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Abstract

We consider both finite-horizon and infinite-horizon versions of a dynamic game with N selfish players who
observe their types privately and take actions that 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. In dynamic games with asymmetric information a widely used concept of equilibrium
is perfect Bayesian equilibrium (PBE), which consists of a strategy and belief pair that simultaneously satisfy
sequential rationality and belief consistency. To date there does not exist a universal algorithm that decouples the
interdependence of strategies and beliefs over time in calculating PBE. For the finite-horizon game we develop a
two-step backward-forward recursive algorithm that sequentially decomposes the problem (w.r.t. time) to obtain a
subset of PBEs, which we refer to as structured Bayesian perfect equilibria (SPBE). In such equilibria, an agent’s
strategy depends on its history only through a common public belief and its current private type. 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. We then extend
this methodology to the infinite-horizon model, where we propose a time-invariant single-shot fixed-point equation,
which in conjunction with a forward recursive step, generates the SPBE. With our proposed method, we find
equilibria that exhibit signaling behavior. This is illustrated with the help of a concrete public goods example.
Finally, sufficient conditions for the existence of SPBE are provided.

[. INTRODUCTION

Several practical applications involve dynamic interaction of strategic decision-makers with private and
public observations. Such applications include repeated online advertisement auctions, wireless resource
sharing, and energy markets. In repeated online advertisement auctions, advertisers place bids for locations
on a website to sell a product. These bids are calculated based on the value of that product, which is
privately observed by the advertiser and past actions of other advertisers, which are observed publicly.
Each advertiser’s goal is to maximize its reward, which for an auction depends on the actions taken by
others. In wireless resource sharing, players are allocated channels that interfere with each other. Each
player privately observes its channel gain and takes an action, which can be the choice of modulation or
coding scheme and also the transmission power. The reward it receives depends on the rate the player
gets, which is a function of each player’s channel gain and other players’ actions (through the signal-
to-interference ratio). Finally, in an energy market, different suppliers bid their estimated power outputs
to an independent system operator (ISO) that formulates the market mechanism to determine the prices
assessed to the different suppliers. Each supplier wants to maximize its return, which depends on its cost
of production of energy, which is its private information, and the market-determined prices which depend
on all the bids.

Dynamical systems with strategic players are modeled as dynamic stochastic games, introduced by
Shapley in [1]. Discrete-time dynamic games with Markovian structure have been studied extensively to
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model many practical applications, in engineering as well as economics literature [2], [3]. In dynamic
games with perfect and symmetric information, subgame perfect equilibrium (SPE) is an appropriate
equilibrium concept and there exists a backward recursive algorithm to find all the SPEs of these games
(refer to [4]-[6] for a more elaborate discussion). Maskin and Tirole in [7] introduced the concept of
Markov perfect equilibrium (MPE) for dynamic games with symmetric information, where equilibrium
strategies are dependent on some payoff relevant Markovian state of the system, rather than on the entire
history. This is a refinement of the SPE. Some prominent examples of the application of MPE include [8]-
[10]. Ericson and Pakes in [8] model industry dynamics for firms’ entry, exit and investment participation,
through a dynamic game with symmetric information, compute its MPE, and prove ergodicity of the
equilibrium process. Bergemann and Viliméki in [9] study a learning process in a dynamic oligopoly
with strategic sellers and a single buyer, allowing for price competition among sellers. They study MPE
of the game and its convergence behavior. Acemoglu and Robinson in [10] develop a theory of political
transitions in a country by modeling it as a repeated game between the elites and the poor, and study its
MPE.

In dynamic games with asymmetric information, and more generally in multi-agent, dynamic decision
problems (cooperative or non-cooperative) with asymmetric information, there is a signaling phenomenon
that can occur, where a player’s action reveals part of its private information to other players, which in
turn affects their future payoff ! (see [14] for a survey of signaling models). In one of the first works
demonstrating signaling, a two-stage dynamic game was considered by Spence [15], where a worker
signals her abilities to a potential employer using the level of education as a signal. Since then, this
phenomenon has been shown in many settings, e.g., warranty as a signal for better quality of a product,
in [16], larger deductible or partial insurance as a signal for better health of a person, in [17], [18], and
in evolutionary game theory, extra large antlers by a deer to signal fitness to a potential mate, in [19].

For dynamic games with asymmetric information, where players’ observations belong to different
information sets, in order to calculate expected future rewards players need to form a belief on the
observations of other players (where players need not have consistent beliefs). As a result, SPE or MPE 2,
are not appropriate equilibrium concepts for such settings. There are several notions of equilibrium for
such games, such as perfect Bayesian equilibrium (PBE), sequential equilibrium, and trembling hand
equilibrium [4], [5]. Each of these equilibrium notions consist of an assessment, i.e., a strategy and a
belief profile for the entire time horizon. The equilibrium strategies are optimal given the equilibrium
beliefs and the equilibrium beliefs are derived from the equilibrium strategy profile using Bayes’ rule
(whenever possible), with some equilibrium concepts requiring further refinements. Thus there is a cyclical
requirement of beliefs being consistent with strategies, which are in turn optimal given the beliefs,
and finding such equilibria can be thought of as being equivalent to solving a fixed point equation in
the space of strategy and belief profiles over the entire time horizon. Furthermore, these strategies and
beliefs are functions of histories and thus their domain grows exponentially in time, which makes the
problem computationally intractable. To date, there is no universal algorithm that provides simplification
by decomposing the aforementioned fixed-point equation for calculating PBEs.

Some practically motivated work in this category is the work in [20]-[23]. Authors in [20]-[22] study
the problem of social learning with sequentially-acting selfish players who act exactly once in the game
and make a decision to adopt or reject a trend based on their estimate of the system state. Players observe
a private signal about the system state and publicly observe actions of past players. The authors analyze
PBE of the dynamic game and study the convergent behavior of the system under an equilibrium, where

IThere are however instances where even though actions reveal private information, at equilibrium the signaling effect is non-existent [11],
[12] and [13, sec III.A]. Thus, MPE is an appropriate equilibrium concept for such games. In [11], authors extend the model of [8] where
firms’ set-up costs and scrap values are random and their private information. However, these are assumed to be i.i.d. across time and thus
the knowledge of this private information in any period does not affect the future reward. In [12], [13, sec III.A], authors discuss games
with one-step delayed information pattern, where all players get access to players’ private information with delay one. In this case as well,
signaling does not occur.

2SPE and MPE are used for games where beliefs in the game are strategy-independent and consistent among players. As a result, these
beliefs are derived from basic parameters of the problems and are not part of the definition of the equilibrium concept.



they show occurrence of herding. Devanur et al. in [23] study PBE of a repeated sales game where a
single buyer has a valuation of a good, which is its private information, and a seller offers to sell a fresh
copy of that good in every period through a posted price.

A. Contributions

In this paper, we present a sequential decomposition methodology for calculating a subset of all PBEs for
finite and infinite horizon dynamic games with asymmetric information. Our model, consists of strategic
agents having types that evolve as independent Markov controlled processes. Players observe their types
privately and actions taken by all players are observed publicly. Instantaneous reward for each player
depends on everyone’s types and actions. The proposed methodology provides a decomposition of the
interdependence between beliefs and strategies in PBE and enables a systematic evaluation of a subset
of PBE, namely structured perfect Bayesian equilibria (SPBE). For SPBE, players’ strategies are based
on their current private type and a set of beliefs on each player’s current private type, which is common
to all the players and whose domain is time-invariant. The beliefs on players’ types are such that they
can be updated individually for each player and sequentially w.r.t. time. The model allows for signaling
amongst agents as beliefs depend on strategies.

Our motivation for considering SPBE stems from ideas in decentralized team problems and specifically
the works of Ho [24] and Nayyar et al. [25]. We utilize the agent-by-agent approach in [24] to motivate a
Markovian structure where players’ strategies depend only on their current types. In addition, we utilize
the common information based approach introduced in [25] to summarize the common information into
a common belief on players’ private types. Even though these ideas motivate the special structure of
our equilibrium strategies, they can not be applied in games to evaluate SPBE because they have been
developed for dynamic teams and are incompatible with equilibrium notions. Our main contribution is a
new construction based on which SPBE can be systematically evaluated.

Specifically, for the finite horizon model, we provide a two-step algorithm involving a backward
recursion followed by a forward recursion. The algorithm works as follows. In the backward recursion, for
every time period, the algorithm finds an equilibrium generating function defined for all possible common
beliefs at that time. This involves solving an one-step fixed point equation on the space of probability
simplexes. Then, the equilibrium strategies and beliefs are obtained through a forward recursion using the
equilibrium generating function obtained in the backward step and the Bayes update rule. The SPBE that
are developed in this paper are analogous to MPEs (for games with symmetric information) in the sense
that players choose their actions based on beliefs that depend on common information, and private types,
both of which have Markovian dynamics.

For the infinite horizon model, instead of the backwards recursion step, the algorithm solves a single-shot
time invariant fixed-point equation involving both an equilibrium generating function and an equilibrium
reward-to-go function.

We show that using our method, existence of SPBEs in the asymmetric information dynamic game is
guaranteed if the aforementioned fixed-point equation admits a solution. We provide sufficient conditions
under which this is true.

We demonstrate our methodology of finding SPBEs through a multi-stage public goods game, whereby
we observe the aforementioned signaling effect at equilibrium.

B. Relevant Literature

Related literature on this topic include [13], [26] and [27]. Nayyar et al. in [13], [26] consider dynamic
games with asymmetric information. There is an underlying controlled Markov process and players
jointly observe part of the process and whilst making additional private observations. It is shown that
the considered game with asymmetric information, under certain assumptions, can be transformed to
another game with symmetric information. A backward recursive algorithm is provided to find MPE of
the transformed game. For this strong equivalence to hold, authors in [13], [26] 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 past strategies used by the players. This leads to
all strategies being non-signaling. Our model is different from this since we assume that the underlying
state of the system has independent components, each constituting a player’s private type. However, we
do not make any assumption regarding update of beliefs and allow the belief state to depend on players’
past strategies, which in turn allows the possibility of signaling in the game.

Ouyang et al. in [27] consider a dynamic oligopoly game with strategic sellers and 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. The common belief is strategy dependent
and the authors consider equilibria based on this common information belief. It is shown that if all other
players play actions based on the common belief and their private information, then player ¢ faces a
Markov decision problem (MDP) with respect to its action with state being the common belief and its
private type. Thus calculating equilibrium boils down to solving a fixed point equation on belief update
functions and strategies of all players. Existence of such equilibrium is shown for a degenerate case where
agents act myopically at equilibrium and the equilibrium itself is non-signaling.

Other than the common information based approach, Li et al. [28] consider a finite horizon zero-sum
dynamic game, where at each time only one agent out of the two knows the state of the system. The
value of the game is calculated by formulating an appropriate linear program. Cole et al. [29] consider
an infinite horizon discounted reward dynamic game where actions are only privately observable. They
provide a fixed-point equation for calculating a subset of sequential equilibrium, which is referred to as
Markov private equilibrium (MPrE). In MPrE strategies depend on history only through the latest private
observation.

