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Optimal Selection and Tracking Of Generalized
Nash Equilibria in Monotone Games

Emilio Benenati

Abstraci— A fundamental open problem in monotone
game theory is the computation of a specific generalized
Nash equilibrium (GNE) among all the available ones, e.g.,
the optimal equilibrium with respect to a system-level ob-
jective. The existing GNE seeking algorithms have in fact
convergence guarantees toward an arbitrary, possibly in-
efficient, equilibrium. In this article, we solve this open
problem by leveraging results from fixed-point selection
theory and in turn derive distributed algorithms for the com-
putation of an optimal GNE in monotone games. We then
extend the technical results to the time-varying setting and
propose an algorithm that tracks the sequence of optimal
equilibria up to an asymptotic error, whose bound depends
on the local computational capabilities of the agents.

Index Terms—NMultiagent systems, Nash equilibrium
seeking, optimization.

[. INTRODUCTION

Motivation: Numerous engineering systems of recent interest,
such as smart electrical grids [1], [2], traffic control systems
[3], and wireless communication systems [4], [5], [6] can be
modeled as a generalized game, i.e., a system of multiple agents
aiming at optimizing their individual, interdependent objectives,
while satisfying some common constraints. A typical operating
point for these systems is the generalized Nash equilibrium
(GNE), where no agent can unilaterally improve their objective
function [7].

The recent literature has witnessed the development of theory
and algorithms for computing a variational GNE (v-GNE) [7],
[8], [9], which exhibits desirable properties of fairness and
stability. Semidecentralized GNE seeking algorithms, where a
reliable central coordinator gathers and broadcasts aggregate in-
formation, have been proposed for strongly monotone [10], [11]
and merely monotone games [12], [13], [14]. A breakthrough
idea in [15], later generalized for nonstrongly monotone games
[16], [17], [18], enables a distributed computation of GNEs by
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exploiting a suitable consensus protocol [19], thus requiring a
peer-to-peer information exchange.

Existing results present, however, two fundamental shortcom-
ings that might limit their practical application. First, unless
strong assumptions are considered (namely, strong monotonic-
ity of the pseudogradient), a game may have infinitely many
v-GNEs and virtually all the existing algorithms provide no
characterization of the equilibrium computed. For instance, a
Nash equilibrium can be arbitrarily inefficient with respect to
system-level efficiency metrics (e.g., overall social cost) [20].
Such uncertainty on the obtained equilibrium is often unaccept-
able. A notable exception is the class of double-layer Tikhonov
regularization algorithms, [12], [21], [22]. While the method
in [12] works for generalized games, it only guarantees conver-
gence to the minimum-norm solution. On the other hand, the
equilibrium selection algorithms in [21] and [22] solve at each
(outer) iteration a regularized subproblem where the objectives
of the agents are augmented with a convex selection function
to be optimized, weighted by a small parameter. However, the
latter are only applicable to nongeneralized games. In addition,
the double-layer method in [23] and [24] seeks the GNE closest
to a desired strategy. It is important to note that double-layer
algorithms require the exact solution of a subproblem at each
(outer) iteration, and thus they would require a virtually infinite
amount of communications per outer iteration in a distributed
setting. Recently, a single-layer algorithm based on a regular-
ized projected-pseudogradient dynamics was proposed in [25],
which however is only suitable for nongeneralized games and
requires nested vanishing stepsizes both on the pseudogradient
and on the regularization. Second, decision-making agents often
operate in a time-dependent environment and, due to the limited
computation capabilities and to the time required to exchange
information, it can be impossible to ensure a time-scale separa-
tion between the environment and the algorithm dynamics. This
results in nonconstant objectives and constraints between the
discrete-time algorithmic iterations, as discussed in [26], and
the references therein, for the particular case of optimization
problems. Only few works, e.g., [27], consider this setting in
the case of game equilibrium problems and only with a strong
monotonicity assumption on the game pseudogradient mapping.

Optimal equilibrium selection and tracking: We can formulate
the first issue, identified in the seminal work [7, Sec. 6], as an
optimal GNE selection problem, i.e., the problem of computing
a GNE of a game (among the potentially infinitely many) that
satisfies a selection criterion. This criterion characterizes the
desired equilibrium and can be formalized as a system-level

0018-9286 © 2023 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See https://www.ieee.org/publications/rights/index.html for more information.
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selection function to be optimized over the set of GNEs. For
example, the system-level objective of an electricity market
can be to minimize the deviation from an efficient operating
set-point [26]; for multiple autonomous vehicles, it can be to
minimize the overall travel time of the network. Meanwhile, the
second issue can be cast as an optimal GNE tracking problem,
i.e., the problem of tracking the sequence of optimal GNEs of
a time-varying game, with finite computation time and limited
information on the future instances of the game available. As
the GNE set is in general not a singleton, the tracking objective
should be again chosen by means of a (time-varying) selection
function. These problems, although of high practical interest,
have never been addressed in the literature.

Under mild assumptions on the selection function, the optimal
GNE selection problem in a monotone game is a special case of a
Variational Inequality (VI) [28] defined over the set of v-GNEs.
On the other hand, as shown in [13], [14], and [17], operator split-
ting techniques [29] can be leveraged to characterize v-GNEs as
the zeros of a monotone operator and, in turn, as the fixed-point
setof a suitable operator. Therefore, here we can cast the problem
as that of fixed-point selection [30]. In the literature, e.g., [30],
[31], [32], the latter can be solved by the hybrid steepest descent
method (HSDM), whose iterations depend on the fixed-point
operator (whose definition depends on the primitives of the
game) and the monotone operator that defines the VI, namely
the gradient of the selection function in our setting.

The contributions: In the first part of the article (Sections III
and IV), we propose the first single-layer distributed algorithms
for solving the optimal GNE selection problem. Our method
employs the forward-backward-forward (FBF) operator [17]
combined with the HSDM. We show that the proposed algorithm
guarantees convergence to the optimal v-GNE set in monotone
games. Moreover, for a special class of monotone games, namely
cocoercive games with affine coupling constraints, we also show
that the preconditioned forward-backward (pFB) [13] can be
paired with the HSDM to derive optimal GNE selection algo-
rithms. Technically, our contribution is to show that these oper-
ators fulfill special properties that guarantee the convergence of
the HSDM toward the solution set of the corresponding fixed-
point selection VI. Compared to [12], [23], and [24], our pro-
posed algorithms significantly generalize the class of selection
functions; additionally, our method works for generalized games
and does not require solving an equilibrium problem at each iter-
ation nor a vanishing stepsize on the pseudogradient dynamics.

In the second part of the article (Section V), we formalize the
optimal GNE tracking problem as a time-varying fixed-point se-
lection problem. Thus, as a solution framework, we propose the
restarted HSDM, which adapts its operators when the problem
changes. In line with the results in the time-varying optimization
literature [33], we show convergence up to a tracking error which
depends on the problem data and can be controlled by a suitable
tuning of the algorithm parameters.

[I. MATHEMATICAL PRELIMINARIES

Notation: The set of real numbers is denoted by R. The vector
of all 1 (or 0) with dimension n are denoted by 1,, (0,,). We omit
the subscript when the dimension is clear from the context. The

operator col(-) stacks the arguments column-wise. For a group
of vectors z;,7 € Z = {1,2,..., N}, we use the bold symbol to
denote their column concatenation, i.e., « := col((x;);ez). The
cardinality of a set is denoted by | - |. The operator (z, y) denotes
the inner product. We denote by || - || the Euclidean norm.
Let P > 0 be symmetric. For z,y € R"™, (z,y)p := (x, Py)
and ||z|| p := \/(x, z) p denote the P-weighted Euclidean inner
product and the P-weighted Euclidean norm, respectively. The
graph of an operator A : R™ = R™ is denoted by gph(A).
zer(A) defines the set of zeros of operator A, i.e.,

zer(A) := {x € dom(A4) | 0 € A(z)}
whereas fix(A) is the set of fixed points of A : R — R", i.e.,
fix(A) := {x € dom(A4) | A(z) = z}.

Convex functions: A continuously differentiable function f :
R™ — R is o-strongly convex with respect to a W-weighted
norm, with 0 > 0 and ¥ >~ 0, if, for all z, 2’ € dom f

f@) = f(2) + (Vf(@),2' — )y + G’ — 2|l

Additionally, f is convex if the previous inequality holds for
o = 0. The projection onto a closed convex set C' is denoted by
proj&(z) = argmin, ¢ ||z — 2w, where ¥ > 0. For a convex
function f with subdifferential 0f and ¥ >~ 0, we define the
operator [29, Def. 12.23]

prong(:r) = argmin, f(2) + 5[z — z||3.

For example, for the indicator function of a closed convex
set C, 1o, with v = N being the normal cone operator,
prox,’ (z) = proj& () [29, Ex. 1.25, 16.13, 12.25].

Operator theoretic definitions: An operator A : R” = R™ is
monotone [29, Def. 20.1] if

<y - y,,JZ‘ - J)/> Z Ov V(l‘,y), (x/?yl) S gph(A)

and [-strongly monotone if A — p1d, where Id is the identity
operator, is monotone. Let C' be a nonempty subset of R™. A
single-valued operator 7 : C' — R™ is Lipschitz continuous [29,
Def. 1.47] if there exists a constant L > 0, such that

|7 (z) = T2 < Lljlz — 2|, Va,2" € dom(T).

In particular, the operator 7 is

1) nonexpansive if L = 1;

2) attracting nonexpansive if 7T is nonexpansive with
ix(T) #@ and ||T(z) —z| < ||z — 2||,Vz € fix(T)
and Vx ¢ fix(T);

3) quasi-nonexpansive if fix(T) # @ and || T (z) — z|| <
|z — z||, Vz € fix(T) and Va € R™.

