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Abstract: We consider a dynamic game with asymmetric information where each player
privately observes a noisy version of a (hidden) state of the world V, resulting in dependent
private observations. We study the structured perfect Bayesian equilibria (PBEs) that use
private beliefs in their strategies as sufficient statistics for summarizing their observation
history. The main difficulty in finding the appropriate sufficient statistic (state) for the
structured strategies arises from the fact that players need to construct (private) beliefs
on other players’ private beliefs on V, which, in turn, would imply that one needs to
construct an infinite hierarchy of beliefs, thus rendering the problem unsolvable. We
show that this is not the case: each player’s belief on other players’ beliefs on V can be
characterized by her own belief on V and some appropriately defined public belief. We then
specialize this setting to the case of a Linear Quadratic Gaussian (LQG) non-zero-sum game,
and we characterize structured PBEs with linear strategies that can be found through a
backward /forward algorithm akin to dynamic programming for the standard LQG control
problem. Unlike the standard LQG problem, however, some of the required quantities for
the Kalman filter are observation-dependent and, thus, cannot be evaluated offline through
a forward recursion.

Keywords: dynamic games with asymmetric information; perfect Bayesian equilibrium
(PBE); structured equilibria; Linear Quadratic Gaussian (LQG) games

1. Introduction

Dynamic games with asymmetric information play an important role in decision and
control problems, yet there is no general framework to study such games in a tractable man-
ner. The appropriate solution concept for these games is some notion of equilibrium such as
a Bayesian Nash equilibrium, perfect Bayesian equilibrium (PBE), sequential equilibrium,
etc. (Fudenberg & Tirole, 1991a; Osborne & Rubinstein, 1994; Watson, 2017). Due to the
dynamic nature of such games, the players’ histories expand with time, and therefore, the
corresponding strategies have an expanding domain. To mitigate this problem, researchers
have introduced equilibrium concepts that summarize the time-expanding histories into
sufficient statistics. For symmetric information games, Markov perfect equilibria (Maskin
& Tirole, 2001) have been introduced, in which the players’ strategies depend only on
payoff-relevant past events and not the whole history. For asymmetric information games
or control problems, finding the appropriate sufficient statistic is a challenging task, and
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various information structures and corresponding statistics have been considered in the
literature (Mahajan & Nayyar, 2015; Nayyar et al., 2013; Ouyang et al., 2017; Tavafoghi
et al., 2021; Vasal et al., 2019; Yuksel, 2009).

A quantity commonly used as a sufficient statistic is a belief over some unknown
part of the system. The main challenge in this context is the emergence of private beliefs
in sufficient statistics, i.e., the fact that different agents in the system may have different
(private) observations about the same quantity. One way to avoid this problem is to
consider models in which private beliefs either do not exist (symmetric information games
or asymmetric but independent observations (Ouyang et al., 2017; Vasal & Anastasopoulos,
2021; Vasal et al., 2019) or, if they exist, they are not taken into account in the agents’
strategies (see for example the concept of “public perfect equilibrium” (Abreu et al., 1990)).
In order to intuitively explain the conceptual difficulty arising from having private beliefs
in sufficient statistics, consider the following thought process. If a player i acts according to
her private belief ¢ of a hidden variable and expects other players to behave in the same
way, she needs to form a belief over other players’ beliefs to interpret and predict their
actions, and she has to take that belief into account when acting. In other words, she has to
form a belief over (at least) (’,’i for all other users j # i. This is a belief on beliefs, which is
also the private information of user 7, and it has to be taken into account in her strategies.
Due to the symmetry of the information structure, all other players should do the same.
But now, it is clear that user i needs to form beliefs over beliefs over beliefs of other players!
This chain continues as long as this hierarchy of beliefs is private. It stops whenever the
beliefs in one step are public or public functions of previous step beliefs.

In this paper, we study a dynamic game with asymmetric information. We consider
a model with an unknown state of the world V, where each player i has a private noisy
observation X! of it at each time t. The private observations of players are conditionally
independent, given V. We then specialize this setting to the case of a Linear Quadratic
Gaussian (LQG) non-zero-sum game where V is a Gaussian random variable, and players’
observations are generated through a linear Gaussian model from V. Our LOG model
closely follows that of (Vasal & Anastasopoulos, 2021), with one important difference: the
private observations of players in (Vasal & Anastasopoulos, 2021) are independent, where,
in our case, they are dependent through V; in particular, they are conditionally independent,
given V. This model can be thought of as a generalization of the one in (Bikhchandani et al.,
1992), where V models the value of a product (or a technology) and agents receive a noisy
private signal about it and decide whether to adopt it or not, with the important difference
that we allow multiple agents to act simultaneously and, unlike (Bikhchandani et al., 1992),
we also allow them to return to the marketplace at each time instance and receive a new
observation on V. The unique feature of this model is that we consider dependent private
observations between agents in conjunction with strategies with time-invariant domains,
and so, sufficient statistics (beliefs) are defined. As a result, we are forced to deal with
private beliefs, and the aforementioned issue of the infinite sequence of beliefs on beliefs
has to be resolved, which makes this model interesting and challenging.

A real-world application of such a model can be seen in product promotions in social
networks, where there is a product with unknown quality, V, and the users obtain private
noisy observations of the product value (e.g., by receiving free samples or asking around
about the product). Players’ actions relate to how much they want to promote the product
(e.g., by advertising it on social networks or writing online reviews, etc.). Depending on
the reward functions, we can have different types of players. For instance, some of them
may work for a competing company and have malicious intentions toward that product,
while others may have the intention to help the community make more informed decisions
and promote what they think as having good quality. Another example can be a security
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game, where V is the unknown security status of the network, and users make private
observations about V by privately “poking” the system. Players act by trying to use the
system based on their knowledge of its security status (e.g., requesting services or launching
attacks) while, at the same time, learning about the security status. Similarly, we can model
both malicious and non-malicious players by defining appropriate reward functions (e.g.,
non-malicious users utilize the system more if they think it is secure, while malicious ones
utilize it more if they think it is not secure).
In summary, our contributions in this paper are as follows:

e We show that, due to the conditional independence of the private signals, given V, the
private belief chain stops at the second step and players beliefs over others’ beliefs are
public functions of their own beliefs (the first step beliefs).

*  We characterize the structured PBE of the game using private and public beliefs.

¢  For the LQG model, we perform the following:

—  We show that the beliefs are Gaussian and, hence, are represented by their mean
and covariance matrix.

—  We show that the players’ estimation over others’ estimations are public linear
functions of their own estimations.

- We hypothesize (and eventually prove) a structured PBE with strategies for user i
being linear in V/ and the private estimate of V by user i being generated by a
(private) Kalman filter.

- We show that the equilibrium strategies can be characterized by an appropriate
backward sequential decomposition algorithm akin to dynamic programming.

- We demonstrate the requirement to update, in a forward manner, additional
quantities that are observation-dependent (public actions). This precludes offline
evaluation of these forward-updated quantities and necessitates their inclusion
as part of the state of the above-mentioned backward sequential decomposition.

The remaining part of the paper is structured as follows. We provide a literature review
in Section 2. In Section 3, the general model is described. We provide a concrete example
for our model in Section 4. Section 5 is a review of the solution concept that we have
considered in this paper. We develop our main results in Section 6. In Section 7, we describe
the special case of the model, which is an LQG game. We conclude in Section 8. Most of
the proofs of theorems and lemmas are relegated to the appendices at the end of the paper.
Additionally, we provide an example in Appendix H together with numerical results.

2. Literature Review

In order to capture the strategic behavior of agents, dynamic decision problems have
been studied in the context of dynamic games and there is extensive literature on dynamic
games with asymmetric information. In (Basar, 1978), the author considers a delayed
observation sharing model, where all of the previous private observations are shared
with all of the players and the asymmetry of the information is only due to the private
observations at the current time. This specific information structure avoids the private
beliefs in sufficient statistics because they can be formed by augmenting the public belief
by the current private observation. One-step delayed information sharing is also used
in (Altman et al., 2009). Similarly, in (Bikhchandani et al., 1992; Bistritz & Anastasopoulos,
2018; Bistritz et al., 2022; Heydaribeni et al., 2019), there is a public belief that can be
augmented by the players’ static private signals, to form the private beliefs. Authors
in (Gupta et al., 2014) have used the common information approach, which breaks the
history into the common and private parts. The solution concept used is called common
information-based Markov perfect equilibria, which avoids the challenges of asymmetric
information games. Note that in (Gupta et al., 2014), the private part of the history is not
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summarized into any other quantity, and therefore, no private beliefs had to be defined
(this is also true in the approach used in (Ouyang et al., 2017)).

Games with asymmetric information are also studied in the context of hypergames
(Gharesifard & Cortés, 2011). In hypergames, players play different games (in a 1-level
hypergame), and they have different perceptions toward each others” games (in a 2-level
hypergame) and so on. This is similar to the private belief hierarchy that we study in
this paper. However, we study a Bayesian game where, although players have different
perceptions and uncertainty toward other players’ preferences, they are playing the same
game, and we deal with the uncertainty by considering average utility maximizing players.
Furthermore, we do not impose a fixed level on beliefs over beliefs that each player can
have, as opposed to hypergames where the level of the game is a fixed quantity.

There are some previous papers that consider opponent modeling and study the belief
hierarchy. In Wen et al. (2019b), the authors argue that it is beneficial for human agents
to account for how the opponents would react to their future behaviors. They consider
level-1 recursion of beliefs, as they argue that psychologists believe humans tend to reason
on average at one or two levels of recursion. Therefore, each agent tries to learn a joint
distribution over her and the opponent’s actions. This approach is different from our work
in multiple aspects. First, we do not assume that the agents have a predetermined level
of recursion for their belief system. Second, by incorporating appropriate summaries for
the agent’s strategies, the agents’ strategies are tied to each other through these summaries
and therefore, the agents do not need to learn a joint distribution over the entire actions.
Also, in the mentioned work, the history is not accounted for in the strategies, and they
only depend on the latest state. Similarly, the authors of Wen et al. (2019a) study the
belief hierarchy by considering bounded rationality agents that act in level k (k levels of
recursion) and assuming the opponents act in level k — 1. This assumption eliminates the
potential need for an infinite hierarchy of beliefs. We do not impose any constraints on the
rationality of agents and their beliefs toward each other. The authors of Lv et al. (2023) have
accounted for the interaction between the players by proposing a method for opponent
modeling. They use interaction trajectories with the opponent to learn representations
for their policies. However, they do not study any recursive beliefs forming between the
players since the opponent modeling is only performed by the main player.

