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ABSTRACT

Multiagent systems where the agents interact among themselves and with an
stochastic environment can be formalized as stochastic games. We study a subclass
of these games, named Markov potential games (MPGs), that appear often in eco-
nomic and engineering applications when the agents share some common resource.
We consider MPGs with continuous state-action variables, coupled constraints and
nonconvex rewards. Previous analysis followed a variational approach that is only
valid for very simple cases (convex rewards, invertible dynamics, and no coupled
constraints); or considered deterministic dynamics and provided open-loop (OL)
analysis, studying strategies that consist in predefined action sequences, which are
not optimal for stochastic environments. We present a closed-loop (CL) analysis
for MPGs and consider parametric policies that depend on the current state and
where agents adapt to stochastic transitions. We provide easily verifiable, sufficient
and necessary conditions for a stochastic game to be an MPG, even for complex
parametric functions (e.g., deep neural networks); and show that a closed-loop
Nash equilibrium (NE) can be found (or at least approximated) by solving a related
optimal control problem (OCP). This is useful since solving an OCP—which is a
single-objective problem—is usually much simpler than solving the original set
of coupled OCPs that form the game—which is a multiobjective control problem.
This is a considerable improvement over the previously standard approach for the
CL analysis of MPGs, which gives no approximate solution if no NE belongs to
the chosen parametric family, and which is practical only for simple parametric
forms. We illustrate the theoretical contributions with an example by applying our
approach to a noncooperative communications engineering game. We then solve
the game with a deep reinforcement learning algorithm that learns policies that
closely approximates an exact variational NE of the game.

1 INTRODUCTION

In a noncooperative stochastic dynamic game, the agents compete in a time-varying environment,
which is characterized by a discrete-time dynamical system equipped with a set of states and a
state-transition probability distribution. Each agent has an instantaneous reward function, which can
be stochastic and depends on agents’ actions and current system state. We consider that both the
state and action sets are subsets of real vector spaces and subject to coupled constraints, as usually
required by engineering applications.

A dynamic game starts at some initial state. Then, the agents take some action and the game moves to
another state and gives some reward values to the agents. This process is repeated at every time step
over a (possibly) infinite time horizon. The aim of each agent is to find the policy that maximizes its
expected long term return given other agents’ policies. Thus, a game can be represented as a set of
coupled optimal-control-problems (OCPs), which are difficult to solve in general.

OCPs are usually analyzed for two cases namely open-loop (OL) or closed-loop (CL), depending on
the information that is available to the agents when making their decisions. In the OL analysis, the
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action is a function of time, so that we find an optimal sequence of actions that will be executed in
order, without feedback after any action. In the CL setting, the action is a mapping from the state,
usually referred as feedback policy or simply policy, so the agent can adapt its actions based on
feedback from the environment (the state transition) at every time step. For deterministic systems,
both OL and CL solutions can be optimal and coincide in value. But for stochastic system, an OL
strategy consisting in a precomputed sequence of actions cannot adapt to the stochastic dynamics so
that it is unlikely to be optimal. Thus, CL are usually preferred over OL solutions.

For dynamic games, the situation is more involved than for OCPs, see, e.g., (Basar and Olsder} |1999).
In an OL dynamic game, agents’ actions are functions of time, so that an OL equilibrium can be
visualized as a set of state-action trajectories. In a CL dynamic game, agents’ actions depend on
the current state variable, so that, at every time step, they have to consider how their opponents
would react to deviations from the equilibrium trajectory that they have followed so far, i.e., a CL
equilibrium might be visualized as a set of trees of state-action trajectories. The sets of OL and CL
equilibria are generally different even for deterministic dynamic games (Kydland, 1975} [Fudenberg
and Levine, |1988)).The CL analysis of dynamic games with continuous variables is challenging and
has only be addressed for simple cases.

The situation is even more complicated when we consider coupled constraints, since each agent’s
actions must belong to a set that depends on the other agents’ actions. These games, where the agents
interact strategically not only with their rewards but also at the level of the feasible sets, are known as
generalized Nash equilibrium problems (Facchinei and Kanzow, 2010).

There is a class of games, named Markov potential games (MPGs), for which the OL analysis shows
that NE can be found by solving a single OCP; see (Gonzalez-Sanchez and Hernandez-Lermal 2013}
Zazo et al.l 2016a) for recent surveys on MPGs. Thus, the benefit of MPGs is that solving a single
OCP is generally simpler than solving a set of coupled OCPs. MPGs appear often in economics
and engineering applications, where multiple agents share a common resource (a raw material, a
communication link, a transportation link, an electrical transmission line) or limitations (a common
limit on the total pollution in some area). Nevertheless, to our knowledge, none previous study has
provided a practical method for finding CL Nash equilibrium (CL-NE) for continuous MPGs.

Indeed, to our knowledge, no previous work has proposed a practical method for finding or approxi-
mating CL-NE for any class of Markov games with continuous variables and coupled constraints.
State-of-the-art works on learning CL-NE for general-sum Markov games did not consider coupled
constraints and assumed finite state-action sets (Prasad et al., 2015} |Pérolat et al.,|[2017).

In this work, we extend previous OL analysis due to|Zazo et al.|(2016b); Valcarcel Macua et al.|(2016)
and tackle the CL analysis of MPGs with coupled constraints. We assume that the agents’ policies
lie in a parametric set. This assumption makes derivations simpler, allowing us to prove that, under
some potentiality conditions on the reward functions, a game is an MPG. We also show that, similar
to the OL case, the Nash equilibrium (NE) for the approximate game can be found as an optimal
policy of a related OCP. This is a practical approach for finding or at least approximating NE, since if
the parametric family is expressive enough to represent the complexities of the problem under study,
we can expect that the parametric solution will approximate an equilibrium of the original MPG well
(under mild continuity assumptions, small deviations in the parametric policies should translate to
small perturbations in the value functions). We remark that this parametric policy assumption has
been widely used for learning the solution of single-agent OCPs with continuous state-action sets;
see, e.g., (Konda and Tsitsiklisl [2003; Melo and Lopes| 2008; [Powell and Mal, |2011} [Van Hasselt,
2012; Lillicrap et al.l 2015; Heess et al., 2015; Schulman et al., 2015)). Here, we show that the same
idea can be extended to MPGs in a principled manner.