C. Notation

We use uppercase letters for random variables and lowercase for their realizations. For any variable,
subscripts represent time indices and superscripts represent player identities. We use notation —i to
represent all players other than player i i.e. —i = {1,2,...i—1,i+1,..., N}. We use notation A, to
represent the vector (A;, Ayy1,... Ay) when ¢ > t or an empty vector if ¢ < ¢t. We use A;" to mean
(AL A2 A AR AN) . We remove superscripts or subscripts if we want to represent the whole
vector, for example A, represents (A}, ..., AY). In a similar vein, for any collection of sets (X%);cpr, we
denote X;cnr X’ by X. We denote the indicator function of a set A by I4(-). For any finite set S, A(S)
represents the space of probability measures on S and |S| represents its cardinality. We denote by P9 (or
[£9) the probability measure generated by (or expectation with respect to) strategy profile g. We denote
the set of real numbers by R. For a probabilistic strategy profile of players (3{);cns where the probability
of action @ conditioned on a;,_1, %, is given by f;(aj|ai._1,x},), we use the short hand notation
B¢ (a; *|ar—1, 27;) to represent [ ], 8/ (ai|ars—1, #],). All equalities and inequalities involving random
variables are to be interpreted in the a.s. sense. For mappings with range function sets f : A — (B — C)
we use square brackets f[a] € B — C to denote the image of a € A through f and parentheses f|a](b) € C
to denote the image of b € B3 through f|al.

The paper is organized as follows. In Section II, we present the model for games with finite and infinite
horizon. Section III serves as motivation for focusing on SPBE. In Section IV, for finite-horizon games, we
present 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. In Section V, we extend that
methodology to infinite-horizon games. Section VI discusses a concrete example of a public goods game
with two agents and results are presented for both, finite and infinite horizon versions of the example. All
proofs are presented in appendices.

II. MODEL AND PRELIMINARIES
. . . . . . . A
We consider a discrete-time dynamical system with NV strategic players in the set N' = {1,2,... N}. We
. . . A . e . .
consider two cases: finite horizon 7 = {1,2,...T} with perfect recall and infinite horizon with perfect



recall. The system state is X; = (X!, X2,... XN), where Xi € X' is the type of player i at time ¢, which
is perfectly observed and is its private information. Players’ types evolve as conditionally independent,
controlled Markov processes such that

N
P(z;) = [ [ Qi(a}) (1a)
i=1
P(It’%:t—l, al:t—l) = P($t|$t—1; Gt—l) (I1b)
N
= H Qi(ﬂé’ﬂ%i_l, ai-1), 9]
i=1

where )} are known kernels. Player i at time ¢ takes action a; € A’ on observing the actions a1 =
(ag)k=1,.t—1 where a; = (ai)je e which is common information among players, and the types xﬁzt,
which it observes privately. The sets A’ X'* are assumed to be finite. Let ¢° = (g!):c7 be a probabilistic
strategy of player 7 where g} : A1 x (X")" — A(A") such that player i plays action A% according to
Al ~ gi(-|laye_1,2%,). Let g 2 (gi)iej\{ be a strategy profile of all players. At the end of interval ¢, player
i receives an instantaneous reward Rj(z;,a;). To preserve the information structure of the problem, we
assume that players do not observe their rewards until the end of game®. The reward functions and state
transition kernels are common knowledge among the players. For the finite-horizon problem, the objective
of player 7 is to maximize its total expected reward

T
Jiho 2 e {Z Ri(X,, At)} . (2)

t=1

For the infinite-horizon case, the transition kernels Qi are considered to not depend on time ¢. We also
substitute R!(X;, A;) = 8'R'(X,, A;) take limg_, ., in the above equation, where § € [0, 1) is the common
discount factor and R’ is the time invariant stage reward function for agent 7. With all players being
strategic, this problem is modeled as a dynamic game, ® for finite horizon and ® ., for infinite horizon,
with asymmetric information and simultaneous moves.

A. Preliminaries

Any history of this game at which players take action is of the form h; = (ay.;_1,21.). Let H,; be
the set of such histories, H” 2 UL yH, be the set of all possible such histories in finite horizon and
e £ UiZoH, for infinite horizon. At any time ¢ player ¢ observes hi = (a14-1,7%,) and all players
together have h{ = a;.,_; as common history. Let H; be the set of observed histories of player ¢ at time ¢
and ‘H{ be the set of common histories at time ¢. An appropriate concept of equilibrium for such games is
PBE [5], which consists of a pair (8*, u*) of strategy profile 5* = (5, )ie7.icnr Where 5, : Hi — A(A")
and a belief profile * = ("4} )ieT.ienr Where " : Hj — A(H,) that satisfy sequential rationality so that
Vie N, t € T,hi € H, [

WS (k) = WP () 3)
where the reward-to-go is defined as
W;,B”,T(hi) A Eﬂ’ Tty [k ZR;(XmAn)}hi ’ 4)
n=t

3 Alternatively, we could have assumed instantaneous reward of a player to depend only on its own type, i.e. be of the form R}(x}:,at),
and have allowed rewards to be observed by the players during the game as this would not alter the information structure of the game



and the beliefs satisfy some consistency conditions as described in [5, p. 331]. Similarly, for the game
D, PBE (8%, u*) requires: Vi € N',t > 1,h¢ € Hi, S

WP (hy) = W (k) 5)
where the reward-to-go is
Wi (hy) £ BP9 il {Z Ri(X,, Ay) Ihi} . (©6)
n=t
In general, a belief for player ¢ at time ¢, *11; is defined on history ht (@1.4—1,x1.¢) given its private history

hi = (a14_1,7%,). Here player ¢’s prlvate hlstory hi = (a14_1,%,) consists of a public part h§ = a;;_y
and a private part xl 4. At any time ¢, the relevant uncertainty player ¢ has is about other players types
a7 € xt_; (X;X7) and their future actions. In our setting, due to independence of types, and given the
common history h¢, player i’s type history z%,, does not provide any additional information about 7},
as will be shown later For this reason we consider beliefs that are functions of each agent’s history h!
only through the common history h{. Hence, for each agent ¢, its belief for each history h{ = a1, is
derived from a common belief ji; [a1.4—1]. Furthermore, as will be show later, this belief factorizes into a
product of marginals [ ;. f1;”[a14-1]. Thus we can sufficiently use the system of beliefs, " = (u*)se,

where pf = (17")icnr» and u*’i : H¢ — A(X?), with the understanding that agent 4’s belief on z; " is
e area )z = 1 i b7 Jare (@ 7). Under the above structure, all consistency conditions that are
required for PBEs [5, p. 331] are automatically satisfied.

III. 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 players’
current types, which are their 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 IV.

At any time ¢, player 4 has information (ay.; 1, x%,) where a;;_; is the common information among
players, and 2%, is the private information of player i. Since (ay._1, %) increases with time, any strategy
of the form A% ~ gi(-|aj.4_1,x},) becomes unwieldy. Thus it is desirable to have an information state in
a time-invariant space that succinctly summarizes (a,._1,}.,), and that can be sequentially updated. We
first show in Lemma 1 that given the common information ay., ; and its current type !, player i can
discard its type history z%,, ; and play a strategy of the form A! ~ s!(-|a;;_1,2!). Then in Lemma 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, € A(X), is defined as m;(z;) = PI(X; = xy]ary—1), Vo, € X. We also define the
marginals 7}(x}) = P9(z} = x}|a4_1), Va, € X"

For player i, we use the notation g to denote a general policy of the form Al ~ gi(-|ay.¢—1, 2%.,), notation
s, where s} : A1 x X' — A(A"), to denote a policy of the form A} ~ s{(:|a1,,—1, x}), and notation m,
where m! : A(X;enX?) x X' — A(A), to denote a policy of the form Al ~ mi(-|my, xt). Tt should be
noted that since 7 is a function of random variables a;.,—1, m policy is a special type of s policy, which
in turn is a special type of g policy.

Using the agent-by-agent approach [24], we show in Lemma 1 that any expected 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 1: Given a fixed strategy ¢~ of all players other than player i and for any strategy ¢ of player
i, there exists a strategy s* of player ¢ such that

P9 (2, a,) = P79 (3p,0,)  VEE T, 1 € X ay € A, )

—1 7

which implies J55'9 " = Jb9'9"

Proof: Please 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")ien = (J"9)ien-

Policies of types s still have increasing domain due to increasing common information a;.;_1. In order
to summarize this information, we take an equivalent view of the system dynamics through a common
agent, as taken in [30]. The common agent approach is a general approach that has been used extensively
in dynamic team problems [31]—-[34]. Using this approach, the problem can be equivalently described
as follows: player i at time ¢ observes a;; ; and takes action v}, where i : X' — A(A’) is a partial
(stochastic) function from its private information z} to aj, of the form Al ~ ~i(-|z%). These actions are
generated through some policy ' = (¢})ier, i : A1 — {X" — A(A")}, that operates on the common
information ay.; ; such that v} = v![a1;_1]. Then any policy of the form A! ~ s!(-|ay.;_1,!) is equivalent
to Af ~ Yilare](-[z}). , ,

We call a player i’s policy through common agent to be of type v’ if its actions v; are taken as
i = ilars_1]. We call a player i’s policy through common agent to be of type 0" where 0! : A(X) —
{X" — A(AY)}, if its actions 7! are taken as 7! = 0![m;]. A policy of type 0% is also a pohcy of type 9.
There is a one-to-one correspondence between policies of type s* and of type 1" and between policies of
type m’ and of type #°. In summary, the notation for the various functional form of strategies is

Ap~si(Cla-n2y)  Ap e~ dilane] (),
Ap ~ mi ([, ) Ap ~ O] ().

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.
Lemma 2: For any given strategy profile s of all players, there exists a strategy profile m such that

P™ (2, ap) = P*(x4,a4) VEE T, € X a4 € A, 9)

which implies (J*™);cn = (J%)ien
Proof: Please see Appendix B. [ ]

The above two lemmas show that any reward profile that can be generated through a policy profile
of type g can also be generated through a policy profile of type m. This is precisely the motivation for
using SPBE which are equilibria based on policies of type m. It should be noted that the construction
of s' depends only on ¢* (as shown in (44d)), while the construction of m' depends on the whole policy
profile g and not just on g‘, since the construction of #° depends on ¢ in (56). Thus any unilateral
deviation of player ¢ in g policy profile does not necessarily translate to unilateral deviation of player ¢ 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.

We end this section by noting that finding general PBEs of type g of the game ©®, or ©,, would
be a desirable goal, but due to the space of strategies growing exponentially with time, that would
be computationally intractable. However Lemmas 1 and 2 suggest 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 backward recursion. Our goal is to devise an algorithm
to find structured equilibria of type m of the dynamic game ©; and ©,



IV. A METHODOLOGY FOR SPBE COMPUTATION IN FINITE HORIZON

In this section we consider the finite horizon dynamic game ®;. In the previous section, in the proof
of Lemma 2 and specifically in Claim 5, it was shown that due to the independence of types and their
evolution as independent controlled Markov processes, for any strategy of the players, the joint common
belief can be factorized as a product of its marginals i.e., m(z:) = Hf\; mi(xt), Vr,. Since in this paper,
we only deal with such joint beliefs, to accentuate this independence structure, we define m, € x;ey A(X7)
as vector of marginal beliefs where 7, := (7!);ca. In the rest of the paper, we will use 7, instead of
whenever appropriate, where of course, 7, can be constructed from m,. Similarly, we define the vector of
belief updates as F(x,v,a) := (F*(7%,~*,a))ienr Where (using Bayes rule)

i T @)y (@) Q) (ahy |7ha) N it it~

‘ ' ' ) t - f . ) ) 2 AP~ O

Fi(n' o', a)(w)) = S = i (10
X M @)@l ) i Ty ()7 (@']) = 0.

