node 1 are wait (W), transmit to node 2 (7'5) and transmit to
node 3 (7'3); and possible actions for node 2 are wait (/) and transmit to node 3 (753),

thus having

uy € Ut = {W, Thy, Ths}, (2.1a)
u; € U? = {W, Tz} (2.1b)

It is assumed that simultaneous transmissions from both node 1 and node 2 lead to unsuc-
cessful reception (collision) at the receiver. It is further assumed that even at the event of a
collision the packet headers can be decoded at node 3%. Under these assumptions, the sys-
tem evolution can be described by the following set of equations, where the queue length
of a node at time ¢ is given by the minimum of (a) its queue size /V and (b) its queue length
at time ¢ — 1 plus 1 if there was an arrival in time slot £, minus 1 if a packet was successfully

transmitted in ¢ — 1 slot

CL’% =min {xz}—l + pg - 1{T12,T13}<u%—1)1{w} (u?—1)7 N} ) (2.2a)
xf =min {x}_| + p; — Liny (uf_ 1) 1wy (ug_y)
1703 (ui_ ) Lwy (w7 ), N}, (2.2b)

fort € {2,3,...}, where 14(-) is the indicator function of the set A.
At the end of time slot ¢, nodes 1 and 2 receive noiseless feedback w; € {0,1,2,e1,e5}
from the destination node stating if the destination node successfully received the transmis-

sion from node 1 (w; = 1); if the destination node successfully received the transmission

'In Section 2.3.2 we discuss extensions for the case of first-order Markov arrival processes.
’This is possible with sufficiently strong error correction coding of the headers.
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from node 2 (w; = 2); if the destination node didn’t receive any transmission destined to
it (w; = 0); if there was a collision with two packets destined to it (w; = ey); or, finally,
if there was a collision at node 3 due to a simultaneous transmission from node 1 to 2 and
node 2 to 3 (w; = ey). Thus each node 7 = 1,2 at time ¢ can determine u;_; = (u;_;,u? ;)
from the feedback w; and it own action u!. This implies that part of the system informa-
tion (in this case the agents’ actions) is shared between the agents with unit delay, while
information about the queue lengths is not shared (please refer to [Nayyar et al., 2011] for
a general discussion on delay-shared patterns). Throughout this chapter, it is also assumed
that all controllers have perfect recall.

Generic instantaneous cost functions g (z;, u;) are defined for node i = 1,2 as func-
tions of queue lengths z; = (z},?) and actions u; of both the nodes. To quantify the
energy-delay tradeoff the following costs are assumed. The energy cost of transmissions
are defined by functions e! : U' — {0, E1o, E13}, €% : U* — {0, Ea3} such that energy cost
for transmission from node 1 to node 3, e!(7T3) = Fi3, node 1 to node 2 is ! (T12) = Fyo,
and that for node 2 to node 3 is €*(Ty;) = Fs3. The energy cost for waiting is 0, i.e.
el (W) = e*(W) = 0. The instantaneous delay cost at time ¢ for node i = 1,2 is assumed
to be equal to the total number of packets waiting in the queue of node 7 plus cost ¢, for
each dropped packet. One instance of such cost function that captures both energy and av-
erage delay is g!(zy, uy) = 2} + €' (ul) + p'cal 4i (24, uy), where A', A? represent the events

that the next arrived packet is dropped for node 1 and 2 respectively,

Al = {a] = N,u, € {WW, Wy, T15Th3, TisTh3}}
| J{at = N2} = Nu = T, W},
A? = {22 = N — 1,u, = Tiu,W}
U{SE? = N,u, € {WW, T1oW, T15T53, T1sW, Ti3T3} }.

All costs are additive and costs for future slots (or epochs) are discounted by a discount
factor A, (0 < X\ < 1). The tuple (p', p?, Ei3, Ea3, E12, A\, N, cq) summarizes the basic

parameters of the system.

2.3 Cooperative users

In this section the team problem is studied, under the assumption that both nodes act co-
operatively i.e. have the same objective. In particular, in Section 2.3.1 the centralized

problem is defined, where there is a single controller observing all relevant information
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and has perfect recall. The solution of this problem is not studied in this chapter, since it is
well-known and can be found as the solution of a dynamic program, either analytically or
numerically. The result is briefly stated for completeness, and since it serves as the baseline
solution with which all other solutions will be compared. In Section 2.3.2 the decentral-
ized problem is discussed, where there are two controllers with different information sets,
though with perfect recall. In this case, the nodes cannot observe each other’s queues.
Their own queue history is their private information, and feedback history is the common
information. Decentralized problems with non-classical information structure are notori-
ously hard [Witsenhausen, 1968]. One of the contributions of this work is to show that the
optimum strategy can be found as solution of a dynamic program over a large but time-
invariant state space. Finally, numerical results are presented in Section 2.3.3 that compare
the performance of a suboptimal decentralized policy (inspired by the optimal one found
in Section 2.3.2) with TDMA and RA policies.

2.3.1 Centralized control problem

At time ¢, the common knowledge of nodes 1 and 2 (or centralized controller) is w1.;—1, 1.
Thus the control action at time ¢, u; € U' x U?, can (in general) be a function of all the

information available till that time

Uy = Q/A}t(xlzta Ul:t—1) = ¢t($1:t)- (2.3)

A given policy ¢ = (1, 19,13, .. .) induces a total discounted cost over the horizon T

equal to

T
JVY :=EY Z A {gtl(Xty Uy) + g7 (X, Ut)} : 24)

t=1
The centralized problem is defined as follows

Problem 2.1. Find the centralized policy ©* that achieves the optimum cost,
J*:=min Jv, (2.5)

with J¥ defined in (2.4), system update equation given by (2.2) and control actions w; as in
(2.3).

The solution of this problem is well-known and hinges on the following lemma.
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Lemma 2.1. The process {(X:,U;); t = 0,1,...} is a controlled Markov process with
state X;, control Uy, and instantaneous cost g; (Xy, U;) + g2(X¢, Uy), i.e.,

P($t+1|$1:t7U1:t) = P($t+1|fﬁt,ut) (2.6)

Proof. This is trivially true due to the system evolution given in (2.2), the independence of
the basic random variables (X1, X7, P}, P2 P}, P#,...) and the instantaneous cost being

a function of only the current state and action pair (X, Uy).

Thus by the theory of MDPs [Bertsekas, 1976, Kumar and Varaiya, 1986], there exists
a Markov policy of the form u; = (u;,u?) = ¢} (z;) that achieves the optimum cost J* in
(2.5). Moreover this optimal cost can be found using dynamic programming. The reader
is referred to the authors’ report [Vasal and Anastasopoulos, 2011] for more details about

this centralized problem and its solution.

2.3.2 Decentralized control problem

In this section, a more practical case is considered whereby users cannot observe each
other’s queues. This is an instance of decentralized information as the information sets of
the two nodes are not the same.

At time ¢, information available to node k is (z¥,, u}, |, wy.,_ ;) which is equivalent to
(ac’f:t, u1.t—1), since as mentioned earlier, knowledge of one’s own actions and the feedback
reveals the actions of the other node. If ¢¥ is a decentralized action policy of node k at time

t, then control actions can be defined as follows

uf = éf(xllc:tv ullg:tfh wl:t—l) = Qﬁw’f(x’lg:t? Ul:t—l), k= 1,2 2.7)
In the remaining of this section, the infinite horizon problem is considered for expositional
simplicity (the proposed solution also applies to the finite-horizon case). The instantaneous
cost functions are assumed time invariant, i.e., g° = g*. Let the combined cost be defined
as g(x¢, us) = g (x4, us) + g% (s, ug). If @F is any strategy of node k i.e., ¢F = (¢F, o5, .. )
where k € {1,2} then ¢ = (¢', ¢?) is the combined strategy of both the nodes and the

corresponding discounted cost J? is given by

T =B N Tg(X,, U} (2.8)

t=1

The decentralized control problem can now be stated as
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Problem 2.2. Find the optimal decentralized policy ¢* that achieves the optimal cost
J* = igf J? (2.9)

with J¢ defined in (2.8), system update equation given by (2.2), and control actions 1, as
in (2.7).

The controls actions, as given in (2.7), are functions of an ever increasing space. In this
section, we seek to simplify the domain of these functions to a succinct, fixed space. To
that effect, a structural result is proved for the optimal decentralized policy, and shown that
it can be found as a solution of a Bellman-type fixed-point equation. It is first proven that
there exist optimal control actions of a node that depend only on its current queue length and
the entire control history of both the nodes i.e., (xf, u1.4—1). In the second simplification
step, it is shown that there exists an optimal policy that depends on the current queue
length xf and the posterior on z; conditioned on the control history w.,—;. In the final
simplification step it is shown that the aforementioned posterior distribution on z; can be
substituted by the pair of marginal distributions over x¥ for k = 1, 2.

In this decentralized case, at time ¢, a:’f:t is the private information of node £ and 1.,
is the common information available to both nodes. The following lemma proves that given

the common information, the private information of the two nodes is independent.

Lemma 2.2. For any fixed strategy ¢, random variables X, and X2, are conditionally

independent given the control history till time ¢, Uy, 1 i.e.,
1 2
P¢($1:t|U1:t—1) = p? ($11t|u1:t—1)P¢ (x%;th/!l:t—l) (2.10)

Proof. The causal decomposition of P® (1., u1.,_1) gives,

t—1
PP (214, ura1) =P(a}) [[ Plabilal, ) P2 (ull2]5, i)
=1
t—1
2
x P(a?) [ [ P23 |23, wp) P® (37, ua51) (2.11a)
j=1
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Thus,

P(a}) T2} P(aly|o), w) PP (u} ol wiisy)
Zx}fp(:[’%) Ht 1P( z+1|x117ui)Pd)l(uHx%;ivul:i—l)
1 2
P(a3) [To=) P22y |22, uy) PP (ud|2} ), uryr)
1
Z:}: P(x3 )Ht L P22 ]2, uy) P (u3|2d,, ugyo1)

1:t

Pd)(xl:tlul:t—l) =

(2.11b)

1
(%tlult 1)P¢ (23 uaie—1)- (2.11c)
We now proceed to show that each node can summarize its private information to only

the current queue state without loss of optimality. For this the following lemma is required.

Lemma 2.3. For any given fixed strategy ¢ of node 2, the process { (X}, U,_1,U});t =

1,2,...}is a controlled Markov process with state (X!, U;;_;) and control input U} i.e.,

2 2
P¢ (23%_'_1, u1¢t|xi:t> UL:t—1, ui:t) - Pd) (xtl-i-l? ulit‘x%a UT:t—1, ’LL%) (212)
2 2
E? {g(*Ti’ xt27 ug? uf) ‘x%:ta Ul:t—1, u%:t} =E¢ {g(:c%, xt27 uz}a u?) ‘ib‘%, U1:t—1, u%}

= g(g, -1, up) (2.13)
Proof. See Appendix A

As a consequence of the MDP structure of the problem (given a fixed strategy ¢* of
node 2), the optimal policy by node 1 can be a Markov policy [Kumar and Varaiya, 1986].
Since this is true for any fixed strategy of node 2, it is also true for the optimal strategy of
the node 2. A similar result can be obtained by interchanging the roles of node 1 and 2,

thus the optimal decentralized policy can be of the form below without loss of optimality
uy = ¢y (), uremr), k=12 (2.14)

Even with the above simplification, Problem 2.2 reduces to two linked stochastic con-
trol problems for which a solution is not readily available. We proceed to the second sim-
plification step by reexamining this problem from the perspective of a fictitious coordina-
tor [Nayyar et al., 2011], who observes, at time ¢, the feedback w; or equivalently wu;
(common information) but does not observe xt ,k € {1,2} (private information). This
fictitious coordinator (which can be replicated at both nodes) generates partial functions
v = 72 = (v},1?) as its control output, where vF : N' — U* k € {1,2}. Based upon

these coordinator control outputs, node k, k € {1, 2} computes its action by operating these
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partial functions on its private information z¥, as shown in Fig. 2.2. In particular, denoting

the coordinator strategy at time ¢ by U, = (U}, U?) we can write

(V7)) = Vi(uri—1) = (V) (ure1), O3 (urs1)), (2.15)

and node k action will be given by

uy =y (xy) (2.16a)
= UF(upyy)(2f) (2.16b)
= ¢F(@F, ur4-1). (2.16¢)

In the following we show that the coordinator strategy can be simplified by summarizing

X 1 u! X! u'

Figure 2.2: Control by the fictitious coordinator: (a) original control action generation; (b)
equivalent control action generation through intermediate coordinator actions.

the history of the common information into a sufficient statistic with time-invariant domain.
In particular we show that belief on z; given the observation history wu;..—; and control
history ~;.;—; till time ¢, forms a sufficient state for the coordinator’s problem. We define

the random variable IT, € P(N 2) as the posterior pmf of X; conditioned on U;.;, 'y, 1 i.e.,
i(z) = P(X; = 2¢|Urp—1, T1:6-1). 2.17)

The next lemma shows that this quantity can be recursively updated by the coordinator in

a deterministic fashion.

Lemma 2.4. There exists a deterministic update function £, independent of the coordina-

tor’s policy ¥ , that updates the state 7; given control ~y, and variable u, .
i1 = F(me, e, ue) (2.18)
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Proof. See Appendix B.
The following theorem establishes that the coordinator’s problem is an MDP.

Theorem 2.1. The process {(II;,I';); ¢ = 1,2,...} is a controlled Markov process with

state I, and control I';, i.e.,

P(Wt+1‘77'1:t771:t) = P(Wt+1|7Tt7%) (2.19)
E(g(l’t, Ut)‘ﬁm 71:t) = E(g(% ut)‘ﬂ't? %) (2.20)
=: §(me, V) (2.21)

Proof. See Appendix C

Since {(I1;,T';); t = 1,2,...} is a controlled Markov process the optimal output func-
tions can be given by Markov policies [Kumar and Varaiya, 1986] (v}, ~?) = (7). Thus

optimal action by node k can be written (with some notational abuse) as

uy =) () = O (m) (20) = ¢ (xf, ). (2.22)

Furthermore, the optimal actions for the coordinator are minimizers of the fixed-point equa-

tion
Vi(m) = inf [G(m,7) + AE{V (7")|m, v}], (2.23)

where the expectation is with respect to the conditional probability induced by the update
function F' and u,; as random variable (noise), in accordance with [Nayyar et al., 2011].
Finally, in the remaining of this section we proceed with the last simplification step and
show that, due to the specific nature of our problem, instead of the joint probability II; on
the queue length of the two nodes, individual marginals form a sufficient state. To that
effect, we define the random variable = € P(N) as the posterior pmf of X}* conditioned

onUpy_1, 41 1€,

Ef(zy) = P(X} = 2} |Ut—1,Tree), k=12 (2.24)
and show that {(Z;,T;); t = 1,2,...} is controlled Markov process (where =; = =12 =

(2F,Z2)). This gives a significant reduction in the size of the state space over which the

optimal policies are defined, since 7 is defined over a space of P(N?) while £ is defined
over P(N) x P(N). For a finite queue length N, P(N?) has dimensionality N2, and thus
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grows super exponentially in N as RV, whereas P(N) x P(N) has dimensionality 2V,
and grows exponentially in N as R?V .

The above statement is made precise in the following lemma and subsequent theorem.

Lemma 2.5. There exist deterministic update functions G*, k € {1,2}, independent of

the policy W, that update the state £F given control 7 and actions wu; as
& = GMEE A W), ke{1,2}. (2.25)

Proof. See Appendix D.

Theorem 2.2. The process {(Z;,[;); t = 1,2,...} is a controlled Markov process with

state =; and controls I';, i.e.,

P¢(ft+1|€1;t,%:t) = P&l m) (2.26)
E(Q(%; Ut)|§1:ta 71:15) = E(Q(It; Ut)’ﬁt, ’Y1:t)
= g(&, ) (2.27)

Proof. See Appendix E.

Since {(Z;,I;);t = 1,2,...} is a controlled Markov process, the optimal output func-
tions can be given by Markov policies vy, = 14(&;), and can be derived as minimizers of the

fixed-point equation

V(¢§) = inf[g(&,7) + AE{V(§)I€, 7], (2.28)

where the expectation is with respect to the conditional probability induced by the update
functions (G', G?) and u, as random variable (noise). In summary, the optimal control

actions are of the form
uf = of(2F, &), k=12 (2.29)

and in the on-line operation of the system are generated as follows: at time ¢, each node
(source and relay) first updates the quantities &;_; as dictated by the recursion (2.25), and
based upon &; they find the corresponding action y; as dictated by the (off-line) solution of
(2.28). Finally they generate their action u¥ by evaluating ¥ on their private information
hie., uf = ¥ (2h).

We conclude this section by observing that in this model we assumed two independent

Bernoulli arrival processes for ease of exposition. The analysis can be easily extended
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to the case of independent first-order Markov arrival processes. This can be achieved by
defining ZF = (XF, P¥), k = 1,2, where { P*};, k = 1, 2 are independent Markov arrival
processes of node 1 and 2 respectively. Since in our model both X}, P¥ are observable,
so is ZF; thus similar results can be easily derived for ZF in place of XF k € {1,2}.
When arrival processes (P}, P?) follow joint Markov process, the analysis can be extended
in a similar way as for two independent Markov processes, till equation (2.23) but the

simplification in Theorem 2.2 does not follow.

2.3.3 Numerical results

In this section, we compare the performance of a suboptimal decentralized policy obtained
from our analysis in the previous section, with standard TDMA and RA policies (which
themselves are decentralized policies). We assume the cost function of the form g(z;, u;) =
zy +af + et () + e (uf).

Regarding the decentralized policy, we chose to solve the fixed-point equation (2.23)
instead of the simpler one in (2.28). Although (28) is an important theoretic simplification
of the state space, the reason for this choice is that equation (2.23) resembles a Bellman-
type fixed-point equation for a POMDP (partially observed MDP), and thus can be solved
using standard POMDP solvers if the underlying state and action space is finite. However,
although equation (2.28) has significantly smaller space of optimization, it cannot be solved
using standard POMDP solvers as it does not have the linear structure required by standard
POMDP solvers.

For a finite maximum queue length N, there are [U/*|" - [U/?|" possible v functions.
We expect the optimum ~'%* functions to be of “threshold-type” [Hajek, 1984, Smith and
McCardle, 2002], i.e. the domain {0, 1, ..., N} of each 4* to be partitioned into contiguous
regions, one corresponding to each action in 2/*. The threshold nature of policies is proved
for queueing and other problems in [Hajek, 1984, Beutler and Teneketzis, 1993] and gen-
erally requires proving properties like concavity, supermodularity, superconcavity etc. of
the cost-to-go function. It is usually hard to show that some set of properties of the cost-to-
go function propagate through the dynamic programming equation, more so for POMDPs
where state space is a connected simplex. We do not prove the optimality of threshold
policies, however, inspired by the solution of centralized policies, we find a suboptimal de-

centralized policy by solving (2.23) over threshold policies defined as all possible policies
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of the following form parametrized by («, 3, ¢). We call this policy ©*.

W, z'<a
Y@@' =< Ty, a<z'<p (2.30a)
T137 B S xl
W, x2<80
(%) = ’ 2.30b
i ( ) T23, 0 S 1‘2. ( )

For the numerical analysis, we choose N = 2, which is a compromise between ac-
curacy of results and complexity of solving the fixed-point equation. For a given policy
that results in a system where queues are expected to get empty frequently (i.e., (0,0) is
expected to be a recurrent state), the stationary distribution of the system is expected to
have significant weight around the queue sizes (0, 0) and negligible weight for larger queue
lengths. Thus such a small value for N is a justified approximation for lightly loaded
systems. We numerically solve equation (2.23) over the set of threshold policies using
a POMDP solver for E1s = 0.1,FEy; = 0.2, E;3 = 10 and p*, € {0.1,0.2,0.4},p* €
{0.01,0.1,0.2,0.4,0.6}, N = 2,¢4 = 5,\ = 0.99. Figures 2.3 compare their costs for
different traffic parameters.

Both TDMA and RA policies prescribe allocation of slots to users. In each allocated
slot, a user chooses the optimal action that minimizes the cost to go. For example when
the slot is allocated to the source, it takes one of the following actions {W, T3, T3} that is
optimal for the current state. The numerical results are obtained by numerically analyzing
the steady state distribution of the Markov process induced by implementing the optimal
policy, which is found by enumerating all threshold policies. The TDMA policy assumes
that users access the channel as dictated by a commonly observed binary random variable,
the distribution of which is optimized for each pair of (p', p?). As a result the channel is not
allocated equally to source and relay, but optimally as dictated by their traffic loads. The RA
policy assumes that users access the channel as dictated by private random back-off times
whose distribution is geometric and optimized for their traffic loads. The corresponding
results are obtained by numerically analyzing the steady state distribution of the induced
Markov process. In both TDMA and RA, when a slot is available to a node, that node plays
its optimal action. Thus for e.g. in TDMA, relaying is achieved as follows: when node 1
is given a slot, node 1 sends a packet to node 2, and when node 2 is given a slot, node 2 it
sends its packet to the receiver. Finally, the solution of the centralized problem mentioned

in Section 2.3.1 is shown, which serves as a lower bound for all decentralized policies.
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We make the following observations regarding the results shown in Fig. 2.3. The de-
centralized policy 1* outperforms both RA and TDMA policies for all given p', p?. To
take an instance, for p! = 0.1, p* = 0.1, the costs obtained for policies 1/*, RA, TDMA
and optimum centralized are 0.4230, 0.6241, 0.5307, 0.3845, respectively.

2.4 Strategic users

This section considers the case when users are strategic i.e., when they have potentially
different cost criteria, and the information is perfect and complete®. For problems with
multiple agents as decision makers, having their individual objective functions, equilibrium
is an appropriate solution concept [Osborne and Rubinstein, 1994], where equilibrium is
loosely defined as set of policies for each agent such that no agent has an incentive to
unilaterally deviate from its policy.

With strategic nodes in our previous model, both nodes have linked stochastic processes
such that their actions affect each other’s current and future costs, so they determine their
actions in order to minimize their own average total cost over the given time horizon. In
this section we consider a centralized information model where all system variables are
perfectly observed by both agents (as was the case in Section 2.3.1). It is also assumed
that cost functions and system parameters are common knowledge. In this case, the system
evolves as a dynamic game of perfect information and simultaneous moves [Osborne and
Rubinstein, 1994]. In such a case, the relay node may not want to accept packets from the
source node as that will result in larger delay (longer backlog for his own queue) as well as
extra transmission energy. Thus, the socially optimal solution may not be implementable
in an equilibrium concept. One possible way to induce relay cooperation is for the source
to pay the relay node for relaying the packet (and similarly, for the relay to pay the source
for backing off from transmission so that it can transmit its own packets). This entails
the question of whether, through such payments, an equilibrium solution would lead to the
socially optimum solution.

The main result in this section is that there exist payment transfers to be imposed by
the network designer such that the optimum Markov policy of the centralized problem (as
discussed in Section 2.3.1) is also the unique subgame perfect equilibrium of the dynamic

game.

3This is a preliminary analysis of the system with strategic agents. We develop tools in the next chapter to
relax the condition of perfect information and study dynamic games with asymmetric information; however,
we do not do mechanism or incentive design. The problem with imperfect or incomplete information, is an
interesting problem that comes under the purview of dynamic mechanism design for games with asymmetric
information, and is not considered in this thesis.
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Figure 2.3: Numerical and simulation results for the decentralized policy, TDMA, and RA.
The baseline case (centralized solution) is also shown for comparison.

The model for the dynamic game with finite horizon 7" is now formalized. When nodes
are strategic, it is intuitive to think that the relay node would not want to accept source’s
packets since that increases it’s queue length. Thus the strategic users may never achieve
socially optimal cost when (772, W) is an optimum action. To capture this behavior of node

2, we enhance its available actions as
ui € U = {Wo, Wy, Tos}, 2.31)

where possible actions for node 2 are wait while accepting the packet from node 1 (W),
wait while rejecting the packet (I1¥,.), or transmit to node 3 (733). The queue length of a
node at time ¢ is given by the minimum of (a) its queue size N and (b) its queue length at
time ¢ — 1 plus 1 if there was an arrival in time slot ¢ , minus 1 if a packet was successfully

transmitted in ¢ — 1 slot, i.e.,

:Etl =min {ptl + [27%_1 - 1{T12,T13}(u%—l)l{Wa}(utZ—l)

_1{T13}(u%—l)l{Wr}(u?—lﬂJra N} ) (2.32a)
x? = min {p? + [xz?fl - 1{T23}<ut271)1{W}<u%—1>
17y (uf_y ) Ly (uf )], N, (2.32b)
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with the meaning of these variables being exactly the same as in (2.2). Let ‘H denote the
set of all histories that are all possible sequences of actions taken by the nodes and nature

(arrival processes p; = (p},p?) € {0, 1}* are viewed as actions by nature) i.e.,
H = {hi = (pr:t, 11, 71:4)| VE€{0,1,...T}}, (2.33)

where state sequences have also been added to the histories since they can be determined
through (2.32) by the action and arrival histories. With N = 2 users, set of histories
H, generic instantaneous cost functions g¢;(z;,u;), i@ = 1,2, and simultaneous actions
taken at each time ¢ based on the history h;, a dynamic game of perfect information
with simultaneous moves is defined [Osborne and Rubinstein, 1994, Basar and Olsder,
1982], henceforth referred to as G. The goal is to design a payment exchange mecha-
nism* such that the optimal solution of the centralized problem discussed in Section 2.3.1
is achieved as the subgame perfect equilibrium of the dynamic game. To that effect func-
tions C; : ‘H x U' x U?> — R are defined as the payment made’ by node 1 to node 2
at time ¢. With these payment exchanges, let the new game G, be defined as before with

instantaneous cost functions

gtl<h7 uy) = 97:1(%7 ug) + Ci(h, uy), (2.34a)
G2 (hyug) = g2 (e, u) — Cy(h, uy), (2.34b)

for node 1 and 2 respectively. Note that although the payment functions are history depen-
dent, and thus their domain is time-varyting, it will be shown that due to the structure of
this problem, they need only be state dependent.

