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Distributed Nash Equilibrium Seeking Dynamics With Discrete Communication

Rui Yu

Abstract—1In this brief, we aim to provide a distributed Nash equilib-
rium seeking algorithm in continuous time with discrete communications.
A group of agents are considered playing a continuous-kernel noncooper-
ative game over a network. The agents need to seek the Nash equilibrium
when each player cannot get the overall action profiles in real time,
rather are only able to get information from its networked neighbors.
Meanwhile, a continuous-time dynamics is discussed for the players to
update their variables, but the communications over the network are
only assumed to allow at discrete-time instants, since continuous-time
communications are prohibitive and cumbersome in practice. First,
the periodic communication is considered at a fixed interval, and the
solvability of Nash equilibrium seeking is shown with discrete commu-
nications. Then, an event-trigger communication scheme is proposed to
further reduce the communication rounds. Nevertheless, the event-trigger
communication scheme requires each player continuously monitoring its
local states. To alleviate the monitoring burden, a periodic event detection
mechanism is further developed. The exponential convergence of the
dynamics with the three discrete communication schemes is proven.
Finally, the comparative simulation studies are designed to illustrate
the algorithm performance with different communication schemes and
parameter settings.

Index Terms— Discrete-time communication, event trigger,
Nash equilibrium seeking, periodic communication.

I. INTRODUCTION

Distributed Nash equilibrium seeking for noncooperative games
has been a hot topic during the past few years due to its wide
applications [1], [2], [3], [4]. Each player has a private cost function
depending its own and other players’ actions and pursues at mini-
mizing its own cost function. Plenty of results have been delivered
in this topic for different game types [5], [6], [7], [8], [9], [10], [11],
[12], [13], [14].

Recently, continuous-time Nash equilibrium seeking algorithms
have drawn significant attention due to the fact that many Nash
equilibrium seeking problems can depend on or be implemented
by continuous-time physical plants. For example, a consensus-based
design idea was utilized in [11] to develop continuous-time gradient-
play algorithms to see the Nash equilibrium of some noncooperative
games. By fully exploiting the passivity property of the presented

Manuscript received 1 July 2021; revised 19 October 2021,
16 February 2022, and 25 May 2022; accepted 20 August 2022. Date
of publication 7 September 2022; date of current version 1 March 2024.
This work was supported in part by the Shanghai Sailing Program under
Grant 20YF1453000; in part by the National Natural Science Foundation of
China under Grant 62003239, Grant 72171172, Grant 61903027, and Grant
61973043; in part by the Shanghai Municipal Science and Technology under
Project 2021SHZDZXO0100; in part by the Fundamental Research Funds for
the Central Universities; and in part by the Shanghai Municipal Commission
of Science and Technology under Project 19511132101. (Corresponding
author: Li Li.)

Rui Yu and Li Li are with the School of Electronics and Infor-
mation Engineering, Tongji University, Shanghai 200092, China (e-mail:
2010464 @tongji.edu.cn; lili@tongji.edu.cn).

Yutao Tang is with the School of Artificial Intelligence, Beijing Uni-
versity of Posts and Telecommunications, Beijing 100876, China (e-mail:
yttang@bupt.edu.cn).

Peng Yi is with the School of Electronics and Information Engineering,
Tongji University, Shanghai 200092, China, and also with the Shanghai
Research Institute for Intelligent Autonomous Systems, Tongji University,
Shanghai 201804, China (e-mail: yipeng @tongji.edu.cn).

Digital Object Identifier 10.1109/TNNLS.2022.3201133

, Yutao Tang ™, Peng Yi

,and Li Li

algorithm dynamics, the authors showed the effectiveness of their
design under connected undirected communication graphs. A similar
consensus-based protocol was also proposed in [15] along with both
local and nonlocal stability analyses of the algorithms under different
function conditions. Distributed averaging integral algorithms were
further developed in [16] to remove the strong coupling condition
required in [11] via the dynamic gain mechanism. Meanwhile, some
interesting continuous-time designs have been delivered to extend
these algorithms to the case with directed or time-varying graphs [17],
[18], [19], [20], [21].