Moreover, once we have formulated the related OCP, we can apply reinforcement learning techniques
to find an optimal solution. Some recent works have applied deep reinforcement learning (DRL) to
cooperative Markov games (Foerster et al.| 2017} Sunehag et al2017), which are a particular case
of MPGs. Our results show that similar approaches can be used for more general MPGs.

Summary of contributions. We provide sufficient and necessary conditions on the agents’ reward
function for a stochastic game to be an MPG. Then, we show that a closed-loop Nash equilibrium
can be found (or at least approximated) by solving a related optimal control problem (OCP) that is
similar to the MPG but with a single-objective reward function. We provide two ways to obtain the
reward function of this OCP: i) computing the line integral of a vector field composed of the partial
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derivatives of the agents’ reward, which is theoretically appealing since it has the form of a potential
function but difficult to obtain for complex parametric policies; ii) and as a separable term in the
agents’ reward function, which can be obtained easily by inspection for any arbitrary parametric
policy. We illustrate the proposed approach by applying DRL to a noncoooperative Markov game that
models a communications engineering application (in addition, we illustrate the differences with the
previous standard approach by solving a classic resource sharing game analytically in the appendix).

2 PROBLEM SETTING FOR CLOSED-LoorP MPG

Let V' £ {1,..., N} denote the set of agents. Let ay,,; be the real vector of length A, that represents
the action taken by agent k € A at time 4, where A;, C R4* is the set of actions of agent k € \. Let
AET] ren Ak denote the set of actions of all agents that is the Cartesian product of every agent’s
action space, such that A C R4, where A = > REN Aj,. The vector that contains the actions of all
agents at time ¢ is denoted a; € A. Let X C RS denote the set of states of the game, such that x; is a
real vector of length S that represents the state of the game at time 4, with components x;(s):

2 2 (zi(s))2_, e X. (1)

Note that the dimensionality of the state set can be different from the number of agents (i.e., S # N).
State transitions are determined by a probability distribution over the future state, conditioned on the
current state-action pair: ;1 ~ pg(-|2;, a;); where we use boldface notation for denoting random
variables. State transitions can be equivalently expressed as a function, f : X X A x © — X, that
depends on some random variable 8; € ©, with distribution pg(-|x;, a;), such that

i1 = f(2s, 04, 0;). 2

We include a vector of C' constraint functions, g £ (gc)le, where g¢ : X x A — R; and define the
constraint sets for i = 0: Co = AN {ao : g(xo,a0) < 0};and fori =0,...,00: C; £ {{XN {x; :
x; = f(xi—1,ai—1,0;—1)}} X A} N {(z;,a;) : g(x;, a;) < 0}, which determine the feasible states
and actions. The instantaneous reward of each agent, 7, ;, is also a random variable conditioned on
the current state-action pair: 74 ; ~ pp, (-|2;, ;). Given random variable o, ; € X, with distribution
Do, (|71, a;), we define reward function r, : X X A x X;, — R for every agent k € N:

Tk = Tk(Ti, Gi, Ok ). €))

We assume that 8; and o7, ; are independent of each other and of any other 8; and o, 5, at every time
step j # 14, given z; and a;.

Let m; : X — Aj and 7 : X — A denote the policy for agent k£ and all agents, respectively, such that:

ki = m(2;), a; =m(x;), and T = (Tp)ep - 4

Let 2, and © = ], o n- Q& denote the policy spaces for agent k and for all agents, respectively, such
that 7, € Qi and 7 € 2. Note that Q(X) = A. Introduce also m_j : X — A_j as the policy of all
agents except that of agent k. Then, by slightly abusing notation, we write: m = (75, m_g), Vk € N.

The general (i.e., nonparametric) stochastic game with Markov dynamics consists in a multiobjective
variational problem with design space (2 and objective space RY, where each agent aims to find a
stationary policy that maximizes its expected discounted cumulative reward, for which the vector of
constraints, g, is satisfied almost surely:

(o)
maxérgize E nyirk (4, T (24), Tk (24), 04)
Gi:VkeN T i=0 %)

s.t. P f(IBi,’iT(:Ei),Oi),
g(@i, m(2;)) < 0.
Similar to static games, since there might not exist a policy that maximizes every agent’s objective,
we will rely on Nash equilibrium (NE) as solution concept. But rather than trying to find a variational

NE solution for (3]), we propose a more tractable approximate game by constraining the policies to
belong to some finite-dimensional parametric family.

Introduce the set of parametric policies, {2, as a finite-dimensional function space with parameter
weWCRY: Q¥ 2 {n(-,w) : w € W}. Note that for a given w, the parametric policy is still
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a mapping from states to actions: 7(-,w) : X — A. Let wy € Wy C RW* denote the parameter
vector of length W), for the parametrized policy 7y, so that it lies in the finite-dimensional space
Q}: S {7Tk(-, wk) TWE € Wk}, such that Q% £ erN Qz}, S erN W, W S Zke/\/ W, and

w = (wk)ke/\/7 W("w) £ (ﬂ-k(ka))keN' (6)

Let w_j denote the parameters of all agents except that of agent k, so that we can also write:

w = (wlm w—k) ) 7T(',’U)) = 7T(" (wkvw—k)) = (ﬂ-k("wk)vﬂ-—k('vw—k)) : (7

In addition, we use wy(£) to denote the ¢-th component of wy,, such that wy, = (wy, (E))X’“l.