Moreover, T is a-averaged nonexpansive, for « € (0,1), if
there exists a nonexpansive operator R : C' — R" suchthat 7 =
(1 — a)ld 4+ o/R.If T is averaged nonexpansive with fix(7) #
@, then T is attracting [30, Sec. 2.A]. Additionally 7T is -
cocoercive if

(T(2) = T(y),x —y) =2 BIIT(x) = T(y)ll-

Now, let C' be a nonempty, closed, and convex subset of
R", T : R™ — R" be quasi-nonexpansive under the ¥-induced
norm || - ||y for some positive definite matrix U, i.e., || 7 (z) —
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zlle < ||& — z||w, for all z € fix(T) # @ and = € R™. We de-
fine the distance of a point z € R" to C' by

disty (z, C) :=inf.co ||z — z||v.
For r > 0, we define the set
C? = {z e R" | disty(z,C) >r}. (1)

By considering A := {r € Rx¢ | fix(T)¥, N C # @}, we de-
fine the the shrinkage function for the operator 7 under the
norm || - ||y, which slightly generalizes [Def. 1], as follows:

Dy (’I“) =lA (’I“) + infzeﬁx(T);ﬂCdiSt‘I’ (l‘, ﬁX(T))
— distg (7T (x), fix(T)). 2)

For ¥ = I, we omit the subscript of D. The function Dy has
the properties stated next in Proposition 1 (see [34, Prop. 2.6]
for the case ¥ = ).
Proposition 1: Let U be positive definite. For the function
Dy defined in (2), it holds that
1) Dy is positive semidefinite and nondecreasing;
2) Dy (dist(z, ix(7))) < ||t — T (z)||y forallz € C. O
Definition 1 (Quasi-shrinking [30]): A quasi-nonexpansive
operator 7 : R™ — R" is quasi-shrinking on a nonempty,
closed, and convex set C' C R™ if fix(7) N C # @ and D(r) =
0 < r = 0, where D(r) is defined as in (2). O
Remark 1: Suppose that a quasi-nonexpansive operator 7~
is quasi-shrinking on C, i.e., D(r) = 0 < r = 0. Then, it also
holds that Dy (r) = 0 < r = 0, for any ¥ > 0. O
Example 1: The Euclidean projection onto C, proj is quasi-
shrinking and its shrinkage function (defined in (2)) is

D(r) = inf{u‘dist(wc)Z,.}dist(u, C) — dist(projo(u),C) =r.
—_————

=0 D

Finally, we identify a class of quasi-shrinking operators, as
formally stated in Lemma 1, which generalizes the result in [34,
Prop. 2.11] and is useful for our analysis.

Definition 2 (Demiclosed operator [29, Def. 4.26]): Let C' C
R™ be a closed set. An operator 7 : C' — R" is demiclosed at
u € R™ if T(w™) = u, for any sequence (wy)reny € C' such
that limg—s o wi = w™ and limg— o 7 (wi) = u. O

Lemma 1: Let T be an operator with fix(7") # &. Let 75 be
an operator such that Id — 75 is demiclosed at 0 and such that
fix(72) C fix(T). Assume that for any w* € fix(7),

IT(w) = w3 < llw = [l —1lw - TRWlE 3
for some v > 0 and ¥ > 0. Then, 7 is quasi-shrinking on any
compact convex set C' such that C' () fix(7) # 2. O
[ll. OPTIMAL SELECTION OF GENERALIZED NASH EQUILIBRIA
A. Generalized Nash Equilibrium Problem

Let us consider N agents, denoted by the set Z:=
{1,2,..., N}, with inter-dependent optimization problems:

IIIIEIE Ji(x) = Li(x;)+ fi(x) (4a)
A
TEE G gy <0 (4b)

jez

where x; € R™ is the decision variable of agent i whereas
x := col((w;)iez) € R™, with n = >, .7 n;, is a concatenated
vector of the decision variables of all agents. Let us use x_; =
col((x;)jer\(iy) to denote the concatenated decision variables
of all agents except agent i. Let X; C R™ denote the local
feasible set of z; and J; : R™ — R denote the cost function of
agent ¢ that depends on the decision variables of other agents.
Moreover, (4b) represents a separable coupling constraint where
g; : R™ — R™ is associated with agent j. We denote the col-
lective feasible set of the game in (4) by

Q::H)cm{m |5 er 95 () go}. )
i€l
Here, we look for equilibrium solutions to (4) where no agent
has the incentive to unilaterally deviate, namely, GNE
Definition 3: A set of strategies «* := col((x});ez) is a GNE
of the game in (4) if * €  and, foreach: € 7

Ji(x") < Ji(z,x7,) (6)

forany z; € X; N {y | 9i(y) < — X jem 5y 95(25)}- 0
Furthermore, we focus on the class of jointly convex GNE
problems and hence, consider the following assumptions on
Problem (4) [13, Assumptions 1-2]. We note that [14], [15],[16],
[17], and[18] consider the case of affine constraint functions.
Assumption 1: In (4), foreach i € Z, the functions f; (-, x_;),
for any _;, and g;(-) are component-wise convex and continu-
ously differentiable; ¢; is convex and lower semicontinuous. For
each ¢ € Z, the set & is nonempty, compact, and convex. The
global feasible set €2 defined in (5) is nonempty and satisfies

Slater’s constraint qualification [29, Eq. (27.50)]. (|
Assumption 2: The mapping

F(x) := col((Va, fi(@))iez) )

with (f;)sez as in (4a), is monotone. O

Asin [13], [14], [15], [16], [17], and [18], we can formulate
the problem of finding a GNE of the game in (4) as that of a
monotone inclusion. To this end, we introduce the dual variable
X; € R™, for each ¢ € Z, to be associated with the coupling
constraint (4b). Furthermore, we focus on a subset of GNEs,
namely variational GNE (v-GNE), indicated by equal optimal
dual variables, A} = A", for all 4 € Z. As discussed in [7] and
[9], a v-GNE enjoys several desirable properties, such as fairness
and larger social stability than nonvariational ones. Under As-
sumptions 1-2, the set of v-GNEs of the game in (4) is nonempty
[35, Prop. 12.11]. The Karush—-Kuhn—Tucker (KKT) optimality
conditions of a v-GNE of the game in (4), denoted by x*, are

0 € Ny, (27) + 0x, Ji(x") + (Vgi(27),27), (8a)

0 e NR%()\,*) - Zgj(.%’;)
jer

Viel: (8b)

To obtain a v-GNE via a fully distributed algorithm, we
incorporate a consensus scheme on the dual variables. In the
full information case, one typically assumes that there exists
a communication network over which the agents exchange in-
formation to update their dual variables. Let us represent this
communication network as an undirected graph G* = (Z, )
and assume that G* is connected. Furthermore, we denote the
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Laplacian of G* by £ and the neighbors of agent i in G* by N7,
ie, N*:={j€T]|(ij) €&} Additionally, let N denote
the set of agents whose decision variable ; influences the cost
function .J;. For simplicity, we assume that N/ C N2

Now, let us denote v; € R™ as the consensus variable of
agent i, and w = (x,A,v) € R™, where A = col((X;)iez),
v = col((¢;)iez), and n, = n + 2N'm. Then, we can define the
operators A, B,C : R™ — R" as follows:

A(w) = [ [(Na,4+06:) (1) x Ngae (A) % {0}, 9)
i€l

B(w) := col(F(x), (L ® I,)A,0npm), (10)

C(w) = col(((Vgi(x:), ki) )ier, —(9i(%:))iex — (L & L),
(L@ Ly)A). (11)

We then cast the GNEP in (4) as the inclusion problem:
find w such that w € zer(A+ B +C). (12)

Similarly to [15, Th. 2], we can show that for any w such that (12)
holds, we obtain the pair (i, A) that satisfies the KKT conditions
in (8) if Assumptions 1-2 hold (see Appendix B for details).
The zero set of A+ B+ C is convex following its maximal
monotonicity (Lemma 4 in Appendix B) and [29, Prop. 23.39].
This result generalizes the known convexity of the solution set
to a convex optimization problem [29, Prop. 11.6], which in our
case is recovered by setting f; = 0 for all 7. Additionally, as X is
bounded, the set of solutions of (8) and the set zer(A + B + C)
are bounded [36, Prop. 3.3].

B. Optimal Equilibrium Selection Problem

The inclusion problem in (12) may have multiple solutions.
In this section, we want to find an equilibrium solution that
minimizes a selection function, denoted by ¢ : R™ — R, i.e.,

argmin  ¢p(w

w () (13)
s.t. wezer(A+B+C).

For example, we can consider the selection function
Pex (W) = [[Qw — ™| (14)

for some @ = 0. When Q = I and w™ = 0, the objective is
to find a minimum norm v-GNE. The vector w™ can be any
desired strategy of the agents, and thus the objective is to find
the v-GNE closest to this strategy, as discussed in [23] and [24].
In some engineering applications, such as electrical networks,
(14) can represent system level objectives (see Section VI). In
the remainder of the article, we consider the following technical
assumption on the selection function, which, together with the
convexity of zer(A + B + C), guarantees that the optimization
problem in (13) is convex.