The update function F* defined above depends on time ¢ through the kernel Q! (for the finite horizon
model). For notational simplicity we suppress this dependence on t. We also change the notation of
policies of type m and 6 as follows, so they depend on 7, instead of 7,

Xaen A(X) X X' = A(A) 0y ey A(X) = {X = A(AY)}. (11)

A. Backward Recursion

In this section, we define an equilibrium generating function 6 = (60});cp te7> Where 607 : X, e A(X?) —
{X “— A(A")}. In addition, we define a sequence of reward-to-go functions of player ¢ at time ¢,
(V} )ze N tef1,2,..T+1}» Where V XienA(X ’) x X" — R. These quantities are generated through a backward
recursive way, as follows.

1>

VTi+1(ET+1> méf—kl) 0. (12)

2. Fort = T,T —1,...1, Vo, € X;enA(X"), m = [licp 7 let 6[m,] be generated as follows. Set
3: = 0m,], where 7; is the solution, if it exists*, of the following fixed-point equation, Vi € N, z¢ € X",

%( |93t) € arg H(lélix) Bl e {RZ Xi, Ay) + Vt+1(F(7Ttﬁt7At)aXtiH)‘xi} ) (13)

where expectation in (13) is with respect to random variables (X, LA XD +1) through the measure
w (o i (alled )3 (o o) Qi (2 2, a) and F s defined above.
Furthermore, using the quantity 7; found above, define

i iy D oA Cle)AE T i i ~ i i
Vi(my, xp) = ISR {Rt(Xt7 Ap) + Vi (E (3t At)vXtJrl)’It} . (14)

It should be noted that in (13), 7 is not the outcome of a maximization operation as is the case in a best
response equation of a Bayesian Nash equilibrium. Rather (13) is a different fixed point equation. This is
because the maximizer 7, appears in both, the left-hand-side and the right-hand-side of the equation (in
the belief update F(r,, 5;, A;) = (F*(n}, 3}, A¢))ien)- This distinct construction allows the maximization
operation to be done with respect to the variable ~!(-|x%) for every ¢ separately as opposed to be done
with respect to the whole function 7/ (+|-), and is pivotal in the proof of Theorem 1.

To highlight the significance of the unique structure of(13), we contrast it with two alternate intuitive,
but incorrect constructions.

*The problem of existence in this step will be discussed in Section VII.



(a) Following the common information approach as in decentralized team problems [30], instead of (13),
suppose 7; were constructed as equilibrium actions of the common agent, i.e. for a fixed m,, Vi € N,

it € argmax BT LRI, A + Vi (B i A, XE)}- (15)
t

It should be noted that in (15), the argument of the maximization operation, 7!, appears both, in
generation of action Af; and in the update of the belief 7;. Moreover, (15) is not conditioned on xi
the private information of player ¢, as is the case in the corresponding team problem. This is because
the common agent who does not observe the private information of the player ¢, 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 incompatible with
the sequential rationality condition in (4), which requires conditioning on the entire history (ay.; 1, z%.,)
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 (13), 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 ,,Vi € N, 2! € X*,

yi € arg max BN L RUXG, A + Vi (B w13 A, Xi) |73} (16)
Tt

Then 7/ would be a function of 7, and z! through a best response relation 7} € BR;- (7,"), where
B R; is appropriately defined through (16). Consequently, every component of the solution of the fixed
point equation (3, € BR’, (5; i))x;'e xien if it existed, would be a function of the whole type profile

14, resulting in a mapping ¢ = 6:[x,, 7;]. Since player i only observes its own type z%, it would not be
able to implement the corresponding 7;, and therefore the construction would be invalid.

B. Forward Recursion

As discussed above, a pair of strategy and belief profile (5%, 1*) is a PBE if it satisfies (4). Based on
6 defined above in (12)—(14), we now construct a set of strategies $* and beliefs p* for the game ®r in
a forward recursive way, as follows>. As before, we will use the notation w [a1-1] == (uy ot [a1.4-1])iens
where u:’i la1.+—1] is a belief on z¢, and y}[a;._1] can be constructed from I la14-1] as pylar.—1](xe) =
[T, 1 lare (), Yare o € H.
1. Initialize at time ¢t = 1,

N
pild)(z) = [ ] Qi (). (17)
=1
2. Fort=1,2...T.Vie N,a, € Hf,, 2}, € (X))
B (aylare—1, 24,) = B (a}lave—r, x}) = 0,11 [ars—]] (ay]x}) (18)
and
prtlave = F' (" [ave), 6 17 [a1:-1]], ar) (19)

where F* is defined in (10).
We now state our main result.

5As discussed in the preliminaries subsection on Section II, the equilibrium beliefs in SPBE, 1} are functions of each agent’s history h!
only through the common history hy and are the same for all agents.
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Theorem 1: A strategy and belief profile (5*, u*), constructed through the backward-forward recursion
algorithm is a PBE of the game, i.e., Vi € N',t € T, a14_1 € HE, 2, € (X)), 5,

]E’BtTBtT sHElare—1] {ZRZ X, An |a1t 1>$lt} >EBtTBfT ' wilor 1]{ZRZ Xn, Ay ‘CLM 1a$1t}
n=t n=t
(20)

Proof: Please see Appendix C. [ ]
We emphasize that even though the backward-forward algorithm presented above finds a class of equilib-
rium strategies that are structured, the unilateral deviations of players in (20) are considered in the space
of general strategies, i.e., the algorithm does not make any bounded rationality assumptions.

Several remarks are in order with regard to the above methodology and the result.

Remark 1: An intuitive explanation for why all players are able to use a common belief is as follows.
The sequence of beliefs defined above serves two purposes. First, for any player 4, it puts a belief on

x;" to compute an expectation on the current and future rewards. Secondly, it predicts the actions of the
other players since their strategres are functions of these beliefs. Since for any strategy profile, xh, is
conditionally independent of x; " given the common history a1, player i’s knowledge of z}., does not
affect this belief and thus in our definition, all players can use the same belief ©* which is independent
of their private information.

Remark 2: Independence of types is a crucial assumption in proving the above result, which manifests
itself in Lemma 4 in Appendix D, used in the proof of Theorem 1. This is because, at equilibrium, player
i’s reward-to-go at time ¢, conditioned on its type z!, depends on its strategy at time ¢, (3!, only through
its action a! and is independent of the corresponding partial function S3¢(-|ai.;_1,-). In other words, given
x! and al, player i’s reward-to-go is independent of 3{. We discuss this in more detail below.

At equilibrium, all players observe past actions ai.; ; and update their equilibrium belief 7;, which
is the same as u}[a1.4—1], through the equilibrium strategy profile 3*. Now suppose at time ¢, player i
decides to unilaterally deviate to 3/ at time ¢ for some history a;.;_; keeping the rest of its strategy the
same. Then other players still update their beliefs (7¢)sct41,..7) in the same way as before and take their
actions through equilibrium strategy ;" " operated on 7rt and x; ', whereas player ¢ forms a new belief
Ti+1 on z; which depends on strategy profile 37, 6t, . Thus at time ¢, player ¢« would need both
the beliefs 7,1, T;+1 to compute its expected future reward (as also discussed in [13]); w4 to predict
other players’ actions and 7,1 to form a true belief on x; based on its information. As it turns out, due
to independence of types, ;41 does not provide additional information to player 7 to compute its future
expected reward and thus it can be discarded. Intuitively, this is so because the belief on type j, 7/, is a
function of strategy of player 7 till time ¢ (as shown in Claim 5 in Appendix B); thus 7rt_+i1 = /ﬁt_jl. Now
since player ¢ already observes its type ¢, its belief 7! on z! does not provide any additional information
to player 4, and thus 7, (which is the same as p;[a;,_1]) is sufficient to compute future _expected reward
for player 4. Also 7, is updated from m;, 37 (-|ai.+_1,-) and a;, and is independent of 3; given a!. This
implies player 7 can use the equilibrium strategy /3; to update its future belief, as used in (13). Then by
construction of ¢ and specifically due to (13), player ¢ does not gain by unilaterally deviating at time ¢
keeping the remainder of its strategy the same.

Remark 3: We note that in the two-step backward-forward algorithm described above, once the equilib-
rium 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 computationally insignificant, the algorithm
computes SPBEs for different prior distributions at the same time.

Remark 4: The following result shows that all SPBE can be found through the backward-forward
methodology described before. An SPBE can be defined as a PBE (3*, u*) of the game that is generated
through forward recursion in (17)—(19), using an equilibrium generating function ¢, where ¢ = (¢!)icnr 1e7»
B Xien A(XY) = {X" — A(A")}, common belief update function F and prior distributions Q. As a
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consequence, ;" only depends on current type z; of player i, and on the common information a;.;_;
through the set of marginals 7 [a14_1], and p;" depends only on common information history ai.; ;.

Theorem 2 (Converse): Let (8%, ;1) be an SPBE. Then there exists an equilibrium generating function
¢ that satisfies (13) in backward recursion V 7, = pf[a141], ¥V a1.4_1, such that (5%, u*) is defined through
forward recursion using ¢ ©.

Proof: Please see Appendix E. [ ]

Remark 5: In this paper, we find a class of PBEs of the game, while there may exist other equilibria
that are not ‘structured’, and can not be found by directly using the proposed methodology. The rationale
for using structured equilibria over others is the same as that for using MPE over SPE for a symmetric
information game; a focussing argument for using simpler strategies being one of them.

Remark 6: Using this methodology, dynamic LQG games with asymmetric information are studied
in [35] where it is shown that under certain conditions, there exists an SPBE of the game with strategies
being linear in players’ private types. In [36], authors extend the finite-horizon model in this paper such
that players do not observe their own types, rather make independent noisy observations of their types.
An analogous backward-forward algorithm is presented for that model.

Finally, existence of the solution of the fixed-point equation in (13) is discussed in Section VII.

V. A METHODOLOGY FOR SPBE COMPUTATION IN INFINITE HORIZON

In this section we consider the infinite horizon discounted reward dynamic game %.,. We state the
fixed-point equation that defines the value function and strategy mapping for the infinite horizon problem.
This is analogous to the backwards recursion ((13) and (14)) that define the value function and 6 mapping
for the finite horizon problem.

Define the set of functions V' : X = N A(XT) x X' — R and strategies 7' @ X' — A(AY) (which are
generated formally as 7' = 0°[x] for given ) via the following fixed-point equation: V i € N, z* € X*,

F(-|2') € argmax EYUOTTUIRI(XAY 4+ 6V(E(x, 7, A), X)) |, 2], (21a)
7l \.xne'A(Aw
Vi(z,a') = BV RIX A) + 6VE(E(x, 7, A), X" | @, 27]. (21b)

Note that the above is a joint fixed-point equation in (V,7), unlike the backwards recursive algorithm
earlier which required solving a fixed-point equation only in 7. Here the unknown quantity is distributed
as

(X7 AL AT X e r (@ )y (o' | 2)y (07 [ 27 Q" | 2, a). (22)

and F"(-) is defined in (10).