Note that all the above continuous-time Nash equilibrium seek-
ing algorithms require the real-time decision information from its
neighbors. This implies that the agents must continuously observe
or share information with others through the underlying commu-
nication network, which costs too much and can be prohibitive
in implementation. At the same time, various multiagent designs
with both time-triggered and event-triggered communications have
been derived in the literature (see a survey paper [22]). Inspired
by these achievements [23], [24], [25], [26], [27], it is natural
to ask whether continuous-time communication is necessary for
an effective continuous-time Nash equilibrium seeking algorithm.
If not, we are interested in distributed continuous-time Nash equi-
librium seeking algorithms with different discrete-time communica-
tions to save communication resources. During the revision process,
we have noticed some recent works [28], [29] on this issue for
some specific settings. However, there has been no comprehen-
sive discussion of introducing different discrete-time communication
mechanisms in distributed continuous-time Nash equilibrium seeking
algorithms.

With these questions in mind, we consider a noncooperative game
played by a group of continuous-time agents with discrete commu-
nications. That is, each player can continuously update the action to
minimize its own cost function, while the information sharing is only
allowed at specified discrete-time instants. Note that with this type of
discrete-time communications, the gathered neighboring information
by agents is naturally subject to multiple time delays and jumps. Thus,
the convergent performance of the existing continuous-time Nash
equilibrium seeking algorithms is probably deteriorated and fails to
work in these circumstances. Furthermore, the associated closed-loop
system is basically hybrid, which makes both analysis and design
of our problem more challenging than its pure continuous-time or
discrete-time counterpart.

Motivated by the desire of combing existing continuous-time
results with discrete-time communications, we adopt the distributed
algorithm given in [17] as our starting point and discuss its imple-
mentation with different kinds of discrete-time communications to
solve the formulated problem understanding assumptions.

The contributions of this brief are summarized as follows.

1) We formulate and solve the continuous-time Nash equilib-
rium seeking problem under discrete communications. Com-
pared with the existing continuous-time results, the developed
algorithms remove the continuous communication requirement
among the agents, which can save the communication resources
and enlarge the potential applications of the existing Nash
equilibrium seeking designs.
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2) We systematically develop three different effective schemes to
determine the discrete instants of communication times upon
different needs. For each case, we constructively present some
sufficient parameter choices. All schemes are rigorously proven
to be Zeno-free and retain an exponential convergence rate to
solve the formulated problem.

The rest of this brief is organized as follows. We first give
some preliminaries in Section II and formulate the problem in
Section III. Then, main results with different kinds of communication
schemes are provided in Section IV. Following that, the comparative
simulation studies are presented in Section V. Finally, the conclusions
are given in Section VI.

II. PRELIMINARIES

Denote by R" the n-dimensional Euclidean
diag{by,...,b,} be the n-dimensional diagonal
by,...,b, on the main diagonal and col(ai,...,a,) £
[a],....a]1". ® represents the Kronecker product. Denote
by ||x|| the Euclidean norm of a vector x € R"” and by ||A|| the
spectral norm of a matrix A € R"". Let 1, (or 1,.,,) and 0, (or
0,,..,,) represent the n-dimensional vector (or n X m matrix) with all
elements being 1 and O, respectively.

A function f: R” — R is said to be convex if f(ex;+(1—¢&)xy) <
ef(x1) + (1 —&)f(xy) for any 0 < ¢ < 1 and any xj,x, € R™.
We say f is strictly convex if the above inequality is strict for any
0 < ¢ < 1 when x; # x,. For a vector-valued function ®: R” —
R™, we say it is w-strongly monotone with some constant @ > 0 if
(x1 —x2) T[®(x)) — D(x2)] > wllx; — x| for any x;, x, € R™. This
vector-valued function @ is said to be ¥-Lipschitz with some constant
¥ > 0 when [|®(x;) — D(xp)]| < Flx; — x| for any x;, x, € R™.
More details can be found in [30].