Assumption 3: The function ¢ in (13) is continuously
differentiable, convex, and has Lg-Lipschitz continuous
gradient. ]

To compute an optimal variational GNE, we first derive op-
erators with the property

wezer(A+B+C) & w e fix(T) (15)

and such that the Banach-Picard iteration of 7 [29, Sec. 5.2]
guarantees convergence to a solution of the inclusion in (12).
For instance, for cocoercive generalized games, a pFB operator
presents the desired characteristics [15], whereas the forward-
reflected-backward (FRB) operator [37] or the FBF operator [38]
meet these requirements even for general monotone games.
Furthermore, we require that the operator 7 in (15) can be
evaluated in a distributed manner. By (15) and Assumption 3,
the optimal equilibrium selection problem in (13) can be cast as
a fixed-point selection VI

find w* s.t. infcpy(7) (W — w*, Vo(w*)) > 0. (16)

C. Distributed Optimal Equilibrium Selection Algorithm

With the aim of solving the VIin (16), we consider the HSDM
algorithm [30], which is defined by the following iteration:
WD = T(w®) - V(T ™). a7
The HSDM can solve Problem (16) when 7T is quasi-
nonexpansive and quasi-shrinking with bounded fix(7"), as for-
mally stated next.
Assumption 4: The step size 3(F) satisfies the following:
D) limg oo B(k) =0, Zk>1 ﬂ(k) = 00
2) Fpe1(BM)? < oo, O
Remark 2: The sequence 3*) = g, /kP, for any By > 0 and
p € (1/2,1], satisfies Assumption 4. O
Assumption 5: T is quasi-shrinking on a nonempty compact
convex set C'. ]
Lemma 2 (From [30, Th. 5]): Let Assumption 3 hold and *
be the set of solutions of the VI in (16), with nonempty and
bounded fix(7). Suppose that T satisfies Assumptions 5 with
compact convex set C' such that (w(k)) k>0 C C. If the step size
B satisfies Assumption 4.i, then the HSDM in (17) generates
a sequence (w ),y such that

lim dist(w®), Q*) = 0.
k—o0 O

Therefore, our main technical task is to find a suitable operator
T that can be evaluated in a distributed manner and that satisfies
both (15) and Assumption 5.

Under mere monotonicity of the pseudogradient mapping
(Assumption 2), perhaps the most obvious choice is the FRB
splitting, which, however, is not quasi-nonexpansive! (and, thus,
itis not quasi-shrinking). Another viable option is the FBF split-
ting method [38], which works for v-GNE seeking in monotone
games satisfying Assumptions 1-2, as shown in [13] and [17].
As our first technical result, we show that the FBF algorithm
satisfies both the desired property in (15) and Assumptions 5.

'FRB iteration does not generate a Fejér monotone sequence [37, Prop. 2.3],
implying that it is not quasi-nonxepansive and violates Definition 1.
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The FBF operator for (12) reads as follows:

YB+0C)(Id+ v tA)!
{B+C)+ v H(B+C))(w)

ﬁBF(w) =
. (Id — U

(1d— 0~
(18)

where ¥ > 0 is a diagonal positive definite matrix. The FBF
requires the forward operator, which is (B + C), to be Lipschitz
continuous. A sufficient condition for this requirement is given
in Assumption 6 (see Lemma 5 in Appendix B).

Assumption 6: The mapping F(x) in (7) is Lg-Lipschitz
continuous. Furthermore, for each ¢ € Z, the function g; in (4b)
has a bounded and Ly -Lipschitz continuous gradient. 0

Under maximal monotonicity and Lipschitz continuity, it
holds that zer(A+ B+ C) = fix(Trpr) (see Lemma 6 in
Appendix C). In addition, we define the step-size matrix

U :=diag(p ', 71,07 (19)
where p = diag((p;In,)icz), T = diag((7iln)iez), and o =
diag((o;1,,)icz) need to be small enough with respect to the
Lipschitz constant of B+ C. A sufficient condition on ¥ for
the fixed-point iteration with 7ggp to converge is given in the
following Assumption 7 [17, Assumption 2].

Assumption 7: Ttholds that [0 ~1| < 1/Lp, where Lg > 01is
the Lipschitz constant of 3 + C and W reads as in (19). O

We are now ready to present the distributed FBF for seeking
an optimal variational GNE based on the selection function ¢ (w)
via the HSDM, as shown in Algorithm 1. To have a convergence
guarantee as stated in Lemma 2, the FBF operator must satisfy
Assumption 5. This is shown in the following lemma.

Lemma 3: Let Assumptions 1, 2, 6, and 7 hold. The operator
Tegr in (18), where A, B, and C are defined in (9)—(11) and ¥
is defined in (19), is quasi-shrinking on any compact convex set
C such that C N fix(Trpr) # 2. O

Thus, Algorithm 1 generates a sequence that converges to the
solution set of the problem in (16), as stated next.

Theorem 1: Let Assumptions 1-4 and 67 hold. Let 2* be
the set of solutions to Problem (16) with 7 = Tggp defined in
(18), where A, B, and C are defined in (9)—(11). Let (w(k))keN,
where w*®) = (2(®) A(¥) (k) be the sequence generated by
Algorithm 1. Then, limy,_,, dist(w®), 0*) = 0, and () zey
converges to an optimal v-GNE of the game in (4). 0

Remark 3: A central coordinator and step 5 of Algorithm 1
are not needed if ¢ is a separable function, i.e., ¢(w) =
> iz ®i(w;). Inthis case, step 6 can be immediately executed by
using local information (z gk) A(k), l(k)) only, as long as each
agent ¢ knows the gradient V¢;. 0

V. OPTIMAL EQUILIBRIUM SELECTION IN COCOERCIVE
GAMES

In this section, we discuss a special class of monotone games,
namely cocoercive games with affine coupling constraints, char-
acterized by the following Assumptions 8 and 9 constraints.
These games arise as a generalization of the widely studied class
of strongly monotone games [15], [11]. Differently from the

Algorithm 1: Optimal v-GNE Selection via FBF and
HSDM.

Initialization: z\” € x;, \\¥ ¢ R, and v(”) € R™,
Vi e T. N
Iteration of each agent i € 7.
1) Receives x( ) from agent j € N/ and A
agent j € ]\/,L’\
2) Updates:

(k) ( ) from

igk) = proxglﬂ){ (a:l(»k) - pi (infi(m(k))
T,
):Ek) = Proj ()»gk) +7; (gi(:vgk))
+ e (P = a0 10P))),
R Y (Agm _ A;_z«:)) .
3) Receives ;%gk) from agent j € j\f{’ and ):;k)7

agent j € N
4) Updates:

D](k) from

i =2 — p vxifi(i'(’“))—

—i—Vgi(:i,f-k))T Vg( (’f)) A(k)),

AL

A (gi@’”) ~ gi(")
~(k k ~(k k
+ 2 jens (VZ( -y )_Vg(' )+”a(' ))

~ Y jens (A( B e +A§k))),

A =59 005 (2 5 4.

7

5) Sends (z; (k) A(k) (k)) to a coordinator and receives
back V, ¢(x (®) l(k) v(F)), where w; = (4, A, ;).
6) Updates:

(@HD H (D) (kD))

= (&, 2P 5k

— BRIV, 0™, A", k). (20)

strong monotonicity assumption, however, cocoercivity alone
does not guarantee uniqueness of the v-GNE.

Assumption 8 ([14, Assumption 5]): The mapping F'in (7) is
1)-cocoercive. O

Assumption 9 ([14, Eq. (3)]): For each ¢ € Z, the function
g; in (4b) is affine, i.e., g;(x;) :== A;x; — b;, for some matrix
A; € R™*"i and vector b; € R™. O

For this particular class of games, the pFB splitting [15] can ef-
ficiently compute a variational GNE. We note that, although [15]
considers games with strongly monotone pseudogradient, the FB
splitting only requires cocoercivity of the forward operator[29,
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Th. 26.14]. Compared with the FBF, the pFB has the advan-
tages of only having one communication round per iteration (as
opposed to two) and larger step size bounds. A numerical per-
formance comparison was provided in [17]. Given the particular
structure of the coupling constraint as stated in Assumption 9,
we can rewrite the operators in (12) as follows:

A(w) i= [ [(Na,+06:) () x Ngagn (A) x {Onm}, (1)
i€l

B(w) := col(F(x), (L& In)A + b,0nm), (22)

C(w) :=col(A'A, ~Azx — (L& I,)v, (LR I,)A) (23)

where A = diag((4;)iez) and b = col((b;);ez). Thus, the pFB
operator for the monotone inclusion in (12) based on the opera-

tors A, B, and C in (21)—(23) is given by [15, Eq. (24)]
Tor(w) := (Id+ &1 (A+C)) M (Id - 7 'B)(w) (24)

where ® >~ 0 is a preconditioning matrix, defined as

0 —AT 0
O:=U+ |—-A 0 —L® 1L,
0 —Lel, 0

where W is as in (19). Then, we can have an extension of the pFB
for the v-GNE optimal selection of cocoercive games, as stated
in Algorithm 2. The step sizes in ¥ need to be small enough
with respect to 1 and to the matrices defining the constraints,
as highlighted in Assumption 10, which states the sufficient
conditions for the convergence of the pFB (see [15, Eq. (27)
and Th. 3]).
Assumption 10: Foralli € T
1) pi < (maxj=1,n; Dopey [[A] ikl +0)75
2) 7 < (maxj=1,. . n; dopey |[Ailjr] +2INF | +6)7h
3) 0; <(2IN}|+6)7t, where §>1/(min(n, (2 max;ez
APD)). 0
Theorem 2: Let Assumptions 1-4, 6, and 8-10 hold. Let Q*
be the set of solutions to Problem (16) with 7" = ;g defined in
(24), where A, B, and C are defined in (21)—(23). Let (w®))en,
where w®) = (z(®) 1) L)) be the sequence generated by
Algorithm 2. Then, limy,_,, dist(w(k), Q%) =0, and (:c(k))keN
converges to an optimal v-GNE of the game in (4). ]

V. ONLINE TRACKING OF OPTIMAL GENERALIZED NASH
EQUILIBRIA

A. Online Optimal Equilibrium Tracking Problem

In the second part of this article, we consider the online GNE
selection problem. Specifically, let us introduce the time-varying
game

min Jit(x) (26a)
IiEXi’t
Vie N,Viel:
s. t. Zgj,t(xj) <0  (26b)
jeT

where ¢ denotes the time index. The problem is time-varying
in the sense that the objective functions of the agents, as well
as the constraints, may vary over time. We assume that each
instance of the games in (26) satisfies Assumptions 1 and 2. The

Algorithm 2: Optimal v-GNE Selection via pFB and HDSM
for Linearly Coupled Cocoercive Games.