It is easy to see that with so many degrees of freedom, a game can be constructed such
that socially optimum solution is a (not necessarily unique) subgame perfect equilibrium
of the game as shown by the following construction. Indeed, for o € (0, 1), let payments

be designed as

Cy(h,u) = Cy(zy,u) = ag?(zy,u) — (1 — a)g} (z,u).

“Note that this is not a “mechanism” in the sense of Implementation Theory [Borgers, 2013] since utilities
and system parameters are common knowledge.

>This payment can be positive or negative, as considered in many other problems [Groves and Ledyard,
1977, Hurwicz, 1979,Jackson, 2001,Kakhbod and Teneketzis, 2012b,Kakhbod and Teneketzis, 2012a,Sharma
and Teneketzis, 2012].
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Then the instantaneous costs of user 1 and 2 are

Gi (hyue) = a (g; (20, u) + g7 (w4, 1)) (2.352)
Gt (houe) = (1= @) (g (w4, u) + g7 (2, 1) - (2.35b)

In this case, the objectives of both users are aligned with the social objective and the socially
optimal solution is also a Nash Equilibrium. The problem with this construction is that, in
general, there may exist additional Nash equilibria that may not achieve socially optimal
solution.

In the remaining part of this section, a new construction of payment function is pro-
vided and sufficient conditions are found for the socially optimal strategy to be the unique
subgame perfect Nash equilibrium of game G. In the following lemma, payments are con-

structed for a static game, and later this idea is extended to dynamic games.

Lemma 2.6. Consider a strategic game of two players with finite action sets (U");—; » and
costs (¢")i=12. Fix an action profile (a,b) € U' x U? (not necessarilly an equillibrium).
There exists a payment function C' : U!' x U? — R such that (a, b) is the unique strictly

dominant strategy equilibrium of the new strategic game with the updated costs.

Proof. For (a,b) to be the strictly dominant strategy equilibrium, the following conditions

need to be satisfied

g'(a,u?) + C(a,v?) < g'(u*,u?) + C(u', u?) (2.36a)
vul e U™\{a},u* € U?
g (ut,b) — C(u',b) < ¢*(u', u?) — C(u*,u?) (2.36b)

vu' e U u? € UP\{b}.
Let
Lu?) (u',u?) — g'(a,u?) (2.37a)
ul, U

u?) =g
Ju?) = g (u', u?) — g*(u',b) (2.37b)

C(a,b) < r'(u',b) + C(u',b) vu' € U\{a} (2.38a)
C(a,u?) < r*(a,u*) + C(a,b) vu? € U*\{b} (2.38b)
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and for u' # a,u? # b, are equivalent to

C(a,u?) —r'(u',u?) < C(u',u?) < C(u',b) + r*(u', u?)
vul € UM\{a},u? € U*\{b}. (2.39)

Since action sets are finite, there exists payments C'(u', u?) with C'(u!, b) large enough and
C(a,u?) small enough such that inequalities (2.38)-(2.39) are satisfied.

The above lemma shows that the cost variables {C'(u!, u?), (u', u?) € U' x U?} need
to satisfy linear inequalities (2.38)-(2.39), i.e. can be chosen from a polytope that is always
non-empty. A feasible solution can be found by first applying a vertex enumeration algo-
rithm [Avis and Fukuda, 1992] which finds the vertices, rays and linearities of the polytope
described by the linear inequalities (2.38)-(2.39), and then an arbitrary point is selected as
the sum of a convex combination of the vertices, a conic combination of the rays and a
linear combination of the linearities.

Note that the above lemma provides a very strong type of equilibrium design, i.e.,
strictly dominant strategy equilibrium. Also, the above construction of the game allows for
negative payments by either user. Even though negative payments are commonly used
to induce users to behave in a way desired by the designer (see for e.g. [Groves and
Ledyard, 1977, Hurwicz, 1979, Kakhbod and Teneketzis, 2010, Kakhbod and Teneketzis,
2012a, Sharma and Teneketzis, 2012]), the above construction can be proved with positive
payments only®.

This idea is now extended to dynamic games in the following theorem.

Theorem 2.3. Fix a Markov policy ©* = (¢f)L, for the original centralized stochastic
control problem (not necessarily the optimal one). Consider the dynamic game G defined
above. There exists payments C; : N” x N x U! x U? — R which are exchanged between
nodes 1 and 2 at each time ¢ € {1,2,...7T — 1} such that ¢)* is the unique subgame perfect

equilibrium of the resulting dynamic game G.

Proof. For game G at any time ¢ € {1,2,...T}, after history h € H and action profile

u € U' x U?, the cost-to-go functions for both nodes are

V' (h,u) == g/ (z¢,u) + Cy(h,u) + AE [V, (1) |k, u] (2.40a)
V2 (h,u) = g; (z,u) — Cy(h,u) + XE [V (W)]h,u], (2.40b)

% Due to the finiteness of the action sets, there always exists a ¢ > 0 such that rk(ul,ug) >
—c  Yuy,us,k = 1,2, then choosing C(ul,b) = 4c Vu' # a,C(a,u?®) = ¢ Yu® # b,C(a,b) =
2¢, O(ut,u?) = 2.5¢ Yu' # a,u? # b will satisfy inequalities of Lemma 5 with all payments being positive.
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where V. (-,-) = 0 and z;, = (x;, x7) are queue lengths of user 1 and 2 corresponding to

history h.

Let 0 = (0y)_, be a Markov policy of the dynamic game G such that for all histories
h € H of length t, o(h) = ¥} (x},z?). The payments C;(h,u', u?) are constructed back-
ward recursively as follows. Let V27 (z}, 2%) = gi(zh, 22) for user i, i = 1,2. Then
forany t € {T'— 1,7 —2...1}, let C;(h,u', u*) be constructed as in Lemma 2.6 for the
game with instantaneous costs being the cost-to-go functions gi (x;, u) + NE[V;27 (W) |h, u]
for each user i, such that action profile o(h) is the strictly dominant strategy equilibrium.
Then,

9 (@, 0(h)) + Colh, o (h)) + NE[V,LS (1), o ()] (2.41)
V27 (h) = g; (e, 0(h)) — Colh, o (h)) + B[V, (B) |k, o (R)]. (2.42)

The above implies that for each subgame G (h), the policy o |y, strictly dominates every other
policy ¢’ in G(h) that differs from |, only in the action it prescribes after the initial history
of Q(h) By the one-shot deviation property [Osborne and Rubinstein, 1994, Lemma 98.2]
and strict dominance, the policy o is the unique subgame perfect equilibrium of the game.
By construction, it achieves a socially optimal solution.

Since o(h) is a Markov policy, Cy(-,-) and V;"?(-,-) can be reduced to functions of
queue lengths z}, x? corresponding to history h, instead of h. This follows from induction.
Fort = T,Cp(h,o(h)) = 0 and V;.7 (v}, 23) = gh(xk, %) which establishes the base
case. Now since thl(, -) depends on history A only through the queue lengths 1, and
since o(h) = ;(z},z?) depends on z;, it follows that C;(h,u',u?) constructed as in
Lemma 2.6 for the game with costs gi (;, o(h)) + AE[V,2% (R')|h, u] for user i also depends
on history h through queue lengths z;. Thus from equations (2.41)-(2.42), Vf"’(-, -) also

depends only on x;. This completes the induction step.

The above result gives a constructive proof of existence of payment transfers such that
any Markov policy can be implemented, and thus the socially optimum Markov policy can
also be implemented as the unique subgame perfect equilibrium of the dynamic game.

Tables 2.1 and 2.2 show examples of construction of payments based on Proposition 2.3
for arbitrary payments and positive payments respectively. The system with parameters
Eis = 01,E;3 = 0.2,E;3 = 10,A = 0.99,p! = 0.1,p> = 0.1,¢4 = 5,N = 10 is
considered, and an arbitrary state (z;, z7) = (3, 3) is chosen for demonstrating the resulting
cost-to-go functions and payments. Tables 2.1(a) and 2.2(a) give the cost-to-go functions

th"’(xt) for the game at time ¢ obtained using policy iteration such that the socially optimal
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Markov policy (for the centralized problem) is implemented (i.e. is the dominant strategy)
for all times after ¢. Due to the time-invariance of costs, policy iteration converges to a
stationary solution, which, for this set of parameters is the policy (W, T3) when at the
chosen state (z;,z?) = (3,3). Note that from the values of the cost-to-go functions in
Tables 2.1(a), 2.2(a) it can be deduced that both actions (W, Ta3) and (733, W,.) are Nash
equilibria, which is not desired. Tables 2.1(b), 2.2(b) give the cost-to-go functions V;l’”(xt)
for the corresponding game G (i.e., with payment transfers), where transfers for this instant
t are calculated according to Lemma 2.6. Note that with the introduction of payments,
action (W, Ty3) is the dominant strategy equilibrium.

In this game, the total expected cost for a user by participating in the game should be
less than the expected cost they incur by not participating in the game. It is assumed that
by non-participation, the users are not able to transmit their packets, and thus their queues
increase to capacity, whereas by participating in the game they do strictly better. Thus for
reasonable cost functions (for e.g. ¢'(x,u) ~ ') which are monotonously increasing and
unbounded with the queue length, and for large enough N and A close to 1, the users will

always have an incentive to participate in the game.

Table 2.1: Costs for subgame at time ¢. Parameters are 15 = 0.1, Fos = 0.2, F13 =
10, A = 0.99,p' = 0.1,p*> = 0.1,¢4 = 5, N = 10. States are (z,y) = (3, 3).

(a) Without payments

Wa W, T3
- Vi(x,y) | 0.4586 0.4586 0.4103
V2(z,y) | 0.3970 0.3970 0.3616
T Viz,y) | 0.4484 0.4484 0.5693
Bl V2(z,y) | 0.3842 0.3842 0.3992
T Vi(z,y) | 0.3743 0.4597 0.4597
21 V2(x,y) | 04337 0.3970 0.3992
(b) With real-valued payments
Wa Wr T23
Vi(z,y) | 0.4129 0.4462 0.4103
W | V2(z,y) | 0.4427 0.4094 0.3616
Cy(z,y) | —0.0438 —0.0124 0
Vi (z,y) | 0.4472 0.4472 0.5841
Tis | V2(z,y) | 0.3854 0.3854 0.3844
Ci(z,y) | —0.0012 —0.0012 0.0148
Viz,y) | 0.4139 0.4597 0.4658
T | VA(2,y) | 0.3941 0.3970 0.3931
Cy(z,y) | 0.0397 0 0.0061
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Table 2.2: Costs for subgame at time ¢. Parameters are £ = 0.1, Fys = 0.2, F13 =

10,A = 0.99,p' = 0.1,p*> = 0.1,¢4 = 5, N = 10. States are (z,y) = (3, 3).

(a) Without payments

Wa Wr T23
w | Vi(ey) | 0.6258 0.6258 0.5782
V2(z,y) | 0.2298 0.2298 0.1938
7. | Vi(zy) | 0.6028 0.6028 0.7364
BOV2(z,y) | 0.2298 0.2298 0.2320
7. | Vi(zy) | 0.5282 0.6269 0.6269
2O V2(z,y) | 0.2798 0.2298 0.2320
(b) With positive payments
W W, Ths
Vii(z,y) | 0.6258 0.6258 0.5782
W | V2(x,y) | 0.2298 0.2298 0.1938
Ci(z,y) 0 0 0
Vil(z,y) | 0.6258 0.6258 0.7617
Tis | V2(z,y) | 0.2068 0.2068 0.2068
Cy(x,y) | 0.0230 0.0230 0.0252
Vi(z,y) | 0.6258 0.6269 0.6768
Ty | VA(x,y) | 0.1822 0.2298 0.1822
Cy(z,y) | 0.0977 0 0.0499
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2.5 Conclusion

This chapter studies energy and delay tradeoff in cooperative communication through a
simple relay channel, when the source and the destination node are cooperative and when
they are strategic. When users are cooperative, by posing it as a decentralized, infinite
horizon decentralized stochastic control problem, a structural result is proven stating that
the optimal policy can be found by solving a Bellman-type fixed-point equation and optimal
control can be given as uf = gF(x% & €2). The domain of optimization is the space of
the pair of marginal probability mass functions on the integers P(AN) x P(A). Numerical
results are presented to compare the performance of a suboptimal policy from our analysis
with standard TDMA and RA policies. Future research directions include the unveiling of
additional structural properties of the optimal strategy (e.g., threshold strategies), as well
as designing optimal and efficient suboptimal strategies. This problem can be extended to
the case of multiple source/relay nodes. For this, the model needs to be enriched so that
each collision also contains the information regarding which nodes transmitted. This can
be achieved if each node transmits a “signature” waveform along with the data waveform
such that the signature waveforms of all users are mutually orthogonal and orthogonal to
the data (e.g., in frequency). The optimal decentralized solution scales exponentially with
the number of nodes i, since, as shown in this work, a sufficient state for control is the set
of marginal distributions {£*(2¥); k € {1,2,...i}} on the queue of size N, which grows
as R*Y instead of the joint distribution 7(z}, . .. z!) which grows double exponentially in i
as RV .

The second part of this chapter studies the relay channel with strategic source and re-
lay nodes that minimize their individual expected energy and average delay. It is shown
that there exist transfer payment functions Cy(-, -) such that implementing socially optimal
Markov policy is also the unique subgame perfect equilibrium of the dynamic game. In
this work an important assumption is made that all information including states and utility
functions are known to everybody. The decentralized setup for strategic users i.e. when
states are not known, would be a challenging and interesting problem to consider and to
the best knowledge of the authors, dynamic games with decentralized information are not
well studied [Nayyar et al., 2014, Jerzy Filar, 1996]. If the assumption of known utilities
is relaxed, then the problem becomes significantly harder and comes under the purview of
mechanism design and Implementation Theory for dynamic games [Bergemann and Vali-
maki, 2010, Jackson and Sonnenschein, 2007].
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2.6 Appendix A (Proof of Lemma 2.3)

Proof.

2 2

2
P¢ (xtlJrl? Uq:t x%:t? UL:t—1, ui:t) :Pd) (x%+1|xi:t7 ul:t)Pd) (u11t|x%:t7 Up:t—1, utl) (2433)

—P(al et u) PP (2ot e, ) (243b)
:P($%+1|95%7 Ut)P¢2 (U§|U1:t—1) (2.43c¢)
:P¢2 (x1f1+17u1:t|$§7u1:t—17ut1) (243(1)

where (2.43b) follows since z;., = fi(x}, Dy, us) Where f; is as defined in (2.2) and by
independence of basic random variables, and (2.43c) follows since U7 is a function of X3,
U} is a function of X{, and X/, X7, are conditionally independent given U}, ; (Lemma
2.2).

For the second part,

2 2
]E¢ {g(l'tv ut) |x%:t7 Up:t—1, ui:t} = Z g(l'h ut)P¢ ('rt? ut|x%:t’ Up:t—1, u%:t) (2443.)

T, Ut

= Z g<xt7 ut>P¢2 (1:?7 U?‘Iit, Uy:t—1, u}:t) (244b)

2,2
T Uy

= Z g(xh ut>P¢2 (‘xiu?‘ul:tfl) (244C)
2,2

Ti,Uy

=B {g(w, w)|al, w1, ul} (2.44d)
Ig(])i’ Ut:¢—1, u%) (2446)

where (2.44c) follows from Lemma 2.2.

2.7 Appendix B (Proof of Lemma 2.4)

Proof. Fix ¢

M1 (Te1) =P%(Xigp1 = @opa|uny, 1) (2.452)
= Z P¢($t+1, Te|tre, Vi) (2.45b)
= Z Pw($t|u1:t, Yi:t)-P (g1 |24, 1) (2.45¢)
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where (2.45c¢) is true by Markov property and the fact that +;.; is a function of u;.;. Now,

Pw(ﬁt Ut|u1't—1 ’Yl't)
pY b5 V1) = : — 2.46a
(.’L‘tlUl,t,VLt) ijt Pd}(«%mutlul;t—l,f}/l;t) ( )
_ P¢($t|ul:t—1a'Yl:t)Pw(uth:t—l;'71:1571'15)
Zit P(‘%tv ut|u1:t—1a 71:t)
P (4 urse—1, Y1:—1) Loy )y (ue)

B > s, PY(Eelur—1, vie—1) Ly a0y (ur)

(2.46b)

(2.46¢)

where first part in numerator in (2.46¢) is true since given policy v, y; can be computed as

Y = ¢t(u1:t—1)-
We conclude that

Pl ) = ()
thus,
Tir1 = F(me, v, uy) (2.48)
where F' is independent of policy .
2.8 Appendix C (Proof of Theorem 2.1)
Proof.
P(reqalmi, i) = > P(mn, telmie, i) (2.49a)
- Z I{F(thMt)}(WtJrl)P(ut|771:t771:t) (2.49b)
- Z L (e o)t (1) L (o y (ue) P (2|0, 71:0) (2.49c¢)
= Z T (Te) Lo} (T 1) L ey (1) (2.49d)
= P’<7Tt+1’ﬂ't7 V) (2.49¢)
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E(g(we, u)[mre i) = Y 9w, ) Pl w|me, 1)

T, Ut

= Z gy, u) Py 710, 71 t)l{%(ﬂﬁt)}(ut)

Tt Ut

= Z 9@, )T (00) Ly, )y (ue)

2.9 Appendix D (Proof of Lemma 2.5)

Proof. For any fixed coordinator strategy v,

§tl+1(x%+1) :Pw(xt1+1|u1:t771:t)

= Z Pw(flfirp mt‘ulsta ’)’1:t)

T

= Z P (z4fuyy, Vi) Py |og u)

Tt

Now,

Pw(xtyut‘ulstflaﬁ)/lzt)
Z;@t Pd)(jtaut’ul:t—la ’Yl:t)
:Pw(xt‘ul:tfla’Vl:t)Pw(ut|U1:t717’Yl:ty%&)

Pw(xt|u1:tv 71:1:) -

Z@t Pw(ft, Ut|u1:t71771:t)
_ PY@urs o, e ) Ly (W)
s, PG ura1, Yiao1) 1oy (w)
G (@)E (@) Ly (1)
> SHEDER(ED a0y (ur)

(2.50a)

(2.50b)

(2.50c)

(2.50d)

(2.51a)
(2.51b)

(2.51c¢)

(2.52a)

(2.52b)

(2.52¢)

(2.52d)

where (2.52c¢) is true since given policy v, v; = 1;(uy..—1) and (2.52d) is true since X} and

X? are conditionally independent given U;_; (Lemma 2.2). Thus,

t(%) (‘rt)]'{')’t(l't (ur)
3, §H (@& (T7) ey (ue)

§t+1 $t+1 ZP xt+1|$t7ut)2
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= Z P2y, ue)
o}

& (2) Ly (ue) 2op2 Lipzeayy (uf)EF (27)

. - (2.53b)
> & @D any (W) 2o Lz (W& (27)
E (i) Ly (ug)
=Y P(x} |7y, w) (o (2.53¢)
; e > &HED) L@y (W)
=G'(& v ue) () (2.53d)

Similarly &, = G*(&,77,u;) where G' and G* are deterministic functions independent

of policy .

2.10 Appendix E (Proof of Theorem 2.2)
Proof. In the following we use the notation G := (G*, G?)
P¢(fzfl+1>ff+1|f%:taf%:t>’71zt) :ZP¢(f751+1>ff+1aut’§11;t>fita’Yl:t) (2.54a)
=2 Vet zaemm & E) PP (il €5 me) (2:540)

= Ve e s &) L ()

P¢<xt ’gi:tv é%:ta /71:15) (2540)

= & @G @D e ey s ) Loy (ue)
(2.54d)
=D & @DE ) e o € Ea) (2.54¢)
=P (&, E0lEs &8 m) (2.54f)
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E(g(il?uut”fl:t,’h:t) = Z(g(xtaut))P<xtaut|€1:ta’Yl:t)

Tt, Ut
= Z xtaut $t|§1 t,%t)l{%(xt)}(ut)
Tt, Ut
—Z Itaut §t xt gt (%)1{%(%)}(%)
:§(5t>’7t)
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CHAPTER 3

Structured perfect Bayesian equilibria in

dynamic games with asymmetric information

3.1 Introduction

There are many practical scenarios where strategic players with different sets of observa-
tions are involved in a time-evolving dynamical process such that their actions influence
each others’ payoffs. Such scenarios include repeated online advertisement auctions, wire-
less resource sharing, competing sellers and energy markets. In the case of repeated online
advertisement auctions, advertisers place bids for locations on a website to sell a product.
These bids are based on the value of that product, which is privately observed by an adver-
tiser, and past actions of everybody else, which are observed publicaly. Each advertiser’s
goal is to maximize its reward, which depends on the value of the products and on the ac-
tions taken by everybody else. A similar scenario can be considered for wireless resource
sharing where players are allocated channels that interfere with each other. Each player
privately observes its channel gain and takes actions, which may be the choice of modula-
tion and coding scheme and also the transmission power. The reward here is the rate each
player gets at time ¢, which is a function of everyone’s channel gain and actions. Consider
another scenario where different sellers compete to sell different but related goods which
are complementary, substitutable or in general, with externalities. The true value of the
goods is private information of a seller who, at each stage, takes an action to stock some
amount of goods for sale. Her profit is based on some market mechanism (say through Wal-
rasian prices) based on the true value of all the goods and their availability in the market,
which depends on the actions of the other sellers. Each seller wants to maximize her own
profit. Finally, a similar scenario also exists for energy markets, where different suppliers
(to their different end consumers) bid their estimated power outputs to an independent sys-
tem operator (ISO) that forms the market mechanism to determine the prices assessed to

the different suppliers. Each supplier wants to maximize its returns, which depend on its
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cost of production of energy, which is their private information, and the market-determined
prices, which depend on all the bids.

Such dynamical systems with strategic players are modeled as dynamic games. In dy-
namic games with perfect and symmetric information, subgame perfect equilibrium (SPE)
is an appropriate equilibrium concept [Osborne and Rubinstein, 1994], [Basar and Olsder,
1982], [Fudenberg and Tirole, 1991] and there is a backward recursive algorithm to find all
subgame perfect equilibria of such games. Maskin and Tirole in [Maskin and Tirole, 2001]
introduced the concept of Markov perfect equilibrium (MPE) for dynamic games with per-
fect and symmetric information, where equilibrium strategies are dependent on some pay-
off relevant state of the system rather than on the entire history. However, for games with
asymmetric information, since players have different information sets in each period, they
need to form a belief on the information sets of other players, based upon which they pre-
dict their strategies. As a result, SPE or MPE are not appropriate equilibrium concepts
for such setting. There are several notions of equilibrium for such games, such as perfect
Bayesian equilibrium (PBE), sequential equilibrium, trembling hand equilibrium [Osborne
and Rubinstein, 1994, Fudenberg and Tirole, 1991]. Each of these notions of equilibrium
consists of a strategy and a belief profile of all players. The equilibrium strategies are
optimal given the beliefs and the beliefs are derived from the equilibrium strategy pro-
file and using Bayes’ rule (whenever possible), with some equilibrium concepts requiring
further refinements. Due to this circular argument of beliefs being consistent with strate-
gies, which are in turn optimal given the beliefs, finding such equilibria is a difficult task.
Moreover, strategies are function of histories, which belong to an ever-expanding space,
and thus the space of optimization also becomes computationally intractable. There is no
known methodology to find such equilibria for general dynamic games with asymmetric
information.

In this chapter, we consider a model where players observe their types privately and
publicly observe the actions taken by other players at the end of each period. Their instan-
taneous rewards depend on everyones’ types and actions. We provide a two-step algorithm
involving a backward recursion followed by a forward recursion to construct a class of
PBE for the dynamic game in consideration, which we call structured perfect Bayesian
equilibria (SPBE). In these equilibria, players’ strategies are based on their current type
and a set of beliefs on each type, which is common to all players and lie in a time-invariant
space. These beliefs on players’ types form independent controlled Markov processes that
together summarize the common information history, and are updated individually and se-
quentially, based on corresponding agents’ actions and (partial) strategies. The algorithm

works as follows. In a backward recursive way, for each stage, the algorithm finds an equi-
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librium strategy function for all possible beliefs on types of the players, which involves
solving a fixed point equation on the space of probability simplexes. Then, the equilibrium
strategies and beliefs are obtained through forward recursion by operating on the function
obtained in the backward step. The SBPEs that are developed in this chapter are analogous
to the MPEs for dynamic games with perfect information in the sense that players choose
their actions based on beliefs that depend on common information and have Markovian dy-
namics, where actions of a players are now partial functions from their private information
to their action sets.

Related literature on this topic include [Nayyar et al., 2014, Gupta et al., 2014] and
[Ouyang et al., 2015]. Nayyar et al. in [Nayyar et al., 2014, Gupta et al., 2014] consider a
model of dynamic games with asymmetric information. There is an underlying controlled
Markov process, where players jointly observe part of the process and also make some
observations privately. It is shown in [Nayyar et al., 2014, Gupta et al., 2014] that the
considered game with asymmetric information, under certain assumptions, can be trans-
formed to another game with symmetric information. Once this is established, a backward
recursive algorithm is provided to find MPE of the transformed game, which are equiv-
alently Nash equilibria of the transformed symmetric information game. For this strong
equivalence to hold, authors in [Nayyar et al., 2014, Gupta et al., 2014] make a critical
assumption in their model: based on the common information, a player’s posterior beliefs
about the system state and about other players’ information are independent of the strate-
gies used by the players in the past. Our model is different from the model considered
in [Nayyar et al., 2014, Gupta et al., 2014]. We assume that the underlying state of the sys-
tem has independent components, each constituting the type of a player. However, we do
not make any assumption regarding update of beliefs and allow the common information
based belief state to depend on players’ strategies.

