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Abstract— This study focuses on aggregative games, a type
of Nash games that is played over a network. In these games,
the cost function of an agent is affected by its own choice
and the sum of all decision variables of the players involved.
We consider a distributed algorithm over a network, whereby
to reach a Nash equilibrium point, each agent maintains a
prediction of the aggregate decision variable and share it with
its local neighbors over a strongly connected directed network.
The existing literature provides such algorithms for undi-
rected graphs which typically require the use doubly stochastic
weight matrices. We consider a fixed directed communication
network and investigate a synchronous distributed gradient-
based method for computing a Nash equilibrium. We provide
convergence analysis of the method showing that the algorithm
converges to the Nash equilibrium of the game, under some
standard conditions.

Index Terms— aggregative games; Nash equilibrium seeking;
directed communication networks

I. INTRODUCTION

In an aggregative game, each agent’s utility (or cost)
function is affected by the aggregate of all the other agents’
decision variables in addition to the agent’s own decision
variable. References [1] and [2] are examples of studies
focused on such games. These kind of games arise in a
variety of applications, including demand side management
for electric vehicles [3] and [4], demand response in market-
places with congestion [5], and reducing network congestion
[6]. From the standpoint of control theory, the purpose is to
develop and demonstrate a distributed algorithm that assures
convergence of agents’ strategies to a non-cooperative game
Nash equilibrium.

The aggregate decision variable is typically visible to all
agents in a wide range of aggregative game theory studies on
equilibrium computation. This assumption allows agents to
adjust their decision based on their utility (or cost function)
without having to communicate with each other [7]. A
semi-decentralized communication system is often used to
achieve this ideal condition, where a central unit collects and
disseminates the aggregate decision variable to all agents in
this system. Example of studies considering such a structure
are [8], [9], [10]. In the absence of such a central entity,
the aggregate of the decision variables is not immediately
accessible to agents. We are interested in the case where
the agents are connected over a communication network and
may only receive a limited amount of information from their
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immediate neighbors. The search for a Nash equilibrium in
network constrained games has received a lot of interest
recently. The goal of this form of games is for players to
minimize their own cost function in a selfish manner by
making decisions based on an estimate of the other agents’
decision variables. In this context, the agents are able to
retain an estimate of decision variables of all the other agents
and share them with their local neighbors to make up for the
lack of immediate access to the aggregate decision [11].
Assuming that agents’ immediate ability to obtain the
aggregate decision variable is constrained, the paper [12]
suggests a completely dispersed approach for figuring out
a generalized Nash equilibrium in aggregative games with
time-varying graphs of information exchange and coupling
constraints. The work in [13] presents a unified convergence
analysis for projected gradient algorithms used for comput-
ing a general Nash equilibrium in aggregative games. In
particular, this study uses a comprehensive method based
on the notion of monotone operators to demonstrate that
sequential updates to projected gradient algorithms belong to
the category of forward-backward splitting techniques with
preconditioning [14], which was first proposed in [15] for
multi agent games over a network. The work in [8] addresses
the problem of guiding a population of non-cooperative
heterogeneous agents in the direction of an aggregative equi-
librium, where each agent has a cost function with a convex
form based on the average population decision variable.
In this study, it was assumed that a central coordinator
exists who has access to the average population decision
variable and can give control command to direct the agents’
decentralized best responses. This study develops a dynamic
control command based on notions from operator theory that
guarantees global equilibrium convergence. Locating the zero
point of the sum of monotone operators has been posed as
global Nash equilibrium searching in network aggregative
games in [16] using primal-dual analysis for the case when
players have access only to their neighbors’ information
which is shared over an undirected communication graph.
Many studies in the context of finding Nash equilibrium
in a networked game, including those listed above, assume
that agents communicate over an undirected communication
graph. This typically results in the use of a doubly stochastic
weight matrix that agents use for “tracking” the other agents
decisions. However, symmetric communications are often
not possible in some practical applications, such as sensor
networks. The work in [11] has proposed an asynchronous
random gossip-based approach for computing a Nash equi-
librium of a network-constrained game in a directed commu-
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nication graph, which distinguishes it from other studies in
the literature. However, the game setup in [11] is not fit for
aggregative network games. The work in [17] is concerned
with the problem of Nash equilibrium pursuit in aggregative
games in directed communication graphs, and provides a
distributed continuous-time algorithm that converges to the
Nash equilibrium of the game.