Initialization: z\” € x;, A¥ € R7, and v”) € R™,
VieT. -
Iteration of each agent i € 7.
1) Receives xﬁk) from agent j € NV and )\g-k) from agent
j € Nj.
2) Updates:

i) = proxy’,, . (arz(»k) — pi(Va, fi(2™) + AZ)\Z(.’“))) :

P = =0 Y (Az('k) - Ag“) '

3) Receives ﬁ](k)

4) Updates:

from agent j € N7

)O\Ek) = Proj ()»l(»k) +7 (Az-(2i"§k) — xl(k)) —b;
e (200 = 20—y 4 )

S (8-,

5) Sends (:cgk) ) igk), Iji(k)) to a coordinator and receives
back V,,,p(z*), A% 5(F)) where w; = (x4, As, 14).
6) Updates:
(@FHD 4D (4D

i )

= (@20 50 — v, e@®) A® pE). (25)

7

time-varying GNE selection problem thus concerns the tracking
of the sequence (w})ien

argmin = ¢ (w) (27a)
VieN: w) = ©

s. t. w € zer(A; + By +Ct). (27b)

The problems in (26) and (27) are a sequence in time of instances
of (4) and (13), respectively. The operators Ay, B;, and C, are
defined in (9)—(11), for the game in (26) at time step ¢. The agents
need to compute the action w1 1, having only access to the game
formulation up to time ¢. This setup describes the case in which
the agents act in a variable environment with limited computa-
tion capabilities, so that they cannot compute the exact optimal
selection before changes in the problem (either in the selection
function or in the game) occur. The problem in (27) reduces
to an online optimization problem for |Z| = 1, see, e.g., [33]
and the references therein. Inspired by the online optimization
literature, we propose to track the solution sequence (wj)ien
by computing at each time step ¢ an approximate solution of
the problem at time ¢ — 1. Such a solution principle is based on
the assumption that w}_; contains information on wj, which
is a standard assumption in online optimization, see e.g. [26,
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Assumption 1], and [39, Assumption 3] and it is introduced
next.
Assumption 11: There exist § > 0 such that

sup [[wiyy —wifl <4 0
€
For every t€ N, and by choosing 7; such that

w € zer(A + By + C;) & w € fix(Ty)

wy in (27) can be equivalently found as the solution of the time-
varying fixed-point selection problem

infweﬁx('ﬁ)("u - w:, VCZ)t(UJ;» > 0.

The sequence (w}):en is well defined when, for each ¢, the
solution of (27) is unique. Let us then introduce the following
assumption, which guarantees uniqueness if fix(7; ) is closed and
convex for all ¢ [28, Thm. 2.3.3]. This is the case, for example,
when 7; is quasi-nonexpansive [30, Prop. 1a]

Assumption 12: The selection function ¢; : R™~ — Rin (28)
is continuously differentiable, o-strongly convex, and has Lg-
Lipschitz continuous gradient for all t € N. d

Remark 4: Under Assumption 12, if 7; = T, for all t € N,
and the selection function at time ¢ is the sampling of a function
that varies continuously over time, thatis, ¢; (w) = ¢(w, t), then
an estimate for § in Assumption 11 can be found. In fact, if
¢(w, t) is continuously differentiable, we find by [40, Thm. 2F.7]
that the mapping from ¢ to the solution of (28) is locally Lipschitz
continuous with Lipschitz constant o~ !|V;¢(w;, t)|. Thus, if
the time variation between two consecutive time steps ¢ and o is
small enough, § canbe estimated as o~ |V p(w7, , 11)|(t2 — t1).
The solution mapping is in general discontinuous when 7y is
time-varying; thus, a similar estimate cannot be found in the
general case. g

(28)

B. Online fixed point tracking via the restarted HSDM

The existing results on the HSDM algorithm study the asymp-
totic behavior with vanishing step size () e (see Assump-
tion 4). However, in online scenarios, decision makers may
not have the computational capability to exactly compute the
fixed point of the algorithm, since that would require an infi-
nite amount of iterations in a limited time span before a new
instance of the problem becomes available. Thus, we propose
an algorithm that only performs a finite number of HSDM
iterations per time step. Consequently, the sequence of step sizes
becomes truncated and a sequence of vanishing step sizes, which
is required for the convergence of the HSDM, cannot be defined.
We therefore simplify the analysis by considering a constant
sequence of step sizes.

Let us introduce the restarted HSDM algorithm. Given an
initial state w1, for each t € N, we propose the following:

(k+1) Wi, fork =1,
y = (k) (k) _
7;(y )_ﬂV(bt(ﬁ(y ))7 fOI'k—2,...,K7
wipy =y FTY, (29)

In words, at each time step ¢ the auxiliary variable y*), with
k=1,...K,is updated with K iterations of the HSDM. Then,

the decision variable at time step ¢ + 1 is obtained as w1 =
y B+ The algorithm is then restarted when the information
on the problem for the next time step becomes available. Next,
let us postulate the following technical assumptions:
Assumption 13: There exists a compact set ) such that

wy € Yforallt € N. O
Assumption  14: There exists U > 0 such that
SUPwelJ, _ Im(T;),ten | Vor(w)| < U O

The set Y introduced in Assumption 13 is only used in the
analysis and its existence is practically reasonable, since we can
assume that we do not aim at tracking a divergent sequence.
Assumption 14 is in line with the online optimization literature
(see [41, Assumption 5], [39, Assumption 5], among others).

As shown in Section III-C, the HSDM method converges to
the solution of a selection problem over the fixed point set of
a quasi-shrinking operator. In the online scenario, assuming the
operator 7y to be quasi-shrinking for all ¢ is not enough, as the
quasi-shrinking property might not hold asymptotically. Thus,
we also postulate the technical Assumption 15.

Assumption 15: (Uniformly quasi-shrinking operator) For
any closed convex set C such that C N fix(7;) # @, there exists
D : R>¢ — R positive semidefinite such that Dy (r) > D(r) for
all te Nand for all 7 > 0, where D, () is the shrinkage function
of T; defined as in (2). O

Remark 5: Assumptions 13-15 are satisfied for example
when at every time step ¢, the feasible set of Problem (27)
is selected among the GNE sets of finitely many monotone
games with a compact decision space. In fact, let (Tp)M,
be the set of FBF operators such that, for all ¢ € N, there exists
h € {1,...,H} such that zer(A; + By + C;) = fix(Tel). The
operators (E%F)thl are quasi-shrinking. Let us denote with
D" (.) the shrinkage function of T¢/4. As the minimum among a
finite number of positive semidefinite functions is such, Assump-
tion 15 is then satisfied with D(r) = minpcy, . gy D" (r). Fur-
thermore, Assumption 13 holds with ) = Uthllm(E}ﬁF), which
is compact, and Assumption 14 holds as V¢, is L,—Lipschitz
continuous for all ¢ on a compact set. O

We find that the restarted HSDM (29) asymptotically tracks
the solution trajectory of the online fixed point selection problem
in (28), with an asymptotic error that can be controlled up to the
variability of the problem, ¢, via an appropriate choice of 5 and
K, as shown in Theorem 3.

Theorem 3: Let Assumptions 11-15 hold. Let the sequence
(w¢)ten be generated by the restarted HSDM in (29). For any
~ > 0, there exist 8 € (0 29 ) and K, such that, forall K > K,

' IZ
)
the sequence (w;)sen is bounded and
+42)

1~ . _x2 < ('7 30

Htflzlolpnwt wi |l 1B a (30)
where a« = (1 — 7(B)¥ < 3 and 7(8) = 1-
\/1 — B(20 — BL2) € (0,1). O

Remark 6: As it emerges from the proof of Theorem 3 (see
Remark 10 in the Appendix), to control the approximation error
in (30), 8 must be chosen small so to obtain small values of ~.
However, the value 7(3) tends to 0 for small values of 5. This
leads the denominator in (30) to be small for small stepsizes,
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unless the number of iterations K is increased. Therefore, a
smaller step size leads to a better approximation error only if it
is shouldered by an increase in the number of iterations of the
algorithm per time step. |

In the next section, we use the restarted HSDM to solve the
online GNE tracking problem in (27).

C. Distributed Optimal Equilibrium Tracking Algorithm for
Monotone Games

We recall from Section III-C that the set of v-GNEs for a
monotone game can be characterized as the set of fixed points
of the operator Trgr defined in (18). Thus, for the time-varying
game in (26) at time ¢, let Trgr,; be the FBF operator defined as

Trnra(w) = (14 = U1 (B, + C))(1d + T A)
(1= U YB, +C)) + U B+ C))(w)

where A;, B;, and C; are those in Problem (27) and associated
with the game in (26) at time ¢. The solutions of the time-varying
GNE selection problem in (27) are equivalent to the solutions of
(28), with 7; = Trgp,; for all t. By Lemma 3, Tggp ¢, for each ¢, is
a quasi-nonexpansive, quasi-shrinking operator. Therefore, the
restarted HSDM algorithm in (29) can be employed for tracking
the solution trajectory, with an asymptotic tracking error given
by Theorem 3. We can then bound the asymptotic optimal GNE
tracking error of Algorithm 3 by using Theorem 3, as formally
stated next.