We use weighted directed graphs to describe the information shar-
ing structure in a multiagent system [31]. A weighted directed graph
(digraph) is represented by a triplet G = (N, &, A) with the node
set N = {1,..., N}, the edge set £ C N x N, and the adjacency
matrix A = [a;;]yxn. A directed path in this graph is an alternating
sequence of nodes and edges. If there is a directed path between
any two nodes in G, we say this digraph is strongly connected.
The neighbor set of player i is defined as N; = {j | (j, i) € &}.
dn = Z;V:l a;; represents the in-degree of node i, d" = >, a;i
represents the out-degree of node i, and D = diag(d",...,dy).
A directed graph is weight balanced if d" = d*' holds for any
i € N. The Laplacian matrix of G is defined as L £ D A
When a directed graph is weight balanced, we have L1y = 0y and
11 L = 0%,. Consider a matrix Sym(L) £ ((L + L”)/2). It is positive
semidefinite with ordered eigenvalues 0 = 1, < 1, < --- < Ay.
Moreover, A, > 0, if and only if this digraph is strongly connected.
In this case, let M; = (1/+/N)1y and M, € RV*V-D to satisfy
M2TM1 = ON_|, MZTMZ = IN_1, and MzMzT = IN —M|M1T ‘We have
Moly_y < MZTSyIIl(L)Mz < Anln.

space. Let
matrix with

III. PROBLEM FORMULATION

Consider a noncooperative game played by N agents described as
follows. Each agent i € N £ {1,..., N} has an action z; € R and
a local cost function J;(z;, z_;) depending upon both its own and
the others” actions with z_; £ (21, ..., Zi—1, Zit1,...,2y) € RV 7L
In this game, each player selfishly pursues in minimization of its own
cost function by continuously updating its own action profile z;.

Denote this noncooperative game by G £ {N, J;, R}. Its Nash
equilibrium is defined as follows [32].

Definition 1: An action vector z* = col(z},...,zy) € RV is
called a Nash equilibrium of game G £ (N, J;, R} if J;(z}, z*,) <
Ji(z;,z*;) for any i € N and z; € R.
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It is observed that the cost function of each agent will
not be improved by a unilateral change in its own action
at a Nash equilibrium. For simplicity, we denote F(y) e
COl(V] .I| (Z], Z_|), ey VNJN(ZN, Z—N)) S RN with V,‘J;(Z;, Z_;) £
(8/0z:)Ji(zi, z—i) € R. Here, F is called the pseudogradient associ-
ated with Jy, ..., Jy.

To guarantee the well posedness of our problem, we make the
following assumptions as in [11], [16], and [17].

Assumption 1: For any i € N, the function J;(z;, z_;) is twice
continuously differentiable, strictly convex, and radially unbounded
in z; € R for any fixed z_; € R¥~!,

Assumption 2: The pseudogradient F is [-strongly monotone and
l_-Lipschitz for two constants [, [ > 0, that is, for any x;, x, € RY

(1 —x2) '[F(x1) = F(x)] = Lllx) — x|
I1F ) = Fe)ll = Llixy — x|l

Under Assumptions 1 and 2, we can resort to [33, Propositions
1.4.2 and 2.2.7] and conclude that game G admits a unique Nash equi-
librium z* = col(z], ..., z}), which satisfies the equation F(z*) = 0.

Note that the cost function depends upon both z; and z_,. To reach
the Nash equilibrium, players are required to get the others’ actions
for update rules. Here, we are interested in the partial-information
case, where each player cannot get the overall action profiles in
real time. Meanwhile, they can communicate with its immediate
neighbors through a communication network described by a graph G
and estimate other players’ actions. Denote by z; agent i’s estimate
of agent j’s strategy. Define z' = col(z}, ..., z}y) € RY with 7/ = z;
and V,;J;(z') = (6J,;/0z))(z') as the partial gradient of agent i’s cost
function evaluated at its estimate z'. For convenience, an extended
pseudogradient as F(z) = col(8,J,(z'), ...,y y(z")) € RV is
defined for this game.