LQG models have been studied extensively for decision and control problems. In the
simplest instance of a single centralized controller, it is well known that there is separation
of estimation and control, posterior beliefs of the state are Gaussian, a sufficient statistic for
control is the state estimate evaluated by the Kalman filter, the optimal control is linear in
the state estimate, and the required covariance matrices can be calculated offline (Kumar &
Varaiya, 1986). Although it is known that, in general, linear controllers are not optimal in
LQG team problems (Witsenhausen, 1968), as we mentioned, some information structures
have been identified for which linear controllers are shown to be optimal, including the
works with nested information structure (Ho & Chu, 1972), stochastically nested informa-
tion structure (Yuksel, 2009) and partial history sharing information structure (Mahajan
& Nayyar, 2015). Private beliefs do not emerge in these models because of the specific
information structure considered. In the nested information structure, there is no need
to form beliefs to interpret the actions of the predecessors because the decision maker
already knows their information. In the model considered in (Mahajan & Nayyar, 2015), the
decision makers have local memory (not perfect memory), and the authors have not defined
any summaries for the history and, therefore, beliefs and, hence, private beliefs are not
introduced. In (Vasal & Anastasopoulos, 2021), the authors have considered a multi-stage
LQG game and characterized a signaling equilibrium, which is linear in the agents’ private
observations. In addition, a backward sequential decomposition was presented for the
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construction of the equilibrium based on the general development in (Vasal et al., 2019).
In this work, the private observations are independent across agents, and therefore, there
are no private beliefs in the game. This is because a player’s belief over others’ private
observations is independent of her private observation, and hence, the belief is public.

A number of works consider LQG games where information available to some players
is affected by the decisions of others. The works of (Crawford & Sobel, 1982) on strategic
information transmission and (Farokhi et al., 2014) on Gaussian cheap talk consider two-
stage games and focus on Bayesian Nash equilibria. These works, however, consider games
that are not dynamic. This implies that there is no need to search for the sufficient statistics,
and no private belief will be defined. The classic work on Bayesian persuasion (Kamenica &
Gentzkow, 2011), and the related one on strategic deception (Sayin & Basar, 2018) consider
two-stage and multi-stage games, respectively, and focus on (sender preferred) subgame
perfect equilibria owing to the fact that strategies (as opposed to only the actions) of the
sender are observed. Although the authors of (Sayin & Basar, 2018) consider a dynamic
game, they do not summarize the history into time-invariant quantities, and they search
for the strategies over the whole time horizon. Therefore, although the problem becomes
intractable for large time horizons, the issue of private beliefs does not appear.

Notation

We use upper case letters for scalar and vector random variables and lower case letters
for their realizations. We use the notation P(a|b) to denote the probability P(A = a|B = b)
for discrete random variables and to denote f4g(a[b), i.e., the probability density function
of A ata given B = b for continuous random variables. The superscripts in the probability
distributions and expectations, including PP and ES$, indicate the strategy according to
which the probability distributions are defined. We also use subscripts in the expectation
operator as Ef, to indicate the belief according to which the expectation is calculated.
Whenever such a superscript does not exist, this implies that the quantity is strategy-
independent. Bold upper case letters are used to denote matrices. Subscripts denote
time indices, and superscripts represent player identities. The notation —i denotes the set
of all players except i. All vectors are column vectors. The transpose of a matrix A (or
vector) is denoted by A’. We use semicolons “;” for vertical concatenation of matrices (or
vectors). For any vector (or matrix) with time and player indices, ai (or Ai), a; ! denotes the
vertical concatenation of vectors (or matrices) [a}, af, e, a’fl, a’ﬁl, .. .]’ . Further, ali:t means
(aa, aé, .., ai). In general, for any vector with time and player indices, ai, we remove the
superscript to show the vertical concatenation of the whole vectors, and we remove the
subscript to show the set of all vectors for all times. The matrix of all zeros with appropriate
dimensions is denoted by 0, and the identity matrix of appropriate dimensions is denoted
by I. For two matrices A and B, ©(A, B) represents the block diagonal concatenation of

B (it applies for any number of matrices). By (A '), we mean

the block diagonal concatenation of matrices A/ for j € —i. Further, qd(A; B) represents
B’ AB. For the equation | 4; b; ¢ } =A|a; b; c }, the notation (A); ; denotes the
intersection of the rows of A corresponding to 4 and the columns that are multiplied by

. . A
these matrices, i.e., 0

b. Note that both 4 and b are row vectors. We use “ : ” for either of the row or column
subscripts to indicate the whole rows or columns, e.g., (A). , denotes the columns of A that
are multiplied by b. The trace of the matrix A is denoted by tr(A). We use 4(-) for the Dirac
delta function. We denote the normal distribution with mean vector m and covariance
matrix X by N(m, ). We use square brackets for mappings that produce functions, e.g.,
F[a] is a mapping that takes a as its input and produces a function. For any Euclidean set S,
A(S) represents the space of all probability measures on S. We use Supp(c) to denote the
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support of the probability distribution . To keep the expressions of integrals compact, we
drop the infinitesimal variables and only present the integral variables in the integral signs.

3. Model

We consider a discrete time dynamic system with N strategic players in the set
N ={1,2,...,N} over a finite time horizon 7 = {1,2,..., T}. There is a static unknown
state of the world V ~ Qy (+) taking values in the set V. Each player has a private, noisy
observation X! of V at every time step t € 7. At time t, player i takes action A € A, which
is observed publicly by all players. The private observations X are taking values in the set
X', are generated according to the kernel Xi ~ Q¥ (:|V, A;_1), and are independent across
agents given V and A;_1, i.e.,

P(xt]v, ar—1, x1:0-1) = P(xe|v,a-1) = [ Qx(xflv, ar-1). 1
ieN

The kernel Qy and Q¥ are known to all of the players. We assume that players have per-
fect recall, and we can construct the history of the system at time t as h; = (v, X1, a14—1) € Hs
and the information set of player 7 at time f as hi = (xazt,alth) € H; At the end of time
step t, each player i receives the reward ri(v, a;). We assume that the reward functions are
known to all players, but the value of the rewards is not observed by the players until the
end of the time horizon. For technical reasons, we further assume that V is a finite set. This
assumption is relaxed in Section 7 where we discuss the LQG case. We additionally assume
that the QiX (+|-, ) kernel has full support. In the next section, we will present a simplified
2-state model for clarity and to demonstrate a basic application of the model.

Let ¢ = (g!)ie7 be a probabilistic strategy of player i, where gi : Hi — A(AY),
meaning that player i’s action at time ¢ is generated according to the distribution Al ~
gi(-|hi). The strategy profile of all players is denoted by g. For the strategy profile g, player
i’s total expected reward is

T
]i,g = Eg{zri(VrAt)}r (2)
t=1
and her objective is to maximize her total expected reward. In addition, for any information
set hi, the reward-to-go for user i

n=t

i i [T . )
Eif“fﬁf{zr;w,fxn)h;} ®

will be used to test rationality at equilibrium as per the PBE solution concept. Note that the
total expected reward measures the expected reward throughout the entire time horizon
for a specific user and strategy. The reward-to-go, however, measures the expected reward
from time t onward, starting at the information set 1. We note that although the model
studied in this paper consists of a static state, the players’ private observations and their
reward functions are dynamic, and consequently, we do not have a repeated game structure.

4. A Concrete Example: Two States, Two Actions, Two Observations

To clarify the model, we revisit the security game example introduced earlier. In this
scenario, the network’s security status is unknown and denoted by V € V = {5, NS}
(secure/not secure). Users obtain private observations about V by independently “poking”
the system. There are two agents, one benevolent (agent 1) and one malicious (agent 2),
and they interact with the system based on their understanding of its security status while
simultaneously learning about it. Each agent has two possible actions: A' = A = {R, I}
(request/idle). For the benevolent agent, choosing “request” means requesting a service,
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while for the malicious agent, it represents launching an attack. The reward structure
differs for the two agents. The benevolent agent receives a reward, which is defined as
follows:

r1(v,a) = 1) ("Mlo=s) = 121 (y—Ns,2=R) ~ ©)-

For malicious agents, the reward is the following:

1’2(?), at) = l(asz) (rzl(v:NS,a}:R) — 7‘11(025) — C).

These reward functions represent the preferences of the two types of agents. The malicious
agent gains a reward of rp when launching an attack on an insecure system that is providing
service to the benevolent agent but incurs a cost ¢ for the attempt. If the system is secure,
she instead pays the cost of 1. In contrast, the benevolent agent’s reward is the negative of
the malicious agent’s reward, except for the service cost ¢, which she must also pay.

Agents receive private observations about the system’s security status when they
request access. The observation space is X' = X = 1, where the observation X! deviates
from the true security status v with a probability of 0.1 when ai = R. However, when
agents remain idle (ai = I), their observations are less informative and Xi deviates from
the true security status v with a probability of 0.4 when a} = I.

5. Solution Concept

We can model the considered system as a dynamic game with asymmetric information,
and an appropriate solution concept for such games is a PBE. A PBE consists of a pair
(g, 1) (an assessment) of strategy profile ¢ = (gi);c7 icnr and belief system p = (i) ieTicn
where pi : Hi — A(H;) satisfies Bayesian updating and sequential rationality holds.
Bayesian updating includes both on- and off-equilibrium histories'. This condition requires
the beliefs to be Bayesian updated, if possible, given any history, whether that history
is on equilibrium or off equilibrium (Fudenberg & Tirole, 1991b; Watson, 2017). To be
more specific, given an information set ki, which could be on or off equilibrium, and
the realizations at time ¢, i.e., a;, xi Y the beliefs should be updated according to Bayes
rule if P&(as, x, 1|h}) > 0. Otherwise, the beliefs could be updated arbitrarily as long
as certain conditions are satisfied (Fudenberg & Tirole, 1991a; Watson, 2017). For any
i€ N, teT,hiecHti,g, sequential rationality imposes the following condition for the
strategy profile g and belief system p:

.o (T ‘ R O .
ESiriT { YV, Ay) h;} > Eﬁgfg”{ Y (v, An)|h§}. 4)

n=t n=t

Sequential rationality ensures that at each information set /i, each player’s action is a
best response to the strategy of others. This is formulated in Equation (4), where g is the
equilibrium strategy profile and §' is any other strategy of player i. The inequality indicates
that player i gains more by playing ¢’ compared to §'.

We note that a PBE is not the only type of equilibrium that can be employed in
this setting. Refinements of a PBE, including trembling hand equilibrium and sequential
equilibrium (Bielefeld, 1988; Kreps & Wilson, 1982), can also be considered. On the other
hand, Bayes correlated equilibria (Bergemann & Morris, 2011), or their extensions to
extensive-form games (Von Stengel & Forges, 2008), may be a potential alternative; their
complexity, however, can be much higher than the studied PBEs for games with long
time horizons.



Games 2025, 16, 12

8 of 37

6. Structured PBE

The domain of the strategies gi(hi), i.e., Hi, is expanding in time. Finding such
strategies is complicated, with the complexity growing exponentially with the time hori-
zon. For this reason, we consider summaries for hi S ’H’;, ie., S(hi), with time-invariant
ranges (Tavafoghi et al., 2021). Notice that /i itself is changing with time and therefore,
the summary S(h!) is also changing. However, the range of 1., i.e., H!, is expanding by
time while the range of S(hi) is time-invariant. We are interested in PBEs with strategies
that are functions of ki only through the summaries S(hi). We denote these strategies by
$i(S(hi)) = gi(hi). These PBEs are called structured PBEs (Vasal et al., 2019). Since the
range of summaries does not grow in time, finding such structured PBEs is less complicated
than a general PBE. According to (Vasal et al., 2019), we can show that, under certain
conditions, players can guarantee the same rewards by playing structured strategies com-
pared to the general non-structured ones. In dynamic games with asymmetric information,
summaries are usually the belief of players over the unknown variables of the game. In the
following, we will define certain such beliefs, we will then study their updates, and finally,
we will use them to construct the belief system for our proposed PBE.