Corollary 1: Let us consider the online GNE tracking prob-
lem in (27) for the time-varying game in (26) that satisfies
Assumptions 1, 2, 6, for each ¢ € N. Suppose that Assumptions
11-14 hold and let 7; = Trpr,¢ satisfy Assumption 15. Then,
for any v > 0 there exist 5 € (0, iz 2) and K such that, for any

3D

K > K, the asymptotic tracking error of Algorithm 3 is given
by (30). ]

Remark 7: The solution sequence computed by Algorithm 3,
(w¢)ten, can violate the constraints of the game in (26). Such
violation can be estimated using the Lipschitz continuity of g;
forall¢ € Z (which follows from Assumption 1) and Theorem 3.
Let us denote with L, the maximum Lipschitz constant of g; ;,
forall i € Z and t € N, and by (z;)icz the primal variables
associated to w;. Then

v+ 62
li <L .
Remark 8: The result of this section holds similarly if we
substitute the FBF operator with the pFB operator in (24), which
is quasi-shrinking (see the proof of Theorem 2), for cocoercive
games with affine coupling constraints. O

]

VI. ILLUSTRATIVE EXAMPLE

We consider a peer-to-peer electricity market clearing prob-
lem with operational constraints of the electrical network,
adapted from [2]. We assume that each bus of a distribution
network consists of one agent that has access to either a storage
unit or a dispatchable generation unit. Each agent ¢ € 7 has
decision authority on the power generated pi 5 the power bought

Algorithm 3: Optimal v-GNE Tracking via FBF and

HSDM.
Initialization: z; o € X, A; 0 € RYj, and v; o € R™,
Vi e T

Iteration at time ¢ € N of each agent ; € 7:

1) Receives J; +(+), gi+(-), and X 4.

2) Assigns x( ) it )L(» ) it

3) For k = 1 LK

1) Receives :%;k) from agent j € NV and X§k)7
agent j € N7,

2) Updates:

k k 7
il )fproxélﬁw ( P —pi(Va, fia (@)

+Vgis (& (k))T)L(k)))

1)

,and ;7 <= v .

ﬁj(-k) from

iz('k) = projsg (iz(‘k) + T (gi,t(jz(‘k))
k ~(k > (k > (k
By (o -0 -39 439)).
~(k ~(k k > (k
l/z»( ):V1$ )_JiZ]EN ()\.( ) )\.g )>

3) Receives ig.k) from agent j € NV and Xé.k), Dj(k) from
agent j € N7
4) Updates:

i =30 = pi (Ve fia (@) = Vo fia(@0)+

ngt( ))T)L — Vgis ( (k))Tk(k))

1 =3 b (00 @) i@ )t
ey (70 =9 =5 +9)
Syen (A =4 =30 i),

o =50 =0y e (A A -2 +30)).

5) Sends (z; (k) A(k), Z(k)) to a coordinator and receives

Ve, dt(T fk) A(k) l(k)) where w; = (x4, Ai, V;).
6) Updates:

(£(k+1)7 i(k+1), ﬁ(k+1))

— (305 50y gy g (5050 50y,

End For
(K+1

4) Sets 2 441 < & +1)

(K+1)

) S (K .
s A1 A Vi1 U

from the main grid p;';, the power drawn from the storage unit
i1, the power traded with the trading partners pt(ri) i d € N,
and the phase at the bus 0; j, over the horizon h = 1,..., H. Let
us denote x; 5, = col(pf ), i, Py (P jy.n)iens, Oin), for all
i€Zandh =1,...,H, and denote x; := col((x; p)n=1,.. 1)
x := col((x;);cz). Each agent aims at minimizing its local cost
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function [2, Eq. (17)]
H T
Ji(x) = 3 h—1 fig,h(ng,h) + ;,h((pt(ri,j),h)jENi)

mg

+ finwin )

(32)

where f;', encodes the cost or revenue of the trading with
other agents and le * encodes the cost of purchasing energy
from the main grid as in [2, Eq. (11)], while ff ,, s a linear
function which encodes the cost of power geﬁeration. The
local feasible sets X;, ¢ = 1, ..., N include the satisfaction of
the power demand at the bus, as well as the operating con-
straints of the generators and storage units. The shared con-
straints are of the form g(x) < 0,,_, with g affine. They in-
clude the operating limits of the grid, the trading reciprocity
{pt(rm)’h = —p‘(rj,i)’h, VieN,VjeN}, and the linearized
power flow equations with de approximation {p, + pj'), +
G jenPin + 2 jen, Bij(0in — 051) = 0}, where 1 €
{0,1} is 1, if and only if ¢ is connected to the main grid, B;
is the set of buses that are connected to bus ¢ on the electric grid,
and B is the susceptance matrix. We note that the game satisfies
Assumptions 1 and 2. We consider the IEEE 13-bus distribution
feeder for our numerical simulations, performed in MATLAB.

We first simulate the day-ahead market clearing (with 24
hourly time steps) via the standard FBF-based algorithm, which
can obtain a v-GNE, and Algorithm 1, which solves the optimal
selection problem of this game. Specifically, we consider the
GNE selection function

" ) _
¢(@) = 31 {llpy, — P2, + 1Py E1G,, + 110n — 0113,

+1GOWG,+ IPhNG, + PR lG, -+ MG, + w17,
(33)

where we denoted in bold the column stack of the respective
variables for each agent and the matrices (), are diagonal
positive definite. We choose p® to be the column vector of
the maximum generation production for each agent, in order
to maximize the renewable energy production, and 6 to be a
vector which elements are all equal to the phase of the node
connected to the main grid, in order to reduce the grid imbal-
ances. The cost factors related to p™¢, p™, p™ aim at reducing
the burden on the transmission grid, increasing the lifespan of
the storage units, and reducing the load of the trading platform,
respectively. The terms in A and v act as regularization of the
dual variables. Finally, G is a matrix that maps the phase of
the nodes to the power flowing through the lines. In this test,
we aim at maximizing the lifespan of the grid lines by setting
the nonzero elements of (), to be large. We observe that, as
expected, the solution obtained by Algorithm 1 achieves a 10.8%
lower value of the selection function defined in (33) compared
with the one achieved by the standard FBF, since the v-GNE
computed by Algorithm 1 minimizes (33). In Fig. 1, we observe
that Algorithm 1 generates solutions with less congestion (power
flow) than that of the standard FBF, as intended by the term of
the selection function in (33) weighted by Qpr.

Second, we test Algorithm 3 on a real-time market scenario,
formulated as a time-varying game. Because of the variability
along the day of the power demand, the local power balance

1
2 4 6 8 10 12 14 16 18 20 22 24
t (hours)

Fig. 1. Total power flow achieved by the proposed algorithm compared
to standard FBF in the day-ahead market scenario.

Q 40
7-107"
30
10-107* 20
1-10' 3-10' 5-101 7-10" 9-10!
K
(b)
Fig. 2. Algorithm performance for several restarted HSDM param-

eters. (a) Average residual with respect to the baseline sequence

Ret1 () (percentage). (b) Average cost improvement with respect
Ryq1(with)

beg1(wi)=dry1(whB)
¢>t+1(w:BF)

to the baseline sequence (percentage).

constraint defined in [2, Eq. (6)] depends on ¢. The constraints
of the game are therefore time-varying. We aim at computing a
v-GNE that minimizes the power flowing on the line connecting
buses 632 and 671 during peak hours. Thus, we consider (33) as
the selection function at each ¢ where the element of () related
to this line is time-varying, i.e., it is set high between the peak
hours, i.e., 8 A.M. and 4 P.M. We note that this setup falls into
the case considered in Remark 5, as only a finite umber of game
instances are considered, whilst (¢;); satisfies Assumption 12.
The problem is solved every 15 min using the power balance
constraints and selection function formulated at time-step t.
After the computation is performed, the system implements the
computed v-GNE at time ¢ + 1. The simulation is run over a24 h
span, thus resulting in 96 consecutive instances of GNE selection
problems. Due to the relatively short sampling time, the demand
is not expected to vary a lot between two consecutive game
instances. We can then consider Assumption 11 to be satisfied.
We run the simulation for different values of the parameters K
and 5 and we compare the results with the baseline solution
(w¥BF) obtained by running at each time-step the standard FBF
algorithm for a limited (9 - 10%, that is, the largest K on which
we tested the restarted HSDM) number of iterations. Fig. 2(a)
illustrates the relative average residual obtained by restarted
HSDM with respect to the baseline solution, where the residual
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is computed as

Rit1(we) = || Tepe,t41(we) — we|-

The residual provides a measure of the constraint satisfaction for
the problem in (27) and we observe a comparable performance.
However, our algorithm achieves a significant improvement on
the selection function values, as shown in Fig. 2(b). Furthermore,
increasing K might lead to a reduction in cost advantage, as
outlined by Fig. 2(b), because for low values of K the solution
approaches the unconstrained minimizer of ¢;, while for high
values of K it approaches the minimizer within the v-GNE set.
We also observe that a diminishing /3 implies a slower reduction
of the cost function, which results in a higher cost as shown
in Fig. 2(b). Each iteration of the algorithm is computed in
approximately 15 ms, thus in the considered 15 min timestep
an agent is able to compute circa 6-10* iterations. In the
simulations, we consider larger values of K to show the benefit
of the iterations on tracking precision.