By constraining the policy of G; to lie in 2}, we obtain a multiobjective optimization problem with
design space W:

o0

. E g ) P _ W )
G, . Mmaximize ;7 T (4, T (i, W), Tk (T, W), Ok.i) "
vk € N s.t. Tit1 = f(wza ﬂ—(miv (wk7 w*k))v 01)7

g(xi, m(xs, (wr, w_g))) < 0.

The solution concept in which we are interested is the parametric closed-loop Nash equilibrium (PCL-
NE), which consists in a parametric policy for which no agent has incentive to deviate unilaterally.

Definition 1 A parametric closed-loop Nash equilibrium (PCL-NE) of G is a vector w* =
(wy,w* ) € RV that satisfies:

E lz ’Yirk (wiu ﬂ—k(wh w2)7 7T7k<331‘, wtk); o’k,l)‘|

=0

>E [Z’yirk (wi,wk(a:i,wk),wk($i,wik),ak7i)] , Yke N, VYaxyg=xq € X,
i=0
Ywy, € {wk eWy:a; = (Wk(wi,wk),w,k(:ci,wik)) € Co, (@4,a;) €Ciyi=1,.. .700}. (9)

Since G» is similar to G; but with an extra constraint on the policy set, loosely speaking, we can see
a PCL-NE as a projection of some NE of G; onto the manifold spanned by parametric family of
choice. Hence, if the parametric family has arbitrary expressive capacity (e.g., a neural network with
enough neurons in the hidden layers), we can expect that the resulting PCL-NE evaluated on G; will
approximate arbitrarily close the performance of an exact variational equilibrium.

We consider the following general assumptions.

Assumption 1 The state and parameter sets, X and W, are nonempty and convex.
Assumption 2 The reward functions 7}, are twice continuously differentiable in X x W, Vk € N.

Assumption 3 The state-transition function, f, and constraints, g, are continuously differentiable in
X x W, and satisfy some regularity conditions (e.g., Mangasarian-Fromovitz).

Assumption 4 The reward functions . are proper, and there exists a scalar B such that the level
sets {ag € Co, (z,a;) € C; : E[ry (x4, a4, 05,:)] > B}~ are nonempty and bounded Vk € N

Assumptions [[H2] usually hold in engineering applications. Assumption [3|ensures the existence of
feasible dual variables, which is required for establishing the optimality conditions. Assumption 4]
will allow us to ensure the existence of PCL-NE. We say that r, is proper if: i) E [rg(x;, a;, o%)] >
—oo for at least one (aci,ai) € C;,and ii) E [Tk(l'i,ai,O'k,i)] < 00, Yag € Cq, V(azi,ai) e C;
(i=1,...,00).
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3 STANDARD APPROACH TO CLOSED-LOOP MARKOV GAMES

In this section, we review the standard approach for tackling CL dynamic games (Gonzalez-Sanchez
and Hernandez-Lermal [2013). For simplicity, we consider deterministic game and no constraints:

maximize iy TiyT(T;), T—p (x5
Guy s Wh e N i ;V ke (T, T (24), T (1))
s.t. Tit+1 = f(l‘“ 71'(561))
First, it inverts f to express the policy in reduced form, i.e., as a function of current and future states:
W(Iz) = h(Ii,$i+1). (11)
This implicitly assumes that such function h : X x X — A exists, which might not be the case if f is
not invertible. Next, 7, is replaced with (TI)) in each r:
7 (i, T (), Tk (20)) = 7 (3, B2, wig1)) 2 7 (@0, Tiga) (12)
where 7, : Xx X — Ris the reward in reduced-form. Then, the Euler equation (EE) and transversality
condition (TC) are obtained from 7}, for all £ € N and used as necessary optimality conditions:

(10)

Vo 1k (Tim1, %) + Va1 (23, 241) =0 (EE), (13)
lim 2 Vg, 7, (zi_1,2;) =0 (TC). (14)
1—> 00

When 7, are concave for all agents, and X C R (i.e., X = {x; : 2; > 0,2, € R5Y), these optimality
conditions become sufficient for Nash equilibrium (Gonzalez-Sanchez and Hernandez-Lermal 2013,
Theorem 4.1). Thus, the standard approach consists in guessing parametric policies from the space
of functions {2, and check whether any of these functions satisfies the optimality conditions. We
illustrate this procedure with a well known resource-sharing game named “the great fish war” due to
Levhari and Mirman| (1980), with Example[T]in Appendix [A]

Although the standard approach sketched above (see also Appendix [A) has been the state-of-the-art
for the analysis of CL dynamic games, it has some drawbacks: i) The reduced form might not exist;
ii) constraints are not handled easily and we have to rely in ad hoc arguments for ensuring feasibility;
iii) finding a specific parametric form that satisfies the optimality conditions can be extremely difficult
since the space of functions is too large; and iv) the rewards have to be concave for all agents in order
to guarantee that any policy that satisfies the conditions is an equilibrium.

In order to overcome these issues, we propose to first constrain the set of policies to some parametric
family, and then derive the optimality conditions for this parametric problem; as opposed to the
standard approach that first derives the optimality conditions of G;, and then guesses a parametric
form that satisfies them. Based on this insight, we will introduce MPG with parametric policies as a
class of games that can be solved with standard DRL techniques by finding the solution of a related
(single-objective) OCP. We explain the details in the following section.

4 CLOSED-LOOP MARKOV POTENTIAL GAMES

In this section, we extend the OL analysis of|Zazo et al|(2016a)) to the CL case. We define MPGs with
CL information structure; introduce a parametric OCP; provide verifiable conditions for a parametric
approximate game to be an MPG in the CL setting; show that when the game is an MPG, we can find
a PCL-NE by solving the parametric OCP with a specific objective function; and provide a practical
method for obtaining such objective function.

First, we define MPGs with CL information structure and parametric policies as follows.

