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SLS-BRD: A System-Level Approach to Seeking
Generalized Feedback Nash Equilibria

Otacilio B. L. Neto

Abstract—This work proposes a policy learning algo-
rithm for seeking generalized feedback Nash equilibria in
Np-player noncooperative dynamic games. We consider
linear-quadratic games with stochastic dynamics and de-
sign a best-response dynamics in which players update and
broadcast a parametrization of their state-feedback poli-
cies. Our approach leverages the system level synthesis
framework to formulate each player’s update rule as the
solution to a robust optimization problem. Under certain
conditions, rates of convergence to a feedback Nash equi-
librium can be established. The algorithm is showcased in
exemplary problems ranging from the decentralized con-
trol of unstable systems to competition in oligopolistic
markets.

Index Terms—Best-response dynamics (BRD), feedback
Nash equilibrium (NE), noncooperative games, system level
synthesis (SLS).

[. INTRODUCTION

ODERN cyber-physical systems are often comprised
M of interacting subsystems operated locally by nonco-
operative decision-making agents. Ideally, each agent operate
its subsystem according to a feedback policy that optimize
local objectives, while satisfying global constraints and being
robust to their rivals’ interference. However, the large-scale,
decentralized, and multiobjective nature of such applications
hinders most traditional approaches to policy design. The dy-
namic game theory provides an alternative framework through
the concept of noncooperative equilibria (e.g., the generalized
Nash equilibrium (GNE) [1], [2]) describing efficient, yet strate-
gically stable, strategies for each agent. Under a dynamic game
setting, decision-making agents must design feedback policies
(i.e., strategies) to operate their subsystems while aware that
their choice affects (and is affected by) the other agents’ choice.
An equilibrium would then correspond to a set of policies that
satisfy the global constraints and is agreeable to all agents given
their objectives. A policy design based on GNE seeking thus
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presents a promising venue for the decentralized control of
cyber-physical systems.

In general, solving a noncooperative game has distinct goals:
For the agents, to design efficient and robust policies in com-
petitive environments, and, for the game designer, to examine
(and potentially control) the local and global behavior of ra-
tional agents. Regardless, obtaining a Nash equilibrium (NE)
is a notoriously difficult task [3]. The algorithmic game theory
thus emerges as the field concerned with designing methods
to bridge this computational gap [4]. An important class of
algorithms, denoted equilibrium-seeking methods, places the
task of searching for an equilibrium on the players: These
include best-response dynamics (BRD, [5], [6], [7]), no-regret
learning [8], [9], [10], and operator splitting [11], [12] methods.
Broadly, these are fixed-point methods designed for (repeated)
static games centered on the idea of players improving their
strategies using only the information available to them. Aside
from enabling the computation of Nash equilibria, these routines
have the advantage of mimicking how noncooperative players
would learn their policies in reality. In particular, BRD stands
out as a simple, yet fundamental, model of policy learning for
uncoordinated but communicating players. This method has
become an important tool in economics and engineering, with
applications in networked systems [13], [14], robotics [15], [16],
[17], and resource management [18], [19].

We are interested in NE seeking algorithms for dynamic
games in which the underlying system has linear, stochastic,
and potentially unstable dynamics. The focus is on closed-loop
perfect state information structures, as they yield equilibrium
policies that are less sensitive to modeling and decision errors
than their open-loop counterparts [1]. Specifically, we consider
the relevant task of players learning a generalized feedback Nash
equilibrium (GFNE) of state-feedback policies, which stabilize
the system against disturbances, satisfy constraints on the con-
trol and state signals, and incorporate some specific structure
(e.g., encoding communication delays). In the current practice,
feedback Nash equilibria is obtained by either applying dynamic
programming principles [1], [20], [21], [22], [23], [24], deriving
equivalent complementary problems [25], [26], or using iterative
heuristics [27], [28]. Recently, Laine et al. [29] extended the
scope to provide a systematic method to compute (approximate)
GFNE. While remarkable, these solutions cannot enforce either
closed-loop stability, operational constraints, or design of the
policy structure, in practice. Moreover, most of them still re-
quire some central coordinator to solve the game; the players
themselves do not perform equilibrium seeking. The available
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Fig. 1.  SLS-BRD: Control architecture and the learning dynamics. A
set of players (1, ..., Np) control a decentralized dynamical system by
measuring its state («), and then, applying actions (u!, ..., u"NP)based
on state-feedback policies (K1,..., KVP) whose parameterizations
(®',...,®"P)are chosen as best responses to each others’ strategies,
simultaneously, and broadcasted via a communication network.

literature on decentralized policy learning is concentrated on
the field of reinforcement learning, where the focus is on finite-
duration games described by Markov decision processes [30],
[31], [32], [33], [34]. To the best of our knowledge, there are
no equilibrium-seeking solutions to the aforementioned class of
GFNE problems.

In this work, we propose a GFNE seeking algorithm to
bridge this research gap. Leveraging the system level synthesis
(SLS, [35]) framework, we first recast each player’s policy syn-
thesis problem as the search for an optimal system level response
to disturbances. The system level response can be used to recover
a corresponding optimal feedback policy, thus serving as its
parametrization. Under this setup, each player’s best-response
strategy is the solution to a tractable optimization problem,
which enforces closed-loop stability, operational constraints (on
the control and state signals), and structural constraints (on the
policy’s parameters), already at the synthesis level. We then
design a best-response routine in which players update the
parametrization of their policies, in parallel, and then, announce
them through some communication network (see Fig. 1). The
algorithm does not depend on the state and actions applied
to the underlying system and thus can be executed simultane-
ously with its operation. In summary, our contributions are as
follows.

1) A realization of the associated best-response mappings in
GFENE problems as robust convex optimization problems
that are amenable to numerical solutions.

2) A system-level best-response dynamics (SLS-BRD) al-
gorithm for GFNE seeking in dynamic games. In this
equilibrium-seeking routine, players converge to a GFNE
by iteratively updating the parametrization of their poli-
cies as the best response to their rivals’ current policies.

3) In the absence of shared constraints, a formal analysis of
the convergence properties of the SLS-BRD algorithm.

This policy learning algorithm is demonstrated in simulated
experiments on the decentralized control of an unstable network
and price management in a competitive oligopolistic market.

The rest of this article is organized as follows. Section II
overviews the classes of (generalized) static and dynamic games,
and the BRD algorithm. In Section III, we provide a system
level parametrization for linear-quadratic games, then design a
BRD for GFNE seeking. Section IV illustrates this approach
in exemplary problems, and finally, Section V concludes this
article. Toward a concise presentation, only essential results are
given in the main text.

A. Notation

We use Latin letters to denote vectors and functions, and
boldface to distinguish signals, operators, and their respective
spaces. Sets are in calligraphic font; exceptions are the usual
R and N, and the sets of (NxN) symmetric (S"), positive
semidefinite (Sﬂ\r’ ), and positive definite matrices (Sf +). In par-
ticular, sequences are written as © = (2 )7 for a countable set
ITCNorx = (x)l,ifZ={0,...,T}. Forp € (0,00), we
define the space of N, -dimensional vector-sequences £ (Z) =
{z: ||z|le, = (Xer lze]|P)V/P < oo}, with €)= the space of
all bounded sequences. The set Y% denotes all relations A :
X — Y with L(X,Y) C V¥ being the set of bounded linear
operators. We sometimes write transformed signals as Ax =
(Axy)er. We use the standard definition of Hardy spaces H
and RH ., and write %R'Hoo for the set of real-rational strictly
proper transfer functions. Finally, signals and operators used
in this article include the following: The impulse signal § =
(0¢)tez, the identity operator I and matrix I, , the matrices
1, xm and 0, x,, of all 1’s and 0’s, respectively, the shift op-
erator S : (zo,x1,...) — (0,20, ...), and the Kronecker and
Hadamard products ® and @, respectively.

We distinguish set-valued mappings from ordinary functions
using the notation F': X == ). A mapping is L pg-Lipschitz
if|la—b|| < Lp|x—y| forallz,y € X,a € F(x),b e F(y)
and appropriate norm | - ||. F' is said to be nonexpansive if
L = 1and contractive if Ly < 1.Forany tuple s = (s”)pep €
S, we frequently write s = (sP, s P) to highlight the element
sP; this should not be interpreted as a reordering. Similarly, if
S = [1,ep S, we define the product S = [[;cp () S”-

[I. NONCOOPERATIVE GAMES AND BRD
A (static) Np-player game, denoted by a tuple

G = (P, {S"}per, { L }pep) (1)

defines the problem in which players p € P ={1,...,Np}
each decides on a strategy s” € Sp(s*p) C &P to minimize
an objective function L? : S! - x SNP — R. The strategy
spaces SP (Vp € P) determine the actions available to the play-
ers, with the mappings S? : S7P = SP restricting this choice
based on the actions from their opponents. As such, both the
players’ objectives and feasible strategies depend explicitly on
their competitors’ actions. Finally, the players are assumed to
be rational, noncooperative, and acting simultaneously.