VIl. CONCLUSION

The optimal generalized Nash equilibrium selection problem
in monotone games can be solved distributively by combin-
ing the hybrid steepest descent method with an appropriate
fixed-point operator. The key requirement to guarantee con-
vergence to the set of optimal generalized Nash equilibria is
the quasi-shrinking property, which holds true for certain fixed-
point operators. The hybrid steepest descent method can also
be modified to track a time-varying optimal generalized Nash
equilibria. The resulting approach is suitable for real-time deci-
sion making in multi-agent dynamic environments. Future works
include: 1) improving the convergence rate of the proposed
method via second-order information of the selection function
and/or inertial terms; 2) developing distributed Tikhonov-based
methods for generalized Nash equilibrium selection problems
as benchmarks for the proposed method.

APPENDIX A
PROOF OF LEMMA 1

We prove by contradiction. We assume that there exists 7 > 0
such that Dy (r) = 0. Thus, by the definition of Dy in (2), there
exists a sequence (wg)gen € (fix(7)Y,)NC such that

Jim disty (wr, fix(T) — disty (T (we), Bx(7T)) = 0.
By the definition of projection, we have
disty (T (wi), ix(T)) = | T (wr) = projger (T (@) | w
< [T (wk) = projgeen (@r)lw. (34

By the quasi-nonexpansiveness of 7 (implied by (3)) and the
latter inequality

0 < [lwr = projgyr (@) e =T (wr) — projgy ) (wi) v

=disty (wy,fix(7T))

< disty (w, fix(T)) — disty (T (wp), fix(7)) 2= 0.

It follows that
1. _ A _
Jim [wr — Projgr (Wi)lle — [T (wk)

— projg e (wi)[w = 0.
By (3), we then have that
lwi = Ta(wi) g <

S (lwk = projg o (Wi lI§ — 1T (wk) — projgy ) (@i)13) <
2 (|lwr — projgyer (wr)llw = 1T (wk) = projgyer (wi)lw)
where the latter inequality follows from a? — b? = (a — b)(a +
b) for a,b € R and where we substituted d := sup,,c¢ ||wi —
w||w, which is finite since the set C' is compact. We conclude

. 2
iy — Ta(wi) 3 = 0. (35)
By the Bolzano—Weierstrass theorem and the boundedness of
wy;, there exists a convergent subsequence (wy, );eny With accu-
mulation point w™. By (35), lim; 3 T2(wy,) = w™.

By the demiclosedness of Id — 73 and by fix(7z2) C fix(7),
w® — T (w™®) =0 = w™ € fix(T2) = w™ € fix(7T). How-
ever, since (fix(7)¥Y,) () C'is aclosed set, then w™ € fix(T)¥,,
which is in contradiction with w™ € fix(7). n

APPENDIX B
PROPERTIES OF OPERATORS A, BB, AND C IN (9)—(11)

Lemma 4: Let Assumption 1 hold. Then, the operators A, 5,
and C in (9)—(11) are maximally monotone. Thus, A + B + C is
also maximally monotone. ]

Proof: By Assumption 1, Ny, and 9¢; are maximally mono-
tone [29, Thm. 20.25 & Example 20.26]. The operator A is thus
maximally monotone by [29, Prop. 20.23 & Cor. 25.5]. The oper-
ator F'is maximally monotone by Assumption 2 and by continu-
ity in Assumption 6. Meanwhile L is a linear positive semidef-
inite operator and, therefore, it is maximally monotone; thus,
the operator B is maximally monotone. We can write C = C; +
Ca, where C1 = col(((V,9i(xi), Ai))iez, —(9i(2i))iez, Onm)
and Co = col(0,,, — (L ® I,)v, (L ® I,,,)L). The operator C;
is maximally monotone by continuity and by noting that, for
any w,w’ € R" x RN x RN™

(Ci(w) = G (W), w =)

= Dier(9i(x}) = gi(@i) = Va,gi(2i) " (2] — 23), Ai)

+ Dierl9i(@i) — 9i(@}) — Va,9i(2}) " (zi — 27),25) = 0
where the inequality follows by the convexity of g;. As Cy is a
linear skew-symmetric operator, it is maximally monotone [29,
Ex. 20.35]. By invoking [29, Cor. 25.5], the result follows.

Lemma 5: Let Assumptions 1 and 6 hold. Then the operators
B, C,and B + C, defined in (10)—(11), are Lipschitz continuous.

Proof: Due to Assumption 6, the operator B is L p-Lipschitz
continuous. Lipschitz continuity of C can be evaluated as fol-
lows. Similarly to the proof of Lemma4, letus splitC = C; + Cs.

The operator C, is Lipschitz continuous by linearity, while
Lipschitz continuity of C; is shown as follows. Let us denote
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the bound of V, gi(z;) by by, . i.e., ||V, gi(x;)| < byg, (c.f.
Assumption 6) and the bound of A; by by,, for all 7 € Z, which
exists due to [36, Prop. 3.3]. For any w,w’ € R*+2Vm

€1 (w) — Ca(w)]?

{1}
< Yier (2Vaigi(@) T (i = )12 + lgi(wi) — gi(a))|1?
+2/|(Va, 9:(2:) = Va,04(5)) ' 2]1%)

{2}
< Yier @IVa,gi(@a) TIPl1A: = A1 + 0Ty, Il — 241>

+2 311V, 9i (i) = Va,g6(25)]1?)

3}
< Pier (268, 2 = 45112 + (263, LY, + 0%, ) i — 25 ?)
< i max(203, 202 L2 + b2 )wi — )2

where {1} follows by adding and subtracting the term
V. g:(z;) ") and by the bound |la + b[|? < 2|a||* + 2||b]|%;
{2} is obtained by the Cauchy-Schwartz inequality and
by the fact that g; is Lipschitz since it has a bounded
gradient; {3} is obtained by the Lipschitz continuity of
Vz,gi. Hence, Cy is L¢,-Lipschitz continuous, where L¢, =

max;ez(max(2byy,, /207, L3, + bg,,)). Since the sum of

Lipschitz continuous operators is Lipschitz continuous, the re-

sult follows. |
APPENDIX C

RESULTS AND PROOFS OF SECTION |l

The following lemma shows the equivalence between
zer(A + B+ C) and fix(Trpr).

Lemma 6: Let Assumptions 1, 2, 6, and 7 hold. Furthermore,
let 7rgr be defined by (18) while A, B, and C be defined in
(9)—(11). Then, fix(7rpg) = zer(A+ B+ C). O

Proof: The proof is analogous to that of [17, Prop. 1]. |

The following lemma is used to prove the quasi-shrinking
property of the FBF operator (18).

Lemma 7: Let A and 5 maximally monotone and I3 contin-
uous. Let

T=>0d+V'A)1d - T 'B).

Then, Id — 7 is demiclosed at 0. O
Proof: Let us consider a sequence (v )ken such that

Jlim (1d = T)(vg) = 0.

lim v, = v,
k—ro0

We want to prove that v — 7 (v) =0 or, equivalently, v €
fix(7). Let us define uy := (Id — 7 )(vg). Then,

v —ugp = (Id+ U1 A)"H(Id — U B)(v,)

& (1d— U 'B)(vg) € (Id+ U1 A) (v, — ug)
v — U Bog) +up — v € UL A(vy — up)
< —B(vg) + Yuy, € A(v, — ug).

By the continuity of B and [29, Fact 1.19], we conclude
that limg— o —B(vy) + Yup = —B(v). By [29, Prop. 20.37]
and the monotonicity of A, gph(A) is closed. Therefore,

since limg—y o, v — ux = v, we conclude that —B(v) € A(v).
By [29, Prop. 26.1(iv)], we obtain v € fix(T). [ |

A. Proof of Lemma 3

By Lemmas 4 and 5, the operator .4 is maximally mono-
tone whereas the operator B + C is maximally monotone and
Lipschitz continuous with Lipschitz constant denoted by Lp.
Then, [17, Cor. 1] shows that 7 is quasi-nonexpansive under
Assumption 7. Specifically, it holds that [17, Prop. 2]

L2 ~
@ — wll}

o (36)
where w* € fix(Trr), ftmin(P) is the smallest eigenvalue of
Vandw = (Id + ¥ 1A)"1(Id — ¥ }(B + C))(w). Finally, we
prove that 7ggg is quasi-shrinking by invoking Lemma 1.
Specifically, we choose T2 = (Id + U1 A)"1(Id — U 1(B +
C)). By [29, Prop. 26.1(iv)] and Lemma 6, fix(73) = zer(A +
B+ C) = fix(Trpr). Moreover, Lemma 7 shows that Id — 7
is demiclosed at 0 and (36) is indeed the inequality in (3) for
TeBE. u

Remark 9: Although [17, Cor. 1] shows quasi-non-
expansiveness of 7Trgr and [17, Prop. 2] shows the inequality
in (36) for Problem (4) with a linear coupling constraint, these
results also holds for nonlinear functions g;(z;), foralli € Z, as
long as Assumption 6 holds, since the operator C in (11) remains
Lipschitz continuous. O

[ Trpr(w) — w* |3 < [lw — w*||3 —

B. Proof of Theorem 1

Let us introduce the following preliminary lemma.

Lemma 8: Let Assumptions 1-4 and 6-7 hold. Then, the
sequence (w®)),cn generated by the HSDM method in (17)
with 7 = Tggg in (18), where A, 3, and C are defined in (9)—(11)
and VU is defined in (19), is bounded, i.e., for any arbitrary
w* € fix(Tgpg), it holds that [|w®) — w*|| < R(w*), for some
positive finite R(w*). O

Proof: First, we show that, for an arbitrary w* € fix(7Trpp),

1 Tepr(w) — @[ < lw - w*[} G7)

for all w ¢ fix(Tesr). To this end, let us recall the inequality
(36) in the proof of Lemma 3, which holds under the considered
assumptions

[ Trpr(w) —w*|[§ < lw —w* [ = (Lp/fmin(9))*|@ - w][3,

where @ = (Id+¥ 1 A)"}(1d — ¥ 1(B+0)))(w) =: Ta(w).
By [29, Prop. 26.1(iv)] and Lemma 6, fix(73) = zer(A +
B+ C) = fix(Trpr). Hence, @ # w if w ¢ fix(7Trpr). We ob-
serve from the preceding inequality that when w # w, (37)
holds.