Ouyang et al. in [Ouyang et al., 2015] consider a dynamic oligopoly game with N
strategic sellers of different goods and M strategic buyers. Each seller privately observes
the valuation of their good, which is assumed to have independent Markovian dynamics,
thus resulting in a dynamic game of asymmetric information. In each period, sellers post
prices for their goods and buyers make decisions regarding buying the goods. Then a pub-
lic signal indicating buyers experience is revealed, which depends on sellers’ valuation of
the goods. Authors in [Ouyang et al., 2015] consider a policy-dependent common infor-
mation based belief state based on which they define the concept of common information
based equilibria. They show that for any given update function of this belief state, which
is consistent with strategies of the players, if all other players play actions based on this

common belief and their private information, then player i faces a Markov decision process
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(MDP) with respect to its action with state as common belief and its type. For every prior
distribution, this defines a fixed point equation on belief update functions and strategies
of all players. They provide necessary and sufficient conditions for common information
based strategy profile and belief update functions to constitute PBE of the game; however
they do no provide a systematic way to find such equilibria. In addition, because of the
special structure of the reward function, the problem admits a degenerate solution where
agents’ strategies do not depend on their private information, and therefore no signaling
takes place. This allows existence of myopic, type-independent equilibrium policies (al-
though other equilibria may also exist).

The chapter is organized as follows. In Section 3.2, we present our model. In Sec-
tion 3.3 we present structural results that serve as motivation for SPBE. In Section 3.4
we present the main result by providing a two-step backward-forward recursive algorithm
to construct a strategy profile and a sequence of beliefs and show that it is a PBE of the
dynamic game considered. As an illustration, we apply this algorithm on a discrete ver-
sion of an example from [Fudenberg and Tirole, 1991] on repeated public good game in

Section 3.5. We conclude in Section 3.6. All proofs are presented in Appendices.

3.1.1 Notation

In this chapter, for an independent probabilistic strategy profile of players, (/3{);cn, where
probability of action a} conditioned on a1;_1, ¥}, is given by 5! (at|ay.c_1, z%.,), we use the

short hand notation 3; “(a; *|ay.,_1, z.t) to represent [Tz Bl (al|are_r, x.,).

3.2 Model

We consider a discrete-time dynamical system with N strategic players in the set A/ 2
{1,2,... N}, over a time horizon T 2 {1,2,...T}, and with perfect recall. There is a
dynamic state of the system X, = (X}, X2, ... X]N), where X} € X' is the type of player
¢ at time ¢, which is perfectly observed and is its private information. Types of the players

evolve as conditionally independent, controlled Markov processes such that

N

P(z) =[] Qi(}) (3.12)
i=1

P(zilar.i—1,x14-1) = P(xy|ag_1, 1) (3.1b)
N

= [ @it 7). 3.1c)

i=1
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where Qi are known kernels. Player ¢ at time ¢ takes action ai € A’ on observing a;;_1,
which is common information among players, and z},,, which it observes privately. The
sets A’, X are assumed to be finite. Let g° = (g!)sc7 be a probabilistic strategy of player
i where g/ : A" x (X')! — P(AY) such that player i plays action A! according to
Al ~ gi(-lays1,7h,). Letg 2 (g")ien be a strategy profile of all players. At the end of
interval ¢, player 7 receives an instantaneous reward R'(z;, a;). The objective of player i is

to maximize its total expected reward

T
Ji9 2 e {Z Ri(Xt,At)}. (3.2)
t=1
With all players being strategic, this problem is modeled as a dynamic game % with imper-

fect and asymmetric information, and with simultaneous moves.

3.3 Motivation for structured equilibria

In this section we present structural results for the considered dynamical process that serve
as a motivation for finding SPBE of the underlying game ®. Specifically, we define a
belief state based on common information history, and show that any reward profile that
can be obtained through a general strategy profile can also be obtained through strategies
that depend on this belief state and player’s current type, which is its private information.
These structural results are inspired by the analysis of decentralized team problems, which
serve as guiding principles to design our equilibrium strategies. While these structural
results provide intuition and the required notation, they are not directly used in the proofs
for finding SPBEs, later, in Section 3.4.

At any time ¢, player 4 has information (ay., 1, z},,) where a;;_ is the common infor-
mation among players, and z, is the private information of player i. Since (ay.;_1, 7% ,) in-
creases with time, any strategy of the form A% ~ ¢i(-|a14_1, z},,) becomes unwieldy. Thus
it is desirable to have an information state in a time-invariant space that succinctly summa-
rizes (ay.+_1,2%.,), and that can be sequentially updated. We first show in Lemma 3.1 that
given common information ay.;_; and its current type z¢, player i can discard its type his-
tory ', , and play a strategy of the form s!(a‘|a;.;_1,x%). Then in Lemma 3.2, we show
that a1, can be summarized through a belief 7;, defined as follows. For any strategy
profile g, belief m; on X, m;, € P(X), is defined as m;(z;) = PI( Xy = zy]aryq1) Vo, € X.
We also define the marginals 7i(z1) 2 P9(zi = 2i|a,,_,) Vai € X',

For player 7, we use notation g to denote a general policy of type Al ~ gi(-|ay.4—1,7%,),
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notation s, where s : (A)'""!x X" — P(A"), to denote a policy of the form si(al|ai; 1, z}),
and notation m, where m! : P(x;exX?) x X' — P(AY), to denote a policy of the form
mi(at|m, zt). It should be noted that since 7, is a function of random variables a1, 1, an
m policy is a special type of an s policy, which in turn, is a special type of a g policy.
Using the agent-by-agent approach [Ho, 1980], we show in Lemma 3.1 that any ex-
pected reward profile of the players that can be achieved by any general strategy profile g

can also be achieved by a strategy profile s.

Lemma 3.1. Given a fixed strategy g~ of all players other than player i and for any strategy

g' of player i, there exists a strategy s° of player 7 such that

PSig_i (Q?t, at) = Pgig_i (Jit, at) YVt € T, Ty € X, a; € A, (33)

2 —1

which implies J55'9 " = J9'9

Proof. See Appendix A.

Since any s’ policy is also a g type policy, the above lemma can be iterated over all
players, which implies that for any ¢ policy profile there exists an s policy profile that
achieves the same reward profile i.e. (J%);cn = (J™9)ien

Policies of types s still have increasing domain due to increasing common informa-
tion, a;4—1. In order to summarize this information, we take an equivalent view of the
system dynamics through a common agent, as taken by Nayyar et al. in [Nayyar et al.,
2013]. The common agent approach is a general approach that has been used extensively
for dynamic team problems [Mahajan, 2013, Mahajan and Teneketzis, 2008, Nayyar and
Teneketzis, 2008, Vasal and Anastasopoulos, 2014]. Using this approach, the problem can
be equivalently described as follows: player ¢ at time ¢ observes ay.;—; and takes action
vi, where i : X' — P(AY) is a partial (stochastic) function from its private informa-
tion z! to al of the form ~!(a!|z!). These actions are generated through some policy
= (V)er, Vi 2 AT — {X" — P(AY)}, that operates on the common information
ar.¢—1 so that ¢ = vi[as.;1]. Then any policy of the form Ai ~ si(-|a;;_1,x!) is equiva-
lent to A! ~ vi[a41](-|z}) [Nayyar et al., 2013].

We call a player i’s policy through common agent to be of type ¢ if its actions 7 are
taken as ; = 1![a;;_1]. We call a player i’s policy through common agent to be of type ¢
where 0! : P(X) — {X" — P(A")}, if its actions +; are taken as ! = 6![m;]. A policy of
type ' is also a policy of type 1. There is a one-to-one correspondence between policies
of type s* and of type 7" and between policies of type m' and of type 6.

In the following lemma, we show that the space of profiles of type s is outcome-

equivalent to the space of profiles of type m.
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Lemma 3.2. For any given strategy profile s of all players, there exists a strategy profile m
such that

Pm(l't,at) = PS(ZEt,Clt) Vt € T, Ty € X,Clt € A, (34)

which implies (J"™);enr = (J%*)icp. Furthermore m; can be factorized as m(x;) =

[T, 7i(x}) where each 7! can be updated through an update function
7T§+1 = F(Tria 7;7 at>7 (35)

where F is independent of s.
Proof. See Appendix B.

The above two lemmas show that any reward profile that can be generated through
policy profile of type g can also be generated through policy profile of type m. It should
be noted that the construction of s¢, as in (3.31), depends only on g°, while the construction
of m! depends on the whole policy profile g and not just on ¢, since construction of 6
depends on % in (3.43). Thus any unilateral deviation of player ¢ in g policy profile does
not necessarily translate to unilateral deviation of player 7 in the corresponding m policy
profile. Therefore g being an equilibrium of the game (in some appropriate notion) does
not necessitate the corresponding m also being an equilibrium.

As shown in the previous lemmas, due to the independence of types and their evolution
as independent controlled Markov processes, for any strategy of the players, joint beliefs
on types can be factorized as product of their marginals i.e. m(z;) = [, 7!(«}). Since
in this chapter, we only deal with such joint beliefs, to accentuate this independence struc-
ture, we define m, € x;cnP(X?) as vector of marginal beliefs where 7, = (7});cp-
In the rest of the chapter, we will use 7, instead of 7, whenever appropriate, where,
of course, m; can be constructed from 7,. Similarly, we define a vector of belief up-
dates as F(x,7v,a) = (F(7%,7*,a))ien. We also change the notation of policies of
type m as m! : X;enP(X?) x X' — P(A") and common agent’s policies of type 6 as
0i : XienP(XY) — {X — P(AY}.

We end this section by noting that finding general PBEs of type g of the game © would
be a desirable goal, but due to the space of strategies growing exponentially with time, that
would be computationally intractable. However lemma 3.1 suggests that strategies of type
m form a class that is rich in the sense that they achieve every possible reward profile.
Since these strategies are functions of beliefs 7, that lie in a time-invariant space and are

easily updatable, equilibria of this type are potential candidates for computation through
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backward recursion. In this chapter our goal is to devise an algorithm to find structured

equilibria of type m of the dynamic game .

3.4 Algorithm for SPBE computation

3.4.1 Preliminaries

Any history of this game at which players take action is of the form h; = (ay.4—1, Z1.).
Let H, be the set of such histories of the game at time ¢ when players take action, ‘H 2
UL H; be the set of all possible such histories. At any time ¢ player i observes h! =
(ar.4—1,7%,) and all players together have h¢ = a1, as common history. Let ! be the
set of observed histories of player 7 at time ¢ and H; be the set of common histories at
time ¢. An appropriate concept of equilibrium for such games is PBE [Fudenberg and
Tirole, 1991], which consists of a pair (3*, i*) of strategy profile 3* = (5;" )7 icar Where

71 HE — P(AY) and a belief profile p* = (11} )ie7 ienr Where ‘pif : Hi — P(H,) that
satisfy sequential rationality so that Vi € Nt € T, hi € Hi, 3

T T
Eﬁ*,iﬁ*ﬁi’u*[hﬁ {ZRZ(Xn,An)‘h;} 2 Eﬁiﬂ*ﬁi,u*[hﬂ {Z Rl(XmAn)’h;} , (36)

and the beliefs satisfy some consistency conditions as described in [Fudenberg and Tirole,
1991, p. 331]. In general, a belief for player i at time ¢, ‘u} is defined on history h; =
(@1.4-1, 1) given its private history hi = (a1, x’i:t). Here player ¢’s private history
hi = (ay.¢_1,x}.,) consists of a public part hf = a;;_; and a private part z%,. At any
time ¢, the relevant uncertainty player i has is about other players’ type z; *. In our setting,
due to independence of types, player i’s current type x¢ does not provide any information
about x, i as will be shown later. For this reason we consider beliefs that are functions
of each agent’s history A} only through the common history h$. Hence, for each agent i,
its belief for each history h{ = a1, is derived from a common belief yi;[a;.;—1], which
itself factorizes into a product of marginals [ | JeN iy J [a1.4—1], as will be shown later. Thus
we can sufficiently use the system of beliefs, u* = (u});er with pf = H — P(X), with
the understanding that agent i’s belief on z; " is 1" [ay4_1](27) = [, i a1 (2]).
Under the above structure, all consistency conditions that are required for PBEs [Fudenberg
and Tirole, 1991, p. 331] are automatically satisfied.

Structural results from Section 3.3 provide us motivation to study equilibria of the form

(mi(al|m,, z}))ien, Which are equivalent to policy profiles of the form (0:[x,](a!|z!))ien
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and have the advantage of being defined on a time-invariant space.

3.4.2 Backward recursion

In this section, we define an equilibrium generating function 6 = (6});cnric7, Where 6} :
XienP(X") — {X" — P(A")} and a sequence of functions (V}');entef1,2,.. 741}, Where

Vi XienP(X') x X' — R, in a backward recursive way, as follows.
1. Initialize Vrry, | € X;enP(X?), 2l € XY,

2. (3.7)

V%+1(£T+1a xiT+1>
2. Fort =T,T —1,...1, Vi, € X;enP(X"), 71 = [Licp ™, let 6,[m,] be generated
as follows. Set 7; = 6;[r,], where 7; is the solution, if it exists', of the following

equation, Vi € N, 2t € X7,

%(|xf§) € arg max E%('Ixmgz’m {Ri(XtyAt) + V?Jrl(F(ﬂtﬁt, At),XZ+1)|$i} )

V(|2

(3.8)

where expectation in (3.8) is with respect to random variables (X, *, 4;, X, ;) through
the measure 7, *(z; )i (alld) 3, (a7 |2, ) Qlyy (24, |2t ay), and F is defined in the

proof of Lemma 3.2 and in particular Claim 3.5.

Furthermore, set

i iy D oA Cle)AT T i i ~ i i
Vi (my, wp) = BT L R(XG, Ag) + Vi (F g, 3 A, X)) |2} (39)

It should be noted that in (3.8), 7, is not the outcome of the maximization operation as
in a best response equation similar to that of a Bayesian Nash equilibrium. Rather (3.8)
has characteristics of a fixed point equation. This is because the maximizer 7, appears in
both, the left-hand-side and the right-hand-side of the equation. This distinct construction
allows the maximization operation to be done with respect to the variable ~;(-|z!) for every
x! separately as opposed to be done with respect to the whole function v¢(+|-), and is pivotal

in the construction.

I'Similar to the existence results shown in [Ouyang et al., 2015], in the special case of uncontrolled types
and where agents’ instantaneous rewards do not depend on their own private types, the fixed point equation
always has a type-independent, myopic solution 7} (-), since it degenerates to a best-response-like equation.
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To highlight the significance of structure of (3.8), we contrast it with two alternate

incorrect constructions:

(a) Following the common information approach as in decentralized team problems [Nay-
yar et al., 2013], instead of (3.8), suppose v were constructed as equilibrium on

common agents’ actions 7y, i.e. for a fixed m,, m, = [,y 7}, Vi € N,

7 € arg mf}XEVﬁ;Z’m {Ri(Xta Ap) + ‘/ta,-l(E(EtvVtii/;i7At)7XZ+1)} - (3.10)
Y

It should be noted that in (3.10), the argument of the maximization operation, %i,
appears both, in generation of action A! and in the update of the belief ;. Moreover,
(3.10) is not conditioned on %, the private information of player 7, similar to the case
in the corresponding team problem. This is because the common agent who does not
observe the private information of the player 7, averages out that information. While
this averaging of private information works for the team problem whose objective is
to maximize the total expected reward, for the case with strategic players, it is incom-
patible with the sequential rationality condition in (3.6), which requires conditioning

on the entire history (aq.;_1, xi) and not just the common information a.; 1.

If the private information is also conditioned on, the construction still remains invalid,

as discussed next.

(b) Instead of (3.8), suppose 7! were constructed as best response of player i to other
players actions 7; *, similar to a standard Bayesian Nash equilibrium. For a fixed
T T = Lien 7 Vi € Nz € XY,

§i € argmax BN RI(X, A + Vi (Emg, i3 A, Xiy) |2}
Tt

(3.11)

Then 4! would be a function of 7, “ and ! through a best response relation 7! €
BR:Z%- (3;%), where BR;%- is appropriately defined from (3.11). Consequently, every
component of the solution of the fixed point equation (7 € B R;i (3¢ "))x%e xiens if
it existed, would be a function of the whole type profile x;, resulting in a mapping

20

i
implement the corresponding 7, and therefore the construction would be invalid.

= 0![m,, z;]. Since player i only observes its own type z¢, it would not be able to
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3.4.3 Forward recursion

As discussed above, a pair of strategy and belief profile (5*, u*) is a PBE if it satisfies (3.6).
Based on 6 defined above in (3.7)—(3.9), we now construct a set of strategies 5* and beliefs
p* for the game ® in a forward recursive way, as follows”. As before, we will use the
notation /i [a1.4-1] = (u}” [a1.4—1])ien Where 11} [aq.4—1] can be constructed from © [a1.4—1]

as 1t [ary 1] (z0) = TI i [are—1](2) Yar, 1 € HE where i [ar,_1] is a belief on .

1. Initialize at time ¢t = 1,
pild)(zy) = [ [ Qi (). (3.12)

2. Fort =1,2...T.Vi e N,ay4 € Hf,, 2}, € (X)

B (aflaver,why) = B (@lara-1, 7f) = Gl fan)l(aflzf)  (B.13)

and
pihlard = F(u a6 [are]), ar) (3.14)

where F is defined in the proof of Lemma 3.2 and in particular Claim 3.5.

‘We now state our main result.

Theorem 3.1. A strategy and belief profile (5*, 11*), constructed through backward/forward
recursion algorithm described in Section 3.4 is a PBE of the game, i.e. Vi € Nt €
T? A1:¢—1 S H§7 'Ili:t € (Xi)tvﬁi7

T
Eﬁi’%ﬁ;’;v pilatie—1] {Z RZ (Xn, An) |a1:t—17 Iil:t}

n=t

T
Z EBZ:TIB::,;Z’MI [a1:¢-1] {Z RZ (Xn, An) ‘al:t—la xi:t} . (315)

n=t
Proof. See Appendix C.

An intuitive explanation for why all players are able to use a common belief is the

following. The sequence of beliefs defined above serve two purposes. First, for any player

2 As discussed in starting of Section 3.4, beliefs at time ¢ are functions of each agent’s history hi only
through the common history h{, and are the same for all agents.
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i, it puts a belief on z;* to compute an expectation on the current and future rewards.
Secondly, it predicts the actions of the other players since their strategies are functions of
these beliefs. Since for any strategy profile, 2! is conditionally independent of ;" given
the common history a;.;—1, and since other players do not observe mi, knowledge of a:i does
not affect this belief and thus in our definition, all players can use the same belief 1" which
is independent of their private information.

Independence of types is a crucial assumption in proving the above result, which mani-
fests itself in Lemma 3.5 in Appendix D, used in the proof of Theorem 3.1. This is because,
at equilibrium, player 7’s reward-to-go at time ¢, conditioned on its type x%, depends on its
strategy at time ¢, 3!, only through its action a! and is independent of the corresponding
partial function S3!(-|a.+_1,). In other words, given z! and a, player i’s reward-to-go is
independent of 3{. We discuss this in more detail below.

At equilibrium, all players observe past actions a;.;_; and update their belief 7, which
is the same as pf[a1;_1], through the equilibrium strategy profile 5*. Now suppose at time
t, player 7 decides to unilaterally deviate to 5’2 at time ¢ for some history a;.; 1, keeping
the rest of its strategy the same. Then other players still update their beliefs (Wt)te{t_i_l,mT}
same as before and take their actions through equilibrium strategy 3, a operated on 7,
and x;*, whereas player i forms a new belief 7, ; on x; which depends on strategy profile
Bii1 Bm By "~ Thus, at time ¢, player ¢ would need both the beliefs 7; 1, 7,1 to compute
its expected future reward (as also discussed in [Nayyar et al., 2014]); 7, to predict other
players’ actions and 7;,; to form a true belief on x; based on its information. As it turns
out, due to independence of types, ;.1 does not provide additional information to player
1 to compute its future expected reward, and thus it can be discarded. Intuitively, this is so
because the belief on type 7, Wf 41 1s a function of strategy and action of player j till time
t (as shown in Claim 3.5 in Appendix B); thus 7r;f1 = 7Artjf1. Now since player ¢ already
observes its type z, its belief 7! on z% does not provide any additional information to player
i, and thus 7; (which is the same as i [a1..—1]) sufficiently computes future expected reward
for player i. Also 7,1 is updated from 7, 3;(-|a1.4_1, ) and a;, and is independent of B;
given a!. This implies player i can use the equilibrium strategy 3; to update its future
belief, as used in (3.8). Then by construction of # and specifically due to (3.8), player ¢
does not gain by unilaterally deviating at time ¢ keeping the remainder of its strategy the
same.

Finally, we note that in the two-step backward-forward algorithm described above, once
the equilibrium generating function 6 is defined through backward recursion, the SPBEs
can be generated through forward recursion for any prior distribution () on types X. Since,

in comparison to the backward recursion, the forward recursive part of the algorithm is
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computationally insignificant, the algorithm computes SPBEs for different prior distribu-
tions at the same time.

In the following lemma we show that all SPBE can be found through the backward-
forward methodology described before. In general, an SPBE can be defined as a PBE
(B*, u*) of the game that is generated through forward recursion in (3.12)—(3.14), us-
ing an equilibrium generating function ¢, where ¢ = (¢})icnsers 0% : XienP(X?) —
{X" — P(A")}, common belief update function F* and prior distributions Q). As a conse-
quence, f3; a only depends on current type x! of player 7, and on the common information
a1 through the set of marginals 1, [a1.+_1], and p** depends only on common information

history a1.;_1.

Lemma 3.3. Let (5*, 1*) be an SPBE. Then there exists an equilibrium generating function
¢ that satisfies (3.8) in backward recursion V m; = pf[a1.4—1], ¥ a1.4—1, such that (5%, u*) is

defined through forward recursion using ¢ * .

Proof. See Appendix E.

3.4.4 Existence

While it is known that for any finite dynamic game with asymmetric information and per-
fect recall, there always exists a PBE [Osborne and Rubinstein, 1994, Prop. 249.1], exis-
tence of the fixed point equation in (3.8) is an unresolved question. Generally, existence
of a fixed point equation is shown through Kakutani’s fixed point theorem, as is done in
proving existence of a mixed strategy Nash equilibrium for any finite game [Osborne and
Rubinstein, 1994, Nash, 1951] by showing existence of fixed point of the best-response
correspondences of the game. Among other conditions, it requires closed graph property
of the correspondences, which is implied by the continuity property of the utility functions
involved. For (3.8), continuity of the term to be optimized, with respect to actions v, is not
guaranteed. This is due to two reasons: (a) potential discontinuity of the 7, update function
F" when the denominator in the Bayesian update is 0, (b) as it is observed in the numerical
example in the next section, the value functions, V;i, need not be continuous. Thus the
standard arguments for existence of the fixed point equation can not be directly applied and
existence of solution of (3.8) remains an open question.

In the next section, we discuss an example to illustrate the methodology described

above for the construction of SPBEs.

3Note that for m, # K, [a1.t—1] for any ay.;—1, ¢ can be arbitrarily defined without affecting the definition
of (8%, u*)
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3.5 [Illustrative example: A two stage public goods game

We consider a discrete version of Example 8.3 from [Fudenberg and Tirole, 1991, ch.8],
which is an instance of a repeated public good game. There are two players who play a
two period game. In each period ¢, they simultaneously decide whether to contribute to the
period ¢ public good, which is a binary decision a! € {0, 1} for player i = 1, 2. Before the
start of period 2, both players know the actions taken by them in period 1. For both periods,
each player gets reward 1 if at least one of them contributed and O if none does. Player i’s
cost of contributing is z* which is its private information. Both players believe that x’s are
drawn independently and identically with probability distribution () with support {z* 2% };
0 < a2t <1 <2, suchthat P?(X? = z%) = g where 0 < ¢ < 1.

This example is similar to our model where N = 2,7T" = 2 and reward for player 7 in
period ¢ is
a;’ ifal=0

1—2 ifal =1.

R'(z,a;) = { (3.16)
We will use the backward recursive algorithm, defined in Section 3.4, to find an SPBE
of this game. For period ¢ = 1,2 and for i = 1, 2, the partial functions 7; can equivalently
be defined through scalars pi* and pif such that ~;(1|z*) = pi¥, 4i(0|z%) = 1 — pi* and
Yi(L|zt) = pifl, 4i(0]z) = 1 — pif!, where pi*, pif! € [0, 1]. Henceforth, we will use pi-
and pi! interchangeably with the corresponding ..
For t = 2 and for any fixed m, = (71, 73), where 75 = 7 () € [0,1] represents a

probability measure on the event { X* = 2}, player i’s reward is

E™2{RY(X, Ag)|me, X' = 2"} = (1= pi") (1 — 73 )p3 ™" + 3wy ™) + p (1 — 2%),
(3.172)

E{Ry(X, Ag)|me, X' = 2™} = (1 — pi") (1 — 7y )py " + 73 'pa ™) + pi (1 — &™),
(3.17b)

Let 5 = 0y[r,] and equivalently (pil, p2l, piH paf) = 0,[m,] be defined through the
following fixed point equation, which is equivalent to (3.8). For: = 1,2

py € argmax (1 —py") (1 —my ")y +my'py ") +py (1 —ab), (3.18a)
Py

py’ €argmax (1 —py") (1 —my )y +my ') +p5" (1 —2).  (3.18b)
)

Since 1 — 21 < 0, pifY = 0 achieves the maximum in (3.18b). Thus (3.18a)—(3.18b) can
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be reduced to, Vi € {1,2}

Py € argmax  (1—p5")(1—m")py ™" +py (1 —2").