A solution to the game G is understood as a strategy pro-
files = (s',...,s"?) € S,8 = St x x SN having some
specified property that makes it agreeable to all players if they act
rationally. In noncooperative settings, a widely accepted solution
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Algorithm 1: Prototypical learning dynamics.

Algorithm 2: Best-Response Dynamics (BRD).

Input: Game G = (P, {SP }peP {LP}per)
Output: GNE s* = (s, ... sV

1 Initialize so = (s),...,50") and k == 0;

2 fork:O,l,Q,...d

3 if s, € g then return sy;
4 for p € P do
5 | Update s}, € T”(sy, RP(sx) | L”);

concept is that of a GNE: The game is solved when no player can
improve its objective by unilaterally deviating from the agreed
strategy profile. Formally, the following.

Definition 1: A strategy profile s* = (s'",...,sVF) € S'is
a GNE for the game G if

< min

LP(sP",s7P") <
sPeSP(s~P")

LP(sP,s7P") )
holds for every player p € P.
In general, the set of GNEs that solve a game G

g = {s* €S : s satisfies (2)}

is not a singleton and can include strategy profiles that favor
a specific subset of players (that is, nonadmissible GNEs [1]).
The game might also not admit any GNE (i.e., Qg = (), then
being characterized as unsolvable. Hereafter, we ensure that
the problems being discussed are well-posed by considering the
following conditions on their primitives.

Assumption 1: For each player peP,

1) the objective L? : St -8NP — R is jointly continu-
ousin all of its arguments and convex in the pth argument,
sP € SP(s7P), forevery s P € S7P;

2) the mapping S : SP = S takes the form

SP(s7P) 1= {sP € SP : (sP,57) € Sg}

where Sg is some global constraint set shared by all
players. Moreover, S” and Sg are both compact convex
sets and they satisfy Sg N (St x -+ x SNP) £ ().

Under Assumption 1, a generalization of the Kakutani fixed-
point theorem ensures that G has a GNE, that is, Qg # 0 [36].
In practice, these conditions consider each objective to have
a unique optimal value, while imposing the feasible set of
strategies to be nonempty and coupled only through a common
constraint. Although restrictive, these assumptions still cover a
broad class of problems of practical relevance.

We investigate algorithms for solving G. A direct computation
of a GNE is equivalent to solving Np optimization problems
simultaneously, as implied by Definition 1. Such an approach
would require players to be coordinated and their objectives
to be public. Conversely, we consider adaptive procedures in
which the players learn their GNE strategies independently. In
this direction, consider that G admits episodic repetitions, and let
sk = (shy ..., skNP) be the strategy profile taken by players P at
the kth episode. A prototypical learning routine for equilibrium
seeking is outlined in Algorithm 1, with

Input: Game G = (P, {Sp}pEP’{L tpep)
Output: GNE s* = (s'",..., s"F)

1 Initialize so = (s),...,50") and k == 0;
2 for k=0,1,2,... do

3 if s, € BR(s;) then return sy;

4 for p € P do

5

L Update s}, € (1-n)s; +nBRP(s,”) ;

1) TP : SP x §7P = SP describing how the pth player up-
dates its strategy, based on a prediction of its opponents’
next actions, given its individual objective;

2) RP : § =% §7P describing how the pth player predicts its
opponents’ strategies for the next episode, based on the
strategy profile currently being played.

Algorithm 1 belongs to the class of fixed-point methods: Its
termination implies that s* is a fixed-point of both 7% and RP,
that is, s* € TP(sP", RP(s*)) C TP(sP",s7P"). In its general
form, it is difficult to establish the conditions (and convergence
rates) for these learning dynamics to approach an equilibrium.
In this work, we build upon a specific yet fundamental instance
of this algorithm: The BRD. This routine is overviewed in the
following.

Best-response dynamics (BRD): Let the map BR” :
SP

SPt=

BRP(s7P):= argmin LP(s?,s7P) 3)

sPeSP(sP)
denote the best-response of p € P to other players’ strategies.
Collectively, BR(s) :=BR!(s7!) x --- x BRM?(s™Nr) C S
is the joint best-response to any given profile s € S. From
Definition 1, a strategy profile s* = (s'",...,sVF) € Sis a

GNE for G whenever s* € BR(s*) or, equivalently

sP" € BRP(sP") VpeP. 4)

The task of computing an NE can thus be translated into the
search for a fixed-point of the set-valued mapping BR : § = S
[7]. The set of GNE solutions for G is the set of all such fixed
points, Qg := {s* € S : s* € BR(s*)}. A natural procedure for
GNE seeking consists of players adapting their strategies toward
best responses to their rivals’ strategies, which they assume will
remain constant. Formally

T?(s),, RP(sk)) :== (1-n)sl, + nBRP(RP(s;))  (5)

given RP(s;) = s,” and a learning rate factor of n € (0,1).
This learning dynamics, summarized in Algorithm 2, is known
as (discrete-time) BRD.

After each episode, the strategy profile is updated to

Skr1 = T(sk) = (1 —n)sk + nBR(sg) 6)

given the global update rule T = (1 — n)I + nBR. Notably, the
mappings 7" and BR share the same set of fixed-points: The
GNEs (2g. We can then establish the following result.

Lemma 1: Let BR:S =% S be a nonexpansive mapping.
Then, s;11 = T(sj) converge monotonically to a GNE solution
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s* € Qg, thatis, limy,_, infexcq, ||T'(s1) — s*|| = 0 given any
appropriate norm || - || for S.

This convergence result stems from the fixed-point theory,
where the BRD algorithm is interpreted as belonging to the
class of averaged (or Krasnosel’skii-Mann) iteration methods
(see [37] for a formal proof). Moreover, if the best-response
mapping BR is a contraction, then so is 7" and the BRD must
converge geometrically to a GNE s* € g, which is unique [37].

Lemma 2: Let BR:S = S be Lgg-Lipschitz, Lggr < 1.
Then, from any feasible sy € S, the BRD sj,41 = T'(s)) con-
verge to the unique GNE s* € Qg with rate

l[sx — sl
k=5 < (1) + nLpe)" ™
l[so — s*]|

given any appropriate norm || - || for S.

Importantly, these results might not hold in practice whenever
the best-response maps, {BR” } ,cp, are only approximated (e.g.,
by solving (3) numerically). However, such inexact averaged
operators are still known to converge under reasonable assump-
tions on the accuracy of this approximation [38]. The learning
rate 1 plays a central role in the numerical stability of the
BRD algorithm: A careful choice is required to ensure that
strategy updates do not escape the feasible set, that is, to ensure
that T'(s;) € Sg NS for all s, € Sg N'S. For nongeneralized
games, T trivially satisfy the constraints for any n € (0, 1), and
thus, a careful design of the learning rate might not be necessary.
In such cases, n — 1 is the optimal choice if BR is a contraction
and the convergence rate in (7) simplifies to L.

Finally, we note that the stopping criteria in Algorithm 2
can be modified to allow for earlier termination. In this case,
interrupting the BRD at some episode k¢ > 0 will produce a
strategy profile s, € S for which

LP(sf, 7)<

min  LP(s”, s;f) + € 8)
sPeSP (sk? )
holds for every player p € P with an “equilibrium gap” £ > 0.
This profile characterises an e-GNE: No player can improve its
cost more than ¢ by unilaterally changing its strategy. The set of
all e-GNEs is denoted QF = {s° € S : s° satisfies (8)}.