We now show that for any arbitrary fixed point w* €
fix(TrpE), there exists R > 0 such that

(38)

We proceed to prove (38) by contradiction. By the nonexpansive-
ness of TggE, (38) can only be false if for all R > 0 there exists a
sequence (wy,)ken converging to w such that |wy — w*|| > R
and

infje, o 2R ([lw — @[ = [ Tesr(w) — @) > 0.

li — Wt - —w*|| =0.
i oop — ]| = | Tre(er) — "] = 0
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In particular, the latter holds true for R > supycy (7 1Y —
w*||+¢€, which implies @ ¢ fix(Tgpr). Then, by (36),
limg—s oo || T2(wg) — wi|| = 0. AsId — 75 is demiclosed at zero
by Lemma 7, this implies the contradiction @ € fix(T2) = @ €
fix(Trsr). The inequality in (38) is used in[42, Th. 2] to prove
the boundedness of the HSDM sequence with a nonexpansive
operator 7 that satisfies (37). As (38) holds also for TggE, the
same proof holds under the remaining assumptions: (i) V¢
is monotone and Lipschitz continuous (Assumption 3), and
(ii) the step size 3*) is nonsummable but square summable
(Assumption 4). [ |

We are now ready to proceed with the proof of Theorem 1.

Proof: Let ©®) = (z®) 1) p#) and &*) = (k)
AR, v(®)), where &*) = col((#;);cz) and the other variables
are defined similarly. The updates of @) in Step 2 of Algo-
rithm 1 can be compactly written as

@™ = (1d+ w1 A) 1 (1d - LB +0))(w®)

whereas the updates of w(*) in Step 4 of Algorithm 1 can
be compactly written as w®*) = &®*) — ¥=1(B 4+ C)(@®) —
w®)), implying that &*) = Trpp(w*)) and the updates in (20)
is compactly written as

W) = Trge(w®) = 69 Vo (Trar(w)

which is the HSDM applied to 7ggr. We can then invoke
Lemma 2 to claim the hypothesis. By Lemma 6, fix(7ppr) =
zer(A + B + C); therefore fix(7Trgr) is nonempty and bounded.
Moreover, by Assumption 4, the step size 3*) meets the
conditions in Lemma 2. Lemma 3 shows that 7ggg is quasi-
nonexpansive and quasi-shrinking on any bounded closed con-
vex set, C' such that C' N fix(7rgr) # . On the other hand,
Lemma 8 shows that the FBF-HSDM sequence (w*));cy
obtained by the iterations in (39) is bounded, i.e., for any
w* € fix(Trpg), there exists a positive finite R(w*) such
that ||w®) — w*|| < R(w*). Therefore, for an arbitrarily cho-
sen w* € fix(7Trpr), we can construct the following bounded
closed set B(w*) := {z € dom(Tpr) | ||z — w*|| < R(w*)},
on which the sequence (w(¥)) .y lies. Moreover, we can observe
that indeed B N fix(Trpr) # &, since w* € B is a fixed point
of Tegr. Hence, TggE is quasi-shrinking on 5. [ |

(39)

APPENDIX D
PROOFS OF SECTION IV

A. Proof of Theorem 2

First, we observe that in Algorithm 2, &®) = (),
A®) 5 is updated by using Tors in (24), ie., w®) =
EFB(w(’“)) [15, Section 4, Algorithm 1]. Hence, we can see
that w(*) is updated via the HSDM method, i.e.,

= Tors (w®)) — BRIV G(Torp (w*))).

Similarly to the proof of Theorem 1, due to the boundedness
of fix(Tyre) = zer(A + B+ C) # @ and the step size rule of
%) in Assumption 4, we can invoke Lemma 2. Specifically,
the operator Trg is averaged nonexpansive when Assumptions
1, 2, 6, and 8-10 hold [15, Th. 3]. Therefore, T,rg is also

k:+1 (40)

quasi-nonexpansive [29, Sec. 4.1]. By [29, Prop. 4.35 (iii)],
the condition in (3) holds with 7 = T3 = Tyrs. By [29, Thm.
4.27], Id — Toep is demiclosed at 0. Therefore, by Lemma 1,
Tyeg is quasi-shrinking on any closed bounded convex set whose
intersection with ﬁx(’ﬁ,pg) is nonempty. Furthermore, since 7},1:3
is averaged nonexpansive, Torp is attracting. Therefore, by [42,
Th. 2] and due to the choice of the step size 3*) in Assumption 4,
the sequence generated by (40) is bounded. Following the steps
in the proof of Theorem 1, we can find a bounded set 8 such
that w®) € % and TorB is quasi-shrinking on 5. |

APPENDIX E
PROOFS OF SECTION V

A. Preliminary Results

First, we show a series of preliminary results in Lemmas 9-12
that lead to the proof of Theorem 3. The proofs of this section are
provided in the standard Euclidean norm for ease of notation.
However, the case for any W-induced norm, with ¥ > 0, follows
verbatim.

Lemma 9: Let 1 : R>g — R>¢ be nondecreasing and non-
negative. Let a sequence (b(k))k.eN be nonincreasing, non nega-
tive. Let () gen C [0, 00) satisfy

at ) < B _p(a®)) 4 plE+D), (41)

Let K e€N. If there exists & >0 such that (&) >
max{2b(), Z-a(V}, then

a® <e4b® VE> K. (42)

|

Proof: Let us first show that there existsan M € N, M < K
such that (™) < €. We proceed by contradiction, assuming that
a® > ¢ Vk =1,... K. Then, by noting that 1(-) is nonde-
creasing and that ¢ (&) > 2b(%) for all k € N, we have

—p(a®) 4 p+1)
— (&) + L9(€) = a® — Lup(9).

By iterating the latter relation and recalling that (&) >
=aM), we find that

AU+ < (0

< ak)

(k+1) < a kw(g) _ %a(l).

For k = K, we then obtain the contradiction ¢t < 0. Thus,
there exists M/ < K such that a(™) < £, We then proceed by
induction to prove (42). Let us prove that, if a®) < & + b(¥)
then a*+1) < & 4+ pk+1 for all k > M. We distinguish the
following two cases.

1) Case a*) < &. Then, by (41) and by the nonnegativity of
B(), ab D) <) plkt)) <y plktD),

2) Case &€ < a®) < &+ b*). Then, by the nondecreasing
property of ¢, a®®) > ¢ = h(a®)) > 1 (€). By the as-
sumptions, 1(&) > 2b(1) and by the nonincreasing prop-
erty of (0F)gen, 2600 > b(F) 4 p(*+1) We thus obtain
P(a®)) > pk) 4 plk+1), Substituting into (41) leads to

at ) < o) _pk) < ¢,
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We conclude by induction that a®) < &+ b forall k > M
and, since M < K, the claim in (42) immediately follows. W

Lemma 10: Let T be quasi-nonexpansive and F be strongly
monotone, such that || F(w)| < U, for all w € im(7). Let
(w™))sex be generated from (17) with 3*) = 5 > 0 for all k.
Let K € Nand let w* be the solution of VI(F, fix(7)). If there
exists & such that the shrinkage function D(-) of 7, defined
in (2), satisfies D(&) > max{25U,2W}, then the
following inequalities hold:

sup dist(w® fix(T)) < € + U, (43)
k>K
sup |7 (w™) —w® | < 2(¢ + pU), (44)
=K (45)
sup (T(w™) — w*, =F(w")) < 3(¢ + BU)IF ()]

k>K
Proof: (i.) For all k, it holds by the definition of distance and

by the algorithm definition in (17) that

diSt(w(k+1)7 ﬁX(T)) < ||w(k+1) - projﬁx(T) (T(w(k))) || =
1T (w®) = BF(T (™)) = projg ) (T(w™))]| <
1T (™) = projg (T (@™ ) +B8IF(T (™) <

=dist(T (w®),fix(T))

dist(T (w™), fix(T)) + BU. (46)

Let us define a®) := dist(w®), fix(7)). Then, from (46) we
find immediately a*+1) — U < dist(7T (w®)), fix(T)). By the
definition of shrinkage function in (2) and the latter inequality,
we can write
D(a®) < o —

o

dist(T (w®), fix(T)) <
a" ) 4 U = aFH<a® + U — D(a)

which defines a sequence of the kind in (41) with ¢(-) = D()
k) = BU forall k. By Lemma 9, then dist(w® , fix(7")) <

and b(
&+ BU forall k > K.
(ii.) By the triangle inequality, we can write
IT(@®) = w® | < [IT(w®) = projayr) (W™ +
|| projgmy (w®)) —w®™||. By quasi-nonexpansiveness of
T, we obtain, for all k > K
1T (™) = projax e (@™l <

™ — projg 7 (w™)]| = dist(w™, fix(7))
= [T (@®) — w®| < 2dist(w®, fix(T)).

Finally, combining the last inequality and (43) yields (44).
(iii) By the Cauchy—Schwarz inequality, we can write

(T() =, ~F(w") =
(T(@®) =), ~Flw) + (@) - ', ~F(w") <
ITw®) = |7 @)+ (@) - ', ~F(w"). @D

Based on (44), for all £ > K, we can bound the first term on
the right-hand side of (47) by || T (w®) — w® ||| F(w*)|| <

2(§+ BU) || F (w
(W —wt, = F(w")) = (@" = projgy (@), = F(w")
®)) — @, — F(w*).