Definition 2 Given a policy family 7(-,w) € Q¥, game §) is an MPG if and only if there is a
function J : X x W x ¥ — R, named the potential, that satisfies the following condition Vk € N :

o0
E lz V(i@ (2, wi), T (T, W k), Ok ) — Tr(@s, T (20, 0k), T (T, W), ok,i))]
=0

=E [ZWi(J(wivﬂk(wiywk)awk(wiawk)yo'i) - J(fﬂiyﬂk(iﬂi,vk)yﬂk(wi,wk),Ui))l )
i=0
Va,;, € X, Ywg, v € Wg. (15)
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Deﬁnition@]means that there exists some potential function, J, shared by all agents, such that if some
agent k changes its policy unilaterally, the change in its reward, r, equals the change in J.

The main contribution of this paper is to show that when (§) is a MPG, we can find one PCL-NE by
solving a related parametric OCP. The generic form of such parametric OCP is as follows:

maﬁlemlze Z’Y (x4, 7(x4, W), 0)
P a6
s.t. $1+1 == f(m'l,7 ((131, )7 07)7

g(@i, m(xi, w)) <O0.

where we replaced the multiple objectives (one per agent) with the potential .J as single objective.
This is convenient since solving a single objective OCP is generally much easier than solving the
Markov game. However, we still have to find out how to obtain .J. The following Theorem formalizes
the relationship between G, and P; and shows one way to obtain .J (proof in Appendix [C).

Theorem 1 Let Assumptions[IH4| hold. Let the reward functions satisfy the following Yk, j € N:

E [V, [Vairw(@s, m(zi,w), o4,0)]] = E [V, [Va,rj(2i, 7(2i,w), 050)]] (17)
E [VJEL [V:Eirk (xlﬁ W(xiv w)? a'k,i)]] =E [vﬂh [vwirj (xiv 7T(xi’ w)’ O'J}i)]] ) (18)
E [V, [Vuirk(@i, 7(25,0), 0k)]] = E [V, [V, 7j (s, m(@5,w),054)]] (19)

where the expected value is taken component-wise. Then, game [®)) is an MPG that has a PCL-NE
equal to the solution of OCP (16). The potential J that is the instantaneous reward for the OCP is
given by line integral:

J(xi, m(xs,w), 0;)

/ < 3m( (2), mi(0(2), wy), Tk ((N(2), w_k), Oki) dnpm(2)
0 kenN \m=1

dzi(m) dz
A
k ark(xiyWk(mia€k<2))7W,k(x“wik)ﬂj—k’i) dgk:,é(Z)
’ 1; day.i(0) pra (20)

where 1(z) £ (n(z ))m L and §(z) (& ( 2)) e are piecewise smooth paths in X and W, respec-

tively, with components &,(2) = (€x.¢(2 ))Z 1» such that the initial and final state-action conditions
are given by (1(0),£(0)) and (n(1) = z;,£(1) = w).

From (20), we can see that .J is obtained through the line integral of a vector field with components
the partial derivatives of the agents’ rewards (see Appendix [C), and so the name potential function.
Note also that Theoremﬂ]proves that any solution to P; is also a PCL-NE of G, but we remark that
there may be more equilibria of the game that are not solutions to P; (see Appendix [C).

The usefulness of Theorem is that, once we have the potential function, we can formulate and solve
the related OCP for any specific parametric policy family. This is a considerable improvement over
the standard approach. On one hand, if the chosen parametric policy contains the optimal solution,
then we will obtain the same equilibrium as the standard approach. On the other hand, if the chosen
parametric family does not have the optimal solution, the standard approach will fail, while our
approach will always provide a solution that is an approximation (a projection over %) of an exact
variational equilibrium. Moreover, as mentioned above, we can expect that the more expressive the
parametric family, the more accurate the approximation to the variational equilibrium. In Appendix
[B] we show how to to solve “the great fish war” game with the proposed framework, yielding the
same solution as with the standard approach, with no loss of accuracy.

Although expressing J as a line integral of a field is theoretically appealing, if the parametric family
is involved—as it is usually the case for expressive policies like deep neural-networks—then
might be difficult to evaluate. The following results show how to obtain .J easily by visual inspection.

First, the following corollary follows trivially from (T7)—(I9) and shows that cooperative games,
where all agents have the same reward, are MPGs, and the potential equals the reward:
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Corollary 1 Cooperative games, where all agents have a common reward, such that
(2, (@i, W), 05,) = J(zi, m(25,w),05), VkeN, (21)
are MPGs; and the potential function equals the common reward function in (21)).

Second, we address noncooperative games, and show that the potential can be found by inspection as
a separable term that is common to all agents’ reward functions. Interestingly, we will also show that
a game is an MPG in the CL setting if and only if all agents’ policies depend on disjoint subsets of
components of the state vector. More formally, introduce &7 as the set of state vector components
that influence the policy of agent £ and introduce a new state vector, =7, and let ™, , be the vector
of components that do not influence the policy of agent k: ’

i 2 (@i(m) penr s i = (@i(1))gar - (22)

In addition, introduce X} as the set of components of the state vector that influence the reward of
agent k directly (not indirectly through any other agent’s policy), and define the state vectors:

hi 2 (@i(m) enr s @k 2 (@(D)gay - (23)

Introduce also the union of these two subsets, X ,? = X[ U A}, and its corresponding vectors:

x?,i £ (mi(m))mexg ) xgk,i = (xi(m))m¢?(]? . (24)

Then, the following theorem allows us to obtain the potential function (proof in Appendix D).
Theorem 2 Let Assumptions [[H4 hold. Then, game (8) is an MPG if and only if: i) the reward

function of every agent can be expressed as the sum of a term common to all agents plus another
term that depends neither on its own state-component vector, nor on its policy parameter:

Tk (mz,iv W(l';;i, wk)7 7T(‘r:rk:,h wfkr)a Uk,i) =J (xh 77(-751'7 w)7 Ui)
+ Oy ($Ck7i,w(xzk7i,w_k),ai) , Ve N: (25)

and ii) the following condition on the non-common term holds:
E [vr?,iek (27 g (@ sy wo), ai)} =0. (26)
Moreover; if (26) holds, then the common term in (23), J, equals the potential function (20).