Define the belief * inductively similar to the forward recursion from Section IV-B. By construction
the belief defined above satisfies the consistency condition needed for a PBE. Denote the strategy arising
out of ¥ by £* i.e.,

F(ay | @y aver) = 07 [ ara]] (af | 7). (23)

Note that although the mapping #° is stationary, the strategy ﬁf’* derived from it is not so.
Below we state the central result of this section. It states that the strategy-belief pair (5%, *) constructed
from the solution of the fixed-point equation (21) and the forward recursion indeed constitutes a PBE.
Theorem 3: Assuming that the fixed-point equation (21) admits an absolutely bounded solution V* (for
all i € N), the strategy-belief pair (5*, 1*) defined in (23) is a PBE of the infinite horizon discounted
reward dynamic game ie.,Vie N, 5',t > 1, h! € H.,

B8 i A [Zén—tRi(Xm A) | hﬂ > R4 A i [hf] [Z(W_tRi(Xn,An) | hﬂ (24)
—t n=t

®Note that for &, # My [a1:¢—1] for any a1:.—1, ¢ can be arbitrarily defined without affecting the definition of (8%, u*).
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Proof: Please see Appendix F. [ ]

Our approach to proving Theorem 3 is as follows. We begin by noting that the standard contraction
mapping arguments used in infinite horizon discounted reward MDPs/POMDPs viewed as a limit of
finite horizon problems, do not apply here, since the policy equation (21a) is not a maximization, but a
different fixed-point equation. So we attempt to “fit” the infinite horizon problem into the framework of
finite-horizon model developed in the previous section. We do that by first introducing a terminal reward
that depends on common beliefs, in the backward-forward recursion construction of Section IV for finite
horizon games. We consider a finite horizon, 7" > 1, dynamic game with rewards same as in the infinite
horizon version and time invariant transition kernels Q. For each agent 4, there is a terminal reward
G'(mr41,x%,) that depends on the terminal type of agent ¢ and the terminal belief. It is assumed that
Gi(-) is absolutely bounded. We define the value functions (V;"" : X jenA(X7) x X1 — R)ie ner and

strategies (’yti’T)ie NieT backwards inductively in the same way as in Section IV-A except Step 1, where

instead of (12) we set V}fl = G". This consequently results in a strategy/belief pair (5*, u*), based on
the forward recursion in Section IV-B. Now, due to the above construction, the value function Vf’T from
above and V' from (21) are related (see Lemma 9, Appendix G). This result combined with continuity
arguments as ' — oo complete the proof of Theorem 3.

VI. A CONCRETE EXAMPLE OF MULTI-STAGE INVESTMENT IN PUBLIC GOODS

In this section, we discuss both, a two-stage (finite) and an infinite-horizon version of a public goods
example to illustrate the methodology described above for the construction of SPBEs.

A. A two stage public goods game

We consider a discrete version of Example 8.3 from [5, ch.8], which is an instance of a repeated public
goods 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
1 = 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 x which is its private information. Both players believe that z*’s are drawn
independently and identically with probability distribution @ with support {z¥, z}; 0 < 2F < 1 < 2%,
such that PQ(X" = 2f') = g where 0 < ¢ < 1.

This example is similar to our model where N = 2,T" = 2 and reward for player 7 in period t is

a;’  ifal =0

, . 25
1 —2a" if a; = 1. (23)

Ri(z,a;) = 6'R'(x,a;,) with R'(z, a;) = {

We set § = 1 in this two-stage case. We will use the backward recursive algorithm, defined in Section IV,
to find an SPBE of this game. For period ¢ = 1,2 and for ¢ = 1, 2, the partial functions i can equivalently
be defined through scalars pi* and pi such that

v(ah) = pif A7) =1=pi" ) = p, A0f) =1 - p, (26)
where pif pifl € [0, 1]. Henceforth, we will use pi© and pi¥! interchangeably with the corresponding ..
For ¢ = 2 and for any fixed 7, = (73, 73), where 7 = 7 (x1) € [0, 1] represents a probability measure
on the event {X* =z}, player i’s reward is
BV { Ry (X, Ap)|ma, X' = 2"} = (1= pb") (1 =7 ")py ™" + 75 'pp ™) + 05" (1 — ), (272)
E™{Ry(X, Ap)|ma, X' = 2} = (1= py") (1 — my")py ™ + my 'y ™) +py" (1 = 2™). (27b)
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Let Y = 6[m,] and equivalently (p3~, p3*, p™, p3™) = 65[m5] be defined through the following fixed point
equation, which is equivalent to (13). For ¢ = 1,2

Py’ € argmax (1 —py") (1 —m3")py " + my'pp ™) +pa"(1 — 2¥), (28a)
)

py’ € argmax (1 —py") (1 —my")py™™ + 'y ") +py (1 — ™). (28b)
Py

Since 1 — zf < 0, pi¥ = 0 achieves the maximum in (28b). Thus (28a)—(28b) can be reduced to,
vie {1,2)

Py’ € argmax (1 —py")(1 — 73 )py " +py- (1 — 2. (29)
p2
This implies,
0 it 2l >1-(1-7m9p",
il =1 1 if 2t <1—(1-m")p", (30)

arbitrary  if  zf =1— (1 — 7w, ")p, .

The solutions of the fixed point equation (30) are shown in Figure 1 in the space of (73, 73).

w2 ( 0,1=x ] )
2 (1 0,0,0) (1,[0,1],0,0)
/)
1
:/ ([0,1],1,0,0)
(1,0,0,0) 1 (1,1,0,0) _—
:
1
xt H
1 —xL 1-x I
1 TL’Z 1— 7'[2 i
(0,1,0 o) | (0,1,0,0)
(1,0,0,0) :
|\

Fig. 1: Solutions of fixed point equation in (30). Solutions are shown as quadruplets (pit, pa&, pif, paH)
with intervals in place of single values whenever the solution is not uniquely defined.

Thus for any 7,, there can exist multiple equilibria and correspondingly multiple 0;[m,] can be defined.
For any particular 6, at ¢ = 1, the fixed point equation that needs to be solved is of the form, Vi € {1, 2}

pi- € argmax (1 —pi) (1 = @)py ™" + by + E{V5(F(Q* 71, (0, A7), 2")})

py
+pi (1= + BV (E(Q A, (1, A7), 2)}) - (31a)
pit €argmax (1 —pi") (1= @)™ +qpy ™ + E{V5(F(Q* A1, (0, A7), 2™)})

Py

+ " (1 =2 + EM{V3(F(Q* 4, (1, A7), z™)}) . (31b)
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where F(Q?% 7, (A, A%)) & (FY(Q,7', AY), F*(Q,7?%, A?)) (for this example F'(-,-, A) depends only on
A®, hence this expression is written with slight abuse of notation) and

q(1 —pifh)
— i . 32
FQ30 = a5 v 1 = =) (322)
~H
Fl(Q.3,1) = —— 2 T (32b)

qpi" + (1 —q)p}

if the denominators in (32a)—(32b) are strictly positive, else F(Q, i, A') = Q as in the proof of Lemma 2,
and in particular Claim 5. A solution of the fixed point equation in (31a)-(31b) defines 6, [Q?].

Using one such @ defined as follows, we find an SPBE of the game for ¢ = 0.1, 2% = 0.2, 2% = 1.2.
We use 6,[m,] as one possible set of solutions of (30), shown in Figure 2 and described below,

(17570 175,0,0) 7 € [0,a%),73 € [0,2%)
o <1H = 1,0,0,0) ms € [0, 2], 72 € [27,1]
9 ’ 2L7 lH7 2H — ( 2 ) ) 119 ) 33
o[ma] = (B3, 3", B, o) = (0.1,0,0) e [oh 1) 72 € 0,28 (33)
(1,1,0,0) my € (¢h, 1], 73 € (25, 1].

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

L/ /

(1,1,0,0) _— (0,1,0,0)

C

(1,0,0,0)

. — -

1- xL =X .
(1 -}’ 1-n% ) I (0’1‘0’0)

Fig. 2: Specific solution [rm,] described in (33).

Then, through iteration on the fixed point equation (31a)-(31b) and using the aforementioned 6],
we numerically find (and analytically verify) that 0,[Q% = (pi%, p?L, pif, p?H) = (0,1,0,0) is a fixed
point. Thus

BiAl =1X"=a") =0 BHA] =1]X*=a") =1
BiAl =1x"=a")=0 BA]=1X*=2")=0
with beliefs ;3[00] = (¢, 1), u3[01] = (g, 0), u3[10] = (g, 1), u3[11] = (g,0) and (B5(-|ar,"))icrr0y =

0s]p5]aq]] 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
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whereas player 1 does not. Since 65 is symmetric, there also exists an (antisymmetric) equilibrium where
at time ¢ = 1, players’ strategies reverse i.e. player 2 never contributes and player 1 contributes according
to her type. We can also obtain a symmetric equilibrium where 6,[Q?] = ( (1_;)_(91”izL), (1_(11)_(ﬁzL) ,0,0) as
a fixed point when zl > 3+ resulting in beliefs y5[00] = (p, p), u5[01] = (p, 0), u3[10] = (0, p), pu3[11] =

1+at
(O, O) where p = m

B. Infinite horizon version

In this section, we consider an infinite horizon version of the above public goods dynamic game. We
consider three values § = 0, 0.5, 0.95. We solve the corresponding fixed point equation (arising out of (21))
numerically to calculate the mapping 6 (which in turn generates the perfect Bayesian equilibrium (5*, 1*)).

We solve the fixed-point equation numerically by discretizing the r—space [0, 1) and all solutions that
we find are symmetric w.r.t. agents i.e., p'Z for 1 = (w1, ) is the same as p*L for ' = (my,m) and
similarly for p'7, p?.

For 0 = 0, the game is instantaneous and actually corresponds to the second round ¢ = 2 play in the
finite horizon two-stage version above. Thus whenever agent 1’s type is . it is instantaneously profitable
not to contribute. This gives p'ff = 0, for all 7. Thus we only plot p'%; in Fig. 3 (this can be inferred
from the discussion and Fig. 1 above). Intuitively, with type = the only values of 7 for which agent 1
would not wish to contribute is if he anticipates agent 2’s type to be z* with high probability and rely
on agent 2 to contribute. This is why for lower values of 7, (i.e., agent 2’s type likely to be ') we see
p' =0 in Fig. 3.

Now consider p'* plotted in Fig. 3, 4 and 6. As ¢ increases, future rewards attain more priority and
signaling comes into play. So while taking an action, agents not only look for their instantaneous reward
but also how their action affects the future public belief 7 about their private type. It is evident in the
figures that as ¢ increases, at high 7, up to larger values of 75 agent 1 chooses not to contribute when
his type is #”. This way he intends to send a “wrong” signal to agent 2 i.e., that his type is =/ and
subsequently force agent 2 to invest. This way agent 1 can free-ride on agent 2’s investment.

Now consider Fig. 5 and 7, where p' is plotted. For § = 0 we know that it is profitable to not
contribute, however as ¢ increases from 0, agents are mindful of future rewards and thus are willing
to contribute at certain beliefs. Specifically, coordination via signaling is evident here. Although it is
instantaneously not profitable to contribute if agent 1’s type is x/, by contributing at higher values of
my (i.e., agent 2’s type is likely 2) and low m;, agent 1 coordinates with agent 2 to achieve net profit
greater than O (reward when no one contributes). This can be done since the loss of contributing is —0.2
whereas profit from free-riding on agent 2’s contribution is 1.