This Nash equilibrium seeking problem has been partially studied
in past few years, and many interesting continuous-time algorithms
have been derived. In particular, continuous-time algorithms incor-
porating consensus-based estimators have been paid much attention
to in [11], [16], and [17]. Such designs boil down to construct a
continuous-time algorithm of the following form:

&= gz, % 7))
H = (a2 2l)e J e N k€ A(i) ()

where g€ and h$ are chosen smooth functions, such that z; can
converge to the expected Nash equilibrium z;.

However, distributed algorithms (1) require a continuous infor-
mation flow in the multiagent system. That is, each player has to
continuously communicate with its neighbors and share the real-
time information. This requirement is definitely of a high cost in
communication resources for networked systems. To save resources,
we aim at continuous-time Nash equilibrium seeking algorithms with
discrete-time communications for players to reach the expected Nash
equilibrium.

For this purpose, we suppose each agent is only allowed to push its
own information to its neighbors through the underlying communi-
cation network at some discrete-time instants. Let 0 = #) <t/ < ---
be the time instants. The pushed action profile by player i during the
time interval [0, +00) is denoted by 2'(t) = col(Zi (1), ..., 2\ (1)),
which is given by 2'/ ) = z'/ (1) for each t € [t}, ti,,). Note that each
player i can continuously update its own action z;(¢) and recompute
z;(t) immediately whenever player i receives a new action profile
from one of its neighbors.

Then, our Nash equilibrium seeking problem with discrete com-
munications is formulated as follows: Given function J; and graph G,
find smooth functions g€ and A and communication time instants
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{t{}, such that, from any initial condition, the trajectory of the
following dynamic system:

&= 8z, 20 )
8= G (e 2 B), G €N ke N\ @)

is well defined over the time interval [0, +00) and satisfies that
im0 zi(t) = z¥ with ¢ & col(zF,...,z5) being a Nash
equilibrium of game G £ (N, J;, R}.

Compared with (1), the received information from its neighbors
by each agent in (2) is not real time and subject to some time delays
determined by the time instants {#/}. The main goal of this brief is
to develop effective distributed Nash equilibrium seeking algorithms
in continuous time for different discrete communication settings.

Before the main results, we list two assumptions to ensure the
solvability of our problem.

Assumption 3: Digraph G is weight balanced and strongly con-
nected.

Assumption 4: The extended pseudogradient F is [p-Lipschitz
with I > 0, that is, for any x;, x, € RV

I1F(x1) = Fo)ll < lpllx — x2.

Assumption 3 provides a sufficient connectivity of the communi-
cation network, and Assumption 4 on the extended pseudogradient
F extends the Lipschitz continuity of F to the corresponding aug-
mented space. These two assumptions have been widely made in the
literature [11], [16], [17].

IV. MAIN RESULT

In this section, we will first present a periodic mechanism to
demonstrate the validity of distributed continuous-time algorithm
with discrete-time communications and then provide more efficient
event-triggered schemes to save both communication and computa-
tion resources.

Motivated by the gradient-play rules in [11], [15], and [17], we are
interested in the following dynamics to solve our problem:

N
7 = —a Za,-j (zi — &) = ViJi(@)
=1

N
Z;( = —aZa,-j(z};—ii), kEN\{l} (3)
j=1

where 2; is the pushed version of zl’ by agent j to its neighbors, and
the constant o > 0 is to be specified later.
Letting R; = col(0,_;, 1, Oy_;) gives

N
i =—a) a;@ —¥) - RViJi@), jeN\i}
j=1
with 2/ is the pushed version of z/ by agent ;.
Denoting e;(t) = 7' (t) — z/(t) and e = col(ey, ..
further put it into a compact form

.,ey), we can

z=—oalLi+ aAe—RF(z)

with R = diag(R,,...,Ry), z = col(@,...,z"), 2 =
col(z',...,2"), L=L®1Iy,and A = AQ Iy.