Define the private beliefs ¢i(v) € A(V) as |V|-dimensional distributions over the
unknown state of the world V:

Gi(v) = P (olh}) = P (0]xhy, av1)- ()
We further define the conditional public belief over the private beliefs as follows”

i (Gelv) = PE(Gelv, a1:4-1)- (6)

Lemma 1 (Conditional Independence of Private Beliefs). We have the following result for the
conditional public belief

m(&elo) = [T mi(Elo), (7)
ieN

where 1ti(&i|v) = P(&l|v, a14_1). Similarly, we have

P8 (x140,a14-1) = [ ] PE(x4lo, a1:-1). 8)

ieN
Proof. See Appendix B. [

Note that this conditional independence holds regardless of the strategy profiles g.
Using this result, and with a slight abuse of notation®, we can summarize the conditional
public belief into the vector 71; = [ntl,. .y nf’ |. We also note that the conditional public
belief is by definition a public quantity, which means that it is a common quantity between
the agents.

As mentioned earlier, we are interested in strategies that depend on ki only through
the summaries S(h), where we define the summary to be S(hi) = (&, ;). We further
decompose i (¢, 7r;) into partial strategies of v} and 8! as follows. We define (&, 7r;) =
vi(&l), where 7! = 0i[rr;]. We will prove that such structured strategies form a PBE of the
game. It should be clear that with the above decomposition of the strategy ! into partial
strategies 7} and the strategy 6!, designing strategies ¢! is equivalent to designing 6. This
strategy decomposition is based on the “common information” approach (Nayyar et al.,
2013), which has been widely used in the control and game theory literature. The basic
idea behind this decomposition is that a strategy (&, 71;) depending on two pieces of
information (public, 7t; and private, &) can always be thought of as a two-step process.
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In the first step, based on the public information, 71;, a “prescription” (partial function),
vl : A(V) — A(A) is generated based on the mapping i = 6i[m;]. This prescription
dictates how, in the second step, the private information §§ will be translated into an action
through A} ~ 7;(:[Z})-

6.1. Belief Update

In this subsection, we present two lemmas regarding the beliefs and their update rules.

Lemma 2. The private beliefs can be updated as ‘:iﬂ = [i [éi, n;i, ’y[i,at, xi+1}' where F' is
defined through

§t( )QX xt+1‘v at (H/ t|5])>

jE—1

Craa(0) = Pl v e X ] (0) = : (%)
ZC (9) QX xt+1|v a (H/ 7Tt §]|v (at|€])>
je—i
for all v, if the denominator is non-zero. Otherwise, we define the update rule as
G@Qxtaloa) | TT [ l@lonlaieh | TT v
JEN (0)\i 5t jE—I\Nt(v) (9b)

za%ﬁ)czé((xim,at)( 1§ G f;|c{>)( H()uf(a{))

jeNi (o) je—i\N; (o

where we define the set Nt (v) to be the set of players j € N for which we have f j nt §] |v)y ( t|§] ) >

0, and u/(-) is an open-loop uniform strategy over the set A,

Proof. See Appendix C. O

Observe that this update depends on the strategy profile i only through the partial
function 7y, i ie., itis independent of the strategy 6. The update rule for the zero denomina-
tor is defined so that the above update rule is valid for both on- and off-equilibrium paths.
Although the off-equilibrium updates may seem arbitrary, they follow the constraints posed
in (Fudenberg & Tirole, 1991a; Watson, 2017). We provide an extensive justification of these
choices in the discussion in Section 6.2.

Lemma 3. The conditional public beliefs can be updated as rri = EL[rt, vt,a¢], where FL is
defined through

71 (8h1]0) =Filme, v, ad (&4 |0) = (10)

L G @D Q (el a) 0@k~ P 77 a0 )

i1
[, miElovitaiiE)
t

7

if we have fé?f (& o)y (allE) > 0 (i € Ni(v)), and otherwise (i ¢ Ny (v)), it is defined as

741 (Ehia|0) = /é i (610) Qx (%4110, a0)6 (G 1 — F[GH 71 'y ' ar xiiq])  (10D)

%41

forall vand (;‘iﬂ.
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”§+1(§§+1|U =S5)=

Proof. See Appendix D. [

Similarly to the previous lemma, this update depends on the strategy profile ¢ only
through the partial function v, i.e., it is independent of the strategy 6. The second update
equation is defined so that the above update rule is valid for both on- and off-equilibrium
paths. Extensive discussion about these choices is provided in Section 6.2. We use the
notation 71,11 = Fx[7t, 4, a¢] to denote the update function of the vector of conditional
public beliefs.

Next, we specialize the lemmas of this section to the example of Section 4. Since we
only have two values for V, the private belief & can be simplified to a real number in [0-1]:

& =P8(V =S|hi) =P8(V = S|x},;, a14-1), (11)

where clearly P§(V = NS|hi) = 1 — ¢i. Additionally, the private belief ¢! is updated as
follows. If xi = S and ai = R, then for the on equilibrium paths we have

B L P P P I
09g; [, m(&is)ritalich

&= . (12)

Corl P L X 1 .. ...
09g; [, mElisimtalleh +010—¢) [, ml(EINS)i(alle)

and similarly, for the private observation xi = NS, we can write

N L PPy P
018} [, m(&Is)ni(alich

Ciﬂz s o . 1 . P (13)
018} [, m(&Is)nitalich +090~h) [, A(EHINS)vi(elich
t— t—
Similarly, for x} = S and a} = I, we have
| 068 [, m(&ls)ritalich
Ciy1 = —— (14)

068} [, mEIS)mitelich +040~) [, H(EHINS)v(elich
[ [
The case of x; = NS and 4} = I can be similarly derived, and we have skipped it here. It is
clear from the above equations that any private observation that an agent receives when
she is requesting has a much higher impact on the private belief &, and it can motivate her
not to be idle all the time.
The conditional public belief for v = S and a; = R will also be updated as follows.

/;;i , 097 (Gilo = S)vi(@ileh)o (Ghea— F'lSh ", v ot X140 = )

=

+ /gi_o 0175 (Gilo = S)7i(at|g)d (= F'ICH 7t v, s ar, X g = NSJ)
— t—

T o ‘ (15)
[, wi(@lo = $)1iaild)

6 =0

and the other cases can similarly be derived, which we have skipped here. The update
equation above accounts for the various scenarios in which an agent may arrive at the
private belief ¢! 1
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6.2. Belief System

We now construct the belief system, ¢ = (yi)ic7 e, based on the defined pri-
vate beliefs and conditional public beliefs. Clearly, although ui : Hi — A(H;), since
W = (xi:t, a1.4—1) and hy = (v, 1., 41.4—1) we only need to consider beliefs on (v, x;;), ie.,
it is sufficient to consider beliefs with ui : Hi — A(V x (X~7)!). However, because of
the structure of the equilibrium strategies (recall that we seek equilibria with strategies
of the form Al ~ yi(-|¢i, 71;)) and anticipating the proof of Theorem 1, we realize that
the only beliefs that players need to keep track of to ensure individual rationality are
the private beliefs on the state of the world, v, and on the private beliefs of other users,
¢ i, In other words, it is sufficient to consider beliefs pi o HE— AV x A(V)N71), which
can be evaluated by the private belief ¢ and the public belief 7r; defined earlier. Thus,
we construct the belief system y as pi(hi)(v,& ") = & (v)m; (& |v). This construction
explains, in retrospect, why we chose these two types of beliefs and conditional beliefs
in the first place. In Appendix A, we provide a discussion on the off-equilibrium belief
updates that were presented in Section 6.1.

6.3. Discussion on Belief Hierarchy

As we mentioned before, the summaries that we consider for the history are the beliefs
introduced in this section. These summaries, however, include private beliefs, Ci. One may
wonder how we resolved the issue with the chain of private beliefs that was discussed in
the Introduction. In other words, how did we resolve the issue of possibly requiring an
infinite hierarchy of beliefs on beliefs? In the previous development, we actually proved
that this chain stops at the second step. To see this, consider the introduction of private
beliefs over others’ private beliefs, i.e., P(&; '|h}). The results of Lemma 1 show that

8 —1|7,0\ 8 —1 i ,.—i —1 i i
PG = X [ B @ o S (o S ol
(”:> Z/* ]Pi[ (gt_ih}’ a1:4-1, xig)Pgi (xl_:ﬂvr al:t—l)Pgi (U‘h;)
v Jxpp M P Hi
= LB (& lo, a1 ) (o))
v
=Y (& )G (o), (16)

where (a) is due to the definition of the private beliefs and (8). The above implies that these
beliefs can be evaluated by the public information, 77;, and the first order private beliefs (ﬂ.
This is the exact reason why 71;(&¢|v) was defined.

6.4. Equilibrium

In this subsection, we will show that structured strategies of the form i (-|&}), where
vt = 6i[m], together with the belief system y, form a structured PBE of the game. The fol-
lowing theorem formalizes this result and presents the fixed point equation characterizing
the equilibrium strategies.

Theorem 1. The strategy profile v} = 0:[71;], together with the belief system y for t € T, form a
structured PBE of the game, where v} is characterized by the following fixed point equation. For all
ieNandteT,
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7 (|gh) € arg max BT [il(m, &, A)
riclE) H
+ ];‘+1 (Fn[ﬂt, ’y;.‘k/ At]/ Fi [gff/ 7T, ’)/;k,il/ At, Xi‘l‘l})) | T, g;]/ (173)
Jitrm, &) = max BN f (e, &, AY)
ricle) M

+ Jir (el ok, Ad, FIEL v AL X))l 6, (170)
where, 77y, &, al) = E;’%’ﬁﬁ [ri(V, Ap) |7ty &1, 0] and we set ]iT+1(~, ) =0.

Proof. See Appendix E. O

We remark here that in Equation (17), the update rule of the public belief 71; is using the
equilibrium strategies 7} and therefore, for each time instance ¢, the collection of equations
of the form (17a) for all i € A constitutes a fixed point equation over the strategy profile
¢ - The reason for this is that in characterizing a PBE, one needs to fix the belief structure
and then find the equilibrium strategies corresponding to those beliefs. On the other hand,
the beliefs have to be consistent with the equilibrium strategies. This creates a fixed point
equation over v *. Furthermore, the above equation has to be solved simultaneously
for all i € N, thus creating the fixed point equation over the strategy ;. Notice that
Equation (17) is a general formulation for finding a structured PBE in dynamic games with
the information structure considered in this paper. All such PBEs satisfy this equation,
and any solution of this equation, if a solution exists, is a structured PBE. An interesting
question is the existence of a solution to (17). We first mention that existence results are
very scarce in the literature for asymmetric information dynamic games. In (Ouyang
et al., 2017; Tavafoghi Jahromi, 2017; Vasal & Anastasopoulos, 2021; Vasal et al., 2019)
existence is discussed under several simplifying assumptions. In fact, (Tang et al., 2022)
showed a counter-example where such a structured equilibrium may not exist in the case of
independent types. To this date the general question of existence in general dynamic games
with asymmetric information is unresolved even for the independent-types case. The
numerical results presented in Appendix H provide positive evidence toward existence.