Under the equilibrium strategy, beliefs II, form a Markov chain. One can trace this Markov chain to
study the signaling effect at equilibrium. On numerically simulating this Markov chain for the above
example (at § = 0.95) we observe that for almost all initial beliefs, within a few rounds agents completely
learn each other’s private type truthfully (or at least with very high probability). In other words, agents
manage to reveal their private type via their actions at equilibrium and to such an extent that it negates
any possibly incorrect initial belief about their type.

As a measure of cooperative coordination at equilibrium one can perform the following calculation.
Compare the value function V(- z) of agent 1 arising out of the fixed-point equation, for § = 0.95 and
x € {xf 2L} (normalize it by multiplying with 1 — ¢ so that it represents per-round value) with the best
possible attainable single-round reward under a symmetric mixed strategy with a) full coordination and
b) no coordination. Note that the two cases need not be equilibrium themselves, which is why this will
result in a bound on the efficiency of the evaluated equilibria.

In case a), assuming both agents have the same type z, full coordination can lead to the best possible

reward of H;—_"B = 1 — 5 le., agent 1 contributes with probability 0.5 and agent 2 contributes with

probability 0.5 but in a coordinated manner so that it doesn’t overlap with agent 1 contributing.
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In case b) when agents do not coordinate and invest with probability p each, then the expected single-
round reward is p(1 — x) + p(1 — p). The maximum possible value of this expression is (1 — £)2.

For 2 = ! = 0.2, the range of values of V' (7, 7o, z¥) over (71, m2) € [0, 1]% is [0.865, 0.894]. Whereas
full coordination produces 0.9 and no coordination 0.81. It is thus evident that agents at equilibrium end
up achieving reward close to the best possible and gain significantly compared to the strategy of no
coordination.

Similarly for 2 = 21 = 1.2 the range is [0.3,0.395]. Whereas full coordination produces 0.4 and no

coordination 0.16. The gain via coordination is evident here too.

™

Fig. 6: p'L vs. (my,my) at § = 0.95. Fig. 7: p* vs. (w1, m) at 6 = 0.95.

VII. AN EXISTENCE RESULT FOR THE FIXED-POINT EQUATION

In this section, we discuss the problem of existence of signaling equilibria’. While it is known that for
any finite dynamic game with asymmetric information and perfect recall, there always exists a PBE [4,
Prop. 249.1], existence of SPBE is not guaranteed. It is clear from our algorithm that existence of SPBEs
boils down to existence of a solution to the fixed-point equation (13) in finite horizon and (21) in infinite
horizon. Specifically, for the finite horizon, at each time ¢ given the functions V}, ; for all ¢ € N/ from the
previous round (in the backwards recursion) equation (13) must have a solution #; for all i € . Generally,

"In the special case of uncontrolled types where agent ©’s instantaneous reward does not depend on its private type xi, the fixed point
equation always has a type-independent, myopic solution ¥¢(-), since it degenerates to a best-response-like equation similar to the one for
computing Nash equilibrium. This result is shown in [27].
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existence of equilibria is shown through Kakutani’s fixed point theorem, as is done in proving existence
of a mixed strategy Nash equilibrium of a finite game [4], [37]. This is done by showing existence of
fixed point of the best-response correspondences of the game. Among other conditions, it requires the
“closed graph” property of the correspondences, which is usually implied by the continuity property of
the utility functions involved. For (13) establishing existence is not straightforward due to: (a) potential
discontinuity of the 7, update function /' when the denominator in the Bayesian update is O and (b)
potential discontinuity of the value functions, V/, ;. In the following we provide sufficient conditions that
can be checked at each time ¢ to establish the existence of a solution.

We consider a generic fixed-point equation similar to the one encountered in Section IV and Section V
and state conditions under which they are guaranteed to have a solution. To concentrate on the essential
aspects of the problem we consider a simple case with NV = 2, type sets A’ i = {zf 2"} and action sets
A" = {0, 1}. Furthermore, types are static and instantaneous rewards R'(x,a) do not depend on z~".

Given public belief 7 = (7', 7?) € x?_,A(AY), value functions V' V2, one wishes to solve the
following system of equations for (7'( | xi))xie{zH,xL},z‘e{l,z}'

(- |a') € argmax BT Rl 4) 4 VI ((FY 3 AY), P27 32, A7)0 | o x] - 39)

Yi(lt)eA(AY)
where the expectation is evaluated using the probability distribution
(A1, A%) ~ 7' (a" | 2") [ (z")F (@ | &™) + 7/ (@")7 (o’ | 7). (36)

The probabilistic policy 5 can be represented by the 4-tuple p = (p'~, p*, p'#, p*H)
Yi(a' =1 ]2 and pit =~i(a’ =1 | 2), i =1,2.

The fixed-point equation of interest reduces to

where pifl =

ﬁlH S arg{na]‘xa |:(7T2]52H+(1_7T2)]32L) (VI(FI(W17]51)7 F1<7T27]52)7 xH)_V1<FO(7T1aﬁ1)a Fl(ﬂ—27]32)7 xH))
a€|0,1

+ (1 o 71_2?52H o (1 o 7T2)ﬁ2L) (Vl(Fl(Wl,ﬁl),FO(W2,]32),[L’H) o V1<F0(7T1,]51), F0(7T2,]32>,ZL‘H))
+ (7 + (1= 2?)p*) (RN (=M, 1,1) — RY(2™,0,1))
441—#ﬁH—a—w%ﬁﬂuﬁuﬁLm-J#uﬁQmﬂ (37)

and three other similar equations for p'’, p* | p?L. Here

F( ( H L)) A 71-pH (38 )
T = a
1 y PP 7TpH + pr
1—p")
Fo(m, (p", pF)) & ull 38b
0( (p p )) 7'('(1 —pH) —|—7(1 —pL) ( )
and in both definitions, if the denominator is 0 then the RHS is taken as 7.
A. Points of Discontinuities and the Closed graph result
Equation (37) and the other three similar equations are essentially of the form (for a given )
x € argmax afi(x,y,w, 2) (39a)
a€(0,1]
y € argmax bfs(z,y,w, z) (39b)
be(0,1]
w € argmax cfs(z,y,w, z) (39¢)
c€[0,1]
z € argmax dfy(x,y,w, 2) (394d)

del0,1]
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with z,y, z,w as p'¥, ptl, p*H 52F, respectively.

Define D; C [0, 1]* as the set of discontinuity points of f; and D £ U}, D;.

For any point z, € D, define S(z,) as the subset of indexes i € {1,2,3,4} for which f;(z) is
discontinuous at x,.

Assumption (E1): At any point z, € D, V i € S(z,) one of the following is satisfied:
D) fi(zg) =0, or
2) € > 0suchthat V z € B.(z,) (inside an e-ball of z,) the sign of f;(z) is same as the sign of f;(z,).

In the following we provide a sufficient condition for existence.

Theorem 4: Under Assumption (E1), there exists a solution to the fixed-point equation (39).

Proof: Please see Appendix H. [ ]

The above set of results provide us with an analytical tool for establishing existence of a solution to
the concerned fixed-point equation.

While the above analytical result is useful in understanding a theoretical basis for existence, it doesn’t
cover all instances. For instance, fixed-point equation (31) from Section VI-A, does not satisfy assump-
tion (E1). In the following we provide a more computationally orientated approach to establishing existence
and/or solving the generic fixed-point equation (39).

We motivate this case-by-case approach with the help of an example. Suppose we hypothesize that the
solution to (39) is such that x = 0,w = 0 and y, z € (0, 1). Then (39) effectively reduces to checking if
there exists y*, z* € (0, 1) such that

y* € argmaxbfo(0,y",0,2%) (40a)
b

2* € argmax dfy(0,y",0, z%) (40b)
d

f1(0,4%,0,2%) <0 (40c¢)

f3(0,7,0,2%) < 0. (40d)

Thus the 4-variable system reduces to solving a 2-variable system and 2 conditions to verify. For instance,
if f5(0,y,0,2), f4(0,4,0,2) as functions of y,z satisfy the conditions of Theorem 4 then the sub-
system (40a), (40b) has a solution. If one of these solution is also consistent with (40c), (40d) then
this sub-case indeed provides a solution to (39).

Generalizing the simplification provided in the above example, we divide solutions into 3* = 81 cases
based on whether each of z,y,w, z are in {0}, (0,1),{1}. There are (1) 16 corner cases where none are
in the strict interior (0, 1); (2) 32 cases where exactly one is in the strict interior (0, 1); (3) 24 cases where
2 variables are in the strict interior (0,1); (4) 8 cases where 3 variables are in the strict interior (0, 1);
and (5) 1 case where all 4 variables are in the strict interior (0,1).

Similar to the calculations above, for each of the 81 cases one can write a sub-system to which the
problem (39) effectively reduces to. Clearly, if any one of the 81 sub-systems has a solution then the
problem (39) has a solution. Furthermore, searching for a solution reduces to an appropriate sub-problem
depending on the case.

The approach then is to enumerate each of these 81 cases (as stated above) and check them in order.
The computational simplification arises out of the fact that whenever a variable, say y, is not in the strict
interior (0, 1) then the corresponding equation (39b) need not be solved, since one only needs to verify
the sign at a specific point. Hence, all sub-cases of (1) reduce to simply checking the value of functions
fi at corner points - no need for solving a fixed-point equation. All sub-cases of (2) reduce to solving a
1-variable fixed-point equation and three corresponding conditions to verify, etc.

VIII. CONCLUSION

In this paper, we study both finite and infinite-horizon models of a class of dynamic games with
asymmetric information where player ¢ observes its true private type z; and together with other players,
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observe past actions 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 information, 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 through
a forward recursion. For the infinite-horizon model, the equilibrium generating function is defined using
a single-shot fixed-point equation, which in conjunction with the forward recursion defines equilibrium
strategies and beliefs. Finally, we demonstrate our methodology by a concrete example of a two agent
symmetric public goods game where the signaling effect is observed at equilibrium. The signaling effect
implies that agents, at equilibrium, take into account how their actions affect future public beliefs 7, about
their private type.

In general, this methodology enables a systematic study of PBE for many applications, analytically
or numerically, which was not feasible before. Some interesting future directions include: (a) finding
structural results for games modeling real-life systems like communication systems, industry dynamics,
labor markets; (b) finding sufficient conditions for existence of solution of per-stage fixed point equation
of finite-horizon and the single-shot fixed point equation for the infinite-horizon model; and (c) dynamic
mechanism design for such games, among others.
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APPENDIX A
PROOF OF LEMMA 1

We prove this Lemma in the following steps.

(a) In Claim 1, we prove that for any policy profile g and V¢ € T, zi, for i € N are conditionally
independent given the common information aj.;.

(b) In Claim 2, using Claim 1, we prove that for every fixed strategy ¢~ of the players —i, ((A1.s_1, X}), AD)ier
is a controlled Markov process for player s.

(c) For a given policy g, we define a policy s of player i from ¢ as si(a|ai4_1,2%) 2 P9(ai|ay,_,, z0).

(d) In Claim 3, we prove that the dynamics of this controlled Markov process ((Alzt,l, X}), A;) - under

(s'g™") are same as under g i.e. P9 " (], x},,, a1.) = P9(a}, 27, 1, a1s).
(e) In Claim 4, we prove that w.r.t. random variables (x, a;), z; is sufficient for player ¢’s private information
history z°, i.e. P9(xy, arlary—1, 2%, al) = P9 (x4, ay|lary—1, z, al).