Note that (26) holds in the following cases: i) when ©; = 0, as the cooperative case described
in Corollary [I} ii) when ©; does not depend on the state but only on the parameter vector, i.e.,
O : HjeN,ﬁék W; — R, as in “the great fish war” example described in Appendix or iii) when
all agents have disjoint state-component subsets, i.e., X0 N Xje =0,V(k,j) e {N XN : k # j}.

An interesting insight from Theorem [2]is that a dynamic game that is potential when it is analyzed in
the OL case (i.e., the policy is a predefined sequence of actions), might not be potential when analyzed

in the CL parametric setting. This conclusion is straightforward since the potentiality condition in the
OL case provided by (Valcarcel Macua et al.[2016] Cor. 1) is equal to (23), without requiring (26)).

In order to apply Theorems[I|and 2] we are implicitly assuming that there exists solution to the OCP.
We finish this section, by showing that this is actually the case in our setting (proof in Appendix [E).
Proposition 1 Under Assumption[d) OCP has nonempty solution set.

In other words, Prop. [T|shows that there exists a deterministic policy that achieves the optimal value
of Py, which is also an NE of G, if conditions (I7)—(I9) or equivalently (25)—(26) hold. We remark
that there might be many other—possibly stochastic—policies that are also NE of the game.

5 EXPERIMENT

In this section, we show how to use the proposed MPGs framework to learn an equilibrium of a
communications engineering application. We extend the Medium Access Control (MAC) game
presented in (Zazo et al.,|2016a) to stochastic dynamics and rewards (where previous OL solutions
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would fail), and use the Trust Region Policy Optimization (TRPO) algorithm (Schulman et al., 2015),
which is a reliable reinforcement learning method policy search method that approximates the policy
with a deep-neural network, to learn a policy that is a PCL-NE of the game.

We consider a MAC uplink scenario with N = 4 agents, where each agent is a user that sets its
transmitter power aiming to maximize its data rate and battery lifespan. If multiple users transmit
at the same time, they will interfere with each other and decrease their rate, using their batteries
inefficiently, so that they have to find an equilibrium. Let 25 ; € [0, B max) £ X, denote the
battery level for each agent k¥ € N, which is discharged proportionally to the transmitted power,
Let ay,; € [0, Pk max] £ A, be the transmitted power for the k-th user, where constants Py, yax and
Bj; . max stand for the maximum allowed transmitter power and battery level, respectively. The system
state is the vector with all user’s battery levels: z; = (:v;“)k en € X; such that S = N and all
state vector components are unshared, i.e., X = [ [, cn Xx C RN, and X} = {k}. We remark that
although each agent’s battery depletion level depends directly on its action and its previous battery
level only, it also depends indirectly on the strategies and battery levels of the rest of agents. The
game can be formalized as follows:

. = i (@i, w0y,
g _ maxm;\lze Z A [ log [ 1+ ’ = + axg;
mac - wg € =0 1+ Zje./\f:j;ék |hj| 7T(.’Ej,,’, wj) (27)

VkeN st. Tpiy1 =T — 0T (Th, WE), Tk0 = Bk max
0< W(wk,iawk) < Pk,max; 0< Lk, < Bk,ma)m 1=0,...,00

where hy, is the random fading channel coefficient for user k, « is the weight for the battery reward
term, and 9 is the discharging factor.

First of all, note that each agent’s policy and reward depend only on its own battery level, xy ;.
Therefore, we can apply Theorem [2]and establish that the game is a MPG, with potential function:

J(xi, (2, w)) = log (1 + Z hk,i|277(17k,i7wk)> + Z T i (28)

keN keN
Thus, we can formulate OCP with single objective given by (28).

Since the battery level is a positive term in the reward, the optimal policy will make the battery deplete
in finite time (formal argument can be derived from transversality condition (54)). Moreover, since
dx,; > 0, the episode gets into a stationary (i.e., terminal) state once the battery has been depleted. We
have chosen the reward to be convex. The reason is that in order to compute a benchmark solution, we
can solve the finite time-horizon convex OCP exactly with a convex optimization solver, e.g., CVX
(Grant and Boyd, 2014), and use the result as a baseline for comparing with the solution learned by a
DRL algorithm. Nevertheless, standard solvers do not allow to include random variables. To surmount
this issue, we generated 100 independent sequences of samples of hy, ; and dy, ; for all k € N and

length 7" = 100 time steps each, and obtain two solutions with them. We set |hk,¢\2 = |hk|2 ki i
where vy, ; is uniform in [0.5, 1], |h1]? = 2.019, |ha|? = 1.002, |h3|? = 0.514 and |hy|*> = 0.308;
and dy, ; is uniform in [0.7,1.3]. The first solution is obtained by averaging the sequences, and
building a deterministic convex problem with the average sequence, which yielded an optimal value
V2« = 33.19. We consider V5, to be an estimator of the optimal value of the stochastic OCP. The
second solution is obtained by building 100 deterministic problems, solving them, and averaging
their optimal values, which yielded an optimal value V3, . = 34.90. We consider V.7, ., to be an
upper bound estimate of the optimal value of the stochastic OCP (Jensen’s inequality). The batteries
depleted at a level z < 1079 in all cases, concluding that time horizon of T = 100 steps is valid.

We remark that these benchmark solutions required complete knowledge of the game.

When we have no prior knowledge of the dynamics and rewards, the proposed approach allows as to
learn a PCL-NE of by using any DRL method that is suitable for continuous state and actions,
like TRPO (Schulman et al., |2015), DDPG (Lillicrap et al.,|2015)) or A3C (Mnih et al.,[2016). DRL
methods learn by interacting with a black-box simulator, such that at every time step ¢, agents observe
state x;, take action a; = 7, (x;) and observe the new stochastic battery levels and reward values,
with no prior knowledge of the reward or state-dynamic functions.