Considering lack of studies focusing on Nash equilibrium
seeking discrete algorithms in the network aggregative games
over a directed communication network, this current paper
proposes an extension to the algorithm introduced in [7]
to bridge the gap in the literature in this regard. In this
paper, for a fixed communication digraph, we propose and
analyze an algorithm utilizing the tracking dynamic used
in [7] combined with the weight matrices inspired by the
work in [18]. Even-though the analysis is building on some
related results in [7], our method and its analysis is different
from that of the method in [7]. The main difference is that [7]
deals with undirected networks and the weight matrices are
doubly stochastic, whereas in this paper the graph is directed
and the weight matrices are no longer balanced. Compared
with [17], our proposed algorithm is a discrete-time one.

Organization of the paper: Section II provides problem
formulation, notations, and some assumptions. In Section III,
the algorithm is proposed and its convergence is analyzed.
Section IV concludes the paper with some directions for
further studies.

II. FORMULATIONS AND NOTATIONS

We consider a game with N players, and we use
1,2,...,N, to index the players, and the set N =
{1,2,..., N} to denote the collection of all players. The ith
player’s decisions are restricted to its strategy set K; ¢ R"
and selected to minimize its cost function f;(x;,%). In this
cost function, the variables x; and ¥ = Zf.\zf , xi denote
player i decision and the aggregate of all players decisions,
respectively. We use ¥_; to denote the aggregate of all
players’ decisions except for player i, i.e.,

N

)E_i = E Xj.

J=Lj#

Let us define the Minkowski sum of the sets K; with K as
follows:

1>

£k, (M

=1

and let x be the aggregate of players decisions x;, i.e.,

N
xek. )

=i
>

Xj =X + X,
=1
Having x_;, player i is confronted with the following opti-
mization problem:

min f; (x;, X) = fi(xi, x; + %)
s.t. Xx; € Ki’ (3)

where K; CR" and f; : K; x K — R with the set K C R” as
defined in (1). As quite natural in the game theoretic setup,
the action set K; and the cost function f; are assumed to
be known only by agent i. The following assumption on the
constraint sets K; and the cost functions f; gives a sufficient
condition to ensure the existence of a Nash equilibrium.

Assumption 1 (Assumption 1, [7]). Foreachi=1,2,...,N,
the set K; C R" is compact and convex. Each function
fi(xi,¥) is continuously differentiable in (x;,y) over some
open set containing the set K; x K, while each function
x; — fi(x;,X) is convex over the set K;.

Under Assumption 1, sufficient condition for existence
of a Nash equilibrium of (3) can be investigated through a
variational inequality problem VI(K, ¢) [19] by determining
if there is a point x* € K such that

(x —x)Tp(x*) >0, Vx € K,
where
Vi fi1(x1,X) N
$(x) 2 : . k=[] @
Von fn(xn, X) i=l

with x £ (x],...,x3)7",x; € K; for all i, and % defined
by (2). Note that Assumption 1 guarantees that the set K is
compact and convex in R™V and that the mapping ¢ : K —
R™V is continuous. Let us define F;(x;,¥) to emphasize the
special form of the mapping ¢ as follows:

Fi(x;,%) = Vy, fi(xi, %), Vi=1,2,...,N. )
The mapping F(x,u) is given by
Fi(x1,u)
Faew 2| (©)
Fn(xn,u)
where maps F; : K; x K — R" are given by (5). Considering
this notation we have
¢(x) = F(x, %),

To ensure the Nash equilibrium’s uniqueness, the following
assumption is made on the mapping ¢(x).

Vx € K. 7)

Assumption 2 (Assumption 2, [7]). The mapping ¢(x) is
strictly monotone over K, i.e.,
’ T 7’
(#(x) = p(x"))" (x = x") >0,

Proposition 1 (Proposition 1, [7]). Suppose that Assump-
tions 1 and 2 for the game defined in (3) hold. Then, the
game has a unique Nash equilibrium.

Vx,x’ € K,x #x’.