A. Infinite-Horizon Dynamic Games

A dynamic Np-player game, denoted by a tuple
goo = (7)7X7{up}p6737wa {Jp}p€P> (9)

is defined by the stochastic linear dynamics
T = Az + ZBpuf + wy, a0 given (10)
peP

describing how the state of the game, © = (2)teny € X, evolves
inresponse to the players’ actions u? = (u});eny € UP (Vp € P)
and the additive random noise w = (w¢)ieny € W. For each re-
alization w € WV and initial x, the state is explicitly expressed

as x = Fy,u via the causal affine operator

F,: u— (I — S+A)_1 <Z S.,.Bpup + S+w + 0z

peEP

(1D
with A : & — (Azy)seny and B? : uP — (BPul)scn. Because
known, the dependence on x is omitted to simplify notation.
Moreover, we assume Ew; = 0 and E(wHTw-tr) = 0,2, given
a covariance matrix X, € Sfi, for every t,7 € N. Finally, the
sets X, UP (Vp € P), and VWV define all permissible state, action,
and noise sequences; they take the form

X ={xectl*(N):2, € X, tc N}
Ur = {u? e (N“(N) : ¥ e, t € N}
W = {w € (Y=(N) :w, € W, t € N}

given sets X C RN=, (/P C RN« (Vp € P),and W C RN+,
Ininfinite-horizon games, each player chooses a plan of action
u? € UP(u~P) to minimize its objective functional

JP(uP,u?) :=E

ZLp(xhufautp)] 12)
t=0
defined by cost function L? : X x U* x --- x UN? — R. The
mappings UP : U P = UP restrict the permissible actions for
each player based on its rivals’ strategies. Under this setup, the
dynamic game G, is stationary and can be interpreted as a static
game on the appropriate functional spaces. A plan of action
u = (u',...,uNP) € U can then be characterized as a GNE
solution to G, when no player can improve its objective by
unilaterally deviating from this profile. Formally, the following.
Definition 2: A strategy profile u* = (u!”, ..., uNP) c U
is a GNE for the game G, if

JP(uP uP) < min  JP(uP,u?")

wrelUr(u-r")

13)

holds for every player p € P.
As before, the set of GNEs that solve G,

Qg = {u* €U : u” satisfies (13)}

is not necessarily a singleton and the game is considered unsolv-
able if Qg _ = (). The following assumptions are taken.
Assumption 2: For each player p € P and noise w € W
1) the cost functional J? : U x -- - UN? — R is jointly
continuous in all of its arguments and convex in the pth ar-
gument, u? € UP(u~P), forevery sequence u ? € U7,
2) the mapping U? : U P =2 U takes the form

UP(u™P):={uf cU?: (v, u"?) e Ug}
given the global constraint set
Ug = {uc Ne(N): (Fyu); € X, u; € Ug, t € N}.

The sets UP, Ug, and X" are all nonempty, compact, and
convex. Finally, Ug N (U x --- x UNP) £ (.
These conditions are analogous to those of Assumption 1:
They aim to ensure the existence of GNE solutions to G,
that is, Qg # (). Here, the shared constraints Ug also require
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the players to ensure that state trajectories lie in a feasible set
(z € X) against all realizations of the noise. These constraints
describe operational desiderata and/or limitations in the game.

The equilibria u* € Qg have an open- loop information pat-

tern: Actions u} = (u} ,...,u ) depend explicitly only on

initial state xp € X and stage- 1ndex t € N. A plan of action
with such representation is undesirable, as players become
sensible to noise disturbances and decision errors. Conversely,
state-feedback policies u* = K (x), forsome K : X — U, can
detect such errors and provide corrective actions. A feedback
(respectively, open-loop) representation of u* € €g_ is thus
said to be strongly (weakly) time consistent [1]. In this work,
we investigate state-feedback solutions to the game G..

We consider a closed-loop information pattern and assume
that each pth player’s actions are represented as

uf .= KPx, KP:xz+— ®Pxzx (14)
given a linear causal operator K? € C? C L(¢N+ (N defined

by its convolution kernel ®° = (P2),,cy € ¢1(N). The sets
{CP}pep describe the operators that satisfy some G,,-related
restrictions (e.g., information patterns incurred by communi-
cation, actuation, and sensing delays). In this setup, players
do not plan their actions explicitly but rather by designing a
state-feedback policy profile K := (K*',..., KV*) € C, with
C = C! x --- x CNP . The solution concept that naturally arises
is that of a GFNE.

Definition 3: A policy profile K* = (K", ...,
GFNE for G, if

JP (P u ) < min

uPeUP(u ")

where u* € Ker(I — K*F,,), holds for every p € P.
The set of GFNE that solve G is defined as

§ ={K* e C:u" = K*z* satisfies (15)}.

We consider K* € QK to be admissible only if it renders the
game stable, that is, 1f the closed- loop evolution

KNP)isa

JP(uP,u Py (15)

-1
T (I -8, (A-Y BPKP*)) (Syw + dz0)
peEP
is bounded (z* € ¢X+) for all bounded noise (w € ¢Y=). A
policy satisfying this requirement is said to be stabilizing. From
Assumption 2, we have that Qéi # () when C = U” . In the case
of C C L(¢N= ¢Nw), establishing the existence (and, especially,
uniqueness) of a solution is demanding [39]. In practice, the set
Qéi could be constructed from open-loop equilibria u* € Qg_
by parameterizing the set of all possible trajectories {x}, =
F,u* } ey, and then, identifying policies (K", ... KVF)
that satisfy {u?” = K? &% }wew. p € P. Highlighting this
equivalence, we refer to such u* as an open-loop realization
of the closed-loop policy K*, and vice versa.
BRD for GFNE seeking: The mapping

BRP(u?):= argmin J?(uP,uP)

uPeUP(uP)

(16)

is the best-response of p € P to other players’ plan of action.
Under its feedback representation, u? = K”x € BRP(u?) is

Algorithm 3: BRD for GFNE seeking (BRD-GFNE).

Input: Game G, = (P, X, {Up}pep, W, {J?}pep)
Output: GFNE K* = (K" ,..., KNr)
1 Initialize Ko == (K}, ..., K(J)VP) and k := 0;
2 fort =0,1,2,... do
/+ Players apply actions {u%t:ffﬁxk,t}pep */
if K, € BR(K},) then return Kj;
if t = (k+1)AT then
for p € P do
| Update K | € (1-n) KL +nBRP(K”) ;

7 k=k+1,

a wn B W

a solution to the infinite-horizon stochastic control problem

minimize B Zg (2, ub uy )] (17a)

subject to 241 = Azy + 5 BPul 4w, (17b)
VteN pEP

rp € X, ul eUP, (uf,u,?) €Uy (17¢)

K?ec? (17d)

(xo given). (17¢)

While posed in terms of action signals (u”, p € P), Problem
(17) should be interpreted as the direct search for a best-
response policy K? against the (fixed) plan of action from
other players, u 7 := (u?);cp\ (). We slightly abuse notation
and let BRP(KP) be its solutions when parameterized by
u?:=KPx= (Kﬁw)ﬁe’p\{p}. The mapping BR: C = C,
defined by BR(K) = BRY (K1) x --- x BRVP(KN7), is
the joint best-response to a strategy profile K € C. The GFNE
of G thus correspond to the fixed points of this mapping:
Thatis, ff = {K* € C: K* € BR(K*)}.Due to constraints
(X, ur L{g) and CP, an analytical solution to Problem (17) does
not exist. Moreover, because infinite-dimensional, its numerical
approximation cannot be obtained.

A BRD for GFNE seeking is outlined in Algorithm 3. As
Goo is dynamic and stationary, the procedure does not require
episodic repetitions of the game. Instead, the learning dynamics
occurs simultaneously with the game’s execution: Players learn
and announce their new policies at stages t € {(k+1)AT }en.
K, :=(K},..., K,ZCVP) denotes the strategy profile after k € N
updates. The period AT > 1 defines the rate at which policies
are updated, reflecting some communication structure (e.g., the
time needed for each p € P to collect { K7} } sep\ (p})-

A verbal execution of Algorithm 3 yields the following.

1) The players p € P act on G, according to the policies

up = Kix,, keN

where u} = (u})ier, and @), = (x;)ie7, are the signals
restricted to the interval 7, = [EAT, (k+1)AT).
2) Att = (k+1)AT, every pth player updates its policy

Kz+1 € (1—77)K§ + nBRp(Kip)
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which is then announced to the other players.

The BRD-GFNE induces an operator 7' = (1 — n)I + nBR,
which is equivalent to the update rule of its static counterpart.
Thus, it possesses the same properties: The learning dynamics
converge if BR is nonexpansive and the convergence rate is
geometric if BR is also a contraction (Lemmas 1 and 2). These
properties can also be stated in terms of stage indices ¢ € N by
replacing k = [t/AT|. As in the static case, a careful choice
of the learning rate n € (0,1) is required to ensure that this
fixed-point iteration is well-defined. Finally, we stress that the
BRD-GFNE can be interrupted at any k¢ > 1, thus producing
an e-GFNE policy K, with associated equilibrium gap € > 0.

Ill. BRD ViA SLS

In this section, we present an approach for GFNE seeking in
(stationary) stochastic dynamic games. First, we introduce the
system level parameterization of the players’ feedback policies
(KP?, p € P) and reformulate their best-response mappings
(BRP, p € P) through finite-dimensional robust optimization
problems. Then, a modified BRD-GFNE procedure is proposed
and its convergence properties are investigated.