(f) From (c), (d) and (e) we then prove the result of the lemma that Psigfi(:vt, ay) = P9(xy, ay).

Claim 1: For any policy profile g and V¢,

N
P9 (214lare—1) = [ [P (2}4lare-1) (41)

i=1
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Proof:

]P)g(xlzt; Gl:tﬂ)

PI(xq.ilar_1) = 42
(xl'tla'l't 1) lejt Pg<fl't7al‘t 1) ( a)
_ HZN:1 (Qll(xl)gl(aﬂxl) Ht =92 QZ(IZ%_p an—l)gz(amal:n—h fzm)) (42b)
>, I, (Q(@ >gl<a1\x1> H;:2 QL (T[T, an-1)gi (@} |a1n1,71,,))
Hz']i1 Zﬂ:t Qi(fi)gf(ai 1) Hn zQz( mffz—l?anfl)g%<a%‘a1:nflaf§:n))
N 7 7 7 7 7 7
:H Q1($1)91(a1|x1>nn o Qn(T (z n|xn 15 @n-1) gy ( n|a1n 1,$1n) (42d)
S Q@G (@7 [T Q@[T n1)gh(ah . T
N
=[P (. ]a1e—) (42¢)
i=1
|

Claim 2: For a fixed g7, {(Ay.¢_1, X}), Al}; is a controlled Markov process with state (A, ;, X}) and
control action Al

Proof:

P9(ay., 333,41 |-, xli:ta ali:t)

= Pary, 74y, 274011, Ty, af) (43a)
zyy

= PGy gy wrglava—t, B ) Loy, ap (@101, @) (43b)
zy

= ZP (wr4lari) (H gi(@ﬂau—hﬂ;t)) Qi (@i lxh, b a7 ) (g, a0y (@1-1, @) (43¢)
zh J#i

= P9 (Gr4, Thyyara—1, 2}, a}), (43d)

where (43c) follows from Claim 1 since xl’i is cpnditionally independent of z%, given a;; ; 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,

si(ailari-,27) = PO(ajlar 1, ) (44a)
>ui P9(ay, 2 ylar-) b
T T Poad iy ailare )
Yot P @hlare-)gi(ailari, ) o
Zat >oai, PO (@ wilave1)gi (@ ave, 35, 20)
=P (aj]ars1,77), (44d)

where dependence of (44c) on only ¢* is due to Claim 1.
Claim 3: The dynamics of the Markov process {(A1.;_1, X}), AL}, under (s'g™") are the same as under
g ie.,

Psigii(:pi,xiﬂ,al:t) = ]P’g(:pi,xiﬂ,al:t) Vit (45)
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Proof: We prove this by induction. Clearly,
Po(1) = P79 (a1) = Q1 (a1)- (46)
Now suppose (45) is true for ¢ —1 which also implies that the marginals P9(z%, ay,_1) = P*'9 (2, ag,_1).
Then

Pg (.Ti, ai:¢—1, Iﬂt;Jrla at) - Pg(xiu afl:t—l)Pg(aﬂal:t—l? xi)Pg (xiJrl; al:t|x7t;7 al:¢—1, ai) (473)
= Pslgﬂ(ﬂfi, al:t—l)si(aﬂal:t—ly iﬂi)Pgﬂ (332“, al:t‘xia A1:¢—1, af;) (47b)
= ]P)Slg_l (I; a1:t—1, xi+17 at)u (470)

where (47b) is true from induction hypothesis, definition of s° in (44d) and since {(ai; 1, 7!),al}; is a
controlled Markov process as proved in Claim 2 and its update kernel does not depend on policy ¢*.This
completes the induction step.

Claim 4: For any policy g, -
P9(Zy, ay|ay—1, 2}, al) = ngi(it, glaye_1, zt,al). (48)
Proof:
PI( Ty, arlare—1, 204, a1) = Lyg o (T3, @) P (3,7, G5 ars—1, 21,). (49)
Now
P37y ar—1, vhy) = Y PO, a arer, ) (50a)
v
= ) P(Enilarer, i) (H gg<d{|a12t—17i‘{:t)> (50b)
Lt J#i
=Y P (Frilars) <H g1 (@l ar, iﬁi:t)) (50c)
i j#i
= P9 (7; ;v 1) (50d)
where (50c¢) follows from Claim 1.
Hence
P (&1, drlavi—r, @, ) = Ly o (T, 3P (37,8 Jare—) (51a)
=PI (Zy, dlary 1, i, al) (51b)
|
Finally,
P(F,a) = Y P arlare, 2, af)PY(are-, 2y, af) (52a)
ar4_12,,al
= Z P (&, dg|are1, 2}, a))P(ary_r, 2b,, al) (52b)
ars_12t,,,ai
= Z P (&, dg|are1, 2t al)P a1y, 2t al) (52¢)
ar_12%,ad
= Y PU(E,dar-, 7y, al) P (are-1, 7}, af) (52d)

a1:t—1T¢,a}

= P59 (&, ). (52¢)



22

where (52b) follows from (48) in Claim 4 and (52d) from (45) in Claim 3.

APPENDIX B
PROOF OF LEMMA 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 III. This means actions of the common agent, ~;’s are generated
probabilistically from " as T ~ 1!(-|a;;_1), as opposed to being deterministically generated as 7 =
w,'f [a1.41], as before. These two are equivalent ways of generating actions ai from ay.4_; and xi 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 perspective
of a common agent. Let ) be the coordinator’s policy corresponding to policy profile g. Let mj(x}) =
]P)wl (xﬂal;t_l).

(a) In Claim 5, we show that 7, can be factorized as m,(z,) = [[, 7i(x) where each 7 can be updated

through an update function 77, , = F*(n},~{,a:) and F" is independent of common agent’s policy .

(b) In Claim 6, we prove that (II;, ;)7 is a controlled Markov process.

(c) We construct a policy profile 6 from g such that 0,(d~,|m;) 2 PY (dryy|my).

(d) In Claim 7, we prove that dynamics of this Markov process (Il;, I';);c7 under 6 is same as under ¥ i.e.
Pe (d’ﬂ't, d’}/t, d7Tt+1) = P¢(dﬂt, d’}/t, d7Tt+1).

(e) In Claim 8, we prove that with respect to random variables (X;, A;), m can summarize common
information ay.; ;1 i.e. PY(xy, aslare_1,7:) = Py, ag|m, 1)

(f) From (c), (d) and (e) we then prove the result of the lemma that P¥(xz,, a;) = P’(xy,a,) which is
equivalent to P9(x, a;) = P™ (x4, a;), where m is the policy profile of players corresponding to 6.
Claim 5: m, can be factorized as m,(z;) = [[, 7' («}) where each 7 can be updated through an

update function 7j,, = F'(m},v,,a;) and F" is independent of common agent’s policy ¢. We also say
Ty = (T, 15 ).
Proof:
We prove this by induction. Since 7 (z,) = []v, Qi(z}), the base case is verified. Now suppose
m = [I, 7i. Then,

7Tt+1($t+1) = P¢(xt+1|a1:ta 71:t+1) (53a)
= P¥(2441]ars, V14) (53b)
PY (x4, ag, T |are—1, 1.
_ th ( t~ t~ t+1’ 1:it—1 ’Yl.t) (53¢)
Zyﬂjt Pw(l’m Tiq1, at’alztfla ’Y1:t)
I R A AL O i
_ Ext () H@':1 Vi (at’xt)Qt(xtJrl‘xtu a) (53d)
Z~tit+1 Wt('i;t) H’f\il ’Ytl(a/ﬂj;)Qi(ji—l-ﬂji? at)
il ! W;(‘I’%)’%(aﬂﬁg)Qi(xi—i—l|'Tffa at)
=1[= e (53¢)
i—1 chg T () (ap|})
N
=17 (i) (53f)

.
Il
—

where (53e) follows from induction hypothesis. It is assumed in (53c)-(53e) that the denominator is not
0. If denominator corresponding to any ~! is zero, we define

T (rh) =Y w(@)Qi(x) ), ar), (54)

Tt
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where .y still satisfies (53f). Thus 7}, = F*(n},v;,a;) and m, ; = F(m,, v, a1) where F* and I are

appropriately defined from above. [ ]
Claim 6: (I1;, ;)7 is a controlled Markov process with state I1; and control action I’
Proof:
Pw(dﬂt+1|71:t;71:t> = Z]P)w(dﬂ't+17atyxtlﬂl:t>71:t) (55a)

at, Tt

N
= Z Pw(xthl:t, Y1:t) {H ’y,f(aﬂx;)} P (rs e a0) (T41) (55b)

at, Tt

- Zﬂ-t(xt {H%ﬁ at|xt }IF (7¢,ve,at) (Wt—i-l) (SSC)

at,Tt

= P(dﬂ't+1 ’71'75, ”}/t) (55d)
For any given policy profile ¢/, we construct policy profile 6 in the following way.
A
et(d%|7Tt) = Pw(d%ht)- (56)

Claim 7:
PY(dmy, dy, dmyiy) = PP (dmy, doy, dmyy)  VEET. (57)

Proof: We prove this by induction. For ¢ = 1,

PY(dm,) = PP (dmy) = Io(m). (58)
Now suppose P¥(dm;) = P%(dr;) is true for ¢, then
Pw<dﬂ't, d%, d'ﬂ't_;'_l) = P¢(dﬁt)P¢(d7t|7Tt)Pw(dﬂ't_’_l|7Tt’7t) (593)
= Pe(dﬂt)et(d%‘ﬂt)P(dﬂtﬂ’7%”Yt) (59b)
= P?(dny, dy,, dmyyy). (59¢)

where (59b) is true from induction hypothesis, definition of # in (56) and since (II;,I';);c7 is a controlled

Markov process as proved in Claim 6 and thus its update kernel does not depend on policy . This

completes the induction step. [ ]
Claim 8: For any policy v,

Pw(iﬁ'u at|a1:t717 ’Yt) = P(ﬂft, at’ﬂ-fn ’Yt)- (60)
Proof:
Pw(fﬂt, arlar—1,v) = Pw(ﬂft’al;t—b Ve) H i (atlzy) (61a)
ieEN
= m(wr) [ [ vi(ail}) (61b)
ieN
= P(xy, as|m, ve). (6lc)
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Finally,

Pw(mt, ;) = Z HW(It,Chs|(11:t—1>%)I[w(alzt—h%:) (62a)
a1:t—1,7t
= Z P(z¢, ar|me, 1) PY (a1:-1, 7e) (62b)
al:t—17t
= Z P(s, ar|me, ) PY (70, 1) (62¢)
Tty Yt
=" P(ar, aelme, 1) P’ (7, 7e) (62d)
Tty Yt
=P (2, ay). (62e)

where (62b) follows from (60), (62c) is due to change of measure and (62d) follows from (57).

APPENDIX C
PROOF OF THEOREM 1

Proof: We prove (20) using induction and the results in Lemma 3, 4 and 5 proved in Appendix D.
For base case at t =T, Vi € N, (a1.70-1,2%.7) € Hi,

E’B;fﬁ;_au}[alﬂ_l] {RZT(XT, AT)}al:T—la xi:T} - V%(H;[aliT—lL 'CE%) (633.)
> BP0 il LRI (X, Ap)|avr—1, 2t ), (63b)

where (63a) follows from Lemma 5 and (63b) follows from Lemma 3 in Appendix D.