To accommodate the analysis of the current paper, we
make an additional assumption on the mappings F; (the
coordinate mappings of ¢, see (4)—(7)), as follows.

Assumption 3 (Assumption 3, [7]). Each mapping F;(x;,u)
is uniformly Lipschitz continuous in u over the set K for every
fixed x; € K; i.e., for some L; > 0 and for all 71,2, € K,

|Fi(xi,z1) = Fi(xi, 22) |l < Lillzi — 22|l
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where K is as defined in (1).

III. PROPOSED METHOD AND ITS CONVERGENCE

We propose a distributed approach for determining the
game’s equilibrium in (3) in this section. This algorithm is
based on each agent’s estimation of the aggregate decision
variable from the other agents perspective. After that update,
the agents proceed with a projection-based gradient update.

Let E be the set of underlying directed edges among the
agents and let G = (N, E) denote the fixed connectivity
graph. Let Nf" and N?“' indicate set of immediate neighbors
of agent i that this agent can pull data from and collection
of agents who receive information from agent i, respectively.
Mathematically, N/" can be expressed as: N/ = {j : (j,i) €
E} and N?* can be expressed as: N”*' = {j : (i,]) € E}.
The following assumption is made on the graph G = (N, E).

Assumption 4. The directed graph G = (N, E) is strongly
connected.

At each time k, every agent malntalns its own decision
variable x and 1ts own estimate v}’ K of the network wide
aggregate Z k_ Every agent i, also maintains a variable

k for every other agent j # i in the network, where v'; k
is estimates the opinion of agent j € N at time k about
the aggregate )" | xlk . At time k + 1, each agent / decides
on the weights w;’l > 0, for all j € N, for all of its
out-neighbors i € N and sends them the scaled values
wz,l vEE for all Jj € N. Every agent i receives, from its in-
neighbors [ € N’" the weighted estimates wJ lvl].k of the
aggregate de01s10n Varlables for all j € N. Using its own
decision xk and estimate v;", agent i updates its decision

k+1 based on its own cost functlon This updated decision
is used to compute vl] K1 for all Jj # i in order to update
the opinion estimate of the aggregate vector as seen by the
other agents j # i. These updates of the aggregate estimates
for the other agents are performed by taking an intermittent
step, as follows: for all agents i,

aik _ Pophk
Vi = Z WiV

leNi"U{i}

Vi=1,...,N, j#i, (8)

that is, for every j # i, agent i simply sums the scaled vectors
w, l K received from its in- -neighbors and also includes its

Js l
k
own scaled estimate wj,iv; . By defining Wj,l =0forl ¢

N{™ U {i}, we can write

N
_ i INs
= Z WiV s
=1

At each time step k + 1, every agent i updates its iterate and
estimates of the aggregate decision variables for all other
agents j, as follows:

xf = M, [xf - aFi(xf, 079)], ©)

N
aik _ i Lk
= ij’,vj ’

where oy > 0 is the stepsize, Ik, [u] denotes the Euclidean
projection of a vector u onto the set K;, and F; is as defined
in (5). The term \9;’]‘ in (9) is the estimate of agent i on
aggregate decision variable Y% 1 x* from its own point of
view at time k. The algorithm is initialized arbitrarily with
x? € K; for all agents i, and with vé’o , for all j,I =
1,2,...,N

In the following, we discuss under what conditions on
the agents’ weights W;,l and the stepsize i, the iterate

— 0
=X

vector (xf, . ,va) and the estimate ﬁi’k converge to a Nash
equilibrium (x7,...,x}) and Zj.vz ! x;‘., respect@vely.

To specify the conditions on the weights wl.’ ; used in the
updates in (10) and (11). For this, we define the matrix W;
for every j € N, as follows:

[Wlig=w',  Vil=1,...,N. (12)

We assume that the structure of each W; is compliant with
the graph connectivity structure (N, E) in the sense that
positive entries in each W; are associated with the links in the
graph. We also require that each W; is a column stochastic
matrix. These conditions are given below.

Assumption 5. For every j € N, we have

(i) For alll e N with 1l # j, andfor alli e Nl"‘”, we have
; > 0, and otherwise w =0.

(11) For{’ J wehavew}j—landw .=0f0ralli¢j.

(i) TN, wj’l =1, VlieN.