7. LQG Model

In this section, we study a specific instance of the model discussed so far, which is
the case where the unknown state of the world, V, is a Gaussian random variable, the
private observation kernels are linear and Gaussian, and the instantaneous reward is
quadratic. Therefore, we have an LQG model. The motivation for studying this model
stems from the general development in the previous section. In particular, we required that
equilibrium strategies be generated based on private beliefs and public beliefs on beliefs. In
the LQG setting these beliefs can be greatly simplified, thus enabling us to more succinctly
characterize the equilibrium strategies discussed in the previous section.

In this model, we consider an unknown state of the world V ~ N(0, X) with size N,.
Each player has a private noisy observation Xi of V at every time step t € T

xp = v+ wj, (18)

where W} ~ N(0, Q') and all of the noise random vectors W} are independent across i and
t and also independent of V. The values of X and Q/, Vi € N are common knowledge
between players. Note that in order to maintain the linearity of private observations, we
have considered uncontrolled private observations, unlike the general model in the first
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part of the paper. More discussion on this matter can be found in Section 7.3. We have
ai € A" = RN, The instantaneous reward* is given by

1 / / 1
ri(v,a) = [ v a4 }Rt o

1 = qd(R};

’ ]), (19)
t

where R is a symmetric negative definite matrix of appropriate dimensions. Note that
unlike the general case described in the first part of the paper, where V was a finite set,
in the LQG case, the state V is a real vector. This, however, does not pose any technical
issues. Indeed, the belief ¢ is now interpreted as a posterior probability density function
of V. In addition, as we will see in Theorem 2, these beliefs are Gaussian under the
equilibrium strategies of interest to us, and so they can be parameterized by the conditional
mean vector (the covariance matrix can be publicly evaluated). Thus, the beliefs 77 can
be defined as posterior probability density functions on the mean vector, and so they are
well-defined quantities.

7.1. Equilibrium Beliefs

In this setting, we will show that under linear equilibrium strategies, the private
beliefs ¢i are Gaussian, and since any Gaussian belief can be expressed in terms of its mean
and covariance matrix, we define the summaries such that they include the mean and
covariance matrices of the beliefs of the players over V. The mean of each player’s belief,
i.e., her estimate of V, will be her private information. The covariance matrix, however, can
be calculated publicly. We define the private estimate of players over V as follows. For all

ieN,teT,
0, = E[V|K] = B[V|x].,, a1, 1]. (20)

Since the private beliefs can be expressed in terms of their means and covariance matrices,
and since the covariance matrices are publicly calculated, the conditional public belief
7t (Z1|v) is equivalent to a belief over the private estimates, 9%, denoted by 7! (%i|v). We will
see in Theorem 2 that under linear strategies, 77;(9}|v) is also Gaussian and, therefore, can
be expressed by its mean and covariance matrices. In addition, its mean is shown to be a
linear function of v.

Based on the above discussion, the summary for hi that we use in our structured
equilibria is defined as S(hi) = (¢!, P(hi)), where P(h}) is the public summary for ki and it
includes the covariance matrix of player i’s belief over V and some other needed quantities
that will be subsequently defined. We are interested in equilibria with strategies of the
form Al ~ i(-|6l, P(h)) = 7i(-|0L), whgre "yi = 9§[P(h§)} I‘n‘partic‘:ular, we want to prove
that pure linear strategies of the form v (a}|9}) = d(a} — L9} — m}), where Lj and m} are
matrices with appropriate dimensions and are functions of P(h.), form a PBE of the game.

In the next theorem, we show that when linear strategies are employed, the private
and conditional public beliefs are Gaussian.

Theorem 2. Assuming pure linear strategies of the form «i(a}|6}) = 8(al — Lot —m}), Vt € T
and Vi € N, the private belief &} on V is Gaussian N(0}, %), where 0} is the private estimate
of player i of V and X is the corresponding covariance matrix, which can be evaluated publicly.
Consequently, the public belief ti(&}|v) can be reduced to a belief 7ti(6i|v). Furthermore, rti(6i|v)
is Gaussian with mean Eiv + f}, where matrices Ei, f! can be evaluated publicly.

Proof. See Appendix F. [
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In the following, we summarize the parameters needed to update each of the quantities
introduced in the proof of Theorem 2, and we introduce update functions for each one.

i1 = Fs(04, By By fy L Lm0y xi ) (21a)
iy = Fyi (B L) (21b)
Ziore1 = Fe(Zeqape B Le) (21c)
i‘t+2|t+1 = Fi}(i‘t+l|t/ Zt+1\tf E;, L) (21d)
Ei1 = Fe(EL Zypq)p Zy g L) (21e)
fev1 = Fr(fo, Zo iy Zypapp Be Le,my, ay), (211)

where F; is defined in (A19), Fy; and Fy, are defined in (A21), Fy; is defined in (A29), and
Fg and Fy are defined in (A28). Equations (21a) and (21b) correspond to the private belief
update and are similar in structure to the update function F* of ¢} in Lemma 2 for the
general case. The remaining update functions correspond to the public belief update F;; in
Lemma 3 for the general case.

Note that according to the above equations, the quantities X, |, X, +1|» B¢ are updated
recursively using the strategy matrices L;. Hence, if one knows the strategies, one can
calculate these quantities offline for the entire time horizon of the game. However, the
quantity fy is updated using the strategy matrices L; and vectors m as well as the realized
actions a;, and therefore, they cannot be evaluated offline.

Note that in the LQG case, due to the beliefs being Gaussian and with the considered
linear strategies, deviations of players are never detected (all actions have a positive
probability of happening), and therefore, the off-equilibrium update rules defined in
Lemmas 2 and 3 will not be used.

7.2. Linear Structured PBE

In this section, we show that, indeed, linear strategies of the form ai = Lii + m!
can form an equilibrium and provide a methodology to find the quantities L and .. In
order to characterize the structured equilibria, we need to define P(h}) in the summaries
S(hi) = (i, P(hi)). We see four public quantities, Tyt )it+1|t, E;, and f; in (21). With
some abuse of notation, we define &; = [Z;,q);, fltﬂ‘t}. We will show that P(hi) can be
defined as the tuple (X, E;, f;). Note that E; and f; correspond to the conditional public
belief 77; in the first part of the paper. The covariance matrices Z; 1; and %, 41| represent
the covariance matrices of the private and conditional public beliefs. This implies that by
having the tuple (z?zt, L+, Ey, fi), we have a full characterization of the private and conditional
public beliefs, and therefore, we have the summaries for the LQG game. Therefore, we
consider strategies of the form 1;];( |z§§, Z, B, ft) = ’y;( |73’t) In particular, we will show that
linear strategies of the form i(-|6) = d(al — Li6i — mi), where L; and m; are derived from
(X¢, Ey, ft), are the PBEs of the game.

Theorem 3. The strategy profile Yi(-|61, Ly, By, fr) = 7i(-|6}) Vi € N where «i(al|t}) =
S(al — Lol — ml), together with the corresponding Gaussian beliefs derived in Theorem 2, form a
structured PBE of the game. The strategy matrices Ly and vectors my are constructed throughout
the proof.

Proof. See Appendix G. O
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One important result from the proof of Theorem 3 is that the reward-to-go,
Ji(6i, ¢, By, ft), is quadratic with respect to ¢} and f;, which are the only quantities in
the summary that can not be evaluated offline, i.e., we have

Al

i (A i.| Y
Ji (61, Z¢, By, fr) = qd( t?l !

f + ol (22)

Therefore, if we have the quantities Zi, zi’ , and oi, we can evaluate the reward-to-go for
every value of 9! and f;.

In the following, we propose a backward algorithm that evaluates the quantities Z:,
zi, and oi as well as the strategy matrices L;, M; and vectors 77; (we have mi = M; fr+ ﬁlf;,
according to the proof of Theorem 3) as functions of (X, E;). Before stating the algorithm,
we define the following functions.

L; = gr+ (Xt Er) (23a)
M; = gm(Z4, Et) (23b)
1y = gm (L, Er) (23¢)
Z; = Yz, (X4, Ey) (23d)
zp = Po (X4, Ep) (23e)
0t = Yo, (Lt Er), (23f)

where the first three functions are defined in Equation (A42) and the rest are defined in
Equation (A44).
Backward Algorithm (Offline)

1. Sett=T.SetZry1 = ¥z111(E741,Er41) = 0, 2701 = ¥, 741(E741, Ery1) = 0and
or41 = $z,74+1(E1 41, Er41) = 0 for every E7, 1, Ery 1.

2. Calculate Lt = gL,t(Zt/ Et), Mt = gM,t(Ztr Et), my = gm,t(zt, Et), and Zt = ly’)Z,t():‘t/ Et)
for every L, E; and the corresponding 9z.1(+,-) according to Equations (A42)
and (A44).

3. Sett=t-—-1

4. Ift >1,go tostep 2. Else stop.

Using the functions defined above, one can run the following forward algorithm to
find the strategy matrices L;, M; and vectors 77; and the quantities Zi, zi’ , and oi.
Forward Algorithm (Offline)

1. Sett=1.
Initialize the value of X1 and E; using Lemma Al.

3. Using X; and E;, find Ly, My, 1;, and the quantities Zi, zi’, and oi according to
Equation (23).

4. Using X, E;, and Ly, calculate X;, 1 and E; 1 according to Equation (21).

5. Sett=t+1.

6. Ift <T,go to step 3. Else stop.

7.3. Model Extensions

In this section, we investigate alternative models that can be studied with the methodol-
ogy introduced in this paper, and we explain how the results can be extended to such models.

As it is clear in Equation (18), in the LQG model considered in this paper, the private
observations are not controlled by the actions, unlike the general model of the first part
of the paper. If we were to add control actions to Equation (18), in order to maintain
linearity, we would have added a term such as Béat and therefore, Equation (18) would
have looked like xi = v + wi + Bia;. Since the actions are publicly observed, the amount of
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information that player i extracts from V remains the same with or without the term Bia;.
Hence, because the private observations serve only as measurements of V, adding control
to Equation (18) does not make any difference in the results.
Controlled private observations could make a difference in the LQG model if the
private observations could affect the instantaneous rewards. That is, if the reward was
v
ri(v,a,xt) = qd(R}; | a; |). Note that the amount of information that x conveys about
X
V is still the same as in the uncontrolled case. We can show that results similar to all of the
ones in this paper will hold for this model with controlled private observations and this
type of instantaneous reward. Note that in this case, the strategies would be linear in both
the private estimation and the latest private observation.
We can also extend our results of the first part of the paper (the general model) to
a model with the instantaneous reward being in the form of ri(v,at, x’t) In this case, xi
should be added to the summaries, and the results will hold.