We focus on Np-player linear-quadratic stochastic games
G = (P, X, {UP} pep, W, {JP} pep) with dynamics

Tl = Az, + Z BPul +wy, w0 given
peP

(18)

and objective functionals

JP(uP,uP)=E

> (107203 + I Sper Dpﬁui’n%)]
t=0

(19)
defined by matrices C? € RN=*N= and DPP € RN-*Nu with
dimension N, > N, + N,. The following assumptions ensure
that stabilising GFNE solutions to GLQ exist.

Assumption 3: For each player p € P,
1) the pair (A, BP) is stabilizable;
2) the pair (C?, A) is detectable;
3) the matrix DP? is full column rank, i.e., DpP' pre ¢ Sfi
Moreover, DPP' CP = () = CP' DPP for all § € P.
Finally, the sets X', UP (Vp), and Ug, are convex polyhedra
satisfying 0 € relint X, 0 € relint4?, and 0 € relint U/;.
The class GLQ describe problems in which N p noncooperative
agents have to agree on stationary policies that jointly stabilize
a global system, robustly to the noise process, while penalizing
state- and input-deviations differently. While representative of
many practically relevant problems, this choice is not restrictive.
Our derivations should follow similarly for any collection of cost
functions {LP},cp satisfying Assumption 2.

A. System-Level Best-Response Mappings

SLS [35] is a novel methodology for controller design cen-
tered on the equivalent representation of control policies in
terms of the closed-loop responses that they achieve. Unlike
similar approaches, such as the Youla [40] and input—output [41]

parameterizations, SLS allows the synthesis of state-feedback
policies to be posed as the solution to convex optimization
problems, even when subjected to constraints on the state-
and input-signals, and on the structure of the policy itself. In
this section, we present a system-level parameterization for the
best-response mappings in GLQ.

We start by assuming a stabilizing profile (K*!,... KN7),
guaranteed by Assumption 3. Each policy is associated with
a transfer matrix K € RH.., K = S o = ®F, which de-

fines the state-feedback @” = K% in the frequency domain.
Considering the linear dynamics (18)

zx = Ax + >, BPu’ +w (20a)
peP
@’ =K'z, (VpeP) (20b)
the signals (&, @', ..., %"") can be expressed in terms of w

& d,
o &,

: =| . |w (2D
/[I/NP igF

where &, = (2 — A — > pep B*K")" and @, = K'®,
~ Np

(p € P). The introduced transfer matrices (im, @i, P, )
are referred to as system level responses or closed-loop maps.
Under this representation, the following result holds.

Theorem 1 (System level parameterization): Consider the
dynamics (20) under state-feedback u” = K’z (Vp € P). The
following statements are true.

1) The affine space

o,
&,
d—A —B'...—BNe|| Y| =1 (2
&)
. e «Np 4 :
with @4, ®,,,..., P, € JRH, parameterizes all
system responses from @ to (&, @, . . ., ™" ) achievable

by internally stabilising policies (K 1, K e ).
2) Any response (<i>w, ‘ii, e @ZP) satisfying (22) is
achieved by the policies K* = @i‘i); ! (Vp € 'P), which

are internally stabilising and can be implemented as

=B+ (23a)
W’ = (23b)

with &, = 2(I — ®,) and ®°, = 2®", (see Fig. 2).
Proof:  Defining B:=[B' B?* ... BNr], and
transfer matrices ., := col(é’u, .. .,@SP) and K :=
col(K',. .., KNP), the proof is as in [35, Thm. 4.1]. In the

second~ statement, we ~consider~an alternative reEresentation
K =3®,(zI - <I>m)*1<I>y with®,, = 2(I — D), B, = 2Py,
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Feedback structure for the policy K = &, (21 — &) &, =

1, equivalent to the internal representation in (23).

and <i>y = J. This leads to the transfer matrices from

(62, 0u,¢) to (2,1, &)

& b, DB D zI-A)] [
W| = |®, [+®,B Pyu(zl—A)| |bu (24)
3 HoiB L= -A) ] (6

which are all stable due to <i>m, <i>u € %R’Hm Thus, the policy

K = (Kl, KQ, cee KNP) is internally stabilising. |

We refer to the system level responses through their kernels,
b, = ((I)z n)neN € KQ(N) and ‘I)p = ((I)p )nEN S EQ(N) for
all p € P. Due to strict causality, ®, o = 0 and <I>p 0= = 0. From
Theorem 1, the operators { K? € cr }pep and the transfer ma-
trices {K € RHootpep are equivalent representations of the
feedback policies. Hence, provided there is no confusion, we
use exclusively the first notation. In particular, K? = ®° &_!
(p € P) denotes the policy parameterized by (., @Z) and
K =(®.,...,®Y")®_"' denotes the corresponding profile.
A time-domain characterization of K is given in the following.

Corollary 1.1: A policy K? = ®2&_' (p € P) is defined
by the kernel ®” = ®% + &_*, and can be implemented as

t
= — 2 Purpre sty (25a)
T=1
t
= N (25t
=0

using an auxiliary internal state & = (&,,)nen With &g = .
Proof: The statement ®” = &% + &_ ! follows directly from
the inverse Z-Transform of K? = & &_1 and ®” = (®P),,cn
being the kernel of KP?. The operations (25) are obtained as
the inverse Z-Transform of (23) and the fact that Z~1[z(I —
Bu)E =1 — & — 2r Bu b o O
The system level parameterization enables a methodology for
policy synthesis consisting of searching the space of stabilising
policies (in)directly through (®,, ®%), p € P. In particular,

this parameterization can be leveraged to reformulate the best-
response mappings in G52 as numerically tractable problems.
In this direction, consider that players design stabilising poli-
cies K = (K*' ..., K™?) by choosing their desired system
level responses ®,, = (®.,,..., ®27), simultaneously. From
the affine space (22), the signal ®,, common to all players,
satisfies the (deterministic) linear dynamics

= Ad,,+ Y BrOL .
pEP

r n+l = :v 1= INm (26)

or &, = Fg ®,, given the causal affine operator
% Py — (I — S+A)71 (Z S+qu)i + SINT> . (27)
peP

Using the system level responses, the objective functionals of
GLQ can be shown as equivalent to the functional

JP(@F, @,")

5 (wp@mzz o1 5 Do z) |

n=1

The game G thus induces a system-level dynamic game
gO<I>O = (Pa c:va {Cz}pépa W7 {Jp}pép)

defining the problem in which players p € P each plans a closed-
loop response ®%, € UL (<I>;p ) € CP to minimize its individual
cost functional J? : 61 - x CNP — R. Here, the set-valued
mappings U} : C,.P = Cﬁ are defined as

UL(®F) :={®L € CL: FeP, € C,,

B «w e UP(P,L*w)}

(28)

which incorporate the constraints UP from the original QE;CQ.
The sets (C,,C"P) are designed to enforce the policy con-
straints K € C? directly through the kernels (®,, ®%): They
are related as C = { K?C, : K? € CP}. We refer to a joint
response &, = (®L ..., ®r)ecC,.C, =CL x---x N7,
as a system-level strategy profile. Finally, the set of (open-loop)
system-level GNEs for this game is denoted as Qgo.

The best-response mappings for G2 take the form

BRy (") := arg mingy .y (o) /7 (7, )

consisting of the set of closed-loop maps ®%,, which are best
responses to the maps of other players, ®,7 = (®%,)sep\ (p}-
They are solutions to the SLS problem

oo
1 112
. - o
minimize > | |C7®,,, 35| F+H§ ool v
w n=1 peP

(292)

subjectto @, 1 = AP, + Z~EP BPoP " (29b)
e (Pprw), € X, (®hxw), € U”

(@8 sw)p, (B, P5w)n) € Ug (29¢)

®,cC, @ eCr (29d)

b1 =1In,. (29)
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Collectively, the mapping BRg(®,) = BRY(®,") x --- x
BRg P (®,,N7), is the joint best-response to a system-level strat-
egy profile ®,,. The GNEs of G2 are equivalent to the fixed
points of this map, Qge = {®}, € C, : ®;, € BRa(P,)}.
Considering how QLQ induces QOO, a relationship can be es-
tablished between the best-responses BR and BRg, and con-
sequently, between their fixed-points, Q% glo and (ge. In Sec-
tion I1I-B, we formalize this relationship and propose a learning
dynamics for GFNE seeking based on the system-level best-
response mappings.

The best-responses {BR% },cp are still intractable: They are
defined by infinite-dimensional problems with no general so-
Iution and that require full knowledge of the noise process
(wp )nen to formulate the constraints Ug;.