*)|| and rewrite the second term as

+(Projax () (w

We observe that the second addend is nonpositive by the defini-
tion of VI solution. By applying the Cauchy—Schwarz inequality,
the definition of projection, and (44), we obtain

(T(@h) - w*, ~Fw)

< 2(6 + BU) (@) + ) — projr (@) | F(w)]
= 3(¢ + AU | F (") | + dist(eoM), x(T) | 7w |

< 3(6+ )| F (). .

Lemma 11: Let Assumptions 12—14 hold. For any ¢ € N, let
wq 41 be generated from the step at time ¢ of the restarted HSDM
algorithm in (29). Let D,(-) be the shrinkage function of 7; as
defined in (2). If there exists & > 0 such that

Dy(€) > max {QﬂU, 2%} 48)
then
lwerr —wil> < (1 =7(B)" lwi —wi [P +7  (49)
with
v = 55U (66 + 1180). (50)
O

Proof: Let us define the operator 7,°(w) := T;(w) —
BV ¢1(Te(w)). By Ti(w}) = wi and by the definition of the
algorithm in (29), [|wis1 — wi||? = || 77 (5 ) Te(w?)|>.
We sum and subtract /3 V(bt(wt) and substitute 7,” to obtain

lwer1 — wi]?
=177 (y") — To(w}) + BV (wh) — BV be(w])|?
= 1T (y'5)) - TP (w}) — BV (w])|*.

Expanding the square {1}, expanding 7;5 {2}, and regrouping
{3} leads to

H‘-‘-’Hl —wf”z
72 ) = TP (@) 12 + B2 V()2
+ 2T ) — T (wh), — BV (wi))
72 50 — T @2 + B2 Veu(w)) 12—
28(Ti(y"™)) — BV (T (y "))~
To(wh) + BV ou(Ti(w})), Vo (w))
E72 ) — T (@) I? + B2 V()2
+ 28(Ti (3 ~Vi (W)
+ 282V (Ti(yX))) — Vo (w)), Vi (w))).

*
— Wy,

(5D
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We note that, by applying the Cauchy—Schwarz, the trian-
gle inequalities and Assumptlon 14, we have (V¢ (T;(y5)))

— Vi (wp), Vou(w))) < [Vou(Ti(y™))) — Vou(wy)l
[Voe(wi)ll < (U + [[Vor(wi) DIV (wi). By (48) and
Lemma 10, we can substitute in (51) the latter relation and the
bound in (45) to obtain

lwerr = wil® < 177 (5 ")) = TP (i) 1+
6B(§+AU)IVer(wi)lI+6%(2U + 3] Vou (wi) DIIVer(wi)ll-
Applying Assumption 14 and rearranging the terms leads to
lwirr = wil* < 177 (5)) = T @i IP+
68(& + BU)(IVor(wi)|| + 825U [ Ver(wy)|
< |77 (") = T (Wi + B(6¢ + 118U)U
<77 @) = TP @I +7(8)-

By quasi-nonexpansiveness of 7; as well as strong monotonicity
and Lipschitz continuity of V¢;, we can apply [30, Lem. 4a] to
obtain || 7% (w) — 7" (@)] < (1 = 7(8))||w — @||, forall w €
dom(7,%),@ € fix(T;), which we substitute in (52) to obtain

lwerr = will? < (1= 7(8)* |y

< (1=7(8) ly") — i +7(B)7.

By iterating, we obtain

(52)

wi|* +7(8)y

lwisr — wi? <

(L —7(B)* ly* Y —wi? + (L= 7(8) T(B)y + 7(B)y

K-1
< STy Y — P+ Y (1= (8 7(8))
< (=@ gD~ w2+ 3" (=78 7(B).
j=0

Applying the geometric series convergence and recalling from
(29) that yV) = w; leads to (49). [ ]
The next lemma outlines a contraction property of the
restarted HSDM to the solution sequence of Problem (28) up
to an additive error, which can be controlled by an appropriate
choice of the step size 3 and the number of iterations K.
Lemma 12: Let Assumptions 12—15 hold. For any ¢ € N, let
w1 be generated by the restarted HSDM algorithm in (29).
For any ~ > 0, there exist K, 5 > 0, such that (49) holds. O
Proof: Letus consider § := 1% . Since 7; is quasi-shrinking,
the shrinkage function D, of T; satisfies D;(£) > 0. Thus, there
exist 3 € (0, %1 ¢)and K such that, forany 3 € (0, 3], (48) holds.

It can be verified that limg_, o+ % = % Then

im B _ 68U _ 1
ﬁlg(r)1+ 7(B) (66 + 11UV = == = 37 (53)
We thus find 3 € (0, 5] small enough, such that
=G (66 + 11BU)U < . (54)

Hence, the hypothesis holds by invoking Lemma 11. |

Remark 10: From the proof of Lemma 12, as ¢ (and thus
Dy (&)) decreases with +, it can be seen from (48) that for smaller
values of v a smaller stepsize 5 and a larger K are necessary. [

B. Proof of Theorem 3

We first construct a suitable stepsize 5 and number of itera-
tions K. We then proceed with proving that the statement holds
for the chosen variables. Let us first define the auxiliary variable

= 5% - Following the steps in the proof of Lemma 12, we can
choose a small enough 3 € (0, min{ i‘; , 25) 1), where D(+) is

defined in Assumption 15, such that
%(6{“ + 11BU)U < A.

We now define a(K) := (1 — 7(B3))¥. Since 7(5) € (0,1), avis
decreasing with K. We can then choose K1, such that a(K7) <
%. Then, we define the mapping a : N>, =+ R

20(K)62+
e

We can verify that a(-) is nonincreasing. Consequently, the
sequence (W) K>k, 1 decreasing. We can then choose
any sufficiently large K > K, such that

2(a+9)
D(§) = =~

(55)

S

(K) = maX{llwlll "
we)y

(57)

where @ := a(K). We also define & := «(K). We now prove
by induction that

lws —wi 4]l <@ forallt > 1. (58)
To that end, we first show that
|wi —wi ]| €a=[lwip —wi| < a (59)

Let us then write

, 1 , ,
dist(wy, fix(7;)) < [lws — projay (1) (wi_y1)ll

< lwe = Wil + it = Projas 7y (@il

3
< |wi—wiq|+6<a+é (60)

where {1} follows from the definition of distance, {2} from
the triangle inequality and {3} from Assumption 11 and w} €
fix(7;). Then, by Assumption 15, by the choice 3 < D(g) and
(57), it holds that

a+5)} (g)) max {26[]’ %—ﬁf(m}
(61)

Dy(€)> max {QﬂU

By Lemma 11 and (55), we then have

lwers = will* < aflwe — will* + 7. (62)

Applying on (62) the triangle inequality, the fact (a + b)?
2a? + 2b? and Assumption 11 leads to

lwers = wil® < 2a(lwe — wiy |I* + llwiy — wi|?) +
< 20([lwe = wiy|* +6%) +
<2a(a® +6%) + . (63)
Finally, by (56), it holds a? > 2?522;7, which implies
2a(a* + 6%) + v < a*. (64)

Authorized licensed use limited to: TU Delft Library. Downloaded on December 06,2023 at 07:47:04 UTC from IEEE Xplore. Restrictions apply.



7658

IEEE TRANSACTIONS ON AUTOMATIC CONTROL, VOL. 68, NO. 12, DECEMBER 2023

Thus, we obtain ||w;y1 — wi||? < a%. We now continue the
induction argument by proving

|ws — wi||? < a? (65)

From the triangle inequality and from (56), ||w; —w}| <
lwi|l + ||w7 ]| < a. From the definition of distance, we obtain

dist(wy, fix(T1)) < |wi —wi|| <a<a+4d.  (66)

Then, by (57) and the choice B < D) ' we have

20 »

Dy(€) = D(€) = max {260, 25D}
2 max{2ﬁU7 W}
By Lemma 11 and (55), we find
lws — w|? < aljwy — w}|? + 7.

We then upper bound the right-hand side of the last inequality:

2, 52 2 6,
|lwe — wi||* < aa” +y<a(2a”+26°)+v < a”.

Therefore, combining (59) and (65) leads to sup;.; [Jw; —
wi_1|l < a. Recalling that, from Assumption 13, w} € ) forall
t, this immediately implies dist(w;, V) < a for allt > 1, which
proves that the sequence is bounded.

We now proceed with proving (30). We note that the relation
in (62) holds for all ¢. We then observe that, by the triangle
inequality, by (a + b)? < 2a + 2b, and by Assumption 11

lwers = wipa]? < 2wers — wil* +2wiy, - wy]?
< 2|wip1 — Wi + 262

By using (62) to upper bound |jw;;1 — wj}||? and iterating, we
find

lwess = wipa 1 < 2af|we — wi|* + 2(y +6%)

< (28)%wio1 — wi | +2(y + 62) + 2a(2y + 26%)

<< (20) Jwr — WP+ Y020 (20)7 (29 + 262).
By taking the limit for £ — oo and by applying the convergence
of the geometric sequence, we obtain (30). |

C. Proof of Corollary 1

Steps i—vi of Algorithm 3 are analogous to Steps 1-6 of

Algorithm 1. Analogously to the proof of Theorem 1, we see
that the variable y*) := (igk),igk), 191-(]9)) is updated at each

time step by K iterations of the HSDM
y " = Tepr o (y™) — BV (Trora(y™)), k=1, K.

Then, the variable w;; is updated as w;11 = y(K“). Thus,
Algorithm 3 is a particular instance of the restarted HSDM
algorithm (29). By Theorem 3, the tracking error is given by
(30). |
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