8. Conclusions

In this paper, we studied a dynamic game with asymmetric information and dependent
types and we characterized the structured perfect Bayesian equilibria of the game. We
also studied a special case of our model, which was a Linear Quadratic Gaussian (LQG)
non-zero-sum game, and we characterized linear structured perfect Bayesian equilibria
for the game. One of the important points that we made in this paper was that, due to the
conditional independence of the private signals, the private belief chain stops at the second
step, and players’ beliefs over others’ beliefs are public functions of their own beliefs. We
further proved that these beliefs are Gaussian in the LQG case.

A future direction for this research would be to investigate the models with the same
interesting features for beliefs as we did in this paper. That is, the models for which the
private belief chain stops at two or any other given number of steps. Another important
future direction is to investigate the existence conditions for the solution of fixed point
equations presented in this paper.
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Appendix A. Discussion on the Off-Equilibrium Beliefs

Here, we provide a discussion on the off-equilibrium beliefs and provide justifications
of their update rules defined in Section 6.1. We note that in a game with asymmetric
information, there is a question regarding objective vs subjective beliefs. The objective
beliefs are the true beliefs that players have, and the subjective beliefs are the beliefs
updated according to the specified rules. A distinction might potentially arise when a
player deviates from the equilibrium strategies. We note that with the defined private and
conditionally public beliefs, a mismatch between subjective and objective beliefs will not
happen. In the following we provide a detailed explanation of why this is true.
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(Gt v)

=P8 (Ct|v,a1:4-1) =

First, since the deviation of a player will not affect the update rule of her private belief
(her own strategy does not appear there), the private belief of a player is the same whether
she deviates or not. In addition, when player i detects a deviation from some other player j,
she will use an open-loop uniform strategy for player j to update her private belief, and this
is consistent with what player i knows (she does not know anything about the deviating
strategy, so she will not infer any information from player j’s action). This construction
is consistent with the rules stated in (Fudenberg & Tirole, 1991a; Tavafoghi et al., 2018;
Watson, 2017).

Second, regarding the conditional public belief, we need to note that this belief is used
by a given player i to form a probability distribution on what others’ private beliefs are
and to infer how others think about player i’s private belief. Therefore, as long as players
know how all of the players are updating the conditional public belief and follow the same
rule, they can all use conditional public belief to obtain true information about the others’
private beliefs and how others think about their private beliefs. The reason that all players
will use the same update rule for this belief is that, as mentioned, this belief is used to
know how others think. So if a player deviates, she will update this belief exactly the same
way that other players would update it based on whether or not the deviation is detected
by others (for details on when the deviation is detected, see the proof of Lemmas 2 and 3).
Consequently, if a deviation is detected by others, we use open-loop strategies for deviating
players to not interpret any signals from the deviation because the deviation strategy is not
known. This update rule will ensure that all players agree on the conditional public belief
(subjectively and objectively). Our belief update rules and the use of open-loop strategies
are consistent with the rules stated in (Fudenberg & Tirole, 1991a; Tavafoghi et al., 2018).

Appendix B. Proof of Lemma 1

fxu P& (x1.t, Ct, A1:4—1|0)
fxl:t P8 (x1., a1:4—1|0)

-1 o o o
/ Il H Q¥ (x5|v, as 1) P8 (ag|x.g, a1:s—1) Qx (xt]v, ar—1)PE(Ch X1y, A1:4-1)
Xt je N s=

=1 o o
/x HHQlX(x;|v/asfl)]P)g(a;|xll:sraltsfl)QlX(varat*O

Lt ieN s=

HQX (x50, 251 )P (a5 |3, A1:5-1) Ql (x40, 31 )PE (|31, a14-1)

. X5
ieN
- /, HQX 0,0, 1P (@] a1s1) Qi (0, 20-1)
1:t s=
_ w — TT B8(&ilo, a141)
ieN Pg(al:t—l‘ ieN

[1 7). (A1)

The second part of the theorem is similarly proved as follows.
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P8 (x1.¢, a1:4—1|0)
]Pg(alzt—1|v)

t=1 ) o ) )
I1 H Qi (x5]v, a5—1) P8 (ag|x.g, a1:-1) Qx (x40, a11)
ieN s=

/ HHQX 0,851 )P (0t 10-1) Qe (10, 011)

Lt jeN s=
t—1

[T T Qk(xtlo, as—1)P8 (af|x}, a1:5-1) Q (xil0, a-1)

P8 (x1:¢|v, a1:4-1) =

QIX('x; |UI aS—l)Pg(aé |x§_:s/ al:s—l)QiX(xi |U/ at—l)

]P’g(xl:t, ay:t—1 |U)

=11 = [T P8(xllars—1,0). (A2)

ieN ]P)g(alltflhj) ieN

Appendix C. Proof of Lemma 2

Using Bayes’ rule, we have

Pg(v, xi+1/ az |x§;tl al:t—l)
]P’g(x;+1, ag |xll:t’ al:t*l)
o 0 08 )

Lo fé’t‘i P8 (0, x{ a1, ' [xdy, ar1)

/g PS (0], arg—1)PE (&5 [0, a14-1)

t

5i+1(”) = Pg(v|x§:t+1,a1:t) =

Pg(at|§;i/ o, xa;t/al:tfl)Qg((xiJr]’U/at)
Z/é,_,- P8 (5xy, a1.—1) P8 (& |6, a14-1)
0 t
Pg(at|€;i/ ﬁ/ xé'tl al't—l)QiX(xiﬁ-lhj at)

/571. &(o )QX(xt+1|v,at i (& o) H’)’Z “t“:]

—
=2
=

L [ S0k tialo.a a;wﬁ [ i)

Qk(xtaloa) IT [, d@om@lch

© i (A3)

th (9) QX xt+1|v at) H/ 7Tt §]|U t|€])

JE—1

where (a) follows from the conditional independence of the private observations and the
definition of the kernel Qi. We then substitute the definitions of the private and public
beliefs, along with the strategies 'y{ in (b). Finally, (c) holds by factoring out the terms that
are independent of the integrand from the integral.

The above equation is only valid if the denominator is not zero. If the denominator
is zero, it means that we have f j 7l (;"] |v)'yt(at|§] ) = 0 for some 7 and some j. As stated
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in the lemma, the set of such j is denoted by V(). For such cases, user i uses open-loop
uniform strategies, denoted by u/(a}), instead of 'y[( t|§] ). The reason for using an open-
loop uniform strategy for player j is that the deviating strategy of player j is unknown to
player i and thus, she uses an open-loop uniform strategy to not interpret any signal from
player j. Therefore, for the cases with zero denominator, the update rule will then change
to the following

wmmmmm(rlﬁﬂ@mwmg(IIuwﬁ
)/i7 6

jEN:(v) /i je—i/Ni(v)

&alo) = (A4)

JEN( je—i/Ni(9)

zﬂmmmmm(fRé wwamj(IIuwQ

Appendix D. Proof of Lemma 3

Using Bayes’ rule, we have
féf, X €t+1'§ffxt+1/‘1t|7f ars-1)
fgt P& (Ct, at|v, a1.4—1)

/g; - PE(Gt|o a1 1) PR (ar|Gr, v 1) PR (xf 10, 00)8(8h g — FIEL 1 vy ae x4 ])

tXegn

7T£+1(‘§i+1|7’) = Pg(€£+llvral:t)

t

4 T 7o)y (alleh) Qi (xi 1|0, a)8(ELy — FIIE, 70 v ae, % 4])

AWWWHWWWMJ

(a) EXp 4 jeN
[, TLmi@lo)iaie)
f]E/\/
[T, hchordaieh [, , o Qitdala)
j#i gt'xwrl
©) (€i+1 —F[g, v, xi-s—l])

I1 [, welemlie)

/if7ﬁ@ﬂ®vk4@ﬂ@&uaqwauﬂd+y—Pwanﬁxnﬂunﬂﬂb
CiXin (A5)
J riEile)ialleh

t

—
o
~

where (a) follows from Lemma 1 and the definition of the strategies ')/]t We then separate
the integral over (ﬁ and xi 4q from & "in (b). The terms containing the integrals over ¢, i
are canceled from the nominator and denominator in (c).

The above equation is only valid if the denominator is not zero. If the denominator
is zero, we use an open-loop uniform strategy for player i in the update rule in order to
not interpret any signal from the deviation (since the deviation strategy is not known).
The open-loop strategy is then canceled from the numerator and denominator. Such an
update rule will ensure that all players agree on the conditional public belief 7! " (e 1119)-
Following this rule, the update equation when | i m;(¢tlv)vi(at|¢;) = 0 becomes

niﬂ(d+nv>=méii 1 (6i10)Qk (x1[0,ar)6 Gy — F'[GL i v an xpa]). - (A6)

%41
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Appendix E. Proof of Theorem 1

To prove the theorem, we show that if every player in —i plays according to strategy
*,—1 j i

v~ = 0, '[m], the best response of player i is of the form 7} = 0i[7r], and it is derived
from the given fixed point equation. We show that given the update rule of 7; to 7111 =
Frlme, of, at) = Fr[mt, 071, a¢], player i faces an MDP with state (71, C;‘;), action ai, and

. . . | *’71 . . .
instantaneous reward (71, &, a) = EZ%’% (1L (V, Ay) |, &L, al ]

We first need to prove that the state (774, &) evolves according to a controlled Markov
process. Indeed”,

Pi(?’[ﬁ,l; §£+1|7T1:t/ gi:tl ail:t) =
/ o @088 [ (0718 ) Q (a0, ar)
0,8y X
0(7te1 — Fr[7te, 0e[10e], a])6(Gyq — F'[Ch 71", 0[], ar, xp44])

= P (7111, Gt 71, 61 ah), (A7)

where the first equality holds by using the chain rule and substituting the definition of the
beliefs & and 71;. The second equality follows by writing the probability back in its initial
form while removing the terms that do not appear in the integral.

The average instantaneous reward can now be written as

RPN e S i~k
B (v, 4] = B

t t

[Ezg [ri(V, Ap) |11, B, ARl
where

*—i . . *,—i . . .
YV, A gal] = [ Aa) [P @08 g l)
Hi va;t &gt

ot t

E e [ e 6 g

a
=: ﬁ(ni/ gi‘r ai)/ (A8)

where (a) holds by using the chain rule and the definitions of ')/f '7", T i and éﬁ. We define
7 in (c) with its arguments being the quantities that are remaining in the integral.

Based on the above, it is now clear that user i faces an MDP, and her best response
strategy is the solution of the following backward dynamic program. We have Al ~
77 (-|¢1), where

*,—1

Supp(v;"(-1¢}) CargmaxE L [7h (7, &, af) + Jiya (Wi, By ) 7S] (A9a)
a
Ji(m, G1) = max Bl [7i(mi, €, af) + iy (Mg, B ) |7, €5, ] (A%)
ap

Consequently, the best response of user i is of the form A} ~ i (-|¢}, 7). Note that in the
standard MDP formulation, it is sufficient to only consider the pure strategies. However,
in Equation (A9), we see randomized strategies. The reason for this modification is that
in a PBE, the beliefs have to be consistent with the equilibrium strategies, and we need
Yi(|E, ) =) ae &) = 0i[rr] (+|¢L). Hence, the best responses satisfy the following fixed
point equation at each time ¢. For all i and all & we have
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Y| e arg max BT [, &, Af)
yileh

+ i1 (B, i, Ar), FL(E ™ A X)) |, €. (A10)

The above fixed point might not have a solution in pure strategies, and therefore, we had
to consider randomized strategies in Equation (A9).