In the following, we tackle both issues and provide a class
of finite-dimensional robust optimization problems that approx-
imate Problem (29). We conclude the section by presenting a
class of system level constraints that enforce a richer feedback
information pattern.

1) Finite-Horizon Approximation: The programs in
{BR% },cp can be made finite dimensional by restricting the
system level responses to the set of finite-impulse responses
(FIR)

C, ={®s € l:[0,N]: @y, € Cypp, n€[O,N), @, v =0}
C’;:{@ZEEQ[O,N):CDP Gijn, go,N)}

given horizon N € (1, c0). We enforce ®,, € C, and ®2 € CP
in Problem (29) by adding a terminal constraint ®,, x = 0, then
letting @4 = (Pyn € Con)i_y and B = (08 €Ch )N
The sets Cy,, C R¥+*Ne and 2 C RVONe are required
only to be compact convex sets. Under this condition, Problem
(29) is finite dimensional with (N —1) N, N? decision variables
(the entries of @Z’l, ceey @ZWA IS RNEXNw), and thus, can be
solved numerically. We remark that the policies K? = &£ &_*
(p € P) are still solutions to the infinite-horizon Problem (17)
regardless of the closed-loop maps {®,, ®% } being FIR.
Although realizing Problem (29) into a tractable program,
the constraint ®, ; = 0 is only feasible when the pair (A4, B?)
is full-state controllable. This is a difficult requirement in
multiagent settings, as often N? < N, for all p € P, lead-
ing to overdetermined problems. Furthermore, enforcing FIR
constraints is known to result in deadbeat policies: Control
actions are excessively large in magnitude for small N < oo.
Alternatively, we restrict the system level responses to the sets

Cx:{(I’wEKQ[O’N] : xnecx ns TZE[ ) ”q):c N”F <7}
CPl = {® cls[0,N) : o L ECh s €[0,N)}

with || @, n[|% =, 04 (P, n)? < 7 for some factory € (0,1)
and o;(-) denoting the ith largest singular value of a matrix.
These are denoted as the set of (soft) FIR for N > 0. The pth
player’s best-response map thus corresponds to the problem

N-1

1 . 1
minimize Y [ [CP®, S35+ 3 DPPOL SE %
£ 29 n—1 pEP ’

+[CP0e N TG
(302)

subjectto @, 11 = AP, + Zﬁep BPOP (30b)
vne[l,N) ’
(Ppxw), € X, (PVxw), € U,

(RE5w),,, (B,P5w),) € Ug (30c)

O, € Copy B, €CE (30d)

O, =In,, |Pun|F < (30e)

The solutions to Problem (30) approximate those of the infinite-
horizon Problem (29): With respect to IV, the performance of
the former converges to that achieved by the latter [35]. In
this case, feasibility only requires (A, B?) stabilizable and a
sufficiently large horizon N to ensure that ||®, y||% <7 is
achievable for some ®%, € UL (®,”). Computationally, this is
still a finite-dimensional convex problem, which can be solved
numerically. Here, we let ﬁzf; : C,P =2 CP be the solutions of
Problem (30) parameterized by ®,,”. The map I§I\Qq> :Cyu=Cy,
~ —~ 1 _ —~ Np _ . ..
BRg(®,) = BRy(®,') x --- x BRg (®,V7), is the joint
(approximately)best-response to the system-level profile ®,,.

The complexity of Problem (30) is agnostic to the number
of players: The effect of other players’ strategies can always
be condensed as affine terms (e.g., 2,7 = X" scp\ ) BPP, ).
Conversely, it scales quickly with the FIR horizon N and model
dimensions N, and N2. We remark, however, that this problem
is still convex and can be solved efficiently by exploiting its
structure using techniques from real-time optimization of linear-
quadratic control problems [42]. Moreover, if the constraints
(30c)—(30e) are column-separable (see [35]), then Problem (30)
can be decomposed into smaller subproblems to be solved in
parallel, substantially reducing its computational costs.

Conversely to BRg, the fixed points of BRg do not coincide
with the set of GNEs Qg;g, but are rather contained in the set
of e-GNEs €2, for some equilibrium gap € > 0. This is clear
from the fact that the original Problem (29) and the approxima-
tion Problem (30) have different optimal values. Under certain
conditions, this fact can be shown explicitly.

Theorem 2: Consider a fixed point ®, € BR¢(<I>5) and
assume that || v |7 < for @} = F@@Z obtained from
the original best response ®}, € BRq,((I’fL). Then, the profile

&S, = (®L ..., &, ") is an e-GNE of G® satisfying

JP(BE 7)< JP(®L, @)+ (3D

min
BLEVL(®,)

with & = max,ep 7.JP (B2, ®,7") for every player p € P.
Proof Let ), € BRq> (<I>6 ) and consider a candidate fixed-
point ., = (@}, NZL. This profile satisfies the constraints
in 1§§§ by construction and (®} ), = =& = Fpd,, sat-
isfies ||®% /% <~ by our assumptlon From optimality,
JP(®L @77 < Jp(<I>u @) < Jp(<I>* &), with
the second inequality resulting from the quadratlc objective be-
ing larger for the infinite-horizon response ®}, and ﬁ > 1. Fi-
P*) by definition
L, D).

y ; - JP(PP P

nally, 7, = argming, .;» g J (P, P,

and thus (31) follows by letting ¢ = max,cp 7J?(
0

The equilibrium gap associated with ®%, € ﬁf%(@i) thus

depends on the choice of parameter -y, assuming that the terminal
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constraint (30e) also holds for solutions to the original Problem
(29). Hereafter, U} : C,,” = CL, (Vp) are assumed to incorporate
the sets (C,, C?) of (soft-constrained) FIR approximations as
defined above fora N > 1.

2) Robust Operational Constraints: From Assumption 3,
the sets X', UP (p € P), and Ug, can be expressed by linear
inequalities

X = {fL't (S RNJ' : szt j 1N,1f}
U = {uf € RN" : Ghul < 1yr}
Ug = {ug € [T,ep RV : Gguy < 1, }

given some matrices G, € RNV Ne GP ¢ RNurxNi and G €
RNug*Nu The map UP(u~P) is then equivalent to the actions
uP = ®F « w whose associated response ®2, satisfy

[G.)i (@ xw), <1, i=1,...,Ny (32)
[GG]I(QU*U))TL S 17 l: 17"'7NZ/(g (34)

with ([Ggli, [GP];,[Ggli) being the ith, jth, and Ith rows of
the corresponding matrices. In this work, players are assumed
to synthesize policies satisfying these constraints for any w €
W. Equivalently, we cast Problem (30) as a robust optimization
problem by considering the worst-case realization of the noise.
Specifically, we reformulate the constraint (32) as

sup
weWN

{ZZ:(][GQC}Z'(I)Q:Jan’} <1, i1=1,...,Ny

and similarly for (33) and (34). Since (@, ®%,) are FIR maps,
it suffices to consider noise sequences of length N, w €¢ WV =
H,]le W, then exploit our knowledge of W to analytically
solve this supremum. A common instance of Q(I;OQ consists on
the problems in which (w;, ),cn is known to satisfy

w, €W ={P¢C RN .||, <1} VneEN

given a full-column-rank matrix P € RV+*N¢ and the £,-norm
I - |l- Using standard results from linear algebra [43], the robust
counterpart of constraints (32)—(34) are the constraints

NY4||(Iy @ PT)([Ga)i®a)T[[; <1 (i) (35)
(N=D)V[(In-1 @ PTY([GRL; @), <1 (V4)  (36)
(N=1)Y4||(Iy 1 ® PT)([Ghi®)T|[; <1 (1) (37)

in which ®, = [®, 1 -+ ®, y], PP = [<I>£71 <I>ZN_1], and
®, = [®y,1 - Py n-1]. The Problem (30) is thus rendered
robust to the uncertainty in w € YV by incorporating the worst-
case constraints (35)—(37) in place of (30c).

Remark 1: 1f X = RN+, Y? = RN%, or Ug = [[,cp RV,
then the corresponding constraints are trivially satisfied for any
w € W and can be removed from Problem (29). Conversely,
if W = RM= when either X, UP, or Ug is bounded, then no
stabilising policy can enforce those constraints for all w.

Remark 2: The constraints (35)—(37) are equivalent to those
with (—[G,.]i, —[G%],, —[Ggli). As such, matrices in the form

G = col(G, —G) (i.e., enforcing —1n. < Gz < 1y.) can be
replaced by G (Gz < 1x.) and yield the same results.

