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Abstract

We consider constraint-coupled optimization problems in which agents of a network aim to cooperatively minimize the
sum of local objective functions subject to individual constraints and a common linear coupling constraint. We propose
a novel optimization algorithm that embeds a dynamic average consensus protocol in the parallel Alternating Direction
Method of Multipliers (ADMM) to design a fully distributed scheme for the considered set-up. The dynamic average
mechanism allows agents to track the time-varying coupling constraint violation (at the current solution estimates).
The tracked version of the constraint violation is then used to update local dual variables in a consensus-based scheme
mimicking a parallel ADMM step. Under convexity, we prove that all limit points of the agents’ primal solution estimates
form an optimal solution of the constraint-coupled (primal) problem. The result is proved by means of a Lyapunov-based
analysis simultaneously showing consensus of the dual estimates to a dual optimal solution, convergence of the tracking
scheme and asymptotic optimality of primal iterates. A numerical study on optimal charging schedule of plug-in electric

r=1vehicles corroborates the theoretical results.
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1. Introduction

Given the increasing penetration of network-connected
devices and cloud-computing services in the industry sec-
tor, systems are becoming more and more large-scale, com-
posed by different interacting agents, and complex. Ef-
ficiently operating these systems is thus becoming more
challenging: the computational burden associated to the
computation of an efficient strategy for the entire system
may be prohibitive for a single processing unit and privacy
issues may arise if the different agents are forced to disclose
sensitive information to the entity in charge of solving the
problem. This challenge has been taken up by the con-
trol community, which has directed its efforts in devising
distributed algorithms for the resolution of such optimal
control problems.

In this paper we investigate a set-up that is relevant to
several network control applications. We consider agents
which can communicate only with their neighbors in a net-
work. Each agent knows its local cost function and con-
straints, that depend on its individual decision variables.
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Moreover, the agents’ decision variables are coupled by
a linear constraint. FEach agent knows only how its lo-
cal decision variables affect the coupling constraint. The
agents collectively aim at minimizing the sum of the lo-
cal cost functions subject to both local and coupling con-
straints. The presence of this coupling element makes the
problem solution challenging, especially in the considered
distributed context in which no central authority (commu-
nicating with all the agents) is present.

Even though constraint-coupled problems arise more
naturally in practical applications the main effort in dis-
tributed optimization, until recently, has been devoted to
solve optimization problems in which there is no coupling
constraint but the agents are required to agree on a com-
mon decision. For this set-up, consensus methods based
on (sub)gradient iterations and proximal operators (see [1-
8]), distributed algorithms based on duality (see [9, 10]),
and distributed approaches based on the Alternating Di-
rection Method Multipliers (ADMM) (see [11-16]) have
been proposed. We refer the reader to [17, 18] for an in-
depth discussion on ADMM. Recently, distributed gradi-
ent schemes for problems with common decision variables
have also been combined with a technique known as dy-
namic average consensus (firstly proposed in [19, 20]) to
achieve linear convergence rate with constant step-size at
the expense of imposing more restrictive assumptions on
the cost functions, see [21-26]. Applying the above men-
tioned techniques to the constraint-coupled set-up consid-
ered in this paper is possible but it would require to define
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as common decision vector the collection of all local deci-
sion vectors. Agents would then have to store and update
the entire solution estimate of the problem rather than
the portion associated with their decision variables only,
and would have all to know the global coupling constraint.
These major drawbacks hamper the applicability of those
methods to practical applications, thus calling for novel
and efficient strategies that takes advantage of the net-
work structure of the problem at hand.

Recently developed approaches tackling constraint-
coupled problems directly are mostly based on Lagrangian
duality. In [27] a problem with sparse coupling constraints
is considered and a distributed dual gradient method
achieving linear convergence rate is proposed. A similar
structured problem is considered in [28] where a tailored
algorithm exploiting such structure is proved to converge
to the optimal solution of the problem. In [29, 30], primal-
dual approaches are proposed but they need a diminishing
step-size to achieve convergence. In [31, 32] distributed
dual subgradient algorithms are proposed, in [33] the dual
problem is tackled by means of consensus-ADMM and
proximal operators, while an alternative approach based
on successive duality steps has been investigated in [34];
however, all these algorithms typically exhibit a slow con-
vergence rate for the local decision variables. The track-
ing mechanism has been also employed in [35] to solve
constraint-coupled problems based on an augmented La-
grangian approach for a continuous time setting, but the
considered set-up does not allow for nonsmooth costs and
local constraints. Finally, in the very recent paper [36]
an idea similar to the one proposed in this paper is intro-
duced. However, the approach in [36] requires the agents
to perform multiple communication rounds and the num-
ber of rounds has to be carefully tuned to bound a non-
vanishing steady state error between the asymptotic algo-
rithmic solution and the optimal one.

The contributions of this paper are as follows. We
propose a novel, fully distributed optimization algorithm
to solve constraint-coupled problems over networks by
means of an ADMM-based approach. Differently from dis-
tributed ADMM schemes for problems with common deci-
sion variables, we design our Tracking-ADMM distributed
algorithm by embedding a tracking mechanism into the
parallel ADMM designed for constraint-coupled problems.