Given an index j € N, Assumption 5(i) specifies the
entries in each column £ =1, ..., N of the matrix W; except
for the j-th column. Assumption 5(ii) states that the jth
column of the matrix W; consists of the vector e;, where
e; is the j-th unit vector of the standard Euclidean basis.
The condition in Assumption 5(iii) states that the entries of
every column of each matrix W; sum to 1. We note that
since the weights w;’l do not Vary with time, there exists a
scalar n € (0, 1) such that wj >n forall l e N”‘ U{i}
(n corresponds to the smallest positive entry in the matrlces
Wi, j=1,...,N).

The following assumption specifies the stepsize require-
ments that will be significant in the convergence analysis.

Assumption 6 (Assumption 6, [7]). The stepsize sequence
{a} is positive, monotonically nonincreasing i.e., @y < i

for all k, and such that 37y = oo, 377, a?

k<00.

We now consider the weight matrices W; (see (12)). We
define @ (k,s) = Wk=s+1 and denote the il-th element of
this matrix by [®;(k,s)];;. In the sequel, we state some
convergence properties of the matrices ®;(k,s), j € N.

Lemma 1. Ler Assumptions 4 and 5 hold. Then, for every

Jj € N we have

(a) limg_0o @j(k,s) = elefor any s €N, where e; is the
J-th unit vector of the standard Euclidean basis in R".

Vi,je{l,2,...,N}, (10)  (b) |[@;(k,s)]j.— 1] < 68" for 6 = % > 0 and
= (1 =pN-Dyx=r
ikl Alk el . for some 0 < B=(1-n )N-T < 1, where 7 € (0,1)
vio SVitN o vi,j€{l.2,....N}, (D is the smallest positive entry in any of the matrices W;.
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Proof. The result can be obtained from Lemma 1 of [18].
Specifically, by considering a fixed connected communi-
cation network satisfying Assumptions 4 and 5 instead of
time-varying setup in Lemma 1 of [18], and by transposing
matrices in the proof of the latter lemma, the stated result
follows. O

We define y for all j € N, as follows:
Vk>0, VjeN. (13)

These vectors track the aggregate decision variable Y\
over time, as shown in the following lemma.

tll

Lemma 2. Let Assumptions 4 and 5 hold. Then, for each
Jj € N, the vectors yf., k > 0, defined by (13) are such that

=N, xk for all k > 0.
Proof. Let j € N be arbitrary. The proof of the relation

N N
i,k _ k
Vj = Xi .
i=1 i=1

(14)

is by the induction on k. For k = 0 relation (14) holds since
the method is initiated with v:° = x? forall j,I=1,2,...,N.
Assume that relation (14) holds for k — 1. For k, we have
forall j=1,2,...,N,

N N
ko k-1 k k-1
PR NP

i=1 i=1

where the first, second, and last equality follows from (11),
(10), and Assumption 5(iii), respectively. The result follows
by the induction hypothesis. O

The following result is a consequence of Lemma 2, and
Assumptions 1 and 3.

Lemma 3. Let Assumptions 1, 3, and 5 hold. Then, there is
a constant C such that for all i and k > 0,

Ik vl <, IIFEEE79) < C.

Proof. The proof is similar to that of Lemma 3 in [7]. O

The next lemma gives an upper bound on ||y* Vi Pl k [|.

Lemma 4. Let Assumptions 1-5 hold, and let y{.‘ be deﬁned
by (13). Then, we have for all i € N and all k > 1,

k
Iy = o24)l < M + ONC Y By,

s=1

where ﬁi:’k is defined in (10), 6 and 8 are defined in Lemma 1,
M = Zj.vzl maxy;ek;|1x;|l, and C is the bound from Lemma 3.

Proof. Using the definitions of the terms v’ **1 and o7 * in
(11) and (10), respectively, we have v] el =y w vik 4

[NAR
f*l —xk it Using the preceding relation recursively, we obtain

N N
Jok+1 _ k-1 k+1 k
v _Z szpl +xl x; )+xj - xj
=1 p:l
N
= > [ @ik, k= D]j vl
p:

®; (k, k)] (xf = xf 1) + x5 = xf
[ o (x

~
I

1

[@;(k,0)],, """

sz

1

+i

s=1

B
Il

1) +xk+1 xk.