Appendix F. Proof of Theorem 2

Throughout this proof, the submatrices that are not explicitly specified are all zero
matrices with appropriate dimensions.

In order to prove the theorem we will define a dynamical system from the viewpoint
of a specific user i and show inductively that it is a Gauss Markov model. The Gaussianity
of both private and conditional public beliefs follows from KF-type arguments.

For each player i € \V, we define an unobserved state vector as

si=[ o o |. (Alla)

and an observation vector
i i

vi= [ R } (A11b)

We will show that the random vector s} evolves according to a linear Gaussian process,

i Al —i
Sii1 = Aysy + w; "+

0 ] (A12a)

0 a_, +
i | %1
D; d}

(1) ] w, (A12b)

H;

Vi = cis +

where

Al =

i} . (A12¢)

(e

Note that (v, a} , ;) is a shifted version of k. We prove the validity of (A12) and the claim
of the theorem using induction. In particular, Lemma A1 below is the induction basis, and
the subsequent Lemma A2 is the induction step. This concludes the proof of the theorem.

Lemma A1. The following are true:

(@) & is Gaussian N(i,E}), with o, = L(E+ Q') 'xi and i = £ — E(Z + Q)"L.
Consequently, the public belief 7t} (& |v) reduces to 1t} (9} |v).

(b)  (A12) holds for t = 1.

(c)  The public belief 7t} (6} |v) is Gaussian with mean E[V}|v] = E{v + fi, with E} = (X +
Q) "1, fi = 0, and covariance matrix L(EZ + Q') ~1Q(Z + Q) 1L
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Proof. (a) We have x| = v+ wl and & (v) = P(v|x}), so due to joint Gaussianity of V and
X! we have that &} is N(!, X! ), with mean
9} = E[V|x]]
= EIV] + EIVXYIER X (< ~ EIX])
=X(Z+ Ql) xl, (A13)

and covariance matrix
—r-%(Z+Q) 'L (A14)

As a result, the only private information of user i relevant to other users is 9, and the
public belief 7} (¢} |v) can be reduced to 7 (9} |0).

(b) We have sa = [ v; 0 } and sé = { v; ﬁl’i ] The first row of (A12a) is evidently
true. For the second row, using the result (from part (a)) 23]1 =XL(Z+Q )71 (v+ w]l), we
can derive G;i, Hi, Di1 and di as

G'=[zz+o) " o] (Al5a)
{=D(E(EZ+Q 7)) (A15b)
D =0 (A15c¢)
d =0, (A15d)

where Z(X + Q*l‘)f1 is the vertical concatenation of the matrices (X + Q/ )71 forj e —i.
(c) Since ) = E(Z+ Qi)fl(v + w!) we deduce that 7t (¢'|v) is Gaussian with mean
E[Vilv] = Z(Z + Qi)_lv and covariance matrix £ = Z(XZ + Q') "1Q/(Z + Q') "'z. O

Lemma A2. Assuming pure linear strategies of the form 'y{(aﬂz?]t) =d(a ( Livt —m ) for all
j € N, and assuming that (A12) holds for t < k and E[V£|U,a1:k_1] = Eiv + f], the following
are true.

(a) C;'(H is N(zﬁiﬂ, Z};H) with

dll

K1/ (A16)

AT ii ﬁ;{
01 = Gl i
k+1
where G;(fH, d;(’il and Ei 41 can be publicly gvaluuted. Consequently, the public belief
7'ck+1((',‘kJrl |0) can be reduced to a belief 7t 1 (0}, |0).
(b)  (A12) holds for t =k +1.
(c)  The conditional public belief, nk+1 (vk+1|v) are Gaussian with mean ]E[Vk+1|V a1x] =

Ek+l
can be publicly evaluated.

i
V+ fk 41 and covariance matrix L |, where matrices E} 4q and Zk 1 and vector fk i

k+17
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Proof. (a) We first show one important result from the lemma’s assumptions. Notice that,

due to conditional independence of x{(’s given v across time and players, and since ﬁ{( isa

function of x]1:k and a;.,_1, we have

E[sz |x§:k/ al:kfl] = IEV [E[sz | v, xi:kt al:kfl] |x§:k’ alikfl]
E

Ey[ [‘7,{|V,ﬂ1;k71]\xi;krﬂh;kfﬂ

Ey[E,V + f][x} ar41]

= BE[V|xly, a141] + f]

— Eloi +f. (A17)

By using the assumption that (A12) holds for t = k, we form a linear Gaussian model
with partial observations and use Kalman filter results (Kumar & Varaiya, 1986, Chapter 7).
Consider Equation (A12) for t = k. By using standard Kalman filter results (Kumar
& Varaiya, 1986, Chapter 7), we know that the belief over the system states given the
observations is Gaussian, and therefore, the private belief 4,7;'( is N(z?}'(, Z;() We denote
E[St 11V 1) and E[S; [y a1 _] by s}(+1‘k+1 and S;chlIk’ respectively. We have

Skt k1 = B[Sk g1 a1

6i
Ok
E[Vk Z|x11;k+1r‘11:k]

= A;CS;<|k + d;{

0o ], o o 0
D; ]“21 + Jer1 Wk — Gt T ] (A18)

Therefore,
A _ Al i ) i i i
Upp1 = O + (Jk—i—l)ﬁl,: (Vi1 — Ck+1sk+1\k)

N . afi — m*i _ @ L*l’ 5i,71’
:vk+(J;<+1)z7f,:[ k % (L) ]

Xjey1 — ﬁ;{
S i —D(L B "0} i e —iy i
= Ok + Jks1) i, i + U1 )gio-i(ag " —m = DL f)
Y1 — Yk
ii ot ii
=G| i T (A19)
Ye+1
where
(Gly) i = (J;'(—&-l)z?i,xi (A20a)
(GYh1)si = 1= Uies1) o, 0= D (L E = (Jin )i i (A20b)

d;c'il = Jes)oioi(a —m =D f). (A200)
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The matrix Ji k+1 and the covariance matrix of S k41 conditioned on yiL jy1 and 3/3: «» denoted by

Xi k1 jk+1 and X e respectively, can be derived from the standard Kalman filter equations
as follows
!
— A Al/ 0 D —1 0 A21
b = ARZi AL + Hi Q™) HI (A21a)
!/
i 0 1hil 0|1
Vet = T Ciln (Chr iy 1S + (19 ) (A21b)
Zjpakar = =1 Cor) B i (A21¢)
i = EISiSY] - B[S XY (E[X{X]]) ' ElS X{]
0 z i
— L+Q) 'z o
0 0 ] [ 0 (E+Q) [ ]
_ iy-1
_ [Z Z(Z;LQ) z 8 (A21d)

Note that, for notational simplicity, we remove the time subscripts from submatrix notation
so that (Ji ;)i ,i denotes (Jk“)viw"i'

Finally, we have Elt =(z Unlike z?i, which is part of the private information

t+1 t)”fv'
of player i, the matrix X! is a pub‘lic quantity due to the independence of Equation (A21c)
to the private observations of player i.

(b) Equation (A12a) is obvious for the first part of the state, v. In order to prove the other
parts of Equation (A12a) for t = k + 1, we consider the dynamic system (A12) for each of

the players —i for t = k, and we write (A19) for players —i. Since x,; is not part of ]/k 1

we can substitute it by v + wk+1 and derive G, ,, D Hk+1' and dk+1 forallj € —ias

k+17 “k+17
(/N (JkH)v] o (A22a)
(Ghoy)oor = 1= Tei)oe @M E = U)o (A22b)
(DL 1)si. = Thi)si o (A22¢)
(1)s = Do )arai (g = me T =D ) + sy g i (—mf — Lif) - (A22d)
Hk+1 = 9((];—&{1)27*1',9(*1')' (A22e)

The notation —ij means all of the players except i and j. We have derived the matrices
A;<+1’ D;;+1, and H;'(H and the vector d;'(ﬂ, and so (A1‘2) holds fort =k+1.

(c) In order to show that the conditional public belief 77 ; (¢} , ;|v) is Gaussian, we consider
a conditional Gauss Markov model. Note that the conditional public belief is publicly
measurable and conditioned on V. We use this fact to form a conditional model, where the

observations are the conditions in the conditional public belief, and we derive conditional
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Kalman filters. Using (A12) for ¢t < k + 1, we can construct the following linear Gaussian
model fort < k+1,

State:
5 = [ S ] (A23a)
Ot—1
State Evolution:
§i1 = Assy + Hywy + dy, (A23b)
Observation:
_ v .
gt = = Cisy, (A23¢)
ap1 —Mp1
where
B 1|0
A= N (A24a)
G
(Gt)gips = (G),pgir VieN (A24b)
(Ht)ﬁi’wi = (H)ﬁi,xi, Vie N (A24¢)
d)u =d7, VieN (A24d)
~ 1 0
C; = . A24e
Tl oy ] (A2de)

Using this conditional Gauss Markov model, we can conclude that the conditional public
beliefs n{( H(z?;{ 41|v) are Gaussian, and by using Kalman filter results for t = k + 1, we

can write
Skrok+1 = ElSkialFrksa]
= E[Si42(v, a14]
= Arr18espe + AcraSir T — Crpadirap) + dia (A25)
Therefore,

E[Vkﬂ\v/ﬂl:k] = (ck+1):,zﬂi + (ck+1):,ﬁEWk\0,111:k—1] - (Ak+1jk+1)ﬁ,a@(Lk)EWk|U/‘11:k—ﬂ
+ (Aps1Jks1)oa(ax — mi) + (dis) s (A26)

Using the assumption of E[V}|v, a1.x_1] = Exv + fi, we have the following

E[Viy1]0,a14] = (Gis1):00 + (Gigr)10 (o + fie) — (AriaJir1) 0,0 (Li) (ko + fi)
+ (Api1Tks1) o0 (ax — mi) + (dis1)s

= E10 + fit1 (A27)
where
Eii1 = (Gri1)io + ((Gkr1)0 — (Aps1Tkr1) 00D (Li) ) Ex (A28a)

fir1 = ((Gri1)0 — (AsaTis1) 00D (Li)) fe + (ArgaTir1)o.a(ax — mi) + (disr)s, (A28b)
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and similar to part (a) of the proof, the covariance matrix of S 1 conditioned on 7., 1 and
J1x, denoted by Ly, 141 and £y, respectively, and the matrix Jy.,; are derived from the
following Kalman filter equations.

Zeop = Ay A + D (Q)H (A29a)
Ji1 = 2k+1|k(~:;<+1(Ck+12k+l|ké;c+1)_l (A29b)
ik+1\k+1 =I- jk+1ék+1)2k+1\k (A29¢)
£1 = E[518)] — B[S V| (E[VV']) 'E[SV') = 0. (A29d)

Note that if we know Xy, ) +1jk» Ex, and fi, we can publicly evaluate all of the
other quantities defined in this proof for k + 1 for a given strategy matrices L and vectors
my and therefore, we can find Xy 55,1, 2k+2|k+1r Ex.1, and f,1. We can also find G;(’fH

and di

k41, Which are used to update ﬁ;c to z?}c 41 U

Appendix G. Proof of Theorem 3

We show that for any ¢+ € 7T, if all players —i play according to the strategy
v (a0 ) = 6(a;t —D(L, )0, —my '), where m;' = M 'f; +m;", and the strate-
gies of players are linear in @ for k < t, player i faces an MDP with state (4!, Iy, Et, f;) and
her best response is of the form i (al|6!) = §(al — D(Li)di — mi), where mi = M;ft + 7.