A. Solvability With Periodic Communication

In this section, we start with the periodic communication case to
confirm the effectiveness of algorithm (3).

We suppose all players will push their information to the neighbors
through the communication network periodically at #{ = kz for a
constant 7 > 0 to be specified later.
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Let ¢max = max{||All, L]} and [ = max{l, Iz}, and consider the
symmetric matrix

l I

It is verified to be positive definite when a > (1/4,)((I?/1) +1).
In this case, we denote by v the minimal eigenvalue of A,.

Theorem 1: Suppose Assumptions 1-3 hold and a >
(1/22)((I?/1) + [). Then, the Nash equilibrium seeking problem is
exponentially solved by algorithm (3) with 7/ = kz if

v

0 < .
=7 = Qs + 1) 2 + )

“)
Proof: Denoting z* = 1 ® z* and Z = z — z*, we perform the
coordinate transformation
2= M ®@Iy)i, 7= (M, ®Iy)i

It follows then:

. E.
Il

2 = a[(M{ A) @ Iy]e— (M| @ Iy)R A
Z = —a[(M]LM:) ® Iy]z. — (M; ® Iv)R A
+a[(M]A) @ Iv]e —a[(M]L) ® Iy]e ®)

NI
[S)
Il

where A £ F(z) — F(z*).

To prove this theorem, we use #, short for t,i without confusions
and select a quadratic Lyapunov function candidate for system (5) as
follows:

IS D
V@ z) = s (@) + 2.

During the interval [#;, #;41), its time derivative along the trajectory
of system (5) is given as follows:

V = —72"R A —aZ) [(MI Sym(L)M)) ® Iy]Z,
+ai’ Ae —aZ [(MIL) ® Iy]e

~ ~ 2 ~ -
—Z'R A —ak||B|® + acma |zl €]l + acma iz lle]l

_ _ z -
< [l ||z2||]Aa[” 1”} + acmlzl el

12

IA

A

+ aCmaxHiz ” ”e”

= 20V +acmiliZlllell + acmaliz2 | lle]l

where we use the fact || M,|| = ||R|| = 1 by definition and handle the
term —z” RA as that in [17].
Then, by Young’s inequality, we have
2.2
Vf—lvV—l—(Mllellz—lvV). ©)
2 v 2
We are going to show that any chosen 7 satisfying condition (4) can
ensure ((2a2c2,.)/v)llel|> < (1/2)vV, or equivalently, (|le||/| H]) <
(V/Qacmax)) with H = col(z,, 7o) during each time interval [, f;11).
To this end, we denote y(¢) = (|le]||/||H||) and take its derivative
during this interval and obtain that

d llel  d (eTe)?
di[H| — dr (HTH)}
(e"ey 2eTe(HTH):—(HT Hy :HT H(e" e)?
— T
__e'ée  |elH"H e
llelll1H | 1H]3
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where we use the facts that é(r) = —z(t) = —i(r) and Z(t) = (M, ®
IN)ZI(I’) + (M2 ® IN)ZQ(I’). Note that
le@)l = 1z@)ll < I1H@®)|
HIZ] + ecmaxlZ2]] + 20 cmax € ()]
< Qocma +DUH@ N + lle@)]).

IA

This together with (7) implies that

g
y<(+ ”H < Qacnn + D1+ ).

Let us consider the differential equation ¢ = Qacmx +
D + ¢)* with ¢(y) = 0. Its solution is ¢(r,1) =
((2acmax + l)(t - [0))/(1 - (zacmax +l)(t - IO))- Since y(tk, tk) =
0, we recall the comparison lemma in [34] and conclude that

(zacmax + l)(t - tk)

1 - (zacmax + l)(t - tk) '
Under condition (4), it follows for ¢ € [#, t;,) that:

e(t 20Cmax + )T v
IO <yt 21 < — r__ :
”H(t)” 1 - (zacmax + I)T 2Otcmax

This jointly with (6) provides us

y(t, ) <

. v
V<-—=V
2

for any ¢ € [0, 00). Thus, according to [34, Th. 4.10], we can con-
clude that Z(r) — 0 as t — oo, or equivalently, z'(t) exponentially
converges to z* as t — oo. The proof is complete.