Let the induction hypothesis be that for ¢ + 1, Vi € N, a1, € Hf, |, 2}, € (X)) 5,

T
EA Bl i o] { > RL(Xo, Ay)|ara, gﬂml} (64a)

n=t+1

T
> EfirBiiin iy o] { Z RZ(XmAnHGl:t,xi:tH} : (64b)

n=t+1
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Then Vi € N, (ay4_1,2%,) € Hi, 5, we have

T
Eﬁz%ﬁz’;l’”: [a1:¢-1] {Z R;(Xn, An) ‘aflzt—lv xi:t}

n=t

= V(i lara], 27) (652)
Z ]Eﬁgﬁ:’ﬂ’#: [a1:t—1] {R;(Xt, At) + ‘/2511(&:4_1[@1:15,11415], XtiJrl) |a1:t,1, .fil:t} (65b)
— Eﬂgﬁ:’*auf[m;pﬂ {R;(Xt,At)‘i‘

T
Eﬁffl:Tﬁffl?Ty#f+1[a1:t71,At] { Z R;(Xm An) ‘al:t—ly At, xi:tJrl} ‘al;t,l, Ii:t} (650)

n=t+1
Z Eﬁgﬁ:’_ljuﬂaht—l] {R;(Xt, At)_l_

T
EﬂzH:Tﬁ:g?Tuzﬂ[mm]{ > R;(Xn,An)}alzt_l,At,x’i:t,XtiH} |a1:t_1,xil:t} (65d)

n=t+1

T
= Eﬁ%ﬁf’_l,uf [a1:2-1] {Ri (Xt, At) + ]EBZ:Tﬁ;,;ZM: [ar:e-1] { Z R%(XTH An) ‘afl:t—la Ata xli;ta XZ+1} |a1:t—1ﬂ xil:t}
n=t+1

(65¢)

T
— EPirfir wilarai {Z R, (X, Ap)|arie—1, x;t} : (65f)

n=t

where (65a) follows from Lemma 5, (65b) follows from Lemma 3, (65¢) follows from Lemma 5, (65d)
follows from induction hypothesis in (64b) and (65e) follows from Lemma 4. Moreover, construction of
6 in (13), and consequently definition of 5* in (18) are pivotal for (65¢) to follow from (65d).

We note that p* satisfies the consistency condition of [5, p. 331] from the fact that (a) for all ¢ and for
every common history a;.;— 1 all players use the same belief pi; [a1 +—1) on z; and (b) the belief 1} can be
factorized as pj[a14—1] = H U Hg [are—1] Varg—1 € HE where " is updated through Bayes’ rule F* as
in Claim 5 in Appendix B.

|

APPENDIX D
INTERMEDIATE LEMMAS USED IN PROOF OF THEOREM 1

Lemma 3: ¥t € T,i € N, (a14-1,7%,) € Hi, B

Vi lase-a) o) = B sl LRI A) 4 Vi (B aved), B Clova1, ), A, X |aser, 2t |
(66)

Proof: We prove this Lemma by contradiction.
Suppose the claim is not true for ¢. This implies 3i, 3¢, ay.;_1, 7%, such that

A LR A Vi (B ], 57 Clare s, ), A, X [@i, 8 b > VG [, 7).
(67)

We will show that this leads to a contradiction.
BZ(aﬂalztfl? EE\let) 27; = 57\;

Construct 7 (at|xt) = , ,
arbitrary otherwise.
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Then for ay,_1,7%,, we have

Vi (@ are], @) (682)
= max BV il {Ri@ar ) + Vi (B @), B (v, ), A), X0 [E ) (680)

ZE%(@%) N 1]{RZ(Xt,At>+Vt+1<F( [alt 1] 6t< ‘alt L ) At) XZ+1 |§:\i}
= > ARG @)+ VEEG ], 5 (e, ), 00,000 | X

z;i,at,xt+1
b ) R @) B ™ (0 @, 2 )Qid [ ) (05

= Z {Rl(i\i‘r;lv at) + VZH (E(H: [/dlit—l]v B:("al:t—la ')7 at)? l’i+1)} X

—1
It yat,Tt41

iy ) () By (@A, B1) 87 (g A, 7 ) Q344 an) (68d)

= ERA T i) {Rl(:vtxt ,a) + V;H(F( Jave-], B (Jare-1, ), At)aXti—i-l)’al:t—l;/x\il:t} (68¢)

> V(i [are), 7)), (68f)
where (68b) follows from definition of V' in (14), (68d) follows from definition of 7% and (68f) follows
from (67). However this leads to a contradiction. [ |

Lemma 4: Vi e Nt € T, (a4, x%,,,) € Hi,, and §;

T
EBE:TB::’;ZvﬂI[alztfl} { Z Ri(XnaAn)|a1:t7xi;t+1} E6t+l B o i [a1:d] { Z Rl Xn,A ‘a1t7x1 t+1}

n=t+1 n=t+1
(69)

Thus the above quantities do not depend on 3. ‘ ’ ‘
Proof: Essentially this claim stands on tth fact that 41, "[a1.¢] can be updated from 1" ‘[a1.4-1], ;"
and ay, as gy [an] = [ F(p7 [ara-1], B¢, ar) as in Claim 5. Since the above expectations involve ran-

dom variables XtH, Ayi1.7, Xyio.1, we consider the probability PPirbrr s uilare—1] (a:t+1, Q4175 Tiso: T|a1 e 1)

Bl Bt putlare—1] (i i
PPl il }(xt+17at+1:Taxt+2:T a1, T141)
BBk la— —i i
th_l PBirBer s nilari-1] (It y Aty Tpa1, Gpi1.T, xt+2;T|a1;t_1, $1:t) (702)
= - . a

PBL B i are—1] (50 i i
2 i PPerfur piloal (T ap, o)y |ara-, 25,)

We consider the numerator and the denominator separately. The numerator in (70a) is given by

NT:ZPBZ:T@’;’H:[&M U ’alt 17x1t>ﬁt(at’a1t 1;%1&)@ (at |a1t 1, T )Q<$t+1’xt7at)
]IDIBZ:Tﬁ::’;Z7 pylate—1] (CLt+1:T7 xt+2;T|CL1:t7 xil:tfh xt:t«kl) (70b)
- Z py " lare] (277) By (aglars—, 13%:75)6:’71.(@;“@1:%1, l’;l)Qz(SIZiHMi, ay)
in(xfi ’xii a )PBfH:Tﬁ:ﬁ:iTvM?ﬂ[al:t](a i 70
t+1lve o Bt t+1:Taxt+2:T‘a1:t7$1;taxt+1)> (70¢c)

where (70c) follows from the conditional independence of types given common information, as shown
in Claim 1, and the fact that probability on (a¢y 1.7, T21+7) given aiy, ¥\, 1, Tesr1, fif[a1:4-1] depends on
@1ty Ty, Ty, g [a1,] through 57 .6, Similarly, the denominator in (70a) is given by
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DT_ZPBtTﬁtT Mt( a— 17x1t)6t(at|a1t 17$1t)5*7 i(at_i|a1:t—1ajt_i)Qi(IiHMi»at) (70d)

=D i v (77)Bi(aplav—r, 25,) 87 (0 lava—r, ) Q' (s |2, a). (70e)

- —i

By canceling the terms 3{(-) and Q°(-) in the numerator and the denominator, (70a) is given by

Dy pr " ave ) (27 ) B0 (g a1, 77 )Q (e |27 ar)

S VR [ e o P
PP iiyala] (Qs1.75 Tepoor|ar.e, ZL“il:t, Tiy1) (701)
=/} [al ¢ (%+1)Pﬂt+1 T8 i il (@11, Teror|ase, xiltt’ Tr41) (70g)
—PPir i pialard (%741 Qrrrr, Ty @1, Thgp), (70h)

where (70g) follows from using the definition of 1,77 [a1.¢](x; ") in the forward recursive step in (19) and
the definition of the belief update in (53).

]
Lemma 5: Vi € Nt € T, (ay4_1,2%,) € Hi,
Vi (i lareal, op) = RSB i lovie] {Z R (X, Ap)|are— 1,x1t} (71)
n=t
Proof:
We prove the Lemma by induction. For ¢t =T,
Eﬂ;iﬁ;’ﬂu*ﬂm:pﬂ {R%(XT, AT)|G1~T L 5511 T}
= Z Ry (xr, ar)pplarr ] (z3') 67 (aT|alT 1) By (a5i|a1:T—17$5i) (72a)
m;iaT
= Vr(polarr-1], 27), (72b)

where (72b) follows from the definition of V;' in (14) and the definition of 3 in the forward recursion
in (18).

Suppose the claim is true for ¢ + 1, i.e., Vi € Nt € T, (a1, 24,,,,) € Hiy

‘/;il(ﬂr+1[a1;t],xi+l) ]EﬁtJrl T5t+1 T Mg [a1:] { Z Rz Xn,A ‘a1t7$1 t+1} (73)

n=t+1
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Then Vi € N,t € T, (a14-1,7%,) € Hi, we have

T
Eﬁz’%ﬁz’;’#f[“1=t*1] {Z R:L(X’m An) }alzt—lv Ii:t}

n=t

= BB wiloil [RI(X,, A+

T
Eﬂ:;;a;ymam]{ > RfL(Xn,An)|a1:t_1,At,x§:t,Xf+l} ‘alzt_l,xizt} (74a)

n=t+1
— AL milenet] [RI(X, A+

T
LBl w1, A i i i i
EBti1:rBeirirs Hialore—1,A] § R, (X, Ay) ‘Clm—l, Ap, T4 X }al:t—l’ L1t

n=t+1
(74b)
_ RSBl pilarea] {R (Xi, Ar) + Vi (p w1y, lar-14¢), X{i)|ave-1, 33§;t} (74¢)
— RBBI T pilari] { Ry(Xe, Ar) + Vi (5, a1 A, Xi ) |ari, xﬁ:t} (74d)
= V(i are], 2p), (T4e)

where (74b) follows from Lemma 4 in Appendix D, (74c) follows from the induction hypothesis in (73),
(74d) follows because the random variables involved in expectation, X; ', 4;, X;,, do not depend on

B, 70 +1 ‘7 and (74e) follows from the definition of §; in the forward recursion in (18), the definition
of pf,, in (19) and the definition of V! in (14). |

APPENDIX E
PROOF OF THEOREM 2

Proof: We prove this by contradiction. Suppose for any equilibrium generating function ¢ that
generates (S*, u*) through forward recursion, there exists ¢ € T,i €N, ari—1 € Hj, such that for
Ty = plare1], (13) is not satisfied for ¢ i.e. for 4 = ¢'[m,] = B, (-|p,[a1.4-1], 77),

:Ytl ¢ arg m%XE%(.lxi):Y;im {Ri(Xu Ap) + ‘/tz-l(E(ﬂta Ve At), XZ+1)|xi} . (75)
Vi

Let ¢ be the first instance in the backward recursion when this happens. This implies 3 47 such that

]E’Yt( |1‘ » Tt {RZ Xt7 At) ‘/;Z;‘,—l(F(ﬂ_t’ ﬁ/ta At t+1 ‘xt}
> ]E'Yt( |z ) Tt {RZ Xtv At) ‘/,§+1 (F(Trta Vs At t-‘rl ‘xt} (76)
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This implies for B\t('|ﬁt[al:t—1]7 ) =