By using the results from Theorem 2, and given the strategy profile ¢, (9}, Z¢, Et, fi)
forms a Markov chain. Notice that Vti 1 Zt+1, Et1, fr+1 are updated by 74, which is linear,
and therefore, all results from Theorem 2 hold.

Lemma A3. One can write the expected value of the instantaneous reward

Ri = E[r}(V, Ay)|al, 0}, ZL, By, fi]

as
| I R I
Ri=qd(Rj; | al |)+0b/| a | +¢, (A30)
fi fi

where Ri, bl and ¢l are constructed in the proof.

Proof. Since we assume all players —i play according to ;', we have a," = D(L; /)9, +
M, f; + m; "' and so the instantaneous reward can be rewritten as follows.

ri(v,a;) = qd(R}; )
at
[y [y
—qd(®j | B M| 4 (A31)
=q tr @t—i t @t—i tr
| St fi
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where
I 0 0 / I 0 0
R} No Mo : | TRy | NN : . A32
t 0 @(Lt—l) Mt_l 2,i+1 42,41 0 Q(Lt—z) Mt_l ( a)
Iy, O 0 0
~ 0 0 I, 0
L = (i=1)Na , (A32b)
g 0 Iy, 0 0
0 0 0 Iy,
and I} is the identity matrix with size k x k.
o | I o 0
Bl =2 | TRy | et : A32
t [ m;l ‘| 2,i+15M 2,l+l O @(L;l) M;l ( C)
/
i 0 - i 0
C; = [ ﬁlt_ ‘| I/Z,iJrlRéIzrl"H ﬁit_i ] . (A32d)
We can now calculate the expected value of R’ as follows.
Ri 3 aj Risiy o pir| %t ~i
R} = qd(Ry i ) +r(RZ) + b7 | iy | +6 (A33)
t t
fr fi
where
X o ZiET 0
i 0 0 0 0
L= i ; (A34)
! Et l):‘; 0 (Elt+1|t)0*",z?*" 0
0 0 0 0
By using ﬁi’fi =E; 9+ f[i, we can derive the equations for Ri, bi and ¢i.
/
In, 0 0 In, 0 0
_ I < I
Ri=| 0 T O gl 0 Ino 0 (A35a)
Eff 0 i ESf o0 i
0 0 InnN 0 0 InnN
Iy, 0 0
P I | 0
b =0 T, N (A35b)
E, 0 I
0 0 Iy
(). - = Invon)n, (A35c¢)
¢ = tr(RIE]) + &, (A35d)

O

In the next lemma, we show that the reward-to-go at time f is a quadratic function of

t

0y . . ' j
l ! ] , and we will construct the strategy matrix and vector L} and m;.
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Lemma Ad4. We have the following equation for the reward-to-go function, Ji(0}, L, Et, fi) =
o

fe

. | gl .
qd(Z; ) +z/ ftt + ol.

Note that the above equation only highlights the functionality of the reward-to-go
with respect to ¢! and f;. We do not care about its functionality with respect to £; and
E; due to two reasons. First, they are part of the public part of the history and are not
parameters of the partial strategies . Second, they are not controlled by the actions. As we
will see in the proof of this lemma, Zi, zi and o;' are functions of X; and E;.

Proof. We prove the lemma by backward induction. For T + 1, we have

]%Jrl (ﬁiTJrlr LT41, ET+1/fT+1) =0

and by setting Z' 1 =0 zk 1 =0 ok 41 = 0, the equation holds.
Assume that the lemma holds for t + 1. We will show that it will also hold for ¢.

Ji(0%, 24, By, fy) = m?X]EW [ri(V, Ap) + iy (Vioy, Zevr, Bega, fran)|ab, 4, T, By, £
ay
i

Uy

A

_ . ' . A . _i . Vi . Vi
= max{qd(Ri; | o} )5 | af |+ BT [@d(Z | D e
t ft ft + +
+ 0py1lar, 04 Zt, By, fi]}- (A36)

First, consider the J! 41 part.

i . Vi . Vi ) o
E" [qd(Ziys | 1) 4zl | S| 4 0halak, 01 e By, fi]
fre1 fre1
0 0
. ay a
» S ot g A s g
=E" [qd(Z},1; G}y Vg ol + &) 241 (G Vt "l &)
Xii1 Xii
ft fr
+ 0£+1 |air ﬁ;/ Zt/ Et/ff]
| el
ft fi

where



Games 2025, 16, 12 29 of 37
(Gi-s-l)z}f,vl = (Giil):,ﬁi (A38a)
(Giy1)oio = Ji1)or e @(L) (A38b)
(Giit)oiw = (GYiy) (A38¢)
(Giit)aifi = (Jist) o0 i ® (L) (A38d)
(Ghit)gi 1 = ((Gra1)so — (Artai41)0a®(Le)) g1 g — (Fhy1) i 0@ (L)

- (At+1j‘t+1)ﬁ]‘,gi(Mi):,f_]‘ - (Ji+1)ﬁ]‘/ui(Mi):/f_]" V] # i (A38e)
(Gi1)pipi = ((Gran)o — (ArpaJir1)0a® (L)) i fi
- (At+1jt+l)ﬁf,ui(Mi);,ff - (J]t+1)m,ai (Mi):’fj,Vj #i (A38f)
(Gl fipi = ((Ger1):0 — (Arai41)0a® (Le)) fi g
— (T D (L) = (AT g (Mi);,f*il (A38g)
(Gzt+1)fi,ff = ((Gt1)0 — (At+1jt+1>ﬁ,a®(Lt))fi,fi - (At+1jt+1)5i1ai(Mi):,fi, Vi #i (A38h)
(Ghit) fi = Uiin)oi e + (AesJesn)gr i Vi # i (A38i)
(Gi1) i = (ArpaTir1)gi g (A38))
(Gi—&-l)fk,ﬁf = (Jlt(—l—l)ﬁk,a]']“]t + (At+1jt+l)7§kﬂj]—‘{gr Vi#iVk#j (A38k)
(Givi) o = AegaJent) g gLl Vi # (A381)
(§£+1)fi = _(At-&-ljt—i-l)ﬁi,gimi (A38m)
(§i+1)ﬂ = _(AH»le*l)ﬁ]”aimi - (HH)@fﬂiml}, Vi #1, (A38n)
and we have
Z;, =T{ Gl Zi Gl Ty (A39a)
Iy, 0 0
0 Iy 0
T, =] E' 0 1 (A39b)
Iy, 0 0
0 0 Iyy
z/\ 1 = (280121, Gl + 20 G T (A39¢c)
01 = §1Zipa 8t + (G Zi G B) + 2818141 + 01 (A39d)
2,
aj
iy =Coo(| V' |lai, 9, Et, By, fi) (A39¢)
Xi
ft
i X vioi BOX
(Bb 1) gini pini = (o so P (A39f)

A i+ Qf
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Therefore, one can write the expected reward-to-go as follows.

i 0
0451, B i) = max{qd R | af )45 | d
K fi fi
+ e 4+qd(Zy ;| al |) 42| af | +0i,
ft ft
i i
:n?x{qd(RHZﬁH; ai )+ @ +2/q)| al |+ +0,,,}. (A40)
' fi fi

The above equation is quadratic with respect to ai and therefore, if (R} + Z! 1) aigi 18
negative definite,the maximum value is achieved when the gradient of the above equation
with respect to a! is zero.

_ . _ . B o
2R+ Zi 1) i ittt + 2R+ Zi 1) i g [ f: + (b} +2Zj41), =0 (Adla)
) o . B 1,
=a; = —(Rp + ZiJrl)ai,lai((th + th+1)uf,z§if [ fi + E(bi + th+1)af)- (A41b)

Finally, we can derive the best response strategy of player i to be i (-|6}) = é(ai —
Li#} — mi), where

Li = —(Ri+Zj ), (R + Ziy) i (Ad2a)
. o 1.
my = — (R} + Z;Jrl)aillui (R +Zi 1) i pfe + E(bi +Zh1)a)- (A42Db)

Note that we have mlt = M; fr+ 1’711;, where

M = — (R} +Zj1), b (Ri+ Z}, 1) f (A42c)
» 1 _. . _ . iy
my = —i(Ri + th+1>ui,1,11(b§ +Zi1) i (Ad42d)

By substituting the best response action in the reward-to-go Equation (A40), we have the
following final step of the proof.

o | ot B ‘
Ji (04, It By, fi) = qd(Z; l fi )+ z¢ ft + o, (A43)
t
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where
Zi = T/ (R + Zi, )T, (Ad4a)
Iy, 0
Ti=| LI M (A44D)
0 Inn
2 = 20} (Ri + Zy ) Th + () + 2,1 T (Addc)
0
wl= | i (A44d)
0
of = 1l (R} + Z4 )it + (BY + 20,1 )it + € + 6} . (Adde)

Note that in order to derive the ! strategy matrix and vector, L and m!, we need to know
L; " and m; . Clearly, the same is true for calculating L; " and m;". On the other hand, some
of the quantities used in the proof, like Gi 41, Tequire L: and m! to be evaluated. Therefore,
we have a fixed point equation over L; and m;.

Note that we have such a linear solution only if the matrix (R} + Z! ;) ai o 18 invertible
and negative semidefinite foralli € A/. O

We conclude the proof of the theorem by noting that, in Lemma A4, we proved that
5
the reward-to-go is a quadratic function of l ot

1 and as a result, and throughout the
t

Al
? 1 form the equilibria
¢

proof, we showed that the strategies that are linear in terms of

of the game and the theorem is proved.

Appendix H. Example

In this section, we describe some numerical examples to show the equilibrium strate-
gies discussed in this paper. In these examples, we derive the equilibrium strategies by
solving a fixed point equation for the entire time horizon using the following algorithm.
Note that the superscript (k) in A®) denotes the number of iterations performed. We define

k) _ (k+1) (k+1) k+1) 70
the convergence error as € max( |L L;. T| |M 1my.7])-
Numerical Algorithm (Offline)

Setk =1.

Initialize L(l) M(l) and rﬁgl% arbitrarily.

1:T” 1:T”
(k) (k+1) k+1)

Using L;.7, evaluate L. 7, Eng according to Equation (21) in a forward manner

Ml I

(using initial conditions X; and E; according to Equations (A21) and (A29)).
4. Using Lglf%, Mgk%, mgk%, and Z(kH), Eglfjfl), evaluate L(kH) M(kH), and ﬁl%’f{fl) accord-
ing to the backward algorithm.
k+1 k+1 k+1 k+1 k+1
LY = (2 B = bdpy ()2 BY)
5. Evaluate e®). If it is below the desired threshold, stop. Otherwise, go to step 4.