Remark 1: This theorem gives an affirmative answer that the Nash
equilibrium seeking problem is indeed solvable by continuous-time
algorithms with discrete-time communications. Compared with plenty
of continuous-time algorithms in the literature, this rule (3) does
not require agents to share their information continuously, which
definitely reduces traffic on the communication network.

Remark 2: The criterion for selecting control gain a and periodic
constant 7 reveals the natural trade-off between the control effort
and graph algebraic connectivity. Note that the choice of a and 7
in this theorem requires some global knowledge, e.g., 2> and cpax.
In practice, we may estimate them beforehand to implement this
algorithm [35].

B. Solvability With Event-Triggered Communication

In this section, we consider event-triggered aperiodic communica-
tion schemes to solve our problem. In contrast to the previous periodic
scheme, event-triggered schemes may result in a more efficient use
of the resources.

Motivated by the developed designs in [22] and [36], we introduce
a triggering function as follows:

fi(t, ei(1) = lle:(t)] — (co + cre™)

for player i with parameters ¢y, ¢; > 0, ¢co+¢; > 0, and g > 0 to
be specified later.

During the game, each player i continuously monitors its current
state and evaluates the function f;. It will push its current profile to
the neighbors when f; (¢, e;(t)) < O is not satisfied. That is, for a
given time 7/, the next triggering time can be iteratively determined
according to

ti,, = inf{t € [tf, +00) | fi(, €;(1)) > 0}. (®)

We present another theorem on the solvability of our problem with
event-triggered discrete-time communications.
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Theorem 2: Suppose Assumptions 1-3 hold and let a >
(1/2:)((?/1) +1), 0 < B < v. Then, algorithm (3) with commu-
nication time instants determined by (8) is free from Zeno behaviors.
Moreover, there exists a class K function y, such that each z' will
converge into a ball centered at z* with radius y (c)-

Proof: Since ||e;(¢)| is enforced to satisfy f;(z, e; (t)) = |le; (t)||—
(co+ cre™#) < 0, the inequality (6) can be strengthened as follows:

V < —vV +w(co+cie?)? )
where w = ((2Na?’c?,)/v).
Solving the differential inequality (9), we have

1
V() < V(0)e™ + w/ e (o +cre P d 1. 10)
0

From this, we can easily obtain that there must be a class K
function § (s) = (ws?/v), such that V (¢) is ultimately bounded with
a tolerance j (cg). Recalling the definition of V., this implies that
each z' will converge to a ball center at z* with a radius y (cy) with
7 (8) = V7 ().

Then, we will rule out the Zeno behaviors. It suffices to show
that the length of the interevent intervals is larger than some positive
constant 7.

Assume that agent 7 triggers at the time ¢*. It follows by (7) that
e;(t*) = 0 and f;(t*,e;(t*)) < 0. Between two events, the time
derivative of e;(¢) is given by

é;(t) =ale;(t) —ade;(t)+ aLZ (t)+ R,V J;(Z').

Using the Lipschitzness of J; and |e;(t)|| < (co + cie™”"), there
must be positive constants ¢, and c3, such that

le: () < e2llZ || + c3(co + cre™™). (€5))

Then, we consider two different cases, i.e., ¢o # 0 and ¢y = 0.

Case I: Suppose ¢y # 0.

From the boundedness of Z, there must be a positive constant cy,
such that

llé; ()1l < cacs + c3(co + c1).

This jointly with the fact e;(1) = [. é&;(s)ds gives

e (1)l < / e () lds < [eacs + es(co + en(t — ).

Since the next event is not triggered before f;(z, e; (1)) = |le; (t)| —
(co + c1e7”") crosses zero, this does not happen before ||e;(¢)] < co.
Thus, a lower bound for the interevent interval is given as

fy = ———o >0,
crcq + c3(co +¢1)

Case I1: Suppose ¢y = 0.