)
This implies,
0 if 2t >1-—(1—7mp,
=<1 if 2l <1—(1—m9p, ",

arbitrary  if 2t =1-—(1—7m,")p,".
The fixed point equation (3.20) has the following solutions,

(
* Vi(m,2) =0
« Vi(m,at) =1-m
o Vi(my,2fl) =1 —mi.

~2I, 1—2al
P2 € O,max 1,@

© Vi (m, ") =1 —aF

o Vy(my, ') =1 —n3.p3t
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* ‘/22<7T2al‘L) =1-—a"

o VE(my,2fl) =17

~11 1—zl
p2 - [O,max {1, m}]

(
o V3 (mp, 2y =1 -3
* 22<7T2axL) =1-at
o Vi(my,a) =1 — 735"

6. (py" p3". py" . p3"

~—

_..L _..L
= (L= {—frg,o,o)fomggmawgg#

1-m37 1
o VH(my,al) =1—al
o ViH(my,2fl) =1 — 2t
o V2(my,2l) =1 —2*F
o Vi(my,afl) =1 -2k

Figure 3.1 shows these solutions in the space of (73, 73).

o (pon
T, ¢4 T1-ml|’ (1,[0,1],0,0)
/ (1,0,0,0) /
1 |/
1
: ([0,1],1,0,0)
(1,0,0,0) : (1,1’0'0) ]
: /|
XL y J
(21 00) |
1-my 1-m5 .
(0,1,0,0) . 0,1,0,0)
(1,0,0,0) i
0 L \ . > )

(1, [0,1‘—"§ , 0,0)
1-13

(0,1,0,0)
Figure 3.1: Solutions of fixed point equation in (3.20)

Thus for any 7, there can exist multiple equilibria and correspondingly multiple 5[]
can be defined. For any particular 65, at ¢t = 1, the fixed point equation that needs to be
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solved is of the form, Vi € {1,2}

py° € argmax (1 —pi) (1 —@)py ™" +apy ™+ E{V5(F(Q* %1, (0, A7), 2")})

pP1
+piF (1 — 2" + EM{VZ(F(Q% A, (1, A7), z™)}) . (3.21a)
P € arg max (1- P (1= @)pr ™ + g + BTV (F(Q%, 51, (0, A7), 2™M)})
+ i (1 =2 + BV (F(Q% A1, (1, ATY), z™)}) . (3.21b)

where F(Q*,7, (A", A%)) = F(Q,7', A F(Q, 7%, A?) and

n ~i Q(l_ﬁiH)

F(Q,7,0) = _ — 3.22

QIO = )+ @ a1 i) R
api”

F(Q,1,1) = —; —, (3.22b)

qpi + (1 — q)p}

if the denominators in (3.22a)—(3.22b) are strictly positive, else F (Q,7:, A") = Q as in the
proof of Lemma 3.2, and in particular Claim 3.5. A solution of the fixed point equation in
(3.21a)~(3.21b) defines 0, [Q?].

Using one such 6 defined as follows, we find an SPBE of the game for ¢ = 0.1, 2% =
0.2, 2% = 1.2. We use 0,[r,] as one possible set of solutions of (3.20), shown in Figure 3.2

and described below,

(125 15.0.0)  m € [0,5),73 € [0,2%)
AL oL ~1H ~ 1,0,0,0 7l € [0, 2], 72 € [21,1
ol = G g ) = § (00D e me
(0,1,0,0) my € 21, 1], 75 € [0, 2]
(1,1,0,0) mi e (zb)1], 72 € (2%, 1].
(3.23)

Then, through iteration on the fixed point equation (3.21a)-(3.21b) and using the afore-

mentioned 0 [r,], we numerically find (and analytically verify) that 6,[Q? = (pit, p3L,

pif p2H) = (0,1,0,0) is a fixed point. Thus

BHA =1X"=2") =0 pIAT=1X*=2") =1
BiAr=1X'=2") =0 AT =1X*=2")=0

with beliefs 113(00] = (¢, 1), u3[01] = (¢, 0), u3[10] = (g, 1), u3[11] = (¢, 0) and
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(10,0.0) (1,0,0,0)

L/ /

(1,1,0,0) _— (0,1,0,0)

¢

(1,0,0,0)

e ——— - -

(0,1,0,0)

Figure 3.2: 05[] described in (3.23 )

(B5(|a1,))icq19y = alpsar]] is an SPBE of the game. In this equilibrium, player 2
at time ¢ = 1, contributes according to her type whereas player 1 never contributes,
thus player 2 reveals her private information through her action whereas player 1 does
not. Since 6y is symmetric, there also exists an (antisymmetric) equilibrium where at
time ¢ = 1, players’ strategies reverse i.e. player 2 never contributes and player 1 con-

tributes according to her type. We also obtain a symmetric equilibrium where 0;[Q?% =

1—aL 1—zL
((lfq)(HwL)’ (1-¢)(1+zt)

=L

,0,0) as a fixed point when z* > 5, resulting in beliefs ;5[00] =

3.6 Conclusion

In this chapter, we study a class of dynamic games with asymmetric information where
player i observes its true private type x! and together with other players, observe past ac-
tions of everybody else. The types of the players evolve as conditionally independent,
controlled Markov processes, conditioned on players current actions. We present a two-
step backward-forward recursive algorithm to find SPBE of this game, where equilibrium
strategies are function of a Markov belief state 7;, which depends on the common informa-
tion, and current private types of the players. The backward recursive part of this algorithm
defines an equilibrium generating function. Each period in backward recursion involves
solving a fixed point equation on the space of probability simplexes for every possible

belief on types. Then using this function, equilibrium strategies and beliefs are defined
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through a forward recursion.

In this chapter we consider perfectly observable, independent dynamic types of the
players. In chapter 5, we consider the case where players do not perfectly observe their
types, rather they make independent, noisy observations. In general, this methodology
opens the door for finding PBEs for many applications, analytically or numerically, which
was not feasible before. One such case would be dynamic LQG games where types evolve
linearly with Gaussian noise and players incur quadratic cost, which we discuss in next

chapter.

3.7 Appendix A (Proof of Lemma 3.1)

We prove this lemma in the following steps.

(a) In Claim 3.1, we prove that for any policy profile g and Vt € T, z!,, fori € N are

conditionally independent given the common information a; ;.

(b) In Claim 3.2, using Claim 3.1, we prove that for every fixed strategy g~ of the players

—i, ((ar.4—1, %), al)se7 is a controlled Markov process for player i.

(c) For a given policy g, we define a policy s of player i from g as s¢(ai|a.;_1, xi) 2

Pg<alz;|a1:t—17 xfﬁ)

(d) InClaim 3.3, we prove that the dynamics of this controlled Markov process ((z, a1.;_1),
al)ier under (s'g™") are same as under g i.e. P*'9 (2}, 2 |, a1y) =

PI(xt, xiﬂ, ai.t).

(e) In Claim 3.4, we prove that w.r.t. random variables (z;, a;), z! is sufficient for player
i’s private information history %, i.e. P9(xs, as|ays1, 2%, al)

— Pg_i(xt, @t’alztfla 95%» “i)'

(f) From (c), (d) and (e) we then prove the result of the lemma that Psig_i(ast, a;) =
Pg(l’t, a/t).

Claim 3.1. For any policy profile g and V¢,
N

P9(1ylars) = [ [ P (21, lar-1) (3.25)

i=1
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Proof.

Pg(xl:t‘alztfﬁ

Pg($1;t7a1:t—1)

= 3.26
>y, PI(T1, a1 1) S

_ Hi:l (Ql(ml)gl (al |.73'1) Hfm:2 Qn<xn‘xn—17 an*1)9n<an‘al:nfl7 xl:n)) (3 26b)
Y [Imy Q@) g (ai]@) TTy Qi (T |7y, an1)gi (@bl arn—1, 71.,))
I (o, Q@60 1) Ty Qi 781, an 1) arn 1, 74,0))
N § (i i (0 | i i (i | i i

_ 1($1>gl(a1|1‘1) Hfz:2 Qn(‘rn|‘rn717an—l)gn(a’n|a’1:n—17xl:n) (3 26d)
1 e QUE) G (al]) [Tmy Q4 (F|Th_ 1, an1)gi(ad |arn 1, T
N .

=[P (2. ]are—) (3.26¢)
i=1

Claim 3.2. For a fixed g7, {(a14_1,2!),a}; is a controlled Markov process with state

(a1.4—1, %) and control action a.

Proof.

Pg(al;t, xiJrl |a1:t—17 xi:t? a’ilzt)

- ZPg(dlztaxi-}-lal‘iﬂal:t—l)xil;taa'i) (3273.)
it

= PUa;" x)y wlare—t, T @) Loy, o (@11, @) (3.27b)
71t

=) P (ayglar) (H g1 (ai|are—1, xi;t)) Qi1 loh, Aty M 0y ) (@11, 1)

(3.27¢)

= Pg_i (dlztu xi*‘rl |a1:t717 Q?i, a;ti)u (327d)

where (3.27¢) follows from Claim 3.1 since z;. is conditionally independent of z ., given

ai.;—1 and the corresponding probability is only a function of g~".

For any given policy profile g, we construct a policy s in the following way,
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if i iy &
St(at|a1:t717xt) = P? (at‘alt 171',5) (3.28)

>ar, Play, aiylave)
= (3.29)
Zag Zﬂit Po(ay, ¥y vi|ave-1)
le 41 P (xllzt|a15t—1)gtz(a'i|a1:t—la xil:t) (3 30)
Zat Zml I (j(ji:t—lxﬂa’lit—l)gz(ai|a’11t_17 ji:t—ll‘i) .
= P? (a}]aye-1,2}), (3.31)

where dependence of (3.30) on only ¢° is due to Claim 3.1.

Claim 3.3. The dynamics of the Markov process {(z}, a1, 1), a'}; under (s'g~") are the

same as under g i.e.

Psigii(ffiaxiﬂ,al:t) = P9(, Tppy, a1e) Y (3.32)

Proof. We prove this by induction. Clearly,
Po(a}) = P79 () = Qi) (3.33)

Now suppose (3.32) is true for ¢ — 1 which also implies that the marginals P9 (z}, a;.; 1) =
Psig_i (I;, alzt_l). Then

P? (.T;, A1:¢—1, x7t:+17 at) = PY (‘ria al:tfl)Pg(a'i’alztfla xi>Pg<x;§i+17 al:t|x§7 A1:4—1, CL;)

(3.34a)
= PSig_i (.Ti, al:t71>5i(ai|a1:t717 'xf&)Pg_i (xiJrla al:t’xiv ay:¢—1, a’;)

(3.34b)
= P59 (ah gy, 2l ) (3.34¢)

where (3.34b) is true from induction hypothesis, definition of s* in (3.31) and since
{(ay4_1,2%),al}; is a controlled Markov process as proved in Claim 3.2 and its update

kernel does not depend on policy ¢*.This completes the induction step.

Claim 3.4. For any policy g,

PY(%y, arlars 1,7}, al) = PY (34, @ ars1, 7, al) (3.35)
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Proof.

Pg(‘%h at‘alzt—h ‘Té:tv a’zlt) = Ix%,a% (‘fzzﬂ dDPg(‘%;Z’ d;Z a1:¢—1, xil:t)

Now

Pg(‘%t_i? a’t_Z al:t—lvxzi:t) - Z Pg(‘%l_fﬁﬂ dt_i’alzt—la xi:t)

~—1
Tig—1

e 77
= Z Pg_i (i’;i’alztfl) <H gi (d‘z‘alit*h ihjlt))
i s

i

= P (%", a; ' |ars—1)

where (3.37¢) follows from Claim 3.1.

Hence

i

P(Zy, arfars—, Ii:t: alzf) - Lci,ai(j;iv CNLDPQ_ (j:zt_lv dt_i‘alit—l)

i, . i
= P9 ({L‘t7at|a1:t—17$taat)
Finally,

Pg(ft,dt) = Z Pg(i't7dt|a1:t—17xil;taai)Pg<a1:t—17xi:tvai)

a1:4-127,, 0

- Z Pgii(ii'hdt|a1:t—17$ivai)Pg(aLt_l’x§5t’ai)

i 7
A1:4—1T7.4,0¢

= Z Pg71<:%t7&t|a1:t—17$iaai)Pg(alzt—lax;ai)

a1:4—1Ty,ay

2: it~ o i i\ pstgT? i i
= P9 (SCt, a‘t|a1:t717 Ty, at)P g (aflztfla Ty, a‘t)
a11t71r%,ai

= ps'y

—i

(ZTy, ay).

= Z Pg(‘%;i’alztflaxi:t) (H gg(d‘“al:tfhjjll:t)

(3.36)

(3.37a)

(3.37b)

(3.37¢)

(3.37d)

(3.38a)
(3.38b)

(3.39a)

(3.39b)

(3.39¢)

(3.39d)

(3.39)

where (3.39b) follows from (3.35) in Claim 3.4 and (3.39d) from (3.32) in Claim 3.3.
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3.8 Appendix B (Proof of Lemma 3.2)

For this proof we will assume the common agents strategies to be probabilistic as opposed
to being deterministic, as was the case in Section 3.3. This means actions of the common
agent, ~i’s are generated probabilistically from v* as ' - ¢i(-|a.;_1), as opposed to being
deterministically generated as v, = v[a;.; 1], as before. These two are equivalent ways
of generating actions a} from a;,_; and z{. We avoid using the probabilistic strategies of
common agent throughout the main text for ease of exposition, and because it conceptually

does not affect the results.

Proof. We prove this lemma in the following steps. We view this problem from the per-
spective of a common agent. Let ¢ be the coordinator’s policy corresponding to policy
profile g. Let 7} (z}) = P¥"(2!|aj.—1).

[T, 7i(af) where

(a) In Claim 3.5, we show that 7; can be factorized as m;(z;) =
each 7! can be updated through an update function 77, , = F(m},7}, a;) and F is

independent of common agent’s policy .
(b) In Claim 3.6, we prove that (II;, I';);7 is a controlled Markov process.
(c) We construct a policy profile 6 from g such that 6, (dv;|m;) 2 P¥(dy|my).

(d) In Claim 3.7, we prove that dynamics of this Markov process (I1;, I';);c7 under 0 is
same as under ¢ i.e. P?(dm;, dvy;, dmiq) = PY(dmy, dys, dmeyq).

(e) In Claim 3.8, we prove that with respect to random variables (X;, A;), 7; can sum-

marize common information a;.;_; i.e. P¥ (¢, as|ars_1,%) = P2, ag|ms, Vi)

(f) From (c), (d) and (e) we that prove the result of the lemma that P¥ (xy, a;) = P?(xy, a;)
which is equivalent to P9(xy, a;) = P™ (x4, a;), where m is the policy profile of play-

ers corresponding to 6 .

Claim 3.5. 7, can be factorized as m,(z;) = [[, 7! (z}) where each 7 can be updated
through an update function 7., = F(7i, v, a;) and F is independent of common agent’s

policy . We also say ., = F(m,, . ar).

Proof. We prove this by induction. Since 7 (1) = [[, Q(x}), the base case is verified.
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N .
Now suppose m, = [[._, 7. Then,

w<1’t+1 |@1:t, V1ct41) (3.40a)
(2] are, 1) (3.40b)

T Pw(%t; at,$t+1|a1;t—1ﬁ1:t)

7Tt+1(9€t+1) =P

I
g
(]

= — (3.40¢)
Z”mit Pw(=’ﬂt7$t+17 at|a1:t—1,71;t)

2 mle) T i (agl2) Qi ar) (3400
S (@) Ty 2 (all#) Qi (4|7, @)
il xt Wz(xi)%(a“xi)Qi(ﬂﬂ|$ia a’t)

- H : TIPS ) (3.40e)
i1 Zf;’ T (T1): (ai|Th)
N

- Hﬁzﬁtl(miﬂ) (3.40f)

-
Il
—

where (3.40e) follows from induction hypothesis. It is assumed in (3.40c)-(3.40e) that the

denominator is not 0. If denominator corresponding to any v; is zero, we define

o1 (Thp1) ZWt (27) Qs 27, ar), (3.41)

It

where ;44 still satisfies (3.40f). Thus 7f,, = F(7},~{,a;) and 7, ,, = F(m,, v, a1) where

F and F are appropriately defined from above.

Claim 3.6. (IT;,T';);c7 is a controlled Markov process with state II; and control action I

Proof.
PY(dresi|mie, yia) = Y PY(dmepr, ap, x|, 1) (3.42a)
=Y PY(x|mie ) {H% (at|z) }IF (reoan) (1) (3.42b)
N
= Z Wt(wt) {H VZ(QHZL‘;)} IF(Wt77t,at) (ﬂ-t-i-l) (342C)
a¢, Tt =1
= P(dﬁt+1|ﬂ't, ’}/t) (342(1)

For any given policy profile ¢, we construct policy profile ¢ in the following way.
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0,(dy|m) & PY(dvy|m). (3.43)
Claim 3.7.

PY(dmy, dyy, dmyyy) = PP(dmy, dy,, dmpyy)  VEET. (3.44)

Proof. We prove this by induction. For ¢t = 1,
PY(dmy) = P?(dm) = Ig(m). (3.45)

Now suppose P¥(dm;) = P%(dm;) is true for ¢, then

Pw(d’ﬂ't,d’}/t,d’ﬂ't_i_l) = Pw(dﬁt)Pw(d’yt|7Tt)Pw(d7Tt+1|7Tt’)/t) (3463)
= Pe(dﬁt)et(d’yt|ﬂ't)P(d7Tt+1’ﬂ't,’}/t) (346b)
= Pe(dﬁta d, dﬁt—f—l)' (3.46¢)

where (3.46b) is true from induction hypothesis, definition of € in (3.43) and since (I1;, T} )7
is a controlled Markov process as proved in Claim 3.6 and thus its update kernel does not

depend on policy 1. This completes the induction step.

Claim 3.8. For any policy v,

Pw(xtaat|a1:t—1>7t> = P(Itaat‘ﬂt,%)- (3.47)
Proof.
Plp(%ﬁ aglar—1,7) = Pw(xtlalzt—la%t) H ’YZ(CLHIED (3.48a)
ieN
= m(wr) | [ vi(ail}) (3.48b)
iEN
= P(.Z't7 Cltlﬂ't, 715) (3480)
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Finally,

Pw(ﬂft,at) = Z Pw(xtyat|a1:t717’Yt)Pw(al:tflafYt)

al:t—1,7t

= Z P(It,CLt|7Tt,’)/t)Pw(a1:t—17’7t)

atl:t—17t

= Z P(xt»athta%)Pw(Wta%)

Tyt

= Z P(xt7at|7rt7fyt)P6(7Tt7fyt)

Tty

= Pe(flft, Clt).

(3.49a)

(3.49b)

(3.49¢)

(3.49d)

(3.49¢)

where (3.49b) follows from (3.47), (3.49¢) is change of variable and (3.49d) from (3.44).

3.9 Appendix C (Proof of Theorem 3.1)

Proof. We prove (3.15) using induction and from results in Lemma 3.4, 3.5 and 3.6 proved

in Appendix D. For base case att = T, Vi € N, (ay.r_1,2%.7) € H, B

A7 Br s mplarir—i] {R'(Xr, Ar)|arr—1, 217} = Vié(ﬁ;[al‘T‘l]’ )

(3.50a)

> ]EﬁiTﬁ;_iv“;“[al:T—l] {Rl (XT, AT) ‘al:Tfh 'Til:T} :

(3.50b)

where (3.50a) follows from Lemma 3.6 and (3.50b) follows from Lemma 3.4 in Appendix

D.

Let the induction hypothesis be that for t+1,Vi € N, a1 € H{,q, 2, € (X)L 5,

T
EPeivrhiinir: #itlats] { Z Ri(Xn,An)|a1:t,9€i1:t+1}

n=t+1

T
Z Eﬁ;+1:TB:J’rE?T’M;+1[a1:t] { Z Rl(Xny An)‘a1:t7 Ii:t+1} .

n=t+1

65

(3.51a)

(3.51b)



Then Vi € N, (ar._1,7%,) € Hi, B, we have

T
E/B::’:;‘B::gl’ pilatie—1] {Z R%Xn, An) ’alztfb ‘rilzt}

n=t

= V(g [ar], 27) (3.52a)
S EAS pilane] { R (X, Ay) + m@l(ﬂ;l[al;t_lAt], Xi 1) |ari-, xizt} (3.52b)

= BAS il (RI(X, A+

T
B i lat—1,A }: i i i
E6t+1.Tﬁt+l.T Mt+1[ t—1,A¢] R (Xm An)}alzt—la At7x1:t+1 |a1:t_1’ i

n=t+1

(3.52¢)
Z Eﬁéﬁ:yii’“r[alztfl] {RZ(Xt, At)+

T
i B0k arie—1,A 2 : i i i i
Eﬁt+1.Tﬁt+LTﬂt+1[ 1:t—1,4¢] { R (Xn, An)|a1:t17At7x1;t7Xt+1} ‘alztl,xu}

n=t+1

(3.52d)
_ RAiBTT nilare—] {R(X,, A)

T
_}_EBE:TB::,’ITZH; [al:tfl] { Z R’L (XTH An) ‘a’llt—lv At’ "L‘Zi:tv XZ+1} |a1:t_1, xllt}

n=t+1

(3.52¢)

T

— Efirfir wilorai] {Z R{( Xy, An)|ar, xizt} : (3.52)
n=t

where (3.52a) follows from Lemma 3.6, (3.52b) follows from Lemma 3.4, (3.52¢) follows

from Lemma 3.6, (3.52d) follows from induction hypothesis in (3.51b) and (3.52¢) follows

from Lemma 3.5. Moreover, construction of ¢ in (3.8), and consequently definition of 5*

in (3.13) are pivotal for (3.52¢) to follow from (3.52d).

We note that p* satisfies the consistency condition of [Fudenberg and Tirole, 1991, p.
331] from the fact that (a) for all ¢ and for every common history a;.;—1, all players use
the same belief p;[a1,_1] on x; and (b) the belief i} can be factorized as u}[ay.,—1] =
Hi]\il 1 [ar—1] Yar,—y € HS where 1" is updated through Bayes’ rule (F) as in Claim 3.5
in Appendix B.
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3.10 Appendix D

Lemma34. vVt € T,i € N, (a14_1,2%,) € Hi, B

Vi (g larel, o) >
EB%B:’_Z,M;[al;tfl] {RZ(Xt, At) + ‘/tz—l—l(F( [alt 1] Bt ( |a1t 1, ) At) t+1 |(11 St 1,I1 t}
(3.53)

Proof. We prove this Lemma by contradiction.

Suppose the claim is not true for ¢. This implies i, 37, G141, &%, such that

P i -] {R (X1, A) + Vi (F (i area], B (lara, ), At)7XZ+1)|d1:t—1>°%il:t}
> ‘/;Z(H: [dlzt—lL jf&) (354)

We will show that this leads to a contradiction.
Bilalars, 21,) =1,
arbitrary otherwise.
Then for a,,_1, %%, we have

Construct 4 (a|z?) =

Vi (i [anel, :?i) (3.552)

7 (12})

+W+1(F( lare—1], B (larie—1, ), Ab), X{41)

ZEﬁé(.\fci)ﬁf’—au?[m_ﬂ {R (Xt,At) +I/;+1(F( [alt 1] ﬁt( |a1t 1 ) A) th—i-l)

= Y { R a) + Vi (F G e, B Clavar, ), | <

—1
T, a1

xt} . (3.55b)

i}

i i (VD 8 (o N QM ) (3550
= Z {RZ(SC T, ,at)—i—VtH(F( Hare—], B¢ (ar— 1,‘)76%)7951“)} X

—i
Ty ,0¢,Tt41

i Mane) (2 ) By aglane—, #1087 (0 |are—r, 2;) Qi 4, ar)
(3.55d)
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= Eggﬁ:yiihuz‘[dlit—l] {Rl<:i-ix;l, at)
+V?+1 (F<HZ [dl:t—l]a 6:<’|d1:t—17 ')7 At)a XZ+1> ‘&lzt—la jﬁ"llt} (3556)
> V(e ), ) (3.55)

where (3.55b) follows from definition of V} in (3.9), (3.55d) follows from definition of 4

and (3.55f) follows from (3.54). However this leads to a contradiction.

Lemma 3.5. Vi e Nt € T, (a1, 2%,,1) € Hj ., and 3}

T
Eﬁé;Tﬁ;’T_Z»M?[“ht—l]{ Z Ri(Xn,An)‘al:nﬂ;tH}

n=t+1

T
= Eﬁz+15T6:"*‘I?T’u?+1[alzd { Z Rl(Xng An)|a1:t7 xil:t-i-l} . (356)

n=t+1
Thus the above quantities do not depend on ..