T
E/BZ;’"}“B::’T:Z’“:[“L’FI] {Z R,Zn(er An) }alzt—la xi:t}

n=t

= EPA il LRI, A+

T
EAB wtlasa—i] { > R (Xn, Ay)|ari-r, A, x;tﬂ} |11, xizt} (77)
n=t+1
_ AT milare] {Ri(Xt, At)+
T
Eﬁa’zl:Tﬁ;"—lﬁT’N:Jrl[al:t_l’At] { Z R;(Xna An)‘alzt—ly At7 zi:t-i—l} ‘al:t—lvx’i:t} (78)
n=t+1

— EYiCle)y {Ri(Xt,At) + Vii-l(E(Etv%vAt)vthi-&-l)‘xi} (79)
< Eﬁf(-\ﬁt[am—ﬂ,xiﬁﬁ,m {Ri(Xt,At) + Vti-i-l(E(ﬂta;?taAt)vXti-i-l)’xi} (80)

= JAO T mlmen] [RI(X, A,)

T
+E5:$1:Tﬁ:muz‘+1[au_l,At]{ > Rfl(Xn,An)‘al:t1,At,x"1:t,X,f+1} }alztl,x’i:t} (81)

n=t+1

T

= BA APl o] {Z R (X, An)|ave s, xi:t} > (82)
n=t

where (78) follows from Lemma 4, (79) follows froLn the definitions of ! and jus41[ar. 1, A¢] and

Lemma 5, (80) follows from (76) and the definition of 3}, (81) follows from Lemma 3, (82) follows from

Lemma 4. However, this leads to a contradiction since (8*, u*) is a PBE of the game. [ ]

APPENDIX F
PROOF OF THEOREM 3
We divide the proof into two parts: first we show that the value function V" is at least as big as any
reward-to-go function; secondly we show that under the strategy [3;, reward-to-go is V".
Part 1: For any i € N, 3* define the following reward-to-go functions

Wzaﬁ'b(h;) — Eﬁiﬁ*i,*ﬂf [hf] [Z 571—tR7, (Xn; An) | hﬂ (833)

n=t

T

Wti,ﬁi’T(hi) _ E5i76—i7*7u:[h§] [Z(gn—tRz’(Xm An) 4 (5T+1—tvi(ET+1’ X%Jrl) | hi] (83b)

n=t
Since X%, A’ are finite sets the reward R’ is absolutely bounded, the reward-to-go W’ (hi) is finite V
i,t, 3% hi.
For any i € N, hi € HL,
V() ws) = W ) = (Vi) wt) = WP ) )+ (WO () = WP h)) (s
Combining results from Lemma 8 and 9 (Appendix G), the term in the first bracket in RHS of (84) is
non-negative. Using (83), the term in the second bracket is

(5T+17t) EA 875" mi [hf] [ _ Z (5”7(T+1)Ri(Xn,An) + Vi(ET-i-laXéUrl) | hﬂ (85)

n=T+1
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The summation in the expression above is bounded by a convergent geometric series. Also, V? is bounded.
Hence the above quantity can be made arbitrarily small by choosing 7" appropriately large. Since the LHS
of (84) does not depend on 7', this results in

Vi (k) ) > Wi (hd). (86)

Part 2: Since the strategy §* generated in (23) is such that BZ’* depends on h! only through B [h¢]

and 7!, the reward-to-go Wf’ﬁ 7 at strategy (3*, can be written (with abuse of notation) as

W ) = W ) = B[S S R A ). 6D

n=t

For any h} € H,,

Wi (e hg), xp) = BP P [RAXG, A) 4+ 0WRST (B (e [hg), 0lue [B)), Avar), Xiya ) | e [B5), ]
(88a)
Vi(pr[hg), @y) = B P R(X, A + oV (B 1), 0[: [B)), Aver), X ) | g [hs) 2] (88b)

Repeated application of the above for the first n time periods gives

i . . t+n_1 . < 0% . .
Wi (e hg), 2p) = BP0 N 5 R (X, A + 0 WD (W, XG ) | [hg] 2] (89a)
m=t
t+n—1
Ve (i), o) = BP PN 6 RI(XG, A + 6"V (T, X ) | s (Bg], 2] (89b)
m=t

*

Here 11, , , is the n—step belief update under strategy and belief prescribed by 3%, i
Taking differences results in

W (g ], @) = Vi ], 7))
= "B wilhi] [thfg* (Ht+n7XZ+n) v (Et—‘rn? t+n) | My (L], xt} (90a)

Taking absolute value of both sides then using Jensen’s inequality for f(z) = [z| and finally taking
supremum over h; reduces to

sp (WP (), ) — VP (e hg), )|

< 0% sup B WS (M, Xiy) — Ve he] )| | [hg), 2] O1)

Now using the fact that Wiin,V?® are bounded and that we can choose n arbitrarily large, we get
supy W7 (B, ) = V(s [hg), #)] = 0.

APPENDIX G
INTERMEDIATE LEMMA USED IN PROOF OF THEOREM 3

In this section, we present four lemmas. Lemma 6 and 7 are intermediate technical results needed in
the proof of Lemma 8. Then the results in Lemma 8 and 9 are used in Appendix F for the proof of
Theorem 3. The proofs for Lemma 6 and 7 below aren’t stated as they are analogous (the only difference
being a non-zero terminal reward in the finite horizon model) to the proofs of Lemma 3 and 4, from
Appendix D, used in the proof of Theorem 1.
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Define the reward-to-go Wf”B T for any agent 7 and strategy [3° as

T
WPt (hy) = BTN S RI(X,, Ag) 4 0T TG My, X)) | B (92)

n=t

Here agent i’s strategy is ° whereas all other agents use strategy 3~“* defined above. Since X, A’ are
assumed to be finite and G absolutely bounded, the reward-to-go is finite V i, t, 3%, hl.
In the following, any quantity with a 7" in the superscript refers the finite horizon model with terminal
reward G*. For further discussion, please refer to the comments after the statement of Theorem 3.
Lemma 6: For any t € T, 1€ N, h! and j',

Vi (g g, ) > BPPT R (X, A + 0V (EGe TR, 57 Clig TR, ), A, Xiga) | i 93)

Lemma 7:

T
Eﬁéﬂfﬂli’:‘pual[hi,at][ Z 5”_(t+1)Ri(Xn,An) + (5T+1_tG"(ET+1,X§,+1) | hi’%miﬂ}

n=t+1

T
= BPirPer i I[N gD RUX, Ay) + 6T T G (M, X)) | By a2y ] (94)

n=t+1

The result below shows that the value function from the backwards recursive algorithm is higher than any
reward-to-go. ‘ ’
Lemma 8: For any t € T, i € N, hi and /',

VI (uehg) o) = WPt (hy). (95)

Proof: We use backward induction for this. At time 7', using the maximization property from (13)
(modified with terminal reward G%),

Vit (s [hg), ) (96a)
£ g DA MR (X, Ag) + 6GT (B [15), 47, Ar), Xii) | b5l ] (96b)
> B () ar i (R (X, Ag) + 8G (E( [05), 37, Ar), Xg) | g [h], 7] (96¢)
= Wi () (96d)

Here the second inequality follows from (13) and (14) and the final equality is by definition in (92).
Assume that the result holds for all n € {t + 1,...,T}, then at time ¢ we have

Vi (e Thg], =) (97a)
) i — 1,k * T .
> Eﬁfﬁ;l’*vﬂf (] [RZ(XM At) + 5E5§+1:T75t+i:T7“t+1[hfrAt] [ Z 5”7(t+1)RZ<Xn, An) (97¢)
n=t+1

+ 5T_tGi(ET+1>X%+1) | hivAt’XZ+1] | hﬂ

T
= ]EBZ:T:B;%*,;L? [hg] [Z 5n—tRi(Xm An) + 5T+1_tGi<HT+1a X%—i—l) | hf&] (97d)

n=t
= WP (B (97¢)

Here the first inequality follows from Lemma 6, the second inequality from the induction hypothesis, the
third equality follows from Lemma 7 and the final equality by definition (92). [ ]
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The following result highlights the similarities between the fixed-point equation in infinite horizon and
the backwards recursion in the finite horizon. A
Lemma 9: Consider the finite horizon game with G* = V. Then V;"" =V, Vie N, te {1,...,T}
satisfies the backwards recursive construction stated above (adapted from (13) and (14)).
Proof: Use backward induction for this. Consider the finite horizon algorithm at time ¢ = 7", noting
that V[, = G' = V7,
~i i (2,30 m i T pi i ~ i i
VT’T(- | z7) € argmax EVr @)y o [R (Xr, Ar) + 0V (E(ET7’7%7AT)7XT+1) |1T,xT] (98a)
Y (lep) EA(AY)
Vi (mp, 2f) = B (03050 [RI (X, Ap) + 0V (Ezp, 35, Ar), Xinyy ) | mp, 2], (98b)
Comparing the above set of equations with (21), we can see that the pair (V,7) arising out of (21)
satisfies the above. Now assume that V>T = V' for all n € {t+1,...,T}. At time ¢, in the finite horizon

construction from (13), (14), substituting V' in place of VtﬂrTl from the induction hypothesis, we get the
same set of equations as (98). Thus W’T = V' satisfies it. [ |

APPENDIX H
PROOF OF THEOREM 4

Proof: Denote the vector correspondence defined by the RHS of (39) by

¢1(z) argmax, afi(z)
¢(z) = : = : 99)

Pa(z) argmax, dfy(z)
where z = (z,y,w,z). For any x € [0,1]%, ¢(x) is non-empty and closed, since the argmax solution
always exists and is one of {0}, {1},[0,1]. If in addition ¢ also has a closed graph then by Kakutani

Fixed Point Theorem there exists a solution to (39).
Consider any sequence (z,,, Gy, by, Cn, dn) — (24, ag, bo, co, do) such that V n > 1,

a, € argmaxaf(z,) (100a)
a€l0,1]

b, € argmaxbfy(z,) (100b)
be[0,1]

¢, € argmax cf3(z,,) (100¢)
c€[0,1]

d, € argmaxdfs(z,,). (100d)
delo,1]

We need to verify that (100) also holds for the limit (x, ag, by, co, do)-

If 2, ¢ D then due to continuity, (100) indeed holds at the limit.

For z, € D, for any ¢ € S(z,) if fi(x,) = 0 then in the relation to be verified, the requirement is either
of ag, by, co, dy € [0, 1], which is always true.

For z, € D1 N Dg N Dg N DE, if fi(x,) > 0 then for any sequence z,, — z,, for large n the points in
the sequence are within B.(x,) and thus fi(z,) > 0 for large n. This means that the relation from (100)
holds at the limit (noting that f5, f5, f, are continuous at z, in this case).

Similarly if fi(z,) < 0 and for any z, € D’ N D, N DS N DE.

For z, € Dy N Dy, N DN DY if fi(z,) > 0 and fo(z,) < O then there exists an ¢ > 0 such that V
x € Be(z,) we have fi(z) > 0 and fao(z) < 0. From this it follows that the relation (100) holds at the
limit. Similar argument works for any other sign combination of fi, fs, f3, f4.

The two arguments above cover all cases. [ ]
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