3) Structural Constraints: The sets (Cypn,CP,,)nent
(Vp € P) are designed to impose some structure directly on
the policy K? (Corollary 1.1), often in the form of sparsity
constraints. We consider the class of structural constraints
that encode information patterns incurred by actuation
and communication delays: Let KP € CP (Vp) satisfy the
restrictions

C? = {K? e L(¢N= ¢N%) . The state [, is propagated to
and affected by [BP KPx]; with
delays d.., d, > 0, respectively }

and consider the operators S, : @5 — (Sz,n © Py 5 )nen, and
Sh @ = (Sh, © @Y )nen, (Vp € P), given the signals

g (Amax(ow’;:?w))
( P neN

(Sp (BpTAmax <o,t%n>)

(Sr,n)n€N+ =

S nen, =
( u,n) eNy neN,
with Sp(-) denoting the sparsity pattern of a matrix, that is,
[Sp(X)];; =1 if [X];; #0 and [Sp(X)];; =0 otherwise,
for any matrix X. It can be shown that K? = ®2®_"'
CPif (Dyn € Con)nen+ and (P € CP ), o+ with convex

u,n u,n

sets
C.’c,n = {(I)x,n € RNV=>Ne Do = Sen © (I)x,n} (38a)
Ch, = (P, eRNNe i or  — S8 ok} (38b)

The constraints (38) enforce that the closed-loop response to
the noise obeys an information pattern induced by the dy-
namics of the game GLQ. Specifically, [Sy ,]i; =0 (resp.,
[SP .Ji,j = 0) implies that disturbances to the jth component
of the state, [z;];, should not affect the state [z;,,]; (the ac-
tion [u},,];) when the policies K” = &2 &®_' are employed.
Enforcing sparsity also benefits the tractability of the best-
response maps, as this reduces the effective number of decision
variables.

The ability to impose a desired policy structure using con-
vex constraints is a central feature of the SLS framework.
In the context of dynamic games, it allows for describing,
and most importantly, solving problems where players have
asymmetric information patterns; a major challenge for feed-
back NE problems [39], [44]. Considering (Cy n,Ch ) nen+
from (38), the feasibility of the best-response maps BR? (Vp)
become dependent on the parameters d, and d.: The larger
their values the more restrictive the search space of matri-
ces {®,n, PL, }) ;. As such, the actuation and communi-
cation delays associated with the game directly affect the
existence of GFNE (that is, QngQ # (). In practice, whether
these structural constraints are consistent or not can be as-
sessed by solving the feasibility problem associated with Prob-
lem (30) [43]. A formal analysis of the requirements for
d, and d. to ensure Qéfq # () is beyond the scope of this
article. N
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Algorithm 4: System-level BRD (SLS-BRD).

Input: Game G12 := (P, X {up}pepa W, {JP}pep)
Output: GFNE K* = (Kl* KNP
1 Initialize Ko == (K¢, .. .,KéVP) and k = 0;
2 fort=0,1,2,... do
/* Players apply actions {ug,t =Kizpi}pep */
3 if ®,. 1 € BRy (P, 1) then return K ;
4 | ift = (k+1)AT then
5 for p € P do
6 Update K k’ 1 by computing the kernels
(I’u k41 =(1- W)(I’p K + UBRP (‘I’upk)
‘Pw,k+1 = F‘P(‘I)u,k+1’ q’;,pk)
7 k=k+1;

B. System-Level BRD

A learning dynamics based on the system-level best responses
{BR% }cp relies on the following central result.

Theorem 3: A policy profile K* = (®1 ..., @gP){);il €
C,is a GFNE of GQ if ®} € BRg(®},), or, equivalently

®2" c BRY(®,) VpeP. (39)

Proof: Consider an arbitrary fixed-point ®;, € BRY (®7,).
From Theorem 1, we have ®, = Fg®,. Now, consider poli-
cies K" = ®L" (&%)~ 1, p € P.Clearly, 2 = K” ®%. Asa
consequence, for any w € W

PP w=K"®w — u’ =K’z

and by definition, ®2" € UL (®,P") imply u?” € UP(u?").
Thus, u* is an open-loop realization of the policy K *. Finally,
since JP(uP  uP") = JP(®L B P) and ®,* € Qge, we
conclude that no player can obtain an admissible policy that
unilaterally improves its cost, that is, K* € QéfQ. O
The relationship between BR and BRg impli%s that a GFNE
of GLQ can be obtained analytically from a GNE of G2. This
allows us to adapt the BRD-GENE procedure from Algorithm
3 into a procedure for GFNE seeking in constrained infinite-
horizon dynamic games based on the mappings {BR%, },,cp. This
SLS-BRD approach is given in Algorithm 4. We remark on some
technical aspects

1) The pair (@} ,,®7, ;) is the parameterization of pth
player’s policy after k£ € N updates, that is, the signals

! . = (97, Jiew and @7, = (7, )en. The index

k € N should not be mistaken for the stage index ¢ € N.
2) Updating the policy to K, ; consists of employing the
Corollary 1.1 with the updated maps (®%, , 1, P} .1 1)

3) Responses {®, ; },cp are most likely distinct at k < oo,
that is, @’;’k #+ @’;,k for p # p. Consequently, the sys-
tem level parameterization (22) might not hold for the
profile Ky = (&), (&} )., @05 (25%)71) and
this could lead to stability issues. However, this policy still
satisfies a robust variant of Theorem 1 when the distances
||‘i)§’k — Fa®,. k|| (Vp € P) are sufficiently small [35].

The SLS-BRD induces an operator 7o = (1 — 1)l + nBRg,
which defines the global update ®,, ;1 from ®,, x. As before,
Ty and BRg share the same fixed points: The GNEs Qg;lé.
From Theorem 3, convergence to a response ®7, € To(P},)
then implies convergence to a policy K* QK Hence, this
learning dynamics is a formal procedure for GFNE seeking.

In this general form, Algorithm 4 is still unpractical due to
{BR% } ,cp being intractable. The SLS-BRD can be adapted to

consider instead {ﬁ{i tpep: The players’ updates become

o, k1 = (1-n) 54 kT 77BR<1>(‘1’u )

The global update rule induced by this modified algorithm is
Tq) =(1-nl+ nBR@ In this case, the fixed-points of T
coincide with those of BR¢. As such, this (approximately)BRD
is a procedure for e-GFNE seeking, € > 0.

1) Convergence of the SLS-BRD: The convergence of the
Algorithm 4 depends on BRg (or BR‘;,, for its tractable ver-
sion) being at least nonexpansive (Lemmas 1-2). Formally, the
following.

Corollary3.1: LetBRg : C, =2 Cy, be LBR -Lipschitz, with

Lﬁé < 1.Then, the SLS-BRD ®, .41 = T<1>(‘I>u,k) converge

to the unique e-GNE @7, € g, with rate

[P — ‘I’* ulles _
[P0 — Py lle,

from any feasible initial ®,, .

In general, determining a Lipschitz constant for such map-
pings is challenging. However, for linear-quadratic games GL°Q
where W is a polyhedron, best-responses are piecewise-affine
operators and their Lipschitz properties are straightforward. In
the following, we use this fact to establish some conditions for
convergence of the SLS-BRD for a specific class of games.

Consider the (approximately)best-response maps {éﬁf; }pep
and assume N sufficiently large to ensure that ||®, v|% < v
is strictly satisfied. For notational convenience, let us introduce
the operators F, = (I — S1 A)~'S, B? (Vp € P) and signal
FY% = (I — 84 A)"'61y,, and the objective-related mappings
CP: @y (CPPy ) e and DPP - &7 — (DPPOE ), oy,
with DP? = 0. Moreover, for all p, p € P, define the operators

(S )

PP — (CPF?, + Dpp)T (CPFI; + Dpﬁ) (1)
and HP P = (Hp’ﬁ)ﬁep. Because {®% },cp are FIR, all the
elements defined previously have equivalent matrix represen-
tations. Using this notation, Problem (30) can be reformulated
as

minimize ~ Tr|®L T HPP PP,

PLEVL(®L)

.
+2( > HP%{Z+HP°> 0|, (42)
peP\{p}

The maps BR”(®,7), p € P, thus correspond to the solution
of quadratic programs with convex constraints U} (®,7), for
&7 € C,” Inthecase of W = {w; € RN+ : |Jwy|o < 1} and
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no structural constraints (S, = ST = I), we have

Ug(®,") = {®7, € £2[0,N) :

(I)z,n+1 = Aq)x nt Zﬁep Bﬁ(I)I;’TN (b:v,l = INIa
[(1Ga]i®a)T||, < 1, i=1,..., Na;
H(ngqw ), <L j=1,..., Nur;

H([Gg],ciu ||1 <1,1=1,...,Ny}. (43)

Using standard techniques from optimization, the constraints
(43) can be incorporated into Problem (42) as linear inequalities.
The best-responses mappings {Eﬁg}pep are thus piecewise
affine in ®,” € C,” [45]. Consequently, also ]§§q> must be
piecewise affine: A local Lipschitz constant can then be derived
for each region of C,” that leads to a subset of the operational
constraints being active. For nongeneralized games, this fact can
be exploited to derive a global Lipschitz constant for BRg.