Proof. Essentially this claim stands on the fact that ufj:li [a1.4] can be updated from
7 area), 877" and ay, as gy [ar] = [ F(ur [araa], 8775 ay) as in Claim 3.5.
Since the above expectations involve random variables thl? Aiv1.7, Xiyo.r, we consider

the probability

iA *,71'7 T —3 i
PBirbirsnilors 1}(5Et+17at-‘,—l:Taxt+2:T|a1:t7$1:t+1)'

Bl Bint ptlare—1] (., —i {
PPerPer uilave ]($t+17at+1:Taxt+2:T al:t7I1;t+1)

i R P —i ;
i Pl vl (@ Jay, wp 0, upar, oo are, 7y,) (3.57a)
= D/a

) BN lar1] (i ) i
th—z PﬁLT/BLT pylat:t 1](3;t , Ay, :Ct+1 |a1;t,1, Jfl:t)

We consider the numerator and the denominator separately. The numerator in (3.57a) is

given by

Ny =37 poiabinmilone)(ariay, 2t Biallars 1, 2) 80 (ay Jare 1, 777)

—1

Ty
Q($t+1 |$t, at)PﬂizT@’T_z’Mf [a1:61] (at+1:T7 $t+2:T|6L1:t, ﬂ;t_p $t:t+1) (3.57b)
=y are ) (2 By (Al arer, 24 B (ag laray, 2 )Q (w4 |7, ar)

Q_i(x;f1|$;i> at)Pﬁz“iT’Bt:lm”:“[a“] (At41:7, Togor|are, 3;1'1:“ Tyy1) (3.57¢)
where (3.57c) follows from the conditional independence of types given common informa-
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tion, as shown in Claim 3.1, and the fact that probability on (a¢y1.7, To1¢.7) given

) N . . . *,—i .
Q1:t, ‘rllztfh Tt:t4-15 My [al!t—l] depends onas.t, ‘T7i:t7 Tet1s Heyq [al:t] through ﬁ;—kl:Tﬁt—l-l:T' Sim-

ilarly, the denominator in (3.57a) is given by

Dr =

ZPBtTBtT HE(Z are, ) B (aglars 1, 25,) B i(at_ilalzt—laj;i)Qi(mi-«—ﬂxi?at)

R
Ty

(3.57d)
= Z pr " lara ] (7B (aflave—1, 24,) B, (a;  laraa, Ty )Q (w4 |2y, @) (3.57e)

By canceling the terms (3;(-) and Q'(-) in the numerator and the denominator, (3.57a)

is given by

S i Tl B o o 3 )Qi i )

Z:f;i prara (@78, (ag lara 1, 77
pﬁfﬂzzrﬁf’flfr pitalas] (1.7, Toror|ar, xi;t, Tyy1) (3.576)
=l [al n ($t+1)P6f“ aFiim i [oas] (@11, Tepor|ary, Ii;t, Tyi1) (3.57g)
:Pﬁt+1:TBt+1:T’ piyalats] (x;fl, Q¢y1:T, $t+2:T’a1:t7 ﬂi:tﬂ)v (3.57h)

where (3.57g) follows from using the definition of 1,5 [a1 «J(x;") in the forward recursive
step in (3.14) and the definition of the belief update in (3.40).

Lemma 3.6. Vi € N',t € T, (a1;_1,2¢.,) € Hi,

] T
V;(:U“ [alt 1] ) EﬁtTﬁtT vl {ZRZ(XnyAn)‘alst—laleit} ' (3.58)

n=t

Proof. We prove the Lemma by induction. For ¢ =T,

Eﬁ;,iﬁ;:_i”u?[al;j‘—l] {R’L (XT7 AT) ’ale]J xﬁ.T}

= > Ri(ar,ar)gplavr_)(ar) 87 (aplavr—1, ) 87 (ag'larr—1, 277)  (3.5%)
:L‘;iaT
= Vi larr—a], o), (3.59b)
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where (3.59b) follows from the definition of V}' in (3.9) and the definition of 3% in the
forward recursion in (3.13).
Suppose the claim is true for ¢ + 1, i.e., Vi € Nt € T, (a1, 2%,1) € Hi 4

T
%11(H:+1[a1:t],$i+1) — BB Hiv o { Z Ri(Xn,An)|a1:t,:v’i:t+1} . (3.60)

n=t+1

ThenVi € N,t € T, (a14-1,7%,) € H}, we have

T
Eﬁ::’:,lwﬁz’T_z7M§ [a1:¢—1] {Z RZ (Xn, An) ‘alzt—lv lﬂi:t}

n=t

— RFrfir milat] fRY(X, A+

T
EB::;‘B::;l,N;[al:t—l] { Z RZ (Xn7 An) ‘al:t,l, Ata xi:t, XZ+1} }al:t,l, xi:t}

n=t+1

(3.61a)
— RS milai]l fRY(X, A+

T
B B i lati—1,As i i i i
E Attt HH_I[ K t} R (X'rw An) al:t—1, At7 xl:t? Xt+1 A1:¢—1, xl;t

n=t+1

(3.61b)
_ RBrrBirtmilare-1] { RY(Xy, A) + Vi ( wr, lare 1 Ay, X{ 1) |ari1, xg:t} (3.61¢)
[ar:-1A¢), X{ 1) | ar:e-1, xilzt} (3.61d)
= V(1 lara], 27), (3.61e)

_ AT milar] {R (Xy, Ay) + Vi (i

t+1

where (3.61b) follows from Lemma 3.5 in Appendix D, (3.61c¢) follows from the induction
hypothesis in (3.60), (3.61d) follows because the random variables involved in expectation,
X, ", Ay, X}, do not depend on 3, 78,1 and (3.61e) follows from the definition of 3;
in the forward recursion in (3.13), the definition of y, , in (3.14) and the definition of V}’
in (3.9).

3.11 Appendix E (Proof of Lemma 3.3)

Proof. We prove this by contradiction. Suppose for any equilibrium generating function ¢
that generates ((*, u*) through forward recursion, there exists t € 7,71 € N, a141 €
H, such that for 7, = p [a1, 1], (3.8) is not satisfied for ¢ ie. for 3, = ¢'[r,] =
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B (| lars—a], 27),

7 & arg m?}XE%‘(W);{;Z’m {R (X, Ay) + Vi (E(my, 5, Ad), X)) |t} - (3.62)
Vi

Let ¢ be the first instance in the backward recursion when this happens. This implies 3 4
such that

E%<~'f">%“t {R(X0, Ay) + Vi (E(my, 3, A, X{ ) |21
> E%HZ YT {Rz Xt7At) V;Z&(E(_N%HAt ’{L’t} (363)

This implies for Bt(-!ﬁt[&hpl], ) =4

T
EB:;’;’ﬁzgz’ pilarie—1] {Z }%Z (Xn, An) ‘alzt—la xi:t}

n=t

= EAA T il (R(X, A+
]Eﬁt:’Tﬂt:’T i lare—1] { Z R'L (Xn7 An) ‘al:t—ly Ata xi:t-ﬁ-l} ‘al:t—la :L‘Zi:t} (364)
n=t+1
= BACAT il L LRI, A+

T
Bt By B late—1,A i i i
EfetrrBiiam #islave g R (Xn, An) ai:t—1, At7x1;t+1 |a1:t—1’ L4

n=t+1
(3.65)
— EViCle)Ae e {Ri Xt,At) + Vtil(F(Wta:Yt’At)vXZH)‘g”i} (3.66)
Eﬁt(m lat:e—1],28)%, e {Rz Xt,At) "—‘/Qil(F(Trt;:Vt;At)axti+1>‘le‘:} (3.67)

— Eﬂ%ﬁ{ilvﬁ":[alztfl] {RZ Xt? At)

T
*,1 *,—1 % . . . .
+]E6t+1:TBt+1:T“t+l[alitfl’At} { E R (Xm An) |G1:t—1’ Ay, lezt’ Xt1+1 } ’alit—h le:t}

n=t+1

(3.68)

= Eﬁ%”g:j:l:Tﬁt:b" #ilare-i] {Z RZ(‘X?L: An) |a1:t—1a xllzt} (3.69)

n=t

where (3.65) follows from Lemma 3.5, (3.66) follows from the definitions of ¥/ and
fev1]a1.—1, A;] and Lemma 3.6, (3.67) follows from (3.63) and the definition of BZ, (3.68)
follows from Lemma 3.4, (3.69) follows from Lemma 3.5. However, this leads to a contra-

diction since (S*, u*) is a PBE of the game.
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CHAPTER 4

Signaling equilibria for dynamic LQG games

with asymmetric information

4.1 Introduction

Linear quadratic Gaussian (LQG) team problems have been studied extensively under the
framework of classical stochastic control with single controller and perfect recall [Kumar
and Varaiya, 1986, Ch.7]. In such a system, the state evolves linearly and the controller
makes a noisy observation of the state which is also linear in the state and noise. The
controller incurs a quadratic instantaneous cost. With all basic random variables being
independent and Gaussian, the problem is modeled as a partially observed Markov decision
process (POMDP). The belief state process under any control law happens to be Gaussian
and thus can be sufficiently described by the corresponding mean and covariance processes,
which can be updated by the Kalman filter equations. Moreover, the covariance can be
computed offline and thus the mean (state estimate) is a sufficient statistic for control.
Finally, due to the quadratic nature of the costs, the optimal control strategy is linear in the
state. Thus, unlike most POMDP problems, the LQG stochastic control problem can be
solved analytically and admits an easy-to-implement optimal strategy.

LQG team problems have also been studied under non-classical information structure
such as in multi-agent decentralized team problems where 2 controllers with different in-
formation sets minimize the same objective. Such systems with asymmetric information
structure are of special interest today because of the emergence of large scale networks
such as social or power networks, where there are multiple decision makers with local or
partial information about the system. It is well known that for decentralized LQG team
problems, linear control policies are not optimal in general [Witsenhausen, 1968]. How-
ever there exist special information structures, such as partially nested [Ho and Chu, 1972]
and stochastically nested [Yiiksel, 2009], where linear control is shown to be optimal. Fur-

thermore, due to their strong appeal for ease of implementation, linear strategies have been
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studied on their own for decentralized teams even at the possibility of being suboptimal
(see [Mahajan and Nayyar, 2015] and references therein).

[Basar, 1978] studied a discrete-time dynamic LQG game with one step delayed shar-
ing of observations. [Nayyar et al., 2014] studied a class of dynamic games with asym-
metric information under the assumption that player’s posterior beliefs about the system
state conditioned on their common information are independent of the strategies used by
the players in the past. Due to this independence of beliefs and past strategies, the authors
were able to provide a backward recursive algorithm similar to dynamic programming to
find Markov perfect equilibria [Maskin and Tirole, 2001] of a transformed game which are
equivalently a class of Nash equilibria of the original game. The same authors specialized
their results in [Gupta et al., 2014] to find non-signaling equilibria of dynamic LQG games
with asymmetric information.

We considered a general class of dynamic games with asymmetric information and
independent private types in chapter 3 and provided a sequential decomposition method-
ology to find a class of PBE of the game considered. In our model, beliefs depend on the
players’ strategies, so it allows the possibility of signaling equilibria. In this chapter, we
build on this methodology to find signaling equilibria for two-player dynamic LQG games
with asymmetric information. We show that players’ strategies that are linear in their pri-
vate types in conjunction with consistent Gaussian beliefs form a PBE of the game. Our

contributions are:

(a) Under strategies that are linear in players’ private types, we show that the belief up-
dates are Gaussian and the corresponding mean and covariance are updated through
Kalman filtering equations which depend on the players’ strategies, unlike the case
in classical stochastic control and the model considered in [Gupta et al., 2014]. Thus
there is signaling [Ho, 1980, Kreps and Sobel, 1994].

(b) We sequentially decompose the problem by specializing the forward-backward algo-
rithm presented in chapter 3 for the dynamic LQG model. The backward algorithm
requires, at each step, solving a fixed point equation in ‘partial’ strategies of the
players for all possible beliefs. We show that in this setting, solving this fixed point
equation reduces to solving a matrix algebraic equation for each realization of the

state estimate covariance matrices.

(c) The cost-to-go value functions are shown to be quadratic in the private type and state
estimates, which together with quadratic instantaneous costs and mean updates being

linear in the control action, implies that at every time ¢ player ¢ faces an optimization
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problem which is quadratic in her control. Thus linear control strategies are shown

to satisfy the optimality conditions in chapter 3.

(d) For the special case of scalar actions, we provide sufficient algorithmic conditions
for existence of a solution of the algebraic matrix equation. Finally, we present nu-

merical results on the steady state solution for specific parameters of the problem.

The chapter is structured as follows. In Section 4.2, we define the model. In Section 4.3,
we summarize the general methodology in chapter 3. In Section 4.4, we present our main
results where we construct equilibrium strategies and belief through a forward-backward
recursion. In Section 4.5 we discuss existence issues and present numerical steady state

solutions. We conclude in Section 4.6.

4.1.1 Notation

We use 0(-) for the Dirac delta function. We use the notation X ~ [ to denote that the
random variable X has distribution F'. For any Euclidean set S, P(S) represents the space
of probability measures on S with respect to the Borel sigma algebra. We denote by P¢ (or
[£9) the probability measure generated by (or expectation with respect to) strategy profile g.
For any random vector X and event A, we use the notation sm(-|-) to denote the conditional
second moment, sm (X |A) := E[X X|A]. For any matrices A and B, we will also use the
notation quad(-;-) to denote the quadratic function, quad(A;B) := BTAB. We denote
trace of a matrix A by tr(A). N(z,3) represents the vector Gaussian distribution with
mean vector = and covariance matrix 3. All inequalities in matrices are to be interpreted in

the sense of positive definitedness. All matrix inverses are interpreted as pseudo-inverses.

4.2 Model

We consider a discrete-time dynamical system with 2 strategic players over a finite time
horizon T := {1,2,...T} and with perfect recall. There is a dynamic state of the system
xs = (x},2?), where x! € X' := R"™ is private type of player 7 at time ¢ which is perfectly
observed by her. Player 7 at time ¢ takes action u! € U’ := R™: after observing u;,; 1,
which is common information between the players, and =% ,, which it observes privately.
Thus at any time ¢ € T, player ’s information is u1;_1, x}.,. Players’ types evolve linearly

as

xiﬂ = Aixi + Biut + wi, 4.1
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where A! B! are known matrices. (X], X%, (W/);er) are basic random variables of the
system which are assumed to be independent and Gaussian such that X} ~ N (0, X%) and
W} ~ N(0,Q"). As a consequence, types evolve as conditionally independent, controlled

Markov processes,

2
P(xt+1’u1:t; 951:t) = P($t+1’ut, ﬂUt) = H Qi($i+1|ut7$i)- 4.2)

i=1
where Q'(z}_ 4 |ug, z}) :== P(w; = z},, — Ajx} — Bju,). At the end of interval ¢, player ¢
incurs an instantaneous cost R'(xy, uy),

Rz, u;) = uITiut + xIPixt + ZUIS%t

~[ud o] TS 4.3)
t t SZT PZ .Z't ) .

where T, P, S? are real matrices of appropriate dimensions and T?, P? are symmetric. We
. , T! S . :
define the instantaneous cost matrix R' as R" := it pi|° Let g' = (g;)ieT be a prob-
abilistic strategy of player i, where ¢! : (U")'™! x (X?)" — P(U") such that player 7 plays
action u} according to distribution g (-|uy..—1,2%,). Let g := (¢')i=12 be a strategy pro-
file of both players. The distribution of the basic random variables and their independence
structure together with the system evolution in (4.1) and players strategy profile g define a
joint distribution on all random variables involved in the dynamical process. The objective

of player i is to maximize her total expected cost
T
Jb9 .— |9 {Z R(X,,U,) } . (4.4)
t=1

With both players being strategic, this problem is modeled as a dynamic LQG game with

asymmetric information and with simultaneous moves.

4.3 Structured perfect Bayesian equilibria

In Chapter 3, we considered a general class of dynamic games with asymmetric infor-
mation, where players’ types evolve as conditionally independent controlled Markov pro-
cesses. We introduced the notion of equilibria for such games in Section 3.4.1 and subse-

quently, a backward-forward algorithm was provided to find a class of PBE of the game
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called structured perfect Bayesian equilibria (SPBE). In these equilibria, player ¢’s strat-
egy is of the form U} ~ mi(-|n}, 72, zi) where mi : P(X!) x P(X?) x X' — P(UY).
Specifically, player 7’s action at time ¢ depends on her private history z%., only through x:.
Furthermore, it depends on the common information 4., through a common belief vec-
tor r, := (m}, 7?) where i € P(X"?) is belief on player i’s current type ¢ conditioned on
common information w1, i.e. 7 (x}) := P9(X} = xiluy4_1).

The common information u1.;—; was summarized into the belief vector (7rtl, ﬂf) follow-
ing the common agent approach used for dynamic decentralized team problems [Nayyar
et al., 2013]. Using this approach, player ¢’s strategy can be equivalently described as
follows: player i at time ¢ observes u;.; 1 and takes action 7, where v, : X' — P(U?)
is a partial (stochastic) function from her private information z} to u! of the form U; ~
vi(-|2%). These actions are generated through some policy ' = (¢i)ier, ¥ @ (U —
{X" — P(U")}, that operates on the common information w1 so that ¢ = ¢[u1, 4].
Then any policy of the player i of the form U] ~ g¢i(-|uy.s_1, %) is equivalent to U ~
Yilure_1](-]xt) [Nayyar et al., 2013].

The common belief 7! is shown in Claim 3.5 of chapter 3 to be updated as

Jor i)y (ud| ) Qi (i |, )y

T (@) = T (70 \ (7|70 I ’ (4.52)
priTe fi%‘ i (T4) v (ug|T4)day
if the denominator is not 0, and as
M1 (Thyr) = / () Q. |7y, ue ) da, (4.5b)
x}
if the denominator is 0. The belief update can be summarized as,
ﬂ—i—&-l = F(Wza 72) ut)7 (46)

where F is independent of players’ strategy profile g. The SPBE of the game can be
found through a two-step backward-forward algorithm. In the backward recursive part, an
equilibrium generating function @ is defined based on which a strategy and belief profile

(B*, p*) are defined through a forward recursion.

4.4 SPBE of the dynamic LQG game

In this section, we apply the general methodology for finding SPBE described in chapter 3,
on the specific dynamic LQG game model described in Section 4.2. We show that players’
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strategies that are linear in their private types in conjunction with Gaussian beliefs, form an
SPBE of the game. We prove this result by constructing an equilibrium generating function
6 using backward recursion such that for all Gaussian belief vectors m,, 5, = 6;[m,], 7 is
of the form 7 (uf|z}) = 6(ui — Liz' — i) and satisfies (3.8). Based on 6, we construct an
equilibrium belief and strategy profile.

The following lemma shows that common beliefs remain Gaussian under linear deter-

ministic 7; of the form ~} (u!|z!) = §(ui — Lixt — mi).

Lemma 4.1. If ! is a Gaussian distribution with mean 7! and covariance 3¢, and v/ (u!|z}) =
6(uj — Lizi — mj) then 7], given by (4.5), is also Gaussian distribution with mean z;_,

and covariance X |, where

., = Al#] + Blu, + AlGi(u) — Liz} —mj) (4.7a)
i, =A{I-GL)'Z(I-GLHA + Q. (4.7b)

where
G; = DL (L;ZLh) . (4.8)

Proof. See Appendix A.

Based on previous lemma, we define ¢, ¢’ as update functions of mean and covariance

matrix, respectively, as defined in (4.7), such that

ii-ﬁ—l = ¢;(i‘;> 21157 Lza mi? ut) (493)

Eiﬂ = gbi(Ei, Li) (4.9b)
We also say,

Tpp1 = ¢:p(i’t7 X, Ly, mtyut) (4.10)

St = 65(S, L), 4.11)

The previous lemma shows that with linear deterministic %f, the next update of the mean
of the common belief, Z;,, is linear in & and the control action ;. Furthermore, these
updates are given by appropriate Kalman filter equations. It should be noted however that
the covariance update in (4.7b) depends on the strategy through ~! and specifically through
the matrix L. This specifically shows how belief updates depend on strategies on the

players which leads to signaling, unlike the case in classical stochastic control and the
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model considered in [Gupta et al., 2014].

Now we will construct an equilibrium generating function 6 using the backward re-
cursion in (3.7)—(3.9). The # function generates linear deterministic partial functions -,
which, from Lemma 4.1 and the fact that initial beliefs (or priors) are Gaussian, generates
only Gaussian belief vectors (7}, 72);c7 for the whole time horizon. These beliefs can be
sufficiently described by their mean and covariance processes (}, X} )ier and (22, X2)e7
which are updated using (4.7).

Fort =T+ 1,T,...,1, we define the vectors

w
ul
i t 1
Xy . Ty
x’l
i . | a1 i t 1. 2
€ = |2y 2= yo= | oz |- (4.12)
T ,
JAJQ t It
t ~9 t+1
Ly
A1
Tiv1
~2
| Liy1 ]

Theorem 4.1. The backward recursion (3.7)—(3.9) admits' a solution of the form 6,[m;] =
0,21, 4] = 7, where 7 (u]2?) = 6(ui — Lizt — /i) and Li, /i are appropriately defined

matrices and vectors, respectively. Furthermore, the value function reduces to

Vi, xh) = Vi(4, By, 1) (4.13a)
= quad(V}(S4); €}) + pi(Se). (4.13b)

with V(X;) and pi(X;) as appropriately defined matrix and scalar quantities, respectively.

Proof. We construct such a # function through the backward recursive construction and

prove the properties of the corresponding value functions inductively.

(a) Fori=1,2,V Xry1, let Vi (Br41) := 0, plpy g (Br41) := 0. Then V &7y, 3744,

1 2 ] _ 1 .2 i3 3 %
i1 B4, Ty and for m, = (1, 7)), where m} is N (2}, X}),

Vi1 (T, @) =0 (4.14a)
= Vzé+1(50T+1, Yy, xiTH) (4.14b)
= quad(V%rH(ETH)a 6%“-1—1) + P%+1(ET+1)- (4.14¢)

(b) Forallt e {T, T —1,...,1},i =1,2,

'Under certain conditions, stated in the proof.
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Suppose Vi1 (m,41, 2441) = quad(Vi, 1 (Zes1), ejy1) + pir1(Zer1) (from induction

hypothesis) where V7, | is a symmetric matrix defined recursively. Define Vias

T Si 0
ViZ, L) = |Si P 0 . (4.15)
0 0 Vi, (¢:s(Z,Ly))

Since T, P* are symmetric by assumption, V! is also symmetric.

For ease of exposition, we will assume ¢ = 1 and for player 2, a similar argument
holds. At time ¢, the quantity that is minimized for player : = 1 in (3.8) can be

written as
E () []Eﬁ [RY (X0, Up) + Vi (F(zp, 3, Un), X |, ot ] Izt,mi] . (4.16)

The inner expectation can be written as follows, where 72(u2|22) = §(u2 — L2a? —

quad < ; zi)

+quad (V1 (6:(8 Lo))iet ) + pha (6(Ze L)) ot

mg),

T! S!

72
£ Sit p!

(4.17a)

=E¥ [quad <th(2t7 fit); ?Jtl> + P§+1(¢s(2t, f‘t))}ﬂ—b 55%7 “tl} (4.17b)
1

= quad (V,}(zt, L);D;z +C; | _} ) + 1 (Zy), (4.17¢)
t

where V' is defined in (4.15) and function ¢, is defined in (4.11); 3¢, 2! are defined
in (4.12); p! is given by

pL(E,) = tr (E[iquad <\7§(Et, L) J;))
+ 17 (Q V111 (6:(31, L)) + 0 (6530 L)), (4.18)

where V{, ,,, is the matrix corresponding to xj,, in V}’,  i.e. in the first row and first
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column of the matrix V/, ;; and matrices D}, C}, J; are as follows,

[ I 0 0 0 ]
0 0 0 L2
0 I 0
D; ;= 0 0 0 I (4.192)
Bi, A 0 B3, L}
AlGI+B!, 0 A/I-G/L) B}L
| B, 0 0 A? + B}, 12|
[ 0 0 L! 0 |
I 0 0 0
0 0 I 0
D? = 0 I 0 0 (4.19b)
B, A} B0 0
B, 0 Al+BlL 0
[A?G}+Bj, 0 BLLI  AYI-GILY)
[0 0 ] B! 0 |
0 I 0 0
0 0 0 0
C; = 0 0 Cl=1]0 0 (4.20)
0 B, B}, 0
—A;G; By, By, 0
| 0 Bj,] B, —AIGi
=]o 12 0 1 BLL? BLL? (B}, +ANGHLE|
7= [Lg 0 10 B,L! (B!, +AlGHL! BitLg]T 4.21)

where B! =: [le . Bj t] . B} ,, B}, are the parts of the matrix B; that corresponds

to u}, u? respectively. Let D} =: [Dgl Dfl} where D¥! is the first column matrix
of D} corresponding to u; and D! is the matrix composed of remaining three column

matrices of D} corresponding to e}. The expression in (4.17¢) is averaged with
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respect to u; using the measure ~y/(+|x}) and minimized in (3.8) over v/} (+|x}). This
minimization can be performed component wise leading to a deterministic policy
F(ul)ad) = 6(ul —Lizt —ml) = 6(ul —ul*), assuming that the matrix D! V1D
is positive definite?. In that case, the unique minimizer u* = L!z! 47! can be found

by differentiating (4.17c) w.r.t. utl " and equating it to 0, resulting in the equation,
0=2 [I 00 0] DIV, L) (f)}ztl + é,}mt> (4.222)
0= D"MVY(E,, L) (ﬁylui* Dol ¢ égmt) (4.22b)
0 = BV, L) (B (e} +mf) + (Bt + D st + Gl )
(4.22¢)

where [D®]; is the first matrix column of D¢, [D®]3 is the matrix composed of the
second and third column matrices of D, Matrices D¢, C! are obtained by substitut-
ing L, G! in place of L, G! in the definition of DI, Ci in (4.20), respectively, and
G/ is the matrix obtained by substituting L in place of L in (4.8).