[®@;(k, )] Js l(xl j

M=

~
1l
—_

Using relation (11) and the preceding equality, we have

~J k Lk l
prk = Ikt f”+x§ (15)

N k
=Zd>(k0),,,v =
=1

s=11

Mz

[D;(k, $)]j0(x) —x;~ 1

1l
—_

By writing y{.‘ = y?+2§:1 v} —yf‘l) and by using Lemma 2,
we have y = Zf\i y x; for all s > 0, implying that

k

._yl+z

s=1

k N
p
NI

s=1 I=1

tvjz

(x) - xl

~
1l

1

M=

(16)

<
ﬂ.

From (15) and (16) it follows that

N

vk =970 =11 ) (1= [ (K, 0)]i.p)v)"

<
]

(1 = [®(k, 9)]ia) (x5 = x|

‘D+4*
M=

©
1l
—_
~
I
—_

1= [®; (k, 0)];,,|IV"°I

S
i

|1 = [@; (k, )] ia|llx; =371

‘D+4»
M=

©
I
—_
~
1l
—_

Using Lemma 1(b), we obtain for all i and k > 1,

N k N
i ,0 ! -
Iy = o7 <6 ) B IVl +6 ) > Bl =7
p=1

s=1 I=
(17)

—
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An estimate for |lx; — xls’1|| can be obtained from (9), as
follows: for all s > 1,

-1 : 1 ols—1 51
llx; —x; 7 Ml = ||HK,[XY — a1 F1 (g7, 0] = x|
oLs—1 -
<y = PG o) — x|
VRS
= a1 |Fi(x =, 0 )|
< Cay-p, (18)

where the first inequality is a result of the fact xls‘1 =
Ik, [x;“l] and the non-expansive property of projection
maps, while the second one follows by Lemma 3. From (17)
and (18) we have

N k
k _ ik k ,0 k—
Iyf =90 11 < 68" 3" VPl +6N )" B asi €
p=1 s=1

k
< 0B*M +ONC Z B
s=1

where in the last inequality we utilized the fact that v‘n 0=

xp € K, for all p, and M = Zgzl max,ek, |1x|| Wthh is
finite since each set K, is compact (see Assumption 1). 0O

The following theorem gives a convergence result for
the iterate sequence {x¥} of the method to the sole Nash
equilibrium x* of the underlying game, captured by the
variational inequality problem VI(K, ¢).

Theorem 1. Let Assumptions 1-6 hold. Then, the sequence
{x*} generated by the method (9-11) converges to the only
solution x* of the VI(K, ¢), where the set K and the mapping
¢ are defined in (4).

Proof. The proof of this theorem mainly relies on the
deterministic version of Lemma 5 in [7]. Proposition 1
guarantees that there is a unique Nash point x* solving
the variational inequality VI(K,¢), which satisfies x} =
Mg, [x] — axF;(x;,x*)] for all i € N (see [19]). Using the
preceding relation and the non-expansiveness property of
projection operator, we obtain for all i and k > O,

xEN1? = Mg, (6K = aFy (xF, 9099 = 7)1

< Ik = xf = an (Fo(xF, 90%) = Fr(xg, 29) 1P

||x£<+1

By expanding the last item of the preceding inequality, we
find that

ocf* = xF)1? < Ik = X512 + g Vi = 20k Vo, (19)

where
Vi = [|F:(xk, 90%) — Fi (a0, 2912,

Vo = (Fi (K, 00%) = Fo(er, #9) T (e = ).

Taking inequality (a+b)? < 2(a”+b?) in addition to triangle
inequality into account we can write

and C comes from Lemma 3. To estimate V, term, we add
and subtract F;(x¥, y¥) and, thus, obtain

Va = (Fi (K, 00%) = Fr(xk, y) T (o = x7)
+ (Fi (b y%) = Fo(xt, 7)) T (k= x).