As a proof of concept, we perform simulations with TRPO, approximating the policy with a neural
network with 3 hidden layers of size 32 neurons per layer and RELU activation function, and an
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Figure 1: Results for the MAC game (27) obtained with TRPO and the averaged solutions given by
the convex optimization solver).

output layer that is the mean of a Gaussian distribution. Each iteration of TRPO uses a batch of
size 4000 simulation steps (i.e., tuples of state transition, action and rewards). The step-size is 0.01.
Figure [1| shows the results. After 400 iterations, TRPO achieves an optimal value V; , = 32.34,

rpo
which is 97.44% of V%, and 92.7% of the upper bound V;

CcVXx? avg,cvx:*

6 CONCLUSIONS

We have extended previous results on MPGs with constrained continuous state-action spaces providing
practical conditions and a detailed analysis of Nash equilibrium with parametric policies, showing
that a PCL-NE can be found by solving a related OCP. Having established a relationship between a
MPG and an OCP is a significant step for finding an NE, since we can apply standard optimal control
and reinforcement learning techniques. We illustrated the theoretical results by applying TRPO (a
well known DRL method) to an example engineering application, obtaining a PCL-NE that yields
near optimal results, very close to an exact variational equilibrium.
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A EXAMPLE: THE “GREAT FISH WAR” GAME — STANDARD APPROACH

Let us illustrate the standard approach described in Section [3] with a well known resource-sharing
game named “the great fish war” due to|Levhari and Mirman|(1980). We follow (Gonzalez-Sanchez
and Hernandez-Lerma, 2013 Sec. 4.2).

Example 1. Let x; be the stock of fish at time 7, in some fishing area. Suppose there are /N countries
obtaining reward from fish consumption, so that they aim to solve the following game:

maximize Z 7' log (71 (;))

. TR EQ —
Ghish i=0 i 29)
Vke N
st. w1 = | a3 — Z me(xs) |, x>0, mp(x;) >0,4i=0,...,00,
keN
where zp > 0and 0 < o < 1 are given.
In order to solve Gggn, let us express each agent’s action as:
(@) = 27 — %14/3 - Z (i), (30)

JEN j#k
so that the rewards can be also expressed in reduced form, as required by the standard-approach:

ry.(z;) = log aci—acg_ﬁ— Z () | - (€2))
FEN:j#K
Thus, the Euler equations for every agent k € A and all ¢ = 0, . .., oo become:
,xi/a—l/a ]‘_ZjE./\/:j;ﬁk 871'](561)/8%1 —0 (32)
AR (i) w—al -8 (o)
Tio1 — T; ek Ti(Ti1 T —why jeN gk T (T

Now, the standard method consists in guessing a family of parametric functions that replaces the
policy, and checking whether such parametric policy satisfies (32)) for some parameter vector. Let us
try with policies that are linear mappings of the state:

e (2;) = wix;. (33)

By replacing (33)) in (32)), we obtain the following set of equations:

ay 1+wk—2wj zl—ij, Yk e N. (34)
JEN JEN
Fortunately, it turns out that has solution (which might not be the case for other policy parametriza-
tion), with parameters given by:

1—ay
ay+ N(1—ay)

Since 0 < @ < 1and 0 < «y < 1, it is apparent that wy, > 0 and the constraint 74 (z;) > 0 holds
for all 2; > 0. Moreover, since Y ren W < 1, we have that ;4 > 0 for any =g > 0. In addition,
since x; is a resource and the actions must be nonnegative, it follows that lim;_,, ; = 0 (there is no
reason to save some resource). Therefore, the transversality condition holds. Since the rewards are
concave, the states are non-negative and the linear policies with these coefficients satisfy the Euler
and transversality equations, we conclude that they constitute an equilibrium (Gonzalez-Sanchez and
Hernandez-Lerma, 2013, Theorem 4.1). AN

wy, = . VkeN. (35)

B EXAMPLE: “GREAT FISH WAR” GAME — PROPOSED APPROACH

s

In this section, we illustrate how to apply the proposed approach with the same “the great fish war’
example, obtaining the same results as with the standard approach.

Example 2. Consider “the great fish war” game described in Example |I} In order to use our
approach, we replace the generic policy with the specific policy mapping of our preference. We

11
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choose the linear mapping, mx(x;) = wgx;, to be able to compare the results with those obtained
with the standard approach. Thus, we have the following game:

maximize Zv log (wgx;)

wi EWs =0

gﬁsh,w . e (36)

VkeN st. xip = |z — Z wEx; |,

keN
xr; >0, wgxr; >0, i=0,...,00.
Let us verify conditions (67)—(68). For all k, j € N we have:

Tk (xia W(l.iv w)) = IOg (wkxl) 3 (37)
Va,ri (zi, (25, w)) = 1/, (38)
Vo, Tk (1‘7,771'(.%1,11})) = 1/wg, (39)
Vi Vari (@i, (2, w)) = Vg, Va1 (@, m(x, w)) = —1/2, (40)
ij vxl'l"k (l'“ﬂ'(xz,’lU)) vwkauT] (sz,ﬂ'(afi,UJ)) = Oa (41)
Vo, Vi, T (24, m(25,w)) = Vi, Vi, 75 (24, (25, w)) = 0. (42)

Since conditions (67)—(68) hold, we conclude that (36)) is an MPG. By applying the line integral (20),
we obtain:

J(z;,w;) = log(z;) + Z log (wy,) (43)
keN

Now, we can solve OCP (16) with potential function (@3)). For this particular problem, it is easy to
solve the KKT system in closed form. Introduce a shorthand:

TE DY wy (44)
keN
The Euler-Lagrange equation (62) for this problem becomes:
v+ Biaxs (1 —w)* — Bi_1x; = 0. (45)
The optimality condition ( with respect to the policy parameter becomes:
7= B (1 —w)* " wy, = 0. (46)
Let us solve for 3; in (46):
~i

ax® (1—w)* " wy,

i = @)