Theorem 4: Consider the mapping Ug (®,,”) from (43) with
G? full-row-rank and G, = G¢g = 0. Then, the best-response
map ]§§q> is Lgg -Lipschitz with

(L, < 3 (12.) (44)

peP

given the player-specific L%qu = Omax (H?7P) o min (HPP).
Proof: See the Appendix. ]
We remark that this Lipschitz constant is not tight and the
condition that Lgz <1 using (44) is only a sufficient (but
not necessary) condition for Corollary 3.1 to hold in practice.
Regardless, it highlights some intuitive, but nontrivial, facts
about the convergence of the SLS-BRD.

1) The condition Lgg < 1is satisfied if the block operator
H = [HPP],, scp is diagonally dominant. This highlights
the relationship between the SLS-BRD and classical Ja-
cobi iterative methods, where diagonal dominance of the
linear system being solved is a known requirement.

2) The convergence rates of the SLS-BRD depend directly
on ||DppH2 (Vp) through o (H??) = anun(Cpr
DPP). As such, faster convergence is expected for games
in which players apply strong penalties to their own
actions.

3) The convergence rates of the SLS-BRD depend on the
number of players since L]];AR > Oforallp € P.Inlarge-
scale games, players might nlced to apply strong penalties
to their actions (through DPP) to ensure convergence.

4) The convergence rate of the SLS-BRD can be dominated
by the slowest player: Whenever there existsap € P such
that Lp > Lp forall p € P, then Lz~ L

At the cost of 1nterpretab111ty, similar L1psch1tz constants as
in (44) can also be obtained for general (X', Ug,U") and P, and
when structural constraints are present. We stress that Theorem
4 is obtained under the assumption that ||®, v||% < v holds

strictly. The best-response maps {]§\R§, }pep when this constraint
isactive, or when W is an ellipsoid, are solutions to quadratically
constrained quadratic programs and their Lipschitz properties
are less intuitive.

IV. EXAMPLES

In the following, we demonstrate the SLS-BRD algorithm in
two exemplary problems: decentralized control of an unstable
network and management of a competitive market. In both prob-
lems, we set the initial profile Ky = (<I>L,0, e ‘I)«]Y,%)‘I’;,lo by
projecting the zero-response i’u,o = 0 into the feasible set. An
SLS-BRD routine is then simulated by having players update
their policies through best responses to the parameterization of
their rivals’ policies, assumed to be available. Due to numerical
limitations, we interrupt the updates whenever the condition
@7, ) — @4 41 lle/[|®%, 4 lle, <1078 (Vp € P) is satisfied.

A. Stabilization of a Bidirectional Chain Network

Consider a game GLQ = {P, X {U"},cp, W, {JP}pep}
with players P = {1, 2, 3} operating a chain network of N, =
14 single-state nodes whose dynamics are described by

1 0.2
O6(p—1)x2
—0.2
A= 0 ;¢ BP= I
0.2
02 1 O6(3-p)x2d Jpep

where A € RN=*Nz and BP € RN=>*Ni with NP =2 (Vp).
This game has unstable dynamics, since ||Al|z = 1.073 > 1,
however it is stabilizable for each (A, BP). Moreover, the game
is subjected to a noise process described by w; ~ Uniform(W),
t € N, defined over W = {w; € RN : ||wy||o < 1}. In this
problem, players are interested in stabilizing the game G,
while minimizing their individual objective functionals

o0
JP(u”,u?) = E [Z (13 + ﬁ”IUijli)]
t=0
equivalent to (19) after setting CP = [Iy, Oy, «n,]", DPP =
[On,«n, VBPIN.]T, and DPP =0 for all p € P\{p}. The
players’ actions are subjected to operational constraints, u” €
UP(uP), defined by the constraint sets

X =RN=;
uvl = {uf e RV . {1%11\75} ul < lNg};

Ug = [1 R,
peP
enforcing ||u} |l < 12 for each ¢ € N and p € P (see Remark
2). We assume that players design their state-feedback policies,
K? =2 ®_' cCP, considering an FIR horizon of N = 50
and the constraints (., € Cyn)h_; and (4, € CF, ),

Cw,n = {q)z,n c RNJXNT : (I)zn = Sp(Anil) ®© q)x,n}

Ch, ={®, e RV N oh = sp(BTA" ) 0 @ )

defined by setting the delay parameters d, = d. = 1. Under
this setup, GLQ belongs to the class of dynamic potential games
(DPG, [46]) and the (unique) GFNE can be obtained in advance
by solving a centralized optimization problem.
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Fig. 3. Np-chain game: Convergence of the SLS-BRD routine.
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Fig. 4. Np-chain game: Relative distance between the local updates
(@Z’k, ‘I’Z,k—ﬂ’ top row, and responses (@’m’,k, ®,,1), bottom row.

In this experiment, we simulate a GFNE seeking procedure
for each value 3 € {(10, 40, 10), (2,8,2),(0.4,1.6,0.4)}. The
game GL9 is executed alongside the updating of players’ policies
according to some learning dynamics. The players are assumed
to seek e-GFNE policies by adhering to the SLS-BRD rou-
tine (Algorithm 4) using (approximately)best-response maps,
{ﬁf{f; }pep, with v = 0.95. The policies are updated simultane-
ously every AT = 1 stage with learning rate n = 1/2.

The convergence of the SLS-BRD routine to the fixed-point
K*=®.%,' = (®.', ... &, 7)®_" is shown in Fig. 3. The
results demonstrate that the players’ policies are sufficiently
close to the e-GFNE profile after 260, 370, and 425 iterations
for each respective weighting configuration. In each case, the
(soft) FIR constraints are satisfied strictly after the initial profile
(that is, || , v[|% < 0.95, k> 2 Vp € P). Moreover, this
fixed-point iteration seems to follow the behavior discussed
in Section III-B: The convergence improves when players ap-
ply stronger penalties to their actions (5 = (10,40, 10)) when
compared to that obtained by weaker control penalties (5 =
(0.4,1.6,0.4)). However, we stress that the Lipschitz constants
from Theorem 4 do not consider structural constraints (S,
S?), and thus, cannot be applied to this experiment. Regardless,
the convergence is shown to be geometric, indicating that the
best-response maps BRg are contractive. If not interrupted,
and disregarding numerical limitations, the SLS-BRD should
continue to approach the fixed-point K™ at this rate.

In Fig. 4(top), we show the relative distance between the
individual updates {®7, .., ®7 , ;}pep from each player. The
updates are of similar magnitude for all players p € P, in each
scenario, except for player p = 3, which shows a slightly faster
convergence. In general, these local changes become numeri-
cally negligible at a faster rate than the global convergence in
Fig. 3. Specifically, when the relative distance between updates
approaches the aforementioned threshold of 10~%, the corre-
sponding policy profile has become closer to the e-GFNE by
a factor of 107%. Finally, we consider the relative distances
[P 1 — Pa,klle, /|| ®L 4lle,s & € Ny, between the responses
{@’;,k}pep and ®, j, = Fp P, obtained from the system-
level parameterization associated with @,, j (see Theorem 1).
As shown in Fig. 4(bottom), these distances decrease at a similar
rate and are relatively small since the initial stages of the game.
The policies K = (®,, (85 1) ", .., @gi(@ﬁ’,’c)’l) thus
approximate (@}L,k, ey @ﬁi){);}k as k — oo and are thus
expected to stabilize the system during this learning dynamics.

The evolution of the game given is displayed in Fig. 5 for
the period t € (550, 600], after policy updates are interrupted.
The results demonstrate that the policies obtained by the SLS-
BRD routine are capable of jointly stabilising the networked
system, robustly against the random noise. These policies are
also shown to satisfy the operational constraints: Each player’s
actions satisfy ||uf||~ < 5,t € N, in all scenarios. The enforce-
ment of this strategy highlights the conservativeness resulting
from the robust operational constraints. Finally, note that the
state- and control-trajectories from operating the system through
these policies are similar for all 5 configurations; however,
the policies with 8 = (2,8,2) and 8 = (0.4, 1.6, 0.4) achieve a
slightly better noise rejection at the expense of more aggressive
control actions. In this experiment, the choice 8 = (10, 40, 10)
seems to be preferable as it converges faster while still achieving
satisfactory performance.