Thus (4.22¢) is equivalent to (3.8) and with a similar analysis for player 2, it implies

that f;f; is solution of the following algebraic fixed point equation,
(D *Vi(s,, LDy Li = ~DyVi(s,, Lo[Di:. (4.23a)

For player 1, it reduces to,

Bi, Bi,
T} + |AlG +Bl,| Vii(6:(2, L)) |AlG] +Bl,| | L
B, B3,
B, | Al
=— |SIl+ |AlG! +BL,| Vi (6:(Z0Lo) | 0], (4.23b)
Bit 0

and a similar expression holds for player 2.

T! S°
SiT Pz’
proved inductively in the proof by showing that Vi and V' are positive definite.

2This condition is true if the instantaneous cost matrix R’ = [ } is positive definite and can be
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In addition, m; can be found from (4.22c) as

D'viDy! 0 - DViD | . |DYTVICH |
Suztveiyee | T T T | peztveme | T | puztveae | T
0 D, Vt Dt D, Vt [Dt ]23 D, Vt Ct
(4.24a)
~ — L~ ~ _ o~ —1 ~ _ ~
- D}V Dy 0 D;"'V}C} D} "VID{ s |
my = — e~ PR ot z
t 0 DPViDE| T DPFVICH | [DVID|
(4.24b)
- M!
= Mt‘%t = ~ .Z%m (4240)
M
Finally, the resulting cost for player 7 is,
Vi, ap) = Vi, B, 27) (4.252)
= quad (V;(Et,Lt); [D;ﬂ sz] w g o +C§Mtxt> +0,(Z)
t
(4.25b)
= quad <\7§(Zt, L,); D¥(Lizi + Mi#,) + D¢el + é,ﬁl\?[tit> + ph(Zy)
(4.25¢)
— quad (Vi(=, L); (DY Dyiva + G| +D;) ) + pi(S)
(4.25d)
= quad <\7§(Et, L) f‘iei) + pi(Zy) (4.25¢e)
— quad (I V{20, L)Fjsef) + pi(0) (4.25f)
= quad (V(2,); ¢;) + py(Z0), (4.25¢g)
where,
Fi— [f);ﬂ'i;’ DN + CIML | + D¢ (4.26a)
V() = F V(2 L) F. (4.26b)

Since V! is symmetric, so is V. Thus the induction step is completed.

Taking motivation from the previous theorem and with slight abuse of notation, we
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define
Ve = O] = 04[24, 3] (4.27)
and since 7 (u!|z!) = §(u! — Liz! — /i), we define a reduced mapping (6, ™) as
0F [, 2] = 0F[%,] ;= L} and O07[i,, 3] =, (4.28)

where L does not depend on Z; and 77! is linear in 2, and is of the form m! = Miz,.
Now we construct the equilibrium strategy and belief profile (5*, 1*) through the for-
ward recursion in (3.12)—(3.14), using the equilibrium generating function = (6%, 6™).

(a) Let ;" [¢](z1) = N(0,3%).

Fort = 1,2...7 — 1,Yuy, € M, if g urg ] = N(&,30), let L = 01[%,], 1} =
02, 33,] = Mi#, then

(b) ForVzi, € (X")!

By (uglure123,,) = O(u; — Liz; — Midy) (4.292)
pri [t = N(@i, Bi) (4.29b)
oy [un) (o, 7)) H 1 ] (2), (4.29¢)

where ii-l—l = qs;('iftv ]:11%7 mia ut) and 2%—&-1 = 92518(2%, ]:é)
Theorem 4.2. (3*, u*) constructed above is a PBE of the dynamic LQG game.

Proof. The strategy and belief profile (5*, 1*) is constructed using the forward recursion
steps (3.12)—(3.14) on equilibrium generating function 6, which is defined through back-
ward recursion steps (3.7)—(3.9) implemented in the proof of Theorem 4.1. Thus the result

is directly implied by Theorem 3.1 in Chapter 3.

4.5 Discussion

4.5.1 Existence

In the proof of Theorem 4.1, f)”j“ng);‘l was assumed to be positive definite. This can be
achieved if R! is positive definite, through which it can be easily shown inductively in the

proof of Theorem 4.1 that the matrices V}, V} are also positive definite.
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Constructing the equilibrium generating function 6 involves solving the algebraic fixed
point equation in (4.23) for L, for all ;. In general, the existence is not guaranteed,
as is the case for existence of 7, in (3.8) for general dynamic games with asymmetric
information. At this point, we don’t have a general proof for existence. However, in the
following lemma, we provide sufficient conditions on the matrices A{, B}, T*, S, P*, V}

and for the case m* = 1, for a solution to exist.

Lemma 4.2. For m! = m? = 1, there exists a solution to (4.23) if and only if for i = 1,2,
31 € R such that I'T A?({',1?)I' > 0, or sufficiently A/(I',12) + A»T(I',[?) is positive
definite, where A®,i = 1,2 are defined in Appendix B.

Proof. See Appendix B.

4.5.2 Steady state

In Chapter 3, we presented the backward/forward methodology to find SPBE for finite time-
horizon dynamic games, and specialized that methodology in this chapter, in Section 4.4,
to find SPBE for dynamic LQG games with asymmetric information, where equilibrium
strategies are linear in players’ types. It requires further investigation to find the conditions
for which the backward-forward methodology could be extended to infinite time-horizon
dynamic games, with either expected discounted or time-average, cost or reward crite-
ria. Such a methodology for infinite time-horizon could be useful to characterize steady
state behavior of the games. Specifically, for time homogenous dynamic LQG games with
asymmetric information (where matrices A’, B? are time independent), under the required
technical conditions for which such a methodology is applicable, the steady state behav-
ior can be characterized by the fixed point equation in matrices (L‘, ¥, V*),_;  through

(4.11), (4.23b) and (4.26), where the time index is dropped in these equations, i.e.
1. = ¢,(2,L)
2. (DUivi(s, D)D) T = ~Dwitvi(s, 1)[De),
3. Vi(X) := FiIVi(Z,L)F,

T! S° 0
where Vi(X,L) := |Sit Pt 0
0 0 Vi(¢(%, L)
It is important to note that the steady state behavior for a general dynamic game with

asymmetric information and independent types, if it exists, would involve functional fixed
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point equations in value functions (V*(-));, on domain as space of m,. However, for the
LQG case, it reduces to a fixed point equation in (V#(X));, i.e. value functions evaluated
at specific 3J, as shown in the above mentioned algebraic fixed point equation in matrices,

which represents a significant reduction in complexity.

4.5.2.1 Numerical examples

We take a leap by assuming that methodology extends for infinite horizon problem for the
model considered in this section, and present numerically found solutions for steady state

as follows. We assume B? = 0 which implies that the state process (X )7 is uncontrolled.

1. Fori=1,2,m'=1,n" =2, A"=09I,B' = 0,Q =1,

le[I iI] e |0 iI] pi_ |10
1 Y 1 Y )
71 0 yL | 0 0]
00 10 00
P? = ., Sl= . S*= (4.30)
01 00 01
This gives a symmetric solution, for i = 1, 2,
~ , 3.132  —2.132
L' =— [1.062 1.062] X = : (4.31)
—2.132  3.132
, : : L 09 0 5 R
2. Fori =1,2,m'=2,n"=2 A" = 0 08 ;A =0.91, and B*, T*, P*, S* used
as before with appropriate dimensions, then,
Pl 1.680 1.600 F2_ 1.363 1.363
0.191 0.286| 1.363 1.363
3.132  —2.132
=1, ¥?= . (4.32)
—2.132  3.132

It is interesting to note that for player 1, where A' does not weigh the two com-
ponents equally, the corresponding L! is full rank, and thus reveals her complete
private information. Whereas for player 2, where A? has equal weight components,
the corresponding L2 is rank deficient, which implies, at equilibrium player 2 does

not completely reveal her private information. Also it is easy to check from (4.7b)
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that with full rank L matrices, steady state 3 = Q.

4.6 Conclusion

In this chapter, we study a two-player dynamic LQG game with asymmetric information
and perfect recall where players’ private types evolve as independent controlled Markov
processes. We show that under certain conditions, there exist strategies that are linear in
players’ private types which, together with Gaussian beliefs, form a PBE of the game. We
show this by specializing the general methodology developed in chapter 3 to our model.
Specifically, we prove that (a) the common beliefs remain Gaussian under the strategies
that are linear in players’ types where we find update equations for the corresponding mean
and covariance processes; (b) using the backward recursive approach of chapter 3, we com-
pute an equilibrium generating function # by solving a fixed point equation in linear deter-
ministic partial strategies ; for all possible common beliefs and all time epochs. Solving
this fixed point equation reduces to solving a matrix algebraic equation for each realization
of the state estimate covariance matrices. Also, the cost-to-go value functions are shown to
be quadratic in private type and state estimates. This result is one of the very few results
available on finding signaling perfect Bayesian equilibria of a truly dynamic game with

asymmetric information.

4.7 Appendix A (Proof of Lemma 4.1)

This lemma could be interpreted as Theorem 2.30 in [Kumar and Varaiya, 1986, Ch. 7]
with appropriate matrix substitution where specifically, their observation matrix C, should
be substituted by our L;. We provide an alternate proof here for convenience.

7., is updated from 7} through (4.5). Since 7} is Gaussian, ~; (u}|z}) = §(u; — Lixi —
mj) is a linear deterministic constraint and kernel Q* is Gaussian, thus 7, is also Gaus-
sian. We find its mean and covariance as follows.

We know that X/, = A!X} + B.U; + W}. Then,

E[X] |7, 71, w) = E[ALX] + BU, + W |mi, vt wi) (4.332)
= AIE[X} |7}, w) + By (4.33b)
= AIR[X]|LiX] = u} — mi] + Biu, (4.33c)

where (4.33b) follows because W/ is zero mean. Suppose there exists a matrix G! such
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that X! — G!L! X! and L X/ are independent. Then

E[X| LX) = up — mi] = E[X] — GILiX; + GILiX; L X} = vy — my]
E[X; - GILX] + Gj(u; — m))

Y if i i i
=T+ Gt(ut — Lz} —my),

where G! satisfies

E[(X; — GILX)(LX))T] = E[(X; — GILiX))E[(L; X))
(I - GILOE[X{ XL = (I - GIL)E[XJE[X; "L
(I = GIL)(Z; + a1 )Ly = (I - GiL)a;dy Ly
G; = SiL (LZL)

3 =sm (ALX] — E[ALX] L X = uf — my)|Li X} = up —myp) + Q'
Now

sm (X; = BIX{LX] = uj — mi]|LiXG = up — my)

= sm ((X] — GiL{X})

—(B[X; = GILX|LiXG = up — my])[LiX] = uy — my)
= sm (X} - GIL X)) — (E[X] - GIL;X]]))

= sm (I - GiLy)(X; — E[X{]))

= I- GL)Z(T - GL;)!

4.8 Appendix B (Proof of Lemma 4.2)

(4.34a)
(4.34b)
(4.34¢)

(4.35a)
(4.35b)
(4.35¢)
(4.35d)

(4.36a)

(4.37a)

(4.37b)
(4.37c)
(4.37d)
(4.37¢)

We prove the lemma for player 1 and the result follows for player 2 by similar arguments.

1
By,

For the scope of this appendix, we define B} = Bit and for any matrix V, we define

2
Bl,t

V.i, Vi, as the i"" column and the i*" row of V, respectively. Then the fixed point equation
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(4.23) can be written as,

0= [T%l + (A%Gi)TV%th(AiG%)"‘

BI'VL,. AG! + (AIG])VL, Bl + BI'V],,Bl] L}

+ [Sﬂ + (A%G%)TV%MHA; +B2Tvi1,t+1Atl} . (4.38)
It should be noted that V_, is a function of X, which is update through X; and L.

Substituting G} = X!L,T(L!2!L;") =" and multiplying (4.38) by (L} 3! L;") from left and
(Z1L;7) from right, we get

0= Ly} [L1(T] + ByVELBOL + A7 Vi 0A]
LlT(BlTViQ t—i—lA% + Sﬂ + BtlTVil,t-i-lA%)
+HAVL, 0B+ ATV L ADLY SL (4.39)

Let Lj = Li(3)'/%, A} = A{(Z)"?,

AL(L;) =T}, + B, V], B! (4.40a)
Ay(Ly) = A"V, A (4.40D)
ANL,) :=B"VL, Al +S1{(ZHY?+ BV A} (4.40¢)
AYLy) = A"V, Bl + ATV AL (4.40d)

Then,
0= LT AL L)L + LAy (L)L, + LILANL) L + TiAYL)LL, @41

Since m=1, A! is a scalar. Let L = \[*f, where \* = ||L{||, and [’ is a normalized vector
and t* = T},. Moreover, since the update of 3, in (4.7b), is scaling invariant, Vt 41 only
depends on the directions [ = (I',1?). Then, (4.41) reduces to the following quadratic

equation in \!

(AD2AL(D) + A AL DI + TAL(D) + 1AL (D1 = 0. (4.42)
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There exists a real-valued solution® of this quadratic equation in ! if and only if
(Ac(DIY 4+ AL > 4AL (DI AL (DI (4.43a)
PHAT AL + AYDAL (1) + 2A5 DAL — 4AL DA ()I > 0. (4.43b)
Let AY(I) := (AN (DALD) + AJDAT (D) + 2ALDALD) — 4ALDAL(D).  (4.44)

There exists a solution to the fixed point equation (4.23) if and only if 3/*, 1> € R" such
that I1TAL(1)I* > 0, or sufficiently A'(l) + A'(]) is positive definite.

3Note that a negative sign of A\ can be absorbed in I'.
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CHAPTER 5

Decentralized Bayesian learning in dynamic

games

5.1 Introduction

In a classical Bayesian learning problem, there is a single decision maker who makes noisy
observations of the state of nature and based on these observations eventually learns the true
state. It is well known that through the likelihood ratio test, the probability of error con-
verges exponentially fast to zero as the number of observations increases, and the true state
is learnt asymptotically. With the advent of the Internet, in today’s world, there are many
scenarios, where strategic agents with different observations (i.e. information sets) interact
with each other to learn the state of the system that in turn affects the spread of information
in the system. One such scenario was studied in the seminal paper [Bikhchandani et al.,
1992], where authors studied the occurrence of fads in a social network, which was later
generalized in [Smith and Sorensen, 2000]. [Bikhchandani et al., 1992] and [Smith and
Sorensen, 2000] study the problem of learning over a social network, where observations
are made sequentially by different decision makers (users) who act strategically based on
their own private information and actions of previous users. It is shown that herding (infor-
mation cascade) can occur in such a case where a user discards its own private information
and follows the majority action of its predecessors (fads in social networks). As a result, all
future users repeat this behavior and a cascade occurs. While a good cascade is desirable,
there’s a positive probability of a bad cascade that hurts all the users in the community.
Thus from a social (i.e. team) perspective, it is highly desirable to avoid such situations.
Avoiding such bad cascades is an active area of research, for example [Acemoglu et al.,
2011] and [Le et al., 2014] propose alternative learning models that aim at avoiding such
bad cascades. There are however more general scenarios, such as cases where players par-
ticipate (take actions and receive rewards) in the game more than once, deterministically

or randomly through an exogenous or even an endogenous process. Furthermore there are
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practical scenarios where players may be adversarial to each others’ learning (e.g. dynamic
zero-sum games). Studying such scenarios may reveal more interesting and richer equilib-
rium behaviors such as cascading phenomena, not manifested in the models considered in
the current literature.

In this chapter, we study this problem from two different perspectives. Our first goal is
to study this problem to design incentives to align social or team objective with strategic
players’ objectives, which implicitly promotes learning to continue in the game. In the
second part, we seek to study learning dynamics of the system in a more general set up
where players participate in the game throughout the duration of the game and not just
once, as is the case for the models considered in the current literature. Since this requires
studying PBE of the game, we also generalize the methodology described in chapter 3 to
find perfect Bayesian equilibria (PBE) for the case where players’ do not observe their
types perfectly, but instead make noisy observations. This methodology then serves as a
framework for studying information cascades in a more general setting.

The chapter is structured as follows. In Section 5.2, we study the problem of incentive
design. Specifically, in Section 5.2.1, we present the model. In Section 5.2.2, we formu-
late the team problem as an instance of decentralized stochastic control and characterize
its optimal policies. In Section 5.2.3, we consider the case with strategic users and design
incentives for the users to align their objective with team objective. In Section 5.3, we con-
sider a more general dynamic model. In Section 5.3.1, we provide a methodology to find
a class of PBEs for such games. In Section 5.3.4, we specialize that methodology to study
a specific Bayesian learning game with partially controlled observations. We characterize
information cascades for this problem. While this example, limited as it is, provide analy-
sis and intuition on the learning dynamics in decentralized games, it serves as motivation
for exploring a vast landscape of the scenarios that can be studied through the proposed

methodology. We conclude in Section 5.4.

5.1.1 Notation

For a probabilistic strategy profile of players (3?);cxr, where probability of action a} con-
ditioned on ay.;_1, z%,, is given by !(atlay.+_1,x}.,), we use the short hand notation
By (a; *|ar—1, x1}) to represent [1,.: 8/ (atlai.—1, 71,,). We use the terms users and buy-

ers interchangeably.
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5.2 Incentive design

In this section we first consider the problem of designing incentives so that the players’
objectives can be aligned to the team objective. Most of the models of this problem consid-
ered in the literature assume time-invariant state of the nature. However, there are situations
where the state of the nature, for e.g. popularity of a product, could change over time, as
a consequence of endogenous or exogenous factors (for e.g., owing to the entering of a
new competitor product or improvement/drop in quality of the product). In this section,
we consider a simple scenario where users want to buy a product online. The product is
either good or bad (popular or unpopular) and the value of the product (state of the system)
is represented by X;, which is changing exogenously via a Markov chain. The state is
not directly observed by the users but each user receives a private noisy observation of the
current state. Each user makes a decision to either buy or not buy the product, based on its
private observation and action profile of all the users before its.

The strategic user wants to maximize its expected value of the product. However, its
optimal action could be misaligned with the team objective of maximizing the expected
average reward of the users. Thus the question we seek to address is whether it is possible
to incentivize the users to align them with the team objective. To incentivize users to con-
tribute in the learning, we assume that users can also send reports (at some cost) about their
private observations after deciding to buy or to not buy the product. The idea is similar
to leaving a review of the product. Thus users could be paid to report their observations
to enrich the information of the future participants. Our objective is to use principles of
mechanism design to construct the appropriate payment transfers (taxes/subsidies). Al-
though, our approach deviates from general principles of mechanism design for solution of
the game problem to exactly coincide with the team problem. However, this analysis could

provide the bounds on the gap and an acceptable practical design.

5.2.1 Model

We consider a discrete-time dynamical system over infinite horizon. There is a product
whose value varies over time as (a slowly varying) discrete time Markov process (X;);,
where X takes value in the set {0, 1}; O represents that product was bad (has low intrinsic

value) and 1 represents and product is good (has high intrinsic value).

~

P($t|$1:t—1) = Qx(%’xt—l), (5.1b)
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such that Q. (z¢|zi—1) = eif y # x4_1, for 0 < e < 1.

There are countably infinite number of exogenously selected, selfish buyers that act
sequentially and exactly once in the process. Buyer ¢ makes a noisy observation of the
value of the product at time ¢, v; € V = {0, 1}, through a binary symmetric channel with
crossover probability p such that these observations are conditionally independent across
users given the system state (i.e. noise is i.i.d.) i.e. P(vi|x1,v14-1) = Qu(ve]zy) = p
if v, # x,. Based on actions of previous buyers and its private observation buyer ¢ takes
two actions: a; € A 2 {0, 1}, which correspond to either buying or not buying the good,
and b, € B 2 {*,1} where * represents not reporting its observation and 1 represent
reporting truthfully. Based on these actions and the state of the system, the buyer gets

reward R(zy, a;, b;) where

1/2, xt:1,at:1
R(xt,at,bt) = —C- I(bt = ].) + —1/27 Ty = O,Clt =1 y (52)
O, atZO

where c is cost of reporting its observation truthfully. The actions are publicly observed by

future buyers whereas the observations (v;); are private information of the buyers.

5.2.2 Team problem

In this section, we study the team problem where the buyers are cooperative and want
to maximize the expected average reward per unit time for the team. At time ¢, buyer
t’s information consists of its private information v; and publicly available information
ai.4—1,b1.—1. It takes action a;, b, though a (deterministic) policy g; : A7 x B x VYV —
A x B as

(Gt, bt) = gt(aflst—la bi.—1, Ut)' (5.3)

The objective as a team (or for a social planner) is to maximize the expected average reward

per unit time for all the users i.e.

1 T
J 2 suplimsup = > E{R(X,, A, By)}. (5.4)
g

T
T—00 =1

Since the decision makers (i.e. the buyers) have different information sets, this is an
instance of a decentralized stochastic control problem. We use techniques developed in

[Nayyar et al., 2011] to find structural properties of the optimal policies. Specifically, we
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equivalently view the system through the perspective of a common agent that observes at
time ¢, the common information a1, by.;_1 and takes action v; : V — A x B, which is
a partial function that, when acted upon buyer’s private information v;, generates its action
(at,b;). The common agent’s actions (7;); are taken through common agent’s strategy
v = (V) as v = Yfars_1, b1 1] where ¢y : AT x BT — (V — A x B). The

corresponding common agent’s problem is

.
J¢ 2 sup lim sup + STEY{R(X., Ar, B} (5.5)
v oo THT

This procedure transforms the original decentralized stochastic control problem of buy-
ers to a centralized stochastic control problem of the common agent, which is a POMDP.
Then, an optimal policy of the common agent can be translated to optimal policies for
the buyers. In order to characterize common agent’s optimal policy, we find an infor-
mation state for the common agent’s problem. We define a belief state 7, at time ¢ as
a probability measure on current state of the system given the common information i.e.
() 2 PY(x¢|a1.4-1,b1.0-1,71). The following lemma shows that the common agent
faces a Markov decision problem (MDP).

Lemma 5.1. (II;, I';); is a controlled Markov process with state I, and action I'; such that

Pw(ﬂt+1|7ﬁ:t,%;t) ZP(Wt+1|7Tt,’Yt) (5.6a)
E¢{R(Xt7 Ay, Bt)|a1:t—1> by.i—1, 71:t} :E{R(Xt7 Ay, Bt>|7Tt7 %} (5.6b)
= R(ﬂ-t:%f) (5.6¢)

and there exists an update function F', independent of v such that 7,1 = F(m, Y4, at, by).
Proof. See Appendix A

Lemma 5.1 implies that for common agent’s problem, it can summarize the common
information ay.;_1, b1, in the belief state 7;. Furthermore there exists an optimal policy
for the common agent of the form 6, : P(X) — (V — A x B) that can be found as
solution of the following dynamic programming equation in the space of public beliefs 7;

as, Vm,v* = 0[] is the maximizer in the following equation
p+V(r) =max R(m,~)+ E{V(II)|x,~}, (5.7)
v

where the distribution of 7’ is given through the kernel P(:|7, ) in (5.6a) and p € R,V :
P(X) — R are solutions of the above fixed point equation. Based on this public belief 7,
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and its private information x;, each user ¢ takes actions as

(ag, b)) = my (e, v) = Of[me] (vy). (5.8)

We note that since states, actions and observations belong to a binary set, there are six-

=0

teen partial functions y possible that are shown in Table 5.1 below where v = [’YEW 1;] =
Y\ =

Ay, bt (’Ut = 0)

Ay, bt ('Ut = 1)

binary valued, there exist two types of « functions: learning (v*) and non-learning (v

] . Since the common belief is updated as 7,1 = F'(m,y,v(v;)) and v, is
N L).
v leads to update of belief through F'(-) in (5.6a) that is informative of the private observa-
tion v;, whereas * leads to uninformative update of belief. Eight of them are dominated

in reward, for example v; need not be reported if it is revealed through a;, or if it can be

revealed indirectly by absence of reporting.

Table 5.1: Learning vs. Non-learning

I 0, * 1, % 1,1 1, % 0,1 0, *
i Ll o« |1« |1,1] |o,%| [o,1

Y v Y

Y Y Y Y

NL 07
0

5.2.3 Game problem

We now consider the case when the buyers are strategic. As before, buyer ¢ observes public
history a1;_1,b1.4—1 and its private observation v; and thus takes its actions as (a;, b;) =

gi(a1.4—1,b14-1,v;). Its objective is to maximize its expected reward
Jt = Imax Eg{R(Xt, At7 Bt)} (59)
gt

Since all buyers have different information, this defines a dynamic game with asymmetric
information. An appropriate solution concept is Perfect Bayesian Equilibrium (PBE) [Os-
borne and Rubinstein, 1994] that requires specification of an assessment (g;, ), of strat-

egy and belief profile where g; is the strategy of buyer ¢, g7 : A" xB=1 xV — P(AxB),
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and y 1s a belief as a function of buyer ¢’s history on the random variables not observed
by it till time ¢ ie. pf @ A7 x B x YV — P(X? x V). In general, finding a PBE
is hard [Osborne and Rubinstein, 1994] since it involves solving a fixed point equation in
strategies and beliefs that are function of histories, although there are few cases where there
exists an algorithm to find them [Nayyar et al., 2014, Vasal and Anastasopoulos, 2016]. For
this problem, since users act exactly once in the game and are thus myopic, it can be found
easily in a forward inductive way, as in [Bikhchandani et al., 1992, Smith and Sorensen,
2000]. Moreover, a belief on X, 1} (x) 2 ps (Xt = x|ayi—1,b14-1,v), ¢ € {0,1} is
sufficient and any joint belief consistent with .} (x) along with equilibrium strategy profile
g* constitute a PBE. For any history, users compute a belief equilibrium strategy depending

on v; and 7; as
v, = ¢lm] = arg max R(my, 7). (5.10)

With ¢|-] defined through (5.10), for every history (aj.4—1,b1.4—1,v;), T is updated using
forward recursion through 7,1 = F(my, ¢(m), as, by) and equilibrium strategies are gener-
ated as g/ (a1.4-1, b14—1,v;) = ¢[m](v;). Finally the beliefs 1) can be easily derived from
7, and private information v, through Bayes rule.