Replacing {@7) and the state-transition dynamics in (@3]), we obtain the following set of equations:
ay(l+wy—w)=1-w, VkeN. (48)
Hence, the parameters can be obtained as:

1—ay

ay+ N(1—ay)’ vk EN. (49)

WE =

This is exactly the same solution that we obtained in Example [T| with the standard approach. We
remark that for the standard approach, we were able to obtain the policy parameters since we put the
correct parametric form of the policy in the Euler equation. If we had used another parametric family
without a linear term, the Euler equations (32)) might have no solution and we would have got stuck.
In contrast, with our approach, we could freely choose any other form of the parametric policy, and
always solve the KKT system of the approximate game. Broadly speaking, we can say that the more
expressive the parametric family, the more likely that the optimal policy of the original game will be
accurately approximated by the optimal solution of the approximate game. AN

12
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C PROOF OF THEOREMII

Proof: The proof mimics the OL analysis from|Zazo et al.| (2016a). Let us build the KKT systems
for the game and the OCP with parametric policies. For game (8), each agent’s Lagrangian is given
Vk € N by

[e )

‘ck (xO:om w, Uk,O:ooaOO:OOa Ak:,O:(XJv p’k,O:oc) =E [Z ’Yl (Tk (x’h 71'((]3,“ U)), Uk,i)
=0

+ AL (f (s, (@i, w0),6;) — @ig1) + pp; g (@, m(2, w)) )] , (50)

where Ay, ; £ ()\k@i)sszl € R% and Mii £ (“k,cyi)il € RC are the vectors of multipliers at time ¢
(which are random since they depend on 6; and x;), and we introduced:
L0:00 £ (xi);.i07 a0:00 £ (ai>;')i()7 )\k70:oo = (Ak:,i)ioiov HE,0:00 = (Nk,i),’oio . (51)

Introduce a shorthand for the instantaneous Lagrangian of agent k:
Py (@, @i 1, W, 053,00, Aiiy i) = E[Tk (xi, (24, w), O i)
+)\;Z (f (‘T“']T(l'l,’LU),ez) _xi+1) +M11—,19(-T177T($z7w)) . (52)

The discrete time stochastic Euler-Lagrange equations applied to each agent’s Lagrangian are different
from the OL case studied in|Zazo et al.| (2016a) (see also (Sage and White, |1977, Sec. 6.1)), since we
only take into account the variation with respect to the state:

E[Va, (@i, i1, w, 0k, 0i, Aiosis ki) |
+ Vi, [Pk (-1, @i, w, 0% 51,01, Ai—1, pri—1) | = 0s, i=1,...,00, (53)
where Og denotes the vector of length S. The transversality condition is given by
Zlggo E[zh Vi, Pk (20, i1, w, 00, 0i, Misis pii) | = Os. (54)
In addition, we have an optimality condition for the policy parameter wy:
B[V, @k (@, i1, w, 053, 05, Mk, i) | = O, (55)

From these first-order optimality conditions, we obtain the KKT system for every agent k& € A/ and
all time steps ¢ =1, ..., 00:

E [V [ (@i, m(as,w), o) + AL S (i, (s, ), 600)]

+ Va, [#L g (x4, m(xs, w))} - ;\k,i—l = 0g,, (56)

1liglo E [z;ﬂvxl [’I‘k (i, 7(zi,w), 0,) + )\;7 f (i, m(zs,w), 6;) }
+ Vo, [ 9 (@i, m(xs, w)] = 0s,, (57

B[V [ (i, m(wi, w), o) + AL f (i, (i, w), 60)] |

+ Vo [ 9 (@i, m(zi,0))] = 0w, (58)
Liy1 = f (l’i,ﬂ(l’i,’d}), 01)7 g (.’I}i,ﬂ(.’lﬁ'i,ﬂ))) S OC7 (59)
tri < Oc, s g (i, m(ai,w) =0, (60)

where Ay ;1 is considered deterministic since it is known at time 7.

Now, we derive the KKT system of optimality conditions for the OCP (I6). The Lagrangian for (T6)
is given by:

EOCP (mO:Oov waak,O:oo» 00:00; ﬁO:oo; 60:00) - E [Z ’Y’L (J (wiv ﬂ-(xia 'U}), 0-2)
=0

+ B (f (zi,m(xi,w),0;) — Tip1) + 6, g (wi,w(x,;,w))ﬂ, (61)

13



Published as a conference paper at ICLR 2018

where 3; £ (ﬁk,s,i)le € RYand §; £ (8. Z) | € RY are the corresponding multipliers, which
are random variables since they depend on 6; and x;. By taking the discrete time stochastic Euler-
Lagrange equations and the optimality condition with respect to the policy parameter for the OCP,
we obtain are a KKT system for the OCP: i =1,...,00

E| Ve [ (21, w(ai, w),00) + B f (@i, wls, ), 6))] |

+ Va, [6 9z, w(25,w))] — Bie1 = 0s,,, (62)

11)111 E[ﬂf Va, [J (@, w(2i,0),00) + B f (i, 7(24,w0), 6;)]
+ VIL [6zTg ('riaﬂ-(xiaw))} = OSk7 (63)

E| Vi [ (@i wlas, w), o) + B f (i m(ai, w), 65)]
+ Vau, [5Z-Tg (x4, m(24, w))} =04, (64)
xip1 = f (2, m(2,w),0;), g(x;,7m(x;,w)) <0c, (65)
6 <0c, 6 g (i, m(xi,w)) =0, (66)

where (3;_1 is known at time ¢ and includes the multipliers related to x;_1.