B. Price Competition in Oligopolistic Markets

Consider a game GL°={P, X {U"},cp, W, {JP},cp } con-
sisting of a set of companies P = {1,2, 3,4} participating in
a single-product market. Assume that these companies have
equivalent production capacities and are able to satisfy the de-
mand for their products. The product offered by company p € P
has a daily local demand dP = (dP(t));er.,, Which evolves
according to the continuous-time dynamics

TdP(t) = df (1) — Y pep BPPUP () —dP (),

linear price-demand curve

where u? = (uP(t))¢cr., are price changes around the value
at which p € P sell its products and df, . = (dp,.(t))ter., is
some fluctuating baseline demand. Specifically, the baseline
demands are of the form df, . () = dyase + vP(t) for all p € P,
given fixed dpe = 10 and noise process vP = (vP(t))ter., -
The market parameters 7 € R>q and BPP ¢ R0 (Vp,p € P)
describe how local demands respond to price changes: We set
7 = 1.2 and sample BP? ~ Uniform(0.5,1.5) for all p,p € P.

In this problem, companies aim at devising pricing policies to
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stabilize their demands around dj,, Which provides a stable
profit margin, while satisfying a price-cap regulation enforcing

—lavg < 7= 2 UP(t) < Uavg, Tayg = 0.5,
peP
Define = = (x!,...,x"7), with @? = (dP(t) — dpase )R-y

and B? = [BP! ... BPN?] for all p € P. Considering a zero-
order hold of inputs with period At = 1/4 [days], the game G1Q
can be described by the discrete-time dynamics'

Tip1 = Az + Y BPul 4wy
peP

I With a slight abuse of notation, we use ¢ to index both the continuous-time
(z(t), t € R>p) and discrete-time (z¢, t € N) signals in this example.

with A = exp(—7At)Iy, and {B? = —1(A — Iy, )B"}pep,
and the noise process w = (—%(A — IN, )vt)ten [47]. The
companies assume that the baseline demand fluctuations satisfy
wy € W = {w; € RN ¢ ||wy||o < 1} forall ¢ € N. Under this
representation, each player’s objective is formulated as solving
for a policy which minimizes the functional

o
JP(u?,u?) = E [Z G +5P|uf||§)]
t=0
given weights o, P € R>(. We sample o ~ Uniform(5, 15)
and P ~ Uniform(0.3,0.6) for each p € P. The operational
constraints, u? € UP(uP), are defined by the constraint sets

X =R
ur = RN«

Ug = {Ut € HpeP RN - [N;ﬂm ﬂvu] up < 1} .

We consider that players design their state-feedback policies,
K? = ®’&_' ¢ CP, with an FIR horizon of N = 16 and no
structural constraints, that is, S,, = I and S = I (Vp € P). In
practice, this implies that companies have perfect information
of any demand x” and price u” changes in the market.

As in Section IV-A, we simulate an instance of the game
GLQ alongside the SLS-BRD routine (Algorithm 4) with players
using (approximately)best-response maps, {]ﬁg}pep, given
~v = 0.95. Policies are updated simultaneously every AT =1
stage with learning rate = 1/4. Under the aforementioned
setup, the game G'Q is not a potential game and thus a GFNE
cannot be easily computed in advance. Finally, we remark
that solutions to this problem are not unique: Different ini-
tial profiles may result in convergence to different equilibrium
profiles.

The convergence of the SLS-BRD routine to a fixed-point
K*=®.®,' = (®) ... ®")®," is shown in Fig. 6.
Since the exact fixed-point to which the routine will converge is
not known for this problem, we let ®, ~ @u,kf for ky = 1080
(when the policy updates are interrupted) and analyze the con-
vergence with respect to this point. In this case, the iterates
approach the fixed-point mostly at a geometric rate with the
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GLQ The dashed lines refer to the state trajectories resulting from an open-loop operation of the market with w(¢) = 0 for all t € Rxo.

policies requiring roughly 1000 updates (or 250 days in-game)
before changes become numerically negligible. We stress that
the best-responses {l§l\2§> }pep cannot be (globally) contractive
in this case, as the set of fixed points Qég is not a singleton.
Finally, this experiment imply that multiagent markets might
require a half-year of learning dynamics (if policies are updated
every At = 1/4 [days]) before converging to an equilibrium.

In Fig. 7(left), the relative distances between the individual
updates {®7, ., @7 ;. }pcp are displayed. As in the previous
example, the updates are of similar magnitude for all players
p € P and they become numerically negligible at a faster rate
than the global convergence in Fig. 6. The convergence of the
distance between updates is shown to slow considerably,
especially for pe€ {1,4}, around k =50. Thereafter,
these relative distances continue to decrease at a steady
rate. In Fig. 7(right), the relative distances || ®gx” —
@5 klle, /| P,k |le,5 k € Ny, between responses {®7, , }pep
and ®, ; = Fe P, 1 are shown. As before, these distances
decrease at a similar rate and are relatively small since the
initial stages of the game.

The evolution of the game given each player’s actions is
displayed Fig. 8 for the in-game period t € (280, 420] days,
after the policy updates have been interrupted. We compare
the performance of the policy profile K* = &* ®_* with the
evolution obtained by the open-loop operation u(t) = 0. During
this period, we simulate a worst-case fluctuation on the baseline
demand for the companies’ product by defining

(1, 1, 1, 1) fort € [285,299],
( 1,—1, 1,—1) fort € [313,327),
w(t) =< (=1, 1,-1, 1) fort € [341,355),
(1, 1,—-1,—1) fort € [369,383],
(=1,—1,—1,—1) fort € [397,411],

and w(t) = 0 otherwise. The results show that the policy profile
obtained by the SLS-BRD routine allows the companies to
efficiently respond to changes in their local demands. In general,
the players coordinate price changes to alleviate the deviations
from the baseline demand caused by the disturbances, while

still satisfying the price-cap constraint N%J > pep uP ()] < 0.5.
The best performance is observed for the companies p € {3,4},
whereas p = 1 behaves noticeably worse than all players (es-
pecially for w(t) = (1,-1,1,-1) and w(t) = (-1,1,-1,1),
when the open-loop operation attains better results). This high-
lights the fact that fixed-points obtained through the SLS-BRD
routine are not necessarily admissible GFNE, and might be
unfavorable for a subset of players. Finally, we note that these
policies are still not able to completely reject the effect of
the noise: Achieving zero-offset requires incorporating integral
action into the feedback policies.

V. CONCLUSION

This work presents the SLS-BRD, an algorithm for GFNE
seeking in Np-player noncooperative games. The method is
based on the BRD class of algorithms for NE seeking and
consists of players updating and announcing a parameterization
of their policies until converging to a fixed point. Our ap-
proach leverages the SLS framework to formulate each player’s
best-response map as the solution to robust finite-horizon op-
timal control problems. Because not updating control actions
explicitly, this learning dynamics can be performed alongside
the execution of the game. This framework also benefits the
SLS-BRD by allowing richer information patterns to be enforced
directly at the synthesis level. Using results from the operator
theory, we then established sufficient conditions for this proce-
dure to converge to a GFNE. After the theoretical aspects are
discussed, the algorithm is showcased on exemplary problems
on the noncooperative control of multiagent systems.

APPENDIX
PROOF OF THEOREM 4

In the following, for ease of notation and without loss of
generality, we treat linear operators as matrices.

The assumptions in Theorem 4 imply that the mapping lgl\{g
(Problem (42)) is the solution to a convex quadratic problem with
linear inequality constraints [43]. The optimiser can be obtained
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from the Karush-Kuhn-Tucker system of equations

HPP (Gi)T P _ Hpﬁpq);p_i_HpO 45)
Gi 14 1NA

with (G¥,1y,) defining the inequality constraints that are
active at the solution. Using block-elimination [43, §C.4.3], the
best-response is thus obtained as

ﬁi(‘l’;p) = QPH" ?® P + (affine terms),
with Q7 = (H')™) + (HV") " (G (8") Gl (H)
and S? being the Schur complement of the matrix in Eq. (45).

Using standard results from operator theory [37, §2.2.3] and
linear algebra [48], we have that

L. = [QVH? P||2 = 0max(QF)omax (H” )
BR,
< o (EP?) ) (FIP )
= Jmax(Hp’ip)/Jmin(pr)

since (H™)™" and (H')~'(G1)"(S”) "' GL(H™)™! are
positive and negative definite, respectively. Finally, we have

leol(Q"H ) ep |

,=p\T =
5, @ e |
<> lQrETTE

which then implies that (Lgg )* < ZpeP(Lgﬁd’)z.

(Lgw,)”

2
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