In order to compare the team optimal and game equilibrium policies, we numerically
solve (5.7) using value iteration to find team optimal policy, shown in Figure 5.1, for pa-
rameters p = 0.2,¢ = 0.001 and ¢ = 0.05. For the same parameters, Figure 5.2 shows

equilibrium policy for a strategic user that solves (5.10).

e =0.001, p=0.2, ¢ =0.05
T T T

15 T T T T T T

Buy and report
\ only when V, =0
g Do not buy and report \
210 only when V, =1
©
1S
=]
S
=]
o
4
©
E | ]
o
o Buy acc. to V, and
do not report
0 1 1 1 1 1 1 1 1 1
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

(1)

Figure 5.1: Decentralized team optimal policy
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¢ =0.001, p=0.2, ¢c =0.05
T T T

15 T T T T T T
(2]
S
'~§ 10 - Buy acc. to V1 and B
I do not report
2
S
S
o
w
=
©
£ ]
o
O \
Buy and
Do not buy and do not report
do not report
0 1 1 1 1 1 1 1 1 1
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

(1)

Figure 5.2: Strategic optimal policy

5.2.3.1 Incentive design for strategic users

Our goal is to align each buyers’ objective with the team objective. In order to do so, we
introduce incentives (tax or subsidy) for user ¢, ¢t : P(X) x A x B — R such that its
effective reward is given by Z%(Wt, Ye) — t(me, ag, by).

We first note that a user can not internalize social reward through incentives as is done
in a pivot mechanism [Vickrey, 1961,Clarke, 1971,Groves, 1973,Bergemann and Valimaki,
2010], i.e. there does not exist an incentive mechanism such that the following equation
could be true

A ~

R(m,v) — t(m,a,b) = R(m,~) + E{V(IT') |, v} (5.11)
ie. t(m,a,b) = —E{V(II")|m,~} (5.12)

for V(-) defined in (5.7) and the distribution of 7’ is given through the kernel P(-|r,~)
in (5.6a). The left side of (5.11) is buyers’ effective reward and right side is the objective of
the team problem as in (5.7). Such a design is not feasible because while ¢(-) can depend
only on public observations (7, a, b), the second term in the RHS of (5.11) depends on 7 as
well, which is not observed by the designer.

We observe in Figures 5.1, 5.2 that team optimal policy coincides with the strategic
optimal policy for a significant range of 7(1). Let S be the set consisting of 7w(1) where the

team optimal policy coincides with the strategic optimal policy and S¢ be the complement
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set. In order to align the two policies, we consider the following incentive design such that
a user is paid c units by the system planner whenever the public belief 7(1) belongs to the

set §¢, and user reports its observation,
t(m,ae, by) = —c- I(w(1) € S)I(by = 1). (5.13)

These payments are made after any report for enforcement purposes. This is agreed upon,
i.e., system planner commits to this. With these incentives, the optimal policy of the strate-
gic user is shown in Figure 5.3. Figure 5.4 compares the time average reward achieved
through these policies, found through numerical results. This shows that the gap between
the team objective and the one with incentives is small. Intuitively, this occurs because the
buyers learn the true state of the system relatively quickly (exponentially fast) compared to
the expected time spent by the Markov process X, in any state. Equivalently, the time spent
by the process (II;(1)); in the set S¢ is small. Yet it is crucial for the social objective that
learning occurs in this region. Also in Figure 5.4, the gap between the mechanism (includ-
ing incentives) and the mechanism where incentives are subtracted signifies the expected

average payment made by the designer, which is relatively small.

e =0.001, p=0.2, ¢ =0.05
T T T

15 T T T T T T

Do not buy and report — — _Mechanism
_____ é{ only when V, = 1 — — —Team
Game

Buy and report

I
! :
I
g : : only when V, = 0\
= H T
S 10 : | Buy acc. to V, and : T
E | : do not report | :
s | I I |
= | " I
s . @ l_ - |
o | | |
4 | | | :
£ 5 I | Do not buy and Buyand_—+7 I
= 1 | il
g | <=7 donot report do notreport | :
| | | |
| 1 ! |
| 1 [ 1
| I RN~ ommt s e ———
| Do not buy Buyand _—>
———————— and report report
0 1 1 1 1 1 1 1 1 1
0 0.1 02 03 0.4 05 06 07 0.8 0.9 1

Figure 5.3: Strategic optimal policy with incentives
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¢ =0.001, ¢ =0.05
T

0.25¢ T T T T T
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T
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0.1

Average reward per unit time

—&—Team

—&— Mechanism

—&— Mechanism (subtracting incentives)
Game

1

0.05 -

0 1 1 1 1 1 1 1
0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45

p

Figure 5.4: Expected time average cost comparison for different policies

5.3 General framework for decentralized Bayesian learn-
ing

An indispensable tool for studying cascades is a framework for finding equilibria for these
dynamical systems involving strategic players with different information sets, which are
modeled as dynamic games with asymmetric information. Appropriate equilibrium con-
cepts for such games include perfect Bayesian equilibrium (PBE), sequential equilibrium,
trembling hand equilibrium [Osborne and Rubinstein, 1994, Fudenberg and Tirole, 1991].
Each of these notions of equilibrium consists of a strategy and a belief profile of all play-
ers where the equilibrium strategies are optimal given the beliefs and the beliefs are de-
rived from the equilibrium strategy profile using Bayes’ rule (whenever possible). For the
games considered in the current literature including [Bikhchandani et al., 1992, Smith and
Sorensen, 2000, Acemoglu et al., 2011, Le et al., 2014], since every buyer participates only
for one time period and it does not have any future individually, finding PBE reduces to
solving a straightforward, one-shot optimization problem. However, for general dynamic
games with asymmetric information, finding PBE is hard, since it requires solving a fixed
point equation in the space of strategy and belief profiles across all users and all time pe-
riods. There is no known sequential decomposition methodology for finding PBE for such
games.

In chapter 3 we presented a methodology for finding PBE for a general class of dynamic

games where players types’ evolve as conditionally independent Markov processes and are
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observed perfectly by the corresponding players. In this section, we first generalize that
model to the case when players’ do not perfectly observe their types; rather they make in-
dependent, noisy observations. Specifically, we consider a dynamical system where a finite
number of players have different types, that evolve as conditionally independent Markov
processes. Players do not observe their own types, rather make observations about them
and their instantaneous rewards are a function of their current action and everyone’s types.
Unlike other scenarios discussed before, the proposed general framework can incorporate,
as special cases, scenarios where players participate in the game more than once, determin-
istically or randomly through an exogenous or endogenous process, and/or scenarios where

players may be adversarial to each others’ learning.

5.3.1 Model

We consider a discrete-time dynamical system with N strategic players in the set N :=
{1,2,... N}, over a finite time horizon 7 := {1,2,...7T} and with perfect recall. The
system state is x; := (zf,2z2,...xY), where ¢ € X' is the type of player i at time t.

Players’ types evolve as conditionally independent, controlled Markov processes such that

P(2¢|214-1, a1:4-1) = P(24]21-1, 04-1) (5.14a)
N
=[] Qi @ilzi 1 ). (5.14b)
i=1
where a; = (a},. .., aiv ) and a} is the action taken by player 7 at time ¢. Player 7 does not

observe its type perfectly, rather it makes a private observation w! € W' at time ¢, where
all observations are conditionally independent across time and across players given z; and

a;—1, in the following way, Vt € 1,... 7T,

t N
P(wiglary, ave—r) = [ [ Qu(whlas, an-). (5.15)
n=1 i=1

Player  takes action ai € A’ at time t upon observing a,.,_1, which is common information
among players, and w!,, which is player i’s private information. The sets A°, X, W'
are assumed to be finite. Let ¢' = (g}); be a probabilistic strategy of player i where
gi - (JL AT (WP — P(AY) such that player i plays action af according to Af ~
gi(“lari—1,wi,). Let g := (g%);en be a strategy profile of all players. At the end of interval

t, player 7 gets an instantaneous reward R'(z;, a;). The objective of player i is to maximize
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its total expected reward

T

Z (X, Ay)

=1

Jb9 .= 9 (5.16)

With all players being strategic, this problem is modeled as a dynamic game ® with im-
perfect and asymmetric information, and with simultaneous moves. Although this model
considers all N players acting at all times, it can accommodate cases where at each time ¢,
players are chosen through an endogenously defined (controlled) Markov process. This can
be done by introducing a nature player 0, who perfectly observes its type process (X});,
has reward function zero, and plays actions a) = w? = z?. Equivalently, all players pub-
licly observe a controlled Markov process (X? ), and a player selection process could
be defined through this process. For instance, let X° = = N, Vi, Ri(xs,a) = 0 if
z) # af, and Q(xl 4|2}, ar) = Q(x), |k, a?g). Here, in each period only one player acts

in the game who is selected through an internal, controlled Markov process.

5.3.2 PBE of the game ©

In this section, we provide a methodology to find PBE of the game © in the domain of
strategies that is time-invariant. Specifically, we seek equilibrium strategies that are struc-
tured in the sense that they depend on players’ common and private information through
belief states. In order to achieve this, at any time ¢, we summarize player ¢’s private infor-
mation, w{zt, in the belief 52, and its common information, a;.;—1, in the belief 7;, where 5;
and mr; are defined as follows. For a strategy profile g, let £(x!) := P9(xt|ay4_1,w!,) be
the belief of player 7 on its current type conditioned on its information, where & € P(X*?).
Also we define 7(&}) := PY9(&!]ay4—1) as common belief on &/ based on the common in-
formation of the players, a;,;_1, where 7; € P(P(X")). As it will be shown later, due to
the independence of types and their evolution as independent controlled Markov processes,
for any strategy profile of the players, joint beliefs on types can be factorized as product of
their marginals i.e. m (&) = [[~, 7/(£}). To accentuate this independence structure, we
define m, € x;cnP(X?) as vector of marginal beliefs where 7, := (7} );en-

We now generate a player’s strategy in a canonical way, as is done in decentralized team
problems [Nayyar et al., 2013]. Using this approach, the player ¢’s actions are generated as
follows: player 7 at time ¢ observes a common belief vector 7, and takes action 7}, where
vi o P(XY) — P(AY) is a partial (stochastic) function from its private belief & to a of
the form ~;(a}|¢)). These actions are generated through some policy 0° = (6});cr, 0:
XienP(P(X?)) — {P(X") — P(A")}, that operates on the common belief vector 7, so
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that ; = 0![x,]. Then, the generated policy of the form A% ~ 0![x,|(-|£}) is also a policy of
the form A! ~ gi(-|a;.+_1,wt,,) for an appropriately defined g. Although this is not relevant
to our proofs, similar to facts 3.1 and 3.2, it can be shown that these structured policies form
a sufficiently large set, which provides a good motivation for restricting attention to such
equilibria. Indeed, it can be shown that policies g are outcome equivalent to policies of
type 6, i.e., any expected total reward profile of the players that can be generated through
a general policy profile g can also be generated through some policy profile 6. In the
following Lemma, we present the update functions of the private belief ¢/ and the public

belief 7.

Lemma 5.2. There exist update functions £, independent of players’ strategies g, such
that

G = F(& wiyy,ar), (5.17)
and update functions F, independent of #, such that
Ty = Fi(m),71 a). (5.18)

Thus 7, , = F(m,, v, a:) where F' is appropriately defined through (5.18).

Proof. The proofs are straightforward using Bayes’ rule and the fact that players’ type
and observation histories, X1, W},, are conditionally independent across players given

the action history a;.;_1, and are provided in Appendix B.

Based on (5.17), we define an update kernel of & in (5.56) as Q" (&), /¢, ar) :=
P(&.11&, ar). We now present the backward-forward algorithm to find PBE of the game
©, where strategies of the players are of type f. The algorithm resembles the one presented

in chapter 3 for perfectly observable types.

5.3.2.1 Backward recursion

In this section, we define an equilibrium generating function § = (6});cn e and a se-
quence of functions
(Vi)ien tefr 2, m+13, wWhere V' o x;epyP(P(X7)) x P(X') — R, in a backward recursive

way, as follows.

1. Initialize V7, € X;enP(P(X7)), &y € P(XY),

Vi (T, Enpy) == 0. (5.19)
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2. Fort =T,T —1,...1, V&, € X;enP(P(X")), let 6;[x,] be generated as follows.
Set 4; = 6;[m,], where ¥; is the solution, if it exists', of the following fixed point
equation, Vi € N, & € P(X7),

’%(KZ) € arg 1}(15'?5)]}5%(.‘5%)le {Ri(Xtv Ap) + Vtil(F(Etﬂt, Ay), Ei+1)|§i} )
YeUlSe

(5.20)

where expectation in (5.20) is with respect to random variables (X, A;, Z;, ) through
the measure

o) my (&)Y (&) (a1 ) Q (€l 1€ ar), F is defined in Lemma 5.5 and
()’ is defined in (5.56). Furthermore, set

Vilm, &) = ERODHm L R(X, A + Vi (F(m 3 A, Ei)[6 (521

It should be noted that (5.20) is a fixed point equation where the maximizer 7} appears
in both, the left-hand-side and the right-hand-side of the equation. However, it is not the
outcome of the maximization operation as in a best response equation similar to that of a

Bayesian Nash equilibrium.

5.3.2.2 Forward recursion

Based on 6 defined above in (5.19)—(5.21), we now construct a set of strategies 5* and
beliefs p* for the game ® in a forward recursive way, as follows. As before, we will use
the notation y la14-1] == (,u;” [a1.4—1])ien and pif[ay..—1] can be constructed from I (a1 1]

as i [ari-1](&) = T1, 40" [are—1)(&}) where 11 [a1,—1] is a belief on &.

1. Initialize at time ¢t = 0,

1l¢) (&) == H 0qi (€0)- (5.22)

!'Similar to the existence results shown in [Ouyang et al., 2015], it can be shown that in the special case
where agent 4’s instantaneous reward does not depend on its private type z¢, and for uncontrolled types
and observations, the fixed point equation always has a type-independent, myopic solution 7;(-), since it
degenerates to a best-response-like equation.
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2. Fort =1,2...T,i € N',Vay;,wi,

B (alare—, wiy) = 0 [are])(a]€]) (5.232)
pivilane] o= Fug [are], 01 [are]), ar) (5.23b)

where F is defined in Lemma 5.5.

Theorem 5.1. A strategy and belief profile (5*, 1*), constructed through backward/forward
recursive algorithm is a PBE of the game, i.e. Vi € N';t € T, (a1, wi,), 57,

T
EB:;;“ﬁ::’T_Z’“: [a1:¢-1] {Z RZ (Xn, An> ‘afl:t—lv wi:t}

n=t

T
> EPLrBir " Hilarie—1] {Z Ri(Xm An)|a1:t—17 wi:t} . (5.24)

n=t

Proof. The proof relies crucially on the specific fixed point construction in (5.20) and the
conditional independence structure of types and observations, and is provided in Appendix
C.

5.3.3 Informational cascades

In the following definition, we define informational cascades for a dynamic game with
asymmetric information, and for a given PBE of that game, as those public histories of the

game for which the future actions of the players are predictable.

Definition 5.1. For a given” strategy and belief profile (3*, u*) that constitute a PBE of the
game, and for any time ¢ and a sequence of action profile a;.r, informational cascades can
be defined as set of public histories i{ of the game such that at i and under (3%, *), actions
a7 are played almost surely, irrespective of players’ future private history realizations, i.e.

for a PBE ((*, 1*) and time ¢ and actions a;.7, cascades are defined by

CivT = {h¢ € HS | Vi,Vn > t,Vh! that are consistent with h¢,

and occur with non-zero probability, 3 (a’ |h%) = 1}. (5.25)

We also call an informational cascade a constant informational cascade if action profiles in

the cascade are constant across time, i.e. for time ¢ and action profile a, constant cascades

2A stronger notion of informational cascade could be defined for all PBE of the game.
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are defined by

Co = {h¢ € HS | Vi,¥n > t,Vh! that are consistent with A,

and occur with non-zero probability, 35 (a’|h’) = 1}. (5.26)

For the general games considered in this section, which are dynamic game with asym-
metric information and independent types, a more useful definition of cascades is the fol-
lowing.

Definition 5.2. For a given equilibrium generating function ¢, and for time ¢ and actions

as.r, informational cascades are defined by the sets {éf ¥TY,_1..1+1, Which are defined as
follows. Fort =TT —1,...1,

Cry1 = { All possible common beliefs 7 +1} (5.27)
Gt = {m, | ¥i, &} € supp(r)), 01l )(ail€)) = 1 and F(x, 0il,], ) € Cii7™ |
(5.28)
A constant informational cascade for time ¢ and actions profile a is defined as,
C~T+1 = { All possible common beliefs 7, +1} (5.29)

C = {ﬂt | Vi, V& € supp(m;), 0;[m](a’[€}) = 1 and F(m,, 0;[m,], a) € C~f+1} (5.30)

In the following lemma, we show the connection between the two definitions.

Lemma 5.3. Let (5%, 1*) be an SPBE of a dynamic game with asymmetric information

and independent types, generated by an equilibrium generating function 6. Then V¢, a;.r,
()~ (Cr) = ¢ (5.31)

Proof. See Appendix E.

Corollary 5.1. Let (5%, 1*) be an SPBE of a dynamic game with asymmetric information
and independent types, generated by an equilibrium generating function 6. Then Vt, a,

(u) (€ =t (5.32)

5.3.4 Specific learning model

We now consider a specific model that captures the learning aspect in a dynamic setting

with strategic agents and decentralized information. The model is similar in spirit to the
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model considered in [Bikhchandani et al., 1992, Smith and Sérensen, 2000] except we
consider a finite number of players who take action in every epoch and stay in the game
throughout the entire duration of the game. We assume that players’ types are uncontrol-
lable and static i.e. Q. (vf,|z},a;) = 0,:(2},,), where X" = {~1,1}. Since the set of
types, X is has cardinality 2, the measure £ can be sufficiently described by &/(1). Hence-
forth, in this section and in Appendix F, with slight abuse of notation, we denote £!(1) by
& € [0,1]. In each epoch t, player ¢ makes independent observation w; about its type where
W? = {—1, 1}, through an observation kernel of the form Q' (w!|z!, al_;), which does not
depend on a;*,. Based on its information, it takes action a¢, where A’ = {0, 1}, and earns

an instantaneous reward given by

R'(z,a)) = a! (Aaﬂ + A%) : (5.33)
where A € [0,1],A = 1 — \. This scenario can thought of the case when players’ types
represent their talent, capabilities or popularity, and a player makes a decision to either
choose (action = 1) or not choose (action = 0) these players, where its instantaneous re-
ward depends on some combination of the capabilities of all the players. We note that the
instantaneous reward does not depend on other players’ actions but on their types, and thus

learning players’ types is an important aspect of the problem.

5.3.4.1 Partially controlled observations

We consider the case where observations of the player 7 do depend on other players’ actions,
i.e. the observation kernel is of the form Q' (w!|z!,a: ;). These observations are made
through a binary symmetric channel such that Q?, (1]1,a") = Qi (—1] — 1,a") = 1 — p,
and Q' (—1]1,a") = Q' (1| — 1,a") = pai, where p; < py < 1/2. This model implies that
taking action 1 can improve the quality of a player’s future private belief. In this case, the

update functions of &/ and 7} in (5.17), (5.18) reduce to

&= F(& 0w, ad)), (5.34a)
T = F'(m,v, a)), (5.34b)
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and (5.20) in the backward recursion reduces to

7

t

Ti16) € arg max > L aiyi(ailen) (M2 — 1) + M2~ 1))

+ EiClEDY {‘/ti—i-l(F(Et”?t’ A, Ei+1)|§;} 7 (5.35)

For the learning model considered in Section 5.3.4, we characterize constant informa-
tional cascades through a time invariant set C* of common beliefs 7, defined as follows.
Let

. 1 A
a_ - _Z——> Z:
¢ {ﬂ|vz,2 e 2 Lifa =0
1 X -~. 1 ,
- (T - )< 0ifdd = _
5 )\(5 2)_Olfa } (5.36)
where
é—i o 1 E”j [:j] (5.37)
=N 2 =71, .
J#i

In the following theorem we show that the set Co defined in (5.36) characterizes a set of

constant informational cascades for this problem. Specifically, we show that C* c Co.

Theorem 5.2. Tf, for some time ¢, and action profile a, , € é”, then Vt > g, 7, € €% and
solutions of (5.35) satisfy 7; (a'[§}) = 1 V& € [0, 1]. Moreover, for t, <t < T, V}" is given
by

Vi(m,, &) = (T =t +1)(M2& — 1) + M2§ " — 1))’ ¥, € C°. (5.38)

Proof. See Appendix F.

5.3.5 Discussion

We characterize informational cascades by those histories of the game where learning stops
for the players as a whole. Conceptually, they could be thought of as absorbing states of the
system. It begets questions regarding the dynamics of the process that could lead to those
states, for example hitting times of such sets and absorption probabilities. For the simplified
problem considered in [Bikhchandani et al., 1992], cascades can be characterized as the
fixed points of common belief update function, so that the common belief gets “stuck™ once

it reaches that state. It was shown that cascades eventually occur with probability 1 for that
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model. For the learning model considered in this section, common beliefs 7; still evolve
in a cascade, although uninformatively, i.e., their evolution is directed by the primitives of
the process and not on the new random variables being generated, namely, players’ private
observations. Also, if players’ observations are informative, they asymptotically learn their
true types, i.e., their private beliefs converge to dirac delta function on their true types.
One trivial case when cascades could occur for this model is if the system was born in
a cascade, i.e., the initial common belief, based on the prior distributions, is in cascades,
m € C In general, a cascade could occur as follows. Suppose all players have low types
(i.e. z* = —1), but they get atypical observations initially, which lead them into believing
that their types are high (z* = 1). This information is conveyed through their actions,
which leads the public belief into a cascade. Interestingly, even though players eventually
learn their true types, yet they remain in a (bad) cascade, each player believing that others

have high types on average.

5.4 Conclusion

In this chapter we studied Bayesian learning dynamics of specific dynamic games with
asymmetric information. We first considered an ergodic sequential buyers’ game where a
countable number of strategic buyers buy a product exactly once in the game. We model the
team problem as an instance of decentralized stochastic control problem and characterize
structure of optimum policies. When users are strategic, it is modeled as a dynamic game
with asymmetric information. We show that for some set m; € S that occurs with high
probability, the strategic optimal policy coincides with the team optimal policy. Thus only
outside this set, i.e., when m; € S¢, buyers need to be incentivized to report their observa-
tions so that higher average rewards can be achieved for the whole team. Since numerically
S¢ occurs with low probability, the expected incentive payments are low. However, even
though infrequent, these incentives help in the learning for the team as a whole, specifically
for the future users. This suggests that using such a mechanism for the more general case
could be a useful way to bridge the gap between strategic and team objectives.

In second part, we considered a more general scenario where players could participate
in the game throughout the duration of the game. Players’ types evolved as conditionally
independent controlled Markov processes and players made noisy observations of their
types. We first presented a sequential decomposition methodology to find SPBE of the
game. We then studied a specific learning model and characterized information cascades
using the general methodology described before. In general, the methodology presented

serves as a framework for studying learning dynamics of decentralized systems with strate-
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gic agents. Some important research directions include characterization of cascades for
specific classes of models, studying convergent learning behavior in such games including
the probability and the rate of “falling” into a cascade, and incentive or mechanism design

to avoid bad cascades.

5.5 Appendix A (Proof of Lemma 5.1)

Claim 5.1. There exists an update function F', independent of ¢ such that

T41 = F(Wta%, Qy, bt)'

Proof. Fix ¢

Top1(Tey1) :Pw(xt+1|a1:tab1:t77lzt) (5.39a)
:ZPd](‘xt-‘rhxt‘al:hbl:tnyI:t) (539b)
= Z PY (2] ars, b, ’71:t)@($t+1 |z¢) (5.39¢)

Tt

Now,

Pw(xt, g, bt|a1:t—1b1:t—1>71:t)

P b1, Vi) = 5.40
(Itlalm M’%.t) Zi‘t Pw(ftyanbt|a1;t—17b1;t—1;71:t) ( 2)
= P¢($t‘a1:t71: bl:tflyf}/l:t)x
PY(ay, by, ve|ar—1, bie—1, Vi, T
th ( ts Ot t’ 1:it—15 O1:0—1, V12t t) (5.40b)

Zit P(ft, G, bt|a1:t—17 bi—1, ’Yl;t)
_ PY (] ar4—101:0—1, Y1:-1) D, Lve(on)y (e, be) Qo (ve] )
- > s, P ars1bre—1,71:40-1) 0, Tive(oy (e, 01) Qo (02| 24)
(5.40¢)

where first part in numerator in (5.40c) is true since given policy v, v; can be computed as

Ve = wt<a1:t71> bl:tfl)-
‘We conclude that

Wt(‘rt) th I{’Yt(vz)}(ah bt)Qv(Ut|xt)
Zi‘t Wt(i't) th [{’Yt(vt)}(ata bt)Qv(Ut|jt) ’

P(z4]ars, 1) = (5.41)

thus,

T4+1 = F(7Tt, Y, Q¢ bt) (542)
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where £’ is independent of policy .