Applying the inequality a’b > —||a||||b]|| to the first term of
the right hand side of the preceding equality, and using the
Lipschitz continuity of F;(x;,u) with respect to u, we have

(Fi(xk, 908y — Fo (e, yE) T (k= xp)

Al k
> —||F; (x5, 005) = (b, vl - I1xf = ]
Al k
> —Li||190% — yKI| - [lxf = ]
> 21, M||”" yEll,

where M is such that maxy, ek, ||x;|| < M, which is finite
due to the compactness of K;. Thus, it follows that

Vo = —2L:M|[p7F — yk|
+ (F (e 5 = Fi(a, 7)) (e = x).

By substituting the estimates (20) and (21) for V; and V,
back in relation (19), we obtain

21

Al k
[Jock+! —x{|I + Baj +4ar LiM|[p0* - y¥|

—Za'k(Fi(xi,yi) F(xx X )T(xlk_x;'k)~

Summing the preceding relations overi =1, ...,
Zle ||x —X; |17 = [lx* = x*||?, we have

2
- x| < Il

N and using

e = |2 < [lx* - 27| + NBa? +4akMZL 197* = yEI
i=1
N
k Lk x =\ 1/ k *
- 20 Z (Fi(xf, yi) = Fi(x(,5%)) " (xf = x]).
i=1
Since y{.‘ = f\zllxl{‘ = x* and F;(x;,%) is the ith coordinate

map of the mapping ¢(x) = F(x,X) (see (6) and (7)), it
follows that
N
—x ||2+NBa'k+4akMZL 95K — &
i=1

—2ax (3(x%) = () (K = ).

We now apply the deterministic version of Lemma 5 in [7]
to guarantee the convergence of {x¥} to x*. To apply this
lemma we only need to prove the following inequality:

Alk k
Za 195 = EIl < oo,

According to Lemma 4, we have

k+1 w2
[l — x| < flx*

VieN. 22)

k
lyk =751l < 08 M +ONC Y pars 1,

s=1
Vi < 2||Fi(x A’. k)||2 +2||F; (x}, )|* < B, (20)  for all i € N, and all k > 1, thus we only need to show that
where ©
B=2C*+2 max _||Fi(x, )% Z ZB" ‘) <o, Y arpl <o
(x;,X) €Ki XK k=1 k=1
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Since {ax} is monotonically non-increasing by Assump-
tion 6, we can write

oo k

k—s
Zak(Zﬂ 5a’x—l)
k=1 s=1
) k ) k
k— k—s 2
=2, (2w | < ) D el
k=1 \s=1 k 1

=] \s=

By applying Lemma 6 of [7], it follows that
Yo ar (X5, B Sas-1) < co. Convergence of Y3, axB*
follows from Y57, axB* < g X5y BX < oo, where we use
B € (0,1). Hence, inequality (22) is valid. As a result, the
deterministic version of Lemma 5 in [7] yields the following
statements:

(a) The sequence {||x* — x*||} is convergent,

(B) Tigax(9(xh) - ¢(x")" (x* —x) < oo
Since {x*} c K and K is compact, the sequence {x;} has
accumulation points. Due to }37,ax = co and the strict
monotonicity of ¢, from the above statement (b) we have
that (¢p(x¥) - ¢(x*))T(xk —x*) — 0 along a sub-sequence,
say {x*a}. Due to the strict monotonicity of ¢, it follows
that {x*¢} — x* as ¢ — oo. This and the above statement
(a) imply that the entire sequence {xix} must converge to

*

X . m}

Remark. Compared to the algorithm in [7] where the graphs
are undirected and the agent estimates for X* utilize doubly
stochastic weights, our method (9)—(11) bypasses the use of
such matrices by constructing different weights. This comes
with the cost of every agent keeping track of “estimates of
aggregates” for every other agent j # i in the network.

IV. CONCLUSIONS AND FUTURE WORK

The current work examines a class of Nash games in which
agents’ cost functions are coupled through the aggregate of
their decisions. Unlike the classic setup where the agents
observe the other agents’ decisions and, thus, possess instant
access to the aggregate decision, we have considered the
case where agents’ interactions are limited by a digraph.
We have developed a method which can be viewed as an
extension to the synchronous algorithm introduced in [7].
Some directions for future work include relaxing the static
communication network to a time-varying one, considering
a constant stepsize for the case of the game with a strongly
monotone mapping ¢, and exploring more efficient options
for estimating the aggregate decision (i.e., removing the need
for every agent to track estimates of every other agent).
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