Note that in each step of the backward algorithm, one needs to solve a fixed point equa-
tion with respect to the strategy matrices and vectors to derive the functions defined in
Equation (23) (see Equation (A42) in Appendix G). However, in the numerical algorithm
described above, we use the last iteration quantities for the right-hand side of the equations,
and consequently, we do not need to solve any fixed point equations.

As a concrete example, we consider a setting where there is a project with an unknown
attribute denoted by v. There are two agents working on this project exerting a costly
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effort ai. The agents are rewarded based on the alignment of their effort with the project
attribute, v, as well as based on their cooperation. At each time slot, the agents have private
observations, x!, of the project attribute. We consider two instances of the game where v
is a scalar in one and a two-dimensional vector in the other, while the efforts are scalars
in both.

Appendix H.1. Scalar State and Action

We model the considered scenario for scalar v and scalar actions ai with the instanta-

neous rewards being R} (v, a;) = a}v + Lala? — (a })2 and R?(v,a;) = a?v + a}a? — (a%)z.

0 1 o0 0 0

Thatis, wesetR} = | 1 -1 1 |andR?= |0 0
o 1 o I

in the instantaneous rewards accounts for the alignment of a. with v, and the term a} a?

IS

. Note that the term aiv

denotes the cooperation between the agents.

Case 1: If we assume that agents perfectly observe V, i.e., if we set Q' = 0 and
Q? = 0, the following linear equilibrium strategy matrices and vectors are derived from
the numerical analysis of this game for T =2and X =1

1
L%f
L; =

L
L

—N

(A45)

WINWIN
NN
WIN oM

Furthermore, we have m; =0fort =1,2and i = 1,2. Note that, since in this case,
ft = 0 for t = 1,2, the strategy matrices M will not play any roles and are not presented
here. These results imply that each agent will exert effort exactly equal to %V. As it turns
out, these strategies are myopic, i.e., we also observe these strategies in the case T = 1.
The reason for having myopic strategies is that the observations are perfect and hence, the
actions have no effect in shaping the future beliefs.

Case 2: Consider agents with equally imperfect observations, Q' = Q? = 1. The
following strategy matrices are derived

Ll =0.6722 L% =0.6722

Ad6
Ll = 05333 L2 = 05333 (Adea)

M} = [0.0561 0.2620] M3 = [0.2620 0.0561]

1 1 (A46b)
M] = [0.0356 0.1422] M2 = [0.1422 0.0356],

together with r?zlt =0fort=1,2and i = 1,2. Once more, it is observed that rﬁi =0and
as will be seen, the same is happening in all of the other cases studied as well. This could
imply that it is sufficient to restrict attention to strategies with zero 7. We also observe
that the value of the strategy matrices decreases with time.

Case 3: If one agent has better observations than the other, i.e., Ql =1, Q% =2, the
strategy matrices are changed as follows:

1 _ 2 _
L% = 0.6700 L% = 0.6619 (A472)
L} =05224 L3 =05373
M} = [0.0520 0.2701] M3 = [0.2738 0.0605]

Mi_ 17 (A47Db)
1-10.0348 0.1433] M2 =[0.1393 0.0358],

and /i = 0 for t = 1,2 and i = 1,2. One can explain these results by paying attention
to the interactions between the agents. Att = 1, agent one has a better estimation of V
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compared to agent two and therefore, she has higher L. Att = 2, agent two has learned
the estimation of agent one through her action at t = 1, and therefore, the two agents
have almost equal estimations. But this time, agent two exerts slightly higher effort to
compensate agent one’s efforts at t = 1.

Case 4: The interaction between agents can also be seen in a scenario where one agent
has perfect observations, and the other one has partial observations, i.e., Ql=0,0Q%2=2
The strategy matrices are given as follows.

1 _ 2 _
L% =0.7125 L% = 0.6781 (AdSa)
L} =0.5000 L3 = 0.6250
M} = [0.0142 0.1808] M3 = [0.1817 0.0452]

1 1 (A48b)
M} = [0.0333 0.1667] M3 = [0.1333 0.0417],

and m; =0fort=1,2andi=1,2.

Case 5: Finally, consider a case where both agents have very noisy observations, that is
Q!, Q2 are large numbers. In this case, z?; = 0 and f; = 0. Therefore, the strategy matrices
L! and M} do not play any roles, and the actions will only follow 7%i. For this game, we
obtain . = 0 fort =1,2and i = 1,2.

Case 6: We have also derived the strategy matrices of the game for larger values of T.
In Figure A1, we can see the plot of the strategy matrices L! with respect to time for the
symmetric case of Q! = Q? =1 and for T = 10. As before, we observe a trend where, as
time goes by, the values of the strategy matrices decrease. The intuition behind why such
behavior is observed is that more public information is observed as time goes by. Therefore,
the players’ estimation over others’ estimations is mainly characterized by the public part
of the state, f;, rather than the private estimates. This indicates that the matrix E; decreases
with time, as is observed in our numerical results in Figure A1, and converges to zero. One
can also see that the strategies decrease as E; decreases. Therefore, the strategy matrices
L; decrease as time passes, and they converge to 0.5, which is the equilibrium of the game
when E; = 0.

l6g T I 0.5
—o—E|

Wl L o4

—10.3
Li sl E;

—10.2

4 -
—0.1
D

0 ! ! ! ! ! ! ! )O

1 2 3 4 5 6 7 8 9 10

Figure A1. Strategy matrices Li and quantities E: for T = 10.

Appendix H.2. Game vs. Centralized LQG

In this subsection, we have compared the total rewards per time obtained through
the game by players for Q' = Q? = 1 with a scenario in which both actions are taken
by a single decision maker, and the sum of the two rewards is collected by her. We have
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performed this comparison for different time horizons T, and Figure A2 depicts the plot of
the total rewards per time obtained, | T in the two considered scenarios.

10 \ \

o Game
St Centralized LQG | |

Figure A2. Total rewards per time obtained in game vs centralized LQG.

We notice that players are performing worse compared to the centralized decision
maker. In order to comment on that, we note that there are three possible scenarios one can
consider in relation to the problem at hand: (i) the centralized problem; (ii) the decentralized
team problem; (iii) the decentralized game. Problem (i) considers a single (centralized)
controller that solves the optimal LQG problem, with the reward being the social utility
(sum of rewards). Problem (ii) considers multiple decentralized controllers, all having the
same goal of maximizing social utility but having the same information structure as in our
model. This is a dynamic team problem and its solution is not at all clear (see Witsenhausen
counter-example (Witsenhausen, 1968)). Finally, problem (iii) is the problem studied in this
paper. It should be clear that regarding achieving better social utility, (i) is better than (ii)
and (ii) is better than (iii). The former is due to the decentralized nature of information
in (ii), while the latter is due to what is called “Price of Anarchy” (PoA) in the literature,
which is the strategic behavior of users in (iii) compared to the team problem (ii). Based
on the above, the findings in Figure A2 are not surprising and can be attributed to the
PoA. Note, however, that through numerical analysis, we have found one of the possible
equilibria of the game and the social reward might be better at other equilibria. We also
notice that the total reward in the centralized scenario is slightly increasing with the time
horizon, while the total reward is decreasing with the time horizon in the game scenario.
This is due to the fact that in the game scenario, the uncertainty in predicting the average
reward-to-go increases drastically as the time horizon increases. The centralized decision
maker, however, benefits from the time horizon increasing, and her total reward per time
converges to one. This is because as time goes by, the estimation over V becomes better
and better and the reward converges to the one in the complete information case.

Appendix H.3. Two-Dimensional State and Scalar Action

In this part, we consider a two-dimensional attribute vector for the project, i.e.,, V isa
two-dimensional vector. Each agent tries to be aligned with one element of the attribute
vector while maintaining the cooperation with the other agent. We can model this alignment
and cooperation of agents with R} (v, a;) = a}v(1) + ala? — ({1})2 and R?(v,a¢) = a?o(2) +
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00 1 o0 000 O
1
ala? — (a2)°. That is, we set R} = (1) 00 (1) and R? = 000 2 We
7 0 -1 3 00 0 3
1 11
00 5 O 0 ; 5 —1
also set & = 1o
01

Case 1: The following linear equilibrium strategy matrices are derived for the full
information case.

Q= W=
QIF - Qo=
QIN - wlN

Nr"v »—\rI‘\J
I
T r—

} (A49)

and m; =0fort=1,2and i = 1,2. Also, similar to the scalar case, Mlt' strategy matrices do
not play any roles here since f; = 0. We see that if V is perfectly observed, each agent will
align her effort with a weighted average of V(1) and V(2) with the element corresponding
to that agent having twice the weight. Also, similar to the scalar case, myopic strategies
are played.

10

Case 2: Consider the partial information scenario with Q! = [ 0 1

] and

Q2= l (1) (1) 1 . The following linear equilibrium strategy matrices are derived.

Ll =[0.7224 0.2402] L2 = [0.2402 0.7224]

L} =[0.4858 0.0842] L2 = [0.0842 0.4858] (A502)
= [0.2874 0.0780 0.1793 0.6054] (A50b)

MZ_ [0.6054 0.1793 0.0780 0.2874] (A50c)
=[0.1619 0.0281 0.0561 0.3239] (A50d)

MZ_ [0.3239  0.0561 0.0281 0.1619], (A50e)

and ﬁzi =0fort=1,2and i = 1,2. Similar to the scalar scenario, we observe that the value
of the strategy matrices decreases with time and again, i} = 0 for all of the cases.
Case 3: If each agent fully observes her corresponding element of the state and partially

observes the other one, i.e., Q! = [ 8 (1) 1 and Q? = [ (1) 8 ], we have the following

linear equilibrium strategy matrices.

Ll =[0.7198 04232] L2 =[0.4232 0.7198]

L} =[0.5071 0.2055] L2 = [0.2055 0.5071] (A51a)
Ml—[03196 0.1506 0.3235 0.6293] (A51b)
=[0.6293 0.3235 0.1506 0.3196] (A51c)
=[0.1690 0.0685 0.1370 0.3380] (A51d)
=[0.3380 0.1370 0.0685 0.1690] (A5le)

and n‘ft =0fort =1,2and i = 1,2. An intuitive reason as to why the second element
and the first element of the strategy matrices L} and L?, respectively, are larger than the
previous case is that the second element and the first element of E} and EZ, respectively,
have increased.
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Notes

! On-equilibrium histories are the ones that have positive probability of occurrence under equilibrium strategies and similarly,

off-equilibrium histories are the ones with zero probability of occurrence under equilibrium strategies (Fudenberg & Tirole,
1991b).

Note that with the assumption of finite V), the beliefs §i (conditional probability mass functions of a finite random variable) and
¢ (conditional probability density functions on a real random vector) are well-defined.

3 We will be using 71; to denote the joint conditional 7;(&|v) as well as the vector of marginal conditionals 7r; = [7}, ..., 71)]. The
distinction will be obvious from the context.

4 Unlike more standard LQG setting we consider “rewards” instead of “costs” to maintain consistency with the general problem
discussed earlier.

> For notational simplicity, the summations and integrals are both denoted by the integral sign.
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