Claim 5.2. (II;, T;); is a controlled Markov process with state II; and action I'; such that

Pw(ﬂt+1|7rlzt>71:t) = P(miq1|me, i) (5.43)
E¢{R(Xt, Ay, Bt)|a1:t—17 bii—1, ’Yl:t} = E{R(Xt, Ay, Bt>|7Tt7 ’Yt} (5.44)
=: R(m, 1) (5.45)
Proof.
P¢(7Tt+1|77-1:t7’71:t) = ZP¢(Wt+17ata be| e, V1:t) (5.46a)
at,bt
- Z L (e 00,000} (Tet1) Z PY(ay, by, ve| e, 1) (5.46b)
at,bt vt
= > Yrimmnansy @) P me 11a) D Tawny (0 b0) Qu (vi]21)
at,b,rt vt
(5.46¢)
= > m@) Y rmaanso(T) Y Ty (ae b) Qu(vilz)
at,be,xt vt
(5.464d)
= P(mi1|me, 1) (5.46e)
E(R(XtaAtaBt”ﬂ-l:ta’yl:t) - Z R(ﬂft,at,bt)P(l't,&t,bt,vtlﬂ'l;t,’}/l:t) (547&)
Tt,at,btvt
= Z R(ﬂfnat,bt)P(xt‘Wlsta’Yl:t)Zf{yt(vt)}(ambt)Qu(Ut|33t)
Tt,at,bt vt
(5.47b)
= Z R(ﬂft,at,bt)ﬁt(xt)Z[{yt(vt)}(flubt)Qu(Ut|$t)
xt,at,bt Vg
(5.47¢)
= R(me, %) (5.47d)
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5.6 Appendix B (Proof of Lemma 5.2)

Lemma 5.4. There exists an update function F, independent of ¢, such that

& =F(& w1, a). (5.48)

Proof. We first prove the following Claim on conditional independence of x1.;, wy.; given

ar¢—1-
Claim 5.3. For any policy profile g and V¢,

N
Pg(ilflzt,wl:t’al;tq) = H Pgl(xilztv wi:t|a1:t71) (5.49)

i=1

Proof.

Pg(xlzt; wl:t|a’11t—1)
Pg(l'l;t, W1, al:tfl)

= (5.50a)
lezmwl:t Pg(xlzb W1t al:t—l)

[T,2: Q5(21) @, (wilz)) Hfl:1 gn(ay|atn-1, wi;nq)Q}(%M% )
Q (W 1Ty 11, An)
leztﬂl)l:t Hi:l Q;ﬁ ('IZl)Q?w (w“xll) H:z:l g;(a7ﬁ|a1:n—lv wyi:n—l)Q; (gj;z—‘rl |a’f‘l7 ajiz)
QZ)(wiH—l |93711+1» an)
(5.50b)

[T, Q@) QL (wilat) T2y g (al larn—1, wh, ) Q5 (w4, |an, 73,)
_ qu(w;wrl |$Z+17 an)
[ Y e, @)@ (i o) T g (@b ar 1wl ) Qi (a4 a.3)
QZ)(U’ZH |$§L+1’ an)

(5.50¢)

N QL () Q% (wilah) TThZy 6h (b avn 1, wh, ) QL (w1 an, a2
— H Qu (Wi 4177415 An)
S D@l T (a1, 0 1) QL (s s 1)
Qiu(w;iz+l|x'fz+l7 an)

(5.50d)

N
=[] P (@l wiylare) (5.50e)
i=1
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Now for any g we have,

. ‘ A , ;
§i1 (@) = Paigqlare, wiyy,) (5.51a)
Zw% P‘q(ﬁlfé, Qag, CEiJrl, wz+1 |a1:t717 w’i:t)

_ ! Malas A (5.51b)
thlﬁ Pg(;,;%7 g, Wiy 1, Thyq |a1:t71> wi:t)
in & (2}) P?(a; " |ar—1, wi,, 1) Q5 (w41 ar, 21) Q3 (W1 [T 41, ar)
Ziiﬂii & (@) PI(ay " |are—1, wiy, T QL (Th4 [ar, T3) QL (Wi [T, ar) |

(5.51c¢)

where (5.51c) is true because a! is a function of (a1, w?}.,) and thus term involving
can be cancelled in numerator and denominator. We now consider the quantity

P9(a; " a1 wi, )

Pg(a;i‘al:tflv wli:tv .I'i) = Z Pg(a;i7 wﬂﬂaltha wli:tv l‘;) (5523)
= Pwpilav-y, wiy, o) [ [ o (elare-1,wl,)  (5.52b)
wig i
= Z Pg_i (wiilajl!t—l) H gg (CL{ ’a‘ltt—17 w{:t) (5520)
wfz J#i
= P9 (a; |ary_1) (5.52d)

where (5.52¢) follows from Claim 5.3 in Appendix A since wy,! is conditionally indepen-
dent of (w?,,, z!) given ay.; 1 and is only a function of g~*. Since this term does not depend

on z}, it gets cancelled in the final expression of &/,

Zx;‘ 5%(@“%)@2 (le;—&-l |$§7 at)qu (wi+1 |xi+17 at)

ey 2 G Qi(T |, an) Qi (w4 | Ty, a)

iy 2
Tiy1

(5.53)

Thus the claim of the Lemma follows. Based on this claim, we can conclude that

g@i) = Pg(ﬁﬂalzt—l,wi;t) = P<xi|a1:t—17wi:t)' (5.54)
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Also, based on the update of &/ in (5.48), we define an update kernel

Qi(é-ZJrl’fZ’aat) = P(€Z+1|€Z,at) (5.55)
= Z g("”i)@i(xiﬂ |3, at)Qiu(wiJrl |xi+1, at)IF(gg,w;’+1,ag)(§Z+1)

TirTiq1>Weqq

(5.56)
Lemma 5.5. There exists an update function F of 7, independent of v
7T7;£+1 = F(ﬂ-za ’VZ; at) (557)
Proof.
7Tt+1(ft+1)
= P¢<§t+1|a1:t771:t+1) (5.58a)
= PY(&1]ane, 1) (5.58b)
Z& Tt,Tpg1, W41 P’L/) (§t7 Tty Aty Tg1, Wiy, gt—&—l |a1:t—1a 71:75)
= (5.58¢)
th PY(&, aglare—1,71:0)
_ Tieg i, an) (§i1)
>, [T mi(Ei(ailéd)
(5.58d)
ettt st THENG @V (GHED QL (ko ) QL (i h . 1)
Iri Pl L ar <€Z )
- H (N~ | £ P wiy ) Brt] (5.58¢)
i PR AHLHEHI)
=1 &
Thus we have,
N
T = | [ P77 ) (5.58)
i=1
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5.7 Appendix C (Proof of Theorem 5.1)

Proof. We prove (5.24) using induction and from results in Lemma 5.6, 5.7 and 5.8 proved
in Appendix D. For base case att = T,Vi € N, (a1.7_1,wl.p) € Hi, B

B0 il LR (X, Ap)|ay oy, wip} = Vi(pplarr ], &) (5-592)
2 Eﬂé"ﬁ;ii’”;[alﬂﬂfl] {RZ(XT, AT) ’alzT—la wi:T}
(5.59b)

where (5.59a) follows from Lemma 5.8 and (5.59b) follows from Lemma 5.6 in Appendix
D.
Let the induction hypothesis be that for ¢ + 1, Vi € N, (a1, wi,, 1) € Hi,y, B

T
EPr 1ot Hitalatd] { Z R (X, An)|ars, wi, +1}

n=t+1

T
Z Eﬁerl’Tﬁ;'_l?T’qul[al:t] { Z RZ(Xna An)lalzta wi:t-{-l} . (560&)

n=t+1
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Then Vi € N, (ar.—1,wt,) € Hi, 3, we have

T
EB:;%BZgl’ pilatie—1] {Z Rl (Xn, An) ’alztfb wi:t}

n=t
= V(! [are1], &) (5.61a)
S EAS pilanei] { R(Xy, Ae) + Vi (a1 A, ) | @, w;t} (5.61b)
= Eﬁiﬁf’_iyui[au*l] {Ri(Xt, A+
Eﬁtﬂll:Tﬁt‘Llﬂ”MfJfl[al:tihAt] { Z RZ(Xny An) }altt—la At7 w’i:tWti—&-l} |a1:t—17 wi:t}

n=t+1

(5.61c¢)
2 Eﬁfﬂ:yji’“r[alztfl] {Rl(Xt’ At)+

T
B i a1 -1, A i i i i
RPirvrBeinrtialon—1,Ad { E R (XnaAnMal:tfl?Atawl:t? Wt+1} |a1:t1>w1:t}

n=t+1
(5.61d)
— EAPT il TRI(X, A )+
_ , T
Eﬁ;:TB::,;Zﬂﬂal:tl]{ Z Ri(XnaAn)}aflzt—laAt;wi;taWti_;,_l} }a1:t—1,wi;t}
n=t+1
(5.61e)
_ T
— EPirbrr s uilavie-1] {Z RI(X,, A,)|ave1, wi:t} ’ (5.61f)
n=t

where (5.61a) follows from Lemma 5.8, (5.61b) follows from Lemma 5.6, (5.61¢) follows
from Lemma 5.8, (5.61d) follows from induction hypothesis in (5.60a) and (5.61¢) follows
from Lemma 5.7. Moreover, construction of ¢ in (5.20), and consequently definition of 5*
in (5.23a) are pivotal for (5.61¢) to follow from (5.61d).

We note that p* satisfies the consistency condition of [Fudenberg and Tirole, 1991, p.
331] from the fact that (a) for all ¢ and for every common history a;.;—1, all players use
the same belief 1;[a1,_1] on x; and (b) the belief i} can be factorized as u}[a1.,—1] =
Hi]\il 1 [ar—1] Yar,—y € HS where 1" is updated through Bayes’ rule (F) as in Lemma 5.5
in Appendix A.
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5.8 Appendix D

Lemma 5.6. Vt € T,i € N, (a14_1,wt,) € HL, B

Vi larel, §) >
RAC T milorse] {Rz(Xtht) + Vtz+1(F< Hareal, Bt (lari—1, ')’At)’EiH)‘al:t_l’wi‘t} '
(5.62)

Proof. We prove this Lemma by contradiction.

Suppose the claim is not true for ¢. This implies 3i, 37, éiy,_y, 0., such that

B il {RZ(XnAt)JFVtH(F( Hlare], By (lare—1, ), At)aEiH)‘&Lt_thi;t}

> Vi(prlane], &). (5.63)

We will show that this contradicts the definition of V}' in (5.21).
Construct 4 (at|&}) = { Bilailare, di,) & =§

arbltrary otherwise.
Then for CALM,1 ﬁ)i. , We have
y it

V?(H:[dlzt—l]aé:) =

g(l?g) R ClENs: ™" uilarie—1] {R (X, Ay) + V;t+1(F( larga), B (lave-1,-), Ar), Ziyy }ft}
(5.64a)

> EHCIEDS " pilan-i] {RZ(XuAt) + Vi (F(p [avea], B (lave, ), A, By ‘ft}
(5.64b)

= Z {Ri(a:t,at) + V;_l(F(E:[dlzt—l]aﬁ:("dlzt—la')aat)>§§+1)} X

& an,Ee
& @& (Y e ) (& A GED B (g w1, &) Q (€ & ar) (5.640)
= Z {Ri<xt7&t> + ‘/tz_l(F(H:[&lztfl]a6:(("611:1‘/717')7%5)752-5—1)} X

6;1 At 7§t+1

52(5%)5;1(95;1)#:_1 [&1:15—1](ffi)/éf(aﬂdl:t—l? wi:t)ﬁ:7_i(awf_i|d1:t—la 5;2)Q1(5§+1|é§, a)

(5.64d)
= EOA T wilia) [RI(X, A, (5.64¢)

AV (F (g [ara ), B (laraa, ), Ar), Xipo) |are, wi:t} (5.64f)
> Vi (et ara—1), &) (5.64g)
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where (5.64a) follows from the definition of V;* in (5.21), (5.64d) follows from definition
of 4 and (5.64g) follows from (5.63). However this leads to a contradiction.

Lemma5.7. Vi e Nt € T, (a1, w},,.,) € Hi,, and f3;

T
REPurBir ' uilare—1] { Z Ri<Xn7An)}a1:tawi:t+l}

n=t+1

T
= Eﬁf+1mﬂf’+ﬁr#f+ﬂml{ > Ri(Xn,An)\a1;t7wi;t+1}. (5.65)

n=t+1
Thus the above quantities do not depend on ..

Proof. Essentially this claim stands on the fact that u:fli [a1.4] can be updated from
plar—1], B0 and ay, as py o ar] = H#i F(uy ' [ars1], 8", a;) as in Lemma 5.5.
Since the above expectations involve random variables X; 1.7, A;11.7,, We consider

i' *7—1'7 T i
Pﬁt.T/Bt;T Mt[ 1:t ﬂ(l't-‘,—l:Ta (lt+1;T‘a1:t7 wl;t+1)'

i BN T e (
P'Bt.Tth.T i lax:e ﬂ(xtJrl;T, at+1:T}a1:ta wl:t-i—l)

i BT i late— i i
B Pﬂt;Tﬁt;T ,U‘t[ 1:t 1] (at, xt+1> wt-i-l’ a't+1:T7 LBH_Q;T‘CLLt_h wl:t) (5 663_)

; *,—1 % 1 ]
PBirPer 1 [a1:¢—1] (&t, w%-{—l ’alztfb wi:t)

- N7’1

= — 5.66b
DTl ( )

We consider the numerator and the denominator separately. The numerator in (5.66a) is

given by

Nry = Z PPl wilevl (g, & ave—1, wiy) Biatlave—, wiy) B (ay av-1, &)

It:étﬂ

Qu (33t+1 |$t, at)Qi, (wiﬂ |xi+1a at)Pﬂz’Tﬁ;;’ Hilone—] (Clt+1:T7 $t+2:T|G1:t, wi;tH? $t:t+1)

(5.66¢)
= &l o) (&) B (aare1, wi) By (a lav—1, &) Qe ay)
xt,gfi
va(wiﬂ |$i+1a at)PB;“‘TB:ET’”z“[a“} (atprms Teyarr|as, wi:tJrl? Tii1)
(5.66d)

where (5.66d) follows from the fact that probability on (a; 1.7, Zo1s7) given aqy, wi:t 1

. A . o
Tt:iq1, f1f[a1:4-1] depends on a4, Wig1> Tt1s MI+1[alzt] through B, .70, 1.7- Similarly,

the denominator in (5.66a) is given by
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Dry = Z PPurPiir’ s (itaggi‘alttflawli:t)ﬁti(aﬂal:tflawi;t) :’7i(a;i|a1:t717§?{i>

jtvg;iviiﬂ
Q (7 |7, a) Q" (wh |7y, ar) (5.66¢)

= > GENET @ ara)(& B atlav—y, wh) B0 (07 are 1, &)

-
$t7§t L1

Q4|1 a0) Q1 (wi 1|74, @) (5.66f)
By canceling the terms 3;(-) in the numerator and the denominator, (5.66a) is given by

NTQ

1 ) *x*? , * ai. i
E X Pﬁt—Fl.T'BH-LT Hiprlan] (at+1:T7 xt+2:T’a1:t7 Wiih1s xt+1) (566g)
2

where

Nro =Y &le)p Tare] ()87 (07 |av1, & Q@i |20, a0) Q1 (w1, ar)

xe,&; "

(5.66h)
Dro= Y &g @y o) (€ )80 (ay |are—1, § QT4 |%, ar)

- F—i o~
zt7£t Liiq

Qu(wi 1 |T) 1, ar) (5.661)

which can be written as

NT3

@ . *Yi?: b} ¥ a : Z 1
D X Pﬁt-i—l.T'Bt-Q—LT Hipailar t](at+1;T7 Typor|Qre, Wiy, $t+1) (5.66])
3

where
Nry = Z 5;(%)@;(%“@,25, ai)%(ﬂ)&lfﬁu ag) X

I%
> & a6 o a1, & Qe )

ay g
Dry= 3 G@)QL(E %, a)Qulwiy |#,1, ar) x
Y & @E i e (E)80 T (ag a1, &) (5.66K)
j;i’ét—i
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which is equal to

= §t+1(5€t+1)/i:fli[al:t](f;fl)PﬁZ“:Tﬁ:jjT’“;J’l[alzt](at+1:T7 Ti42.T Gl:t>wi:t7$t+1) (5.661)

i *—h Nl 7
— PPirrPiiiir ipalan] (41, Qrsrers Tryaer|ar, why, ), (5.66m)

Lemma5.8. Vi e Nt € T, a1 1 € H, wi, € (W)

T
Vi farg—1], &) = BPerPor uila] {Z R'( X, An)|azi—1, wi;t} : (5.67)

n=t

Proof. We prove the Lemma by induction. For ¢ =T,

BP0l (RI( Xy, Ag)|arg_, whp )

= Z Rz, ar)ér(vr)phlavr—) (&) By (aplavr—1, &) 87 (az'larr—1, &)
x;iaT

(5.682)
= Vi(pilavr), &), (5.68b)

where (5.68b) follows from the definition of V;’ in (5.21) and the definition of 3} in the
forward recursion in (5.23a).
Suppose the claim is true for ¢ + 1, i.e., Vi € N,t € T, (a14, w}, 1) € Hipy

T
‘/;;1(3;1[&1:15]75@1) = EPiirfiivr b o] { Z RY(X,, An)|a1:t,w§:t+1} . (5.69)

n=t+1
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ThenVi € Nt € T, (a14-1,w},) € Hi, we have

T
Eﬂ::”ll“fg::,;z’u; [a1:¢-1] {Z RZ (Xn7 An) ’alit*].? wi:t}

n=t

— RFrfir mila] fRY(X, A+

T
*',i *',71'7 *laq.p— i 7 7 4
EﬁtTﬁtT pylart—1] { E R (Xn, An) ‘al:t,l, At, W1.¢5 WtJrl } ‘al;t,l, wlzt}

n=t+1

(5.70a)
— BPrfir il fRY(X, A+

T
5*’11' 5*’7? s i lare—1,At % % i 7
E t+L T LT t+1[ } R (Xna An) ar:t—1, At> wl;t7 Wt+1 ar:t—1, wl;t

n=t+1

(5.70b)
_ EBrBirt milave—1] { RY(Xe, Ar) + Vi (17 a1 Ad Z) @, wizt} (5.70c)
_ @A wilae] { RY(X,;, Ay) + V;ﬂrl(H;l[al;t_lAt], Ei )| ate-1, wi:t} (5.70d)

= Vi (i lare—1], &), (5.70e)

where (5.70b) follows from Lemma 5.7 in Appendix D, (5.70c) follows from the induction
hypothesis in (5.69), (5.70d) follows because the random variables involved in expectation,
X; ", Ay, X}, donot depend on ;7' 8;7 " and (5.70e) follows from the definition of 3;
in the forward recursion in (5.23a), the definition of y;,, in (5.23b) and the definition of
Vi in (5.21).

5.9 Appendix E (Proof of Lemma 5.3)

Proof. We will prove the result by induction on ¢. The result is vacuously true for 7" + 1.

Suppose it is also true for ¢ + 1, i.e.

() HCHET) = CltT (5.71)

We show that the result holds true for . In the following two cases, we show that if there
exists an element in one set, it also belongs to the other. From the contrapositive of the

statement, if one is empty, so is the other.

Case 1. We prove (Mf)fl(éf”) c covr
Let h§ € (u7)~(Co*T). We will show that h§ € C*7.
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Since h§ € ()~ 1(CT), this implies [h§] € CT. Then by the definition of
Civ1, i, V& € supp(u;*[h]), 0ylp; [h{])(ay|€h) = 1. Since & (xf) = P(xy|hi) Vi,
p PE)(&) = P& IRE) V& and B (ay hi) = 6;[u; (1] (azl€}) by the definition
of 5*, this implies Vi, 3, (ai|hi) = 1, Vhi that are consistent with h¢ and occur

with non-zero probability.

Also since p[hs] € Ci+, this implies F'([u}[h], 0, [ui[h¢]], ar) € CiM by defi-

nition of C;*". Thus yif, ,[h§, a;] € C/47, since it [hS, a;] =
F([u[h], 0:[1;[h¢]], as) by definition. Using the induction hypothesis, (h¢, a;) €
Cit", which implies Vi, 85 (al |h%) = 1, Yn > t + 1,Vh! that are consistent

with (h{, a;) and occur with non-zero probability.
The above two facts conclude that Vi, 3(a’ |h!) = 1, Vn > t,Vh! that are

consistent with h§ and occur with non-zero probability, which implies h§ € C;"*"
by the definition of ;"""

Case 2. We prove (u}) "' (C7) D CT.
Let h$ € C*. We will show that i [h¢] € C*7.

Since h¢ € C7, this implies Vi, 5;" (af|h?) = 1, Vh! that are consistent with h¢
and occur with non-zero probability. Since 3, (a|h!) = 0i[uf[h]](all€)), by the
definition of 5*, where &/ (z}) = P(z}|h}) Vi, this implies Vi, 0} [} [h¢]](a}] &) =
LVE} € supp(p; k), where iy [g] (&) = P (&1h5) V.

Also, since h§ € C;"7, itis implied by the definition of C;*" that (h{, a;) € C, 11"

50t4+1:T

This implies p;, [h{, a;] € C,;7"" by the induction hypothesis. Since, by defini-
tion, pij 4 [f, ar] = F([p; [hg], Oc[si [R5]], av). this implies F([p; [15], 00 [ps; [f]], ar)

e Com".
Since we have shown that Vi, 0} [} [h¢]](a}| &) = 1,VE) € supp(p;[h¢]) and
F([p [R5, 0clpz [hS]), ar) € CioiM7, this implies i [h¢] € Ci*™ by the definition of

~at:T
Ct .

The above two cases complete the induction step.

5.10 Appendix F (Proof of Theorem 5.2)

Proof. We prove this by induction on ¢y. For t5 = T', (5.35) reduces to

Tr(16r) € arg_max B arp(ar|én) (A2 — 1) + M28r" - 1), (5.72)
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and since 7wy € C*, it is easy to verify that 3i.(a?|¢k) = 1, V&L € [0,1] and thus Vi (mp, €4
— (M2 — 1) + X(265 — 1))a’. This establishes the base case.

Now, suppose the claim is true for tg = 7+ 11i.e. if 7.1 € éa, thenVt > 741, m; € ca
and 7, (a'|&}) = 1V € [0, 1]. Moreover, for 7 + 1 < t < T, V" is given by

Vi(m, &) = (T —t+ 1)(A2 — 1) + A2, = 1))’ ¥m € C*. (5.73)
Then if 7, € C%, then % (a’|¢1) = 1 VEL € [0, 1] satisfies (5.35) since,

Vr(l6r) € arg > airi(ab|eh) (A2EE — 1) + A(267 = 1)

+]E’Y7i—(.|£i):y;ijﬂf {VZ-H(F( 7—7:)/7'7 7“7-&-1 ‘fl} (574)
€ arg max Z alyi(alle)(M2€E — 1) + A(26 — 1))

4 LD ,m{(T (A2, — 1) + A2, — ))ai|£i}

(5.75)

€ arg max Z Al (aklEh) (A28 — 1) + A28 — 1))
+ (T = 7)(A2E — 1) + A2 = 1))a’ (5.76)
€ arg max Z iy (al]E)(N2E — 1) + A28 — 1)), (5.77)

where (5.75) follows from the fact that F'(7_,5,,a,) € C® Va,, as shown in Claim 5.4,
and induction hypothesis, (5.76) follows from Claim 5.4 and Claim 5.5, and (5.77) follows
from the fact that the second term does not depend on ~Z(-|£%). This also shows that

Vi 6) = (T — 7+ DA€ — 1) + (267 — 1), (5.78)
which completes the induction step.

Claim 5.4. Mean of the distribution (£, ;(1)), under non-informative 4; of the form
Fi(a'|€i(1)) = 1VE(L) € [0,1], is the same as mean of 7¢(£i(1)), i.e.,

E{=! ,(1)|7}, 4, a'} = B{Zi(1)|x!} (5.79)

122



Proof.

E{EIZE+1<1)|7T27 :YZ? al}

= Y GaF (A, a) (6 (1) (5.80)
&, (1)
B Zg;‘,zi,gg+1(1) §Z+1(1)72'(5;)52(951)%(%|§Z)qu(w§+1 Wa at)IFi(gg,w;’H,at)u)(§f+1(1))
B Yttt THEDEN (@) (a1€))
(5.81)
_Egg,xi,wg’+1,g;’+l(1)§§+1(1)7T§(5f)55< ") Qs (Wi 27, a)[Fz(gt wi,,at) )(§f+1(1)) (5.82)
Zgg’,;pi ™ (&) (27) .
= Y FU& wip, a)(D)m(E)E () Ql, (wiy, |2, ') (5.83)
5% z? w§+1
Qz wt+1|1 a i
Z Z:pl ft (%)@, (wt+1‘l’l at) €t th D@ wtﬂlx a) (5.84)

ft 1

= _&m(&) (5.85)

= E{=;(1)|m} (5.86)
Claim 5.5. For any 7/,

E{=i,(D)I& ) = &) (5.87)

Proof.

E{Eiﬂ(l)\ﬁﬁi}
= Y Ga Mg, oG (D)EE)QL (W |2, ap)vi(ailél)  (5.88)

mi’w§+17a%)£z‘+1(1)

= Z _F"(ézywz‘ﬂ,ai)(l)ﬁz’(xﬂcz;(w;nxﬂai)vﬂai\&z') (5.89)
— Qu(wi 4|1, ay) ;

o Z sz gt IZ Qz (wt+1|$l at t|§t th Q wt+1|x at) (590)
= Z & (MR (W1, )y (ayl€f) (5.91)
= &(1) (5.92)
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