By comparing (56)—(60) and @]) ({66), we conclude that both KKT systems are equal if the following
holdsVk e Nandi=1,...,00

[vxirk (xla ﬂ—(xu ) o-k:,z)] = E [VIIJ (xi7 ﬂ-(xiu w)7 0'1)] ) (67)
[ wi Tk (‘rl’ ﬂ—(xh ) ak,i)] =E [vwa (xia W(xiv ’LU), Uz)] ) (68)
ki =Bi,  pri = 0i. (69)

Since Assumption [ ensures existence of primal variable for the OCP, Assumption [3| guarantee the
existence of dual variables that satisfy its KKT system. By applying (69) and replacing the dual
variables of the KKT of the game with the OCP dual variables for every agent, we obtain a system of
equations where the only unknowns are the user strategies. This system is similar to the OCP in the
primal variables. Therefore, the OCP primal solution also satisfies the KKT necessary conditions of
the game. Moreover, from the potentiality condition, it is straightforward to show that this primal
solution of the OCP is also a PCL-NE of the MPG (see also (Zazo et al.,|2016a, Theorem 1)).

Introduce the following vector field:
F(xivwao'i) £ v(wi,w)‘](xiaﬂ'(miaw)vo'i) : (70)

Since F' is conservative by construction (Apostol,|1969, Theorems 10.4, 10.5 and 10.9), conditions
(©7)—(68)) are equivalent to (I7)—(T9) and we can calculate a potential .J through line integral (20). B

D PROOF OF THEOREM

Proof: We can rewrite game (8) by making explicit that the actions result from the policy mapping,
which yields an expression that reminds the OL problem but with extra constraints:

oo
maximize E e (X5, Qg G iy Tk
G wi €Wg, {ar,i }5° €2, Ak |JZ$’Y ( ks TR " J)
3 =
Vk e N s.t. ap; =7m(xL W), @ g =7m(T 4w ), (71)
xip1 = f(x,a4,0;),
g(zi,a;) <0,

where it is clear that: a; £ (ak i, a_j ;) = 7(x;, w) Rewrite also OCP with explicit dependence
on the actions:

maximize E iy x;, a;, o;
ol S o)
P s.t. a; = w(x;,w), (72)

xir1 = f(zi,ai,0;),
g(.’l)i, ai) S 0.

14
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By following the Euler-Lagrange approach described in Theorem|[I] we have that the KKT systems
for game and OCP are equal if the dual variables are equal (including new extra dual variables for the
equality constraints that relate the action and the policy) and the following first-order conditions hold
VkeNandi=1,...,00:

E [Vap b (2h 0k 0k )| = B[ Vap J (w101, 00)] (73)
E [Var.mk (This thir —kyir ki) | = E[Va,, J (23,03, 04)] . (74)

The benefit of this reformulation is that the gradient in (73) is taken with respect to the components
in A only (instead of the whole set X), at the cost of replacing (68) with the sequence of conditions
(74). We have to realize that ay, ; is indeed a function of variables z7 ; and wy,. In order to understand
the influence of this variable change, we use the identity ay ; = Ty, (x’kT ;) and apply the chain rule to
both sides of (74), obtaining:

E[Vor,mi| = E [V, 7] ' Var 2l +E [Varri] | Var i, (75)
E [Vwkrk} = E[Vay.ms] " Vo hs, (76)
E[Vag,J| = E |Vup, /] ' Vap a4 E Ve d] Vg an (77

.
E[Vurd] = E [Var. ] Vipari. (78)

From (73)-(74), it is clear that the right side of (73) and (77) are equal. Similarly, from (74), the right
side of (76) and (78) are equal, so that their left side must be also equal. Hence, we can replace (74)
with the two following conditions:

E [Var,mk (%M (37.) s 0-bis on) | = B[V T (207w, (2) s anino)] . (79)
E [vwkrk (xz’zﬁﬂ-wk (x;gr’z) 7a7k,i7 Uk,z)] = E I:Vwa (1'7;77ka (x;;;rl) 7a7k,i7 0’1)} . (80)
Moreover, we can combine (73) and (79) in one single equation:

E [kae’irk (Iz,i,ﬂ'wk (mzl) ,a_m,ok,i)} =E [mGc—;viJ (a:i,ﬂ'wk (xgl) ,a_k,i,a,')} . (81)
By using the identity a_y ; = Ty, (27} ;) in (B0)-@T), we have:

E [ngﬁirk (xz,ivﬂwk (x;cr,z) y Tw_y, (xik,i) ’o'k,i)} =E [vxfl‘] (xiaﬂ'u (3?1) ao'i)} s (82)

E [Vurrk (i, Tw, (JZZZ) s Tw_, (a:’l,m») 0ki)| = E [V J (i, 7 (2) ,03)] . (83)

Note that under conditions (23)—(26), conditions (82)—(83) are equivalent to (67)—(68), with potential

function J equal to the objective of OCP (T6). [

E PROOF OF PROPOSITION(]]

Proof: Once that Theorem 2] has shown that the individual rewards can be expressed in separable
form, it follows from the definition of proper function that: 7 being proper implies that .J is also
proper. Since J is proper, it has nonempty level sets. Let B € R define a nonempty level set of J:

{ao € Co, (#4,a;) € C; : E[J (w4, a4,04)] > B}, (84)
Since v < 1, we have:
iviE [J (zi,ai,0:)] > Bifyi B (85)
. ) ) - 4 1— v
1=0 =0
Hence, the following level sets are also nonempty:
oo B o
{(fEi,CM’) :;'ylE[J(xi,ai,ai)] 2 1_7}.0. (86)
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In addition, since J is proper, it must be upper bounded, i.e., 3U € R, such that J < U. Then, we
have:

— i — i U
E ’yE[J(mi,ai,Ui)]gUE v -t (87)
i=0 =0
Since B < U, we have that
B U
— < —. (88)
11—y 7 1-—v

Therefore, the level sets (86) are bounded.

From Assumption 2] the fact that .J can be obtained from line integral (20), and fundamental theorem
of calculus, we deduce that .J is continuous. Therefore, we conclude that these level sets are also
compact. Thus, we can use (Bertsekas, 2007, Prop. 3.1.7, see also Sections 1.2 and 3.6) to ensure
existence of an optimal policy. [ ]
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