In this case, we go back to inequality (11). By (10), we can
strengthen it as follows:

lé: (1) < cse™ +escre™™ < cse™ +czcie

for some positive constant ¢s > 0. Then, we have

A

le: (1)l < [ese™ + cscre ™ 1(t — )
e ese™ D" 4 el — 1)

<
< e les + esenlt — ).

Again, the next event is triggered as soon as |le;(t)|| = cje”".
We consider the equation (cs + c3c1)s = cre s, It has a unique
positive root 7p,. Moreover, for any s € (0, 7502), (¢5 + c3c1)s <
cre . Thus, |le;()|| < e " (cs + c3¢1)(t — t*) < e, In other
words, |le;(t)]| > cie™” will not happen before t* + (. Thus,
79» > 0 is a lower bound for the interevent interval.
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Therefore, we have excluded the possible Zeno behaviors in both
cases. This proof is complete.

Remark 3: In contrast to the periodic communications, the
event-triggered communication mechanism implementations tie the
determination of each player’s communication times to their own
current states, thus saving network resources more effectively.

C. Solvability With Periodic Event-Triggered Communication

In this section, we propose an enhanced version of the preceding
event-triggered scheme where players do not have to monitor their
triggering functions continuously. To save space, we only consider
the case when ¢y = 0.

Motivated by periodic designs in Theorem 1, we assume player i
only evaluates function f; at the time instant 7, = k7 for a constant
7 > 0, that is,

v > (& fi(ty, e;(tv)) > 0} 12)

with k € Z*. Similar designs have been developed in [22] to
solve the multiagent consensus problem. Compared with rule (2) for
continuous-time dynamics, each agent only monitors the triggering
condition in a designed time sequence to decide whether to update its
pushed action. To this end, the periodic event-triggered scheme can
alleviate the monitoring burden through reducing local evaluation.

In this case, the algorithm is naturally free from Zeno behavior.
The solvability of our problem under this periodic event-triggered
communication is given as follows.

Theorem 3: Suppose Assumptions 1-3 hold. We let a >
(1/2)((2/D) +1), co=0,¢c; > 0,0 < f < v, and 7 satisfying (4).
Then, the Nash equilibrium seeking problem is exponentially solved
by algorithm (3) with the periodic event-triggered communication
specified by (12).

Proof: Similar to the proofs of Theorems 1 and 2, we consider
the behavior of V = (1/2)(||Z||*> + ||Z2||?) during each time interval
telt, ti).

By the arguments in Theorem 1, the following inequality holds for
any 1 € [1, 1f,):

tiy, = inf{z

. 2022 1
V< ——ov 4 (s )2 = <0V ).
2 v 2

In the following, we only have to consider the case when
2a%c2
= ()| = SV
holds over this time interval. Otherwise, there must be some time
t' € [t, t{,,) at which

2.2
= o) < SV @), 2(1)

happens. This provides us V(¢') < —(v/2)V (), which does not
deteriorate the exponential convergence of V.

Suppose ((2a.%c2,)/v)lle®)|* > (v/2)V. By the definition of V,
we have ((2a.2c2,)/v)|le(®)||> > (v/4)||Z(¢)||*>. Hence,

‘f“c“““ N e ().

I'HZIX)

z()|l <
Therefore, we further have

6@ < 2acmaxlle(®)]] + (acmax + DIZ@)]]

\/—acmax
< 2acmuxlle®) | + (@cmax + 1) ————le() ]

- 2acmax(l + w)nemn.
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From this, we consider the evolution of ||e(¢)]||. Denote

V2 OCmax + 1
2 2acmax(l Y2 T ) = ey
for short. It follows then:
d(ele)? T
_deor  €é _ 0.
dt (eTe)?

That is, [le(r)]| < ec*~"|le(t')|| holds for this ¢ > ' > 1! in the
interval [¢}, t},,).

For any fixed 7, we let t' = k'(t)r with k’(¢) being the largest
integer, such that k't < r. It follows then t > t'(tr) > t — 7. Since
the event is not triggered at ¢/, we have ||e(t")|| < v/Ncie " Then

) /Ncle*ﬂt’ < A /Ncle(c'(ﬁﬂ)fe*/f’t

for any ¢ € [t],t},,) with N the number of players. It follows then
for all t [lk,t]ﬁq):

ler) < e lle®)ll < e

V<—vV+ zUN(cle(“*ﬂ)Te’ﬂ’)2

where @ is defined as in the proof of Theorem 2. From this, we can
directly solve this differential inequality and complete the proof.

Remark 4: The choice of 7 is a sufficient condition in this mech-
anism (12). In practice, we may select a larger period 7 to reduce
the number of function evaluation.

Remark 5: In both event-triggered strategies, the communication
only occurs when the triggering function is violated to save communi-
cation resources. For a special choice co =0, ¢; > 0,and 0 < f < v,
the Nash equilibrium seeking problem is exponentially solved, while
the interval between any contiguous time instants is lower bounded
by a positive constant, which rules out any Zeno behavior.

V. SIMULATION

This section provides the comparative simulation studies to
illustrate the algorithm performance with different communication
schemes and parameter settings.

Consider the Nash—Cournot game played by N industry firms in
a market under an undirected cycle graph. These rival firms produce
a homogeneous product, and each attempts to maximize profits by
choosing how much to produce. We denote the industry output of firm
i by z;. Its production cost per unit is C;. The price of this product
is assumed to be f(z) = D — 0.1 Zfi, z; + 0.45z; with demand
D > 0 and z = col(zy,...,zy). Then, for firm i, to maximize
its own profit is to minimize an objective function of the form
Ji(z) = Cizi—z; f(2). It can be easily found that these firms play
a nonoperative game. In our simulations, we let N = 5, C; = 24i,
and D = 1008.

All assumptions in this brief can be verified with the unique Nash
equilibrium as (204, 180, 156, 132, 108). To demonstrate the effec-
tiveness of the algorithm (3), we set @ = 3 and = 0.05 s in periodic
communication, and set ¢ = 0, ¢; = 10, and £ = 0.35 in both pure
event-triggered and periodic event-triggered communications.

The trajectories of z; with different discrete-time communi-
cations are presented in Fig. 1, and the corresponding error
(ei(t) = zf — zi,i = 1,3,5) curves with different discrete-time
communications are shown in Fig. 2. It is observed that our problem
is exponentially solved in all cases. We also show the communication
time instants with different mechanisms in Fig. 3. The number of
communications required in these simulations is 600, 326, and 236,
in turn, for these three different mechanisms. We can find that the
event-triggered communication indeed save communication resources
in our example. These observations verify the effectiveness of our
preceding designs.
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Furthermore, the convergence error ranges are exhibited for
the proposed algorithm with pure event-trigger communication
by designing different parameters ¢y in Fig. 4. Note that both
event-triggered communications have the same property in terms of
parameter ¢o. When ¢y = 0,0.001, and 0.01, respectively, it can
be seen that the convergence error ranges are directly proportional
to the parameter ¢y, which is consistent with the theoretical error
radius y (cp). Meanwhile, the number of triggered times is 7381,
3540, and 1847, which is inversely proportional to the parameter cg.
These conclusions support and complement Theorem 2.

VI. CONCLUSION

In this brief, we have investigated the solvability of the distributed
Nash equilibrium seeking problem by the continuous-time algorithms
with different discrete-time communications. Among the novelties
of our proposed algorithms, we first need to emphasize that this
work does not require each agent to continuously communicate with

200 150

time

its neighbors. Then, we highlight that three different discrete-time
communication schemes have been thoroughly studied to ensure that
all agents trajectories exponentially converge to the expected Nash
equilibrium free from Zeno behaviors. We may extend the designs to
the constrained case in future work.
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