The resulting algorithm enjoys the following appeal-
ing features: (i) no parameter tuning is needed, in fact
our algorithm works for all the (constant) choices of a
penalty parameter and no other coefficients are necessary;
(ii) agents solve optimization problems depending on their
local (few) decision variables and asymptotically compute
only their portion of an optimal (hence feasible) solution to
the given problem; (iii) the local estimate of the coupling
constraint violation gives each agent a local assessment on
the amount of infeasibility, which can be useful, e.g., in
designing distributed (receding horizon) control schemes.

The convergence proof of our Tracking-ADMM for
constraint-coupled problems relies on control systems anal-

ysis tools. By explicitly relying on Lyapunov theory for
linear systems, we are able to find a constrained solution
to a suitable discrete Lyapunov equation that leads to an
aggregate descent condition allowing us to prove: (i) the
(exact) convergence of the dual variables to a dual opti-
mal solution and (ii) that any limit point of the primal
sequences is an optimal solution of the original constraint-
coupled problem. This novel approach allows us to derive
a clean and elegant proof of the asymptotic optimality of
our algorithm.

The rest of the paper is organized as follows. In Section 2
we present the problem set-up and in Section 2.2 we re-
vise the ADMM algorithm. In Section 3 we introduce our
novel Tracking-ADMM distributed algorithm and analyze
its convergence properties, discussing the main steps of the
proof. In Section 4 we apply our algorithm on a realistic
application related to the optimal charging schedule for a
fleet of electric vehicles. In Section 5 we draw some con-
clusions and finally, in Appendix A we report the proofs
of all the results stated in the body of the paper.

Notation. The vector in R™ containing all ones is denoted
by 1,. The identity matrix of order n is denoted by I,,.
The Kronecker product is denoted by ®. For a matrix
S we write ST to denote its transpose, S > 0 to de-
note that S is positive definite, p(S) to denote the spec-
tral radius of S, and ||.S|| for its spectral norm. We write
blkdiag(Sy,...,Sy) to refer to the block-diagonal matrix
with S1,...,5, as blocks. For a vector v, ||v| is the Eu-
clidean norm of v, and, for any matrix S > 0, ||v||s is the
weighted norm of v, i.e., ||[v||% = v " Sv.

2. Constraint-Coupled Optimization

In this section we introduce the optimization set-up and
recall some preliminaries about the Alternating Direction
Method of Multipliers (ADMM).

2.1. Optimization Problem and Assumptions

We consider a system composed of N agents which are
willing to cooperatively solve an optimization program for-
mulated over the entire system. Each agent has to set its
local decision variables x; € R™ so as to minimize the sum
of local objective functions f; : R™ — R, while satisfying
local constraints X; C R™ as well as a linear constraint
that couples the decisions of all the agents. Formally, we
address the following mathematical program

N
min Z fz (xz)
i=1

L1y TN
N
i=1

i=1,...,N,

subject to:

z; € X;



where A; € RP*™ and b € RP specify the coupling con-
straint.
We impose the following regularity conditions on P.

Assumption 1 (Convexity and compactness). For alli =

1,..., N, the function f; is conver and the set X; is convex
and compact. O]
Let ¢ = [#{ --- x}]T, consider a vector A € R? of La-

grange multipliers and define

N N
L(z,\) = Zfi(xi)+/\T<ZAixi —b) (1)

the Lagrangian function obtained by dualizing the cou-
pling constraint Zfil A;x; = b. Then, the dual problem
of P is

where X = X7 x --- x Xy, and the i-th contribution ¢; is
defined as

©i(A) = min fi(x;) + )\T(Aixl- —b;), (2)

z; €X;

the vectors by, ...,bx being such that Zf\il b; =b.
The next assumption ensures that P and D are well-
posed.

Assumption 2 (Existence of optimal solutions). Prob-

lem P admits an optimal solution x* = [z}’ - 2% "]T
and problem D admits an optimal solution A\*. O]

Next, we revise the popular ADMM algorithm which
provides an effective way to solve P by splitting the com-
putation over N agents coordinated by a central unit.

2.2. The ADMM Parallel Algorithm

A version of the ADMM algorithm specifically tai-
lored to problem P is presented in [17, pag. 254, eq.
(4.75)] and is reported here with our notation for the
reader’s convenience. Given initial values z;0 € X,
dop = (1/N) Zi]il(Aixm —b;), and Ao € RP, at each itera-
tion k > 0, a set of IV agents and a central unit perform the
following two steps. First, all agents, i« = 1,..., N, com-
pute (in parallel) a minimizer of the following optimization
problem

T k41 € argmin {fl(l‘z) + )‘/IAL-%
r;€X; . (3&)
+ §||Ai$€¢ — A+ dk||2},

where ¢ > 0 is a (constant) penalty parameter. Then,
each agent sends the quantity A;z; x+1 — b; to the central
unit, which computes and broadcasts back to all agents

the following two quantities

N

1
dr11 = N ; (Aimi g1 — bi) (3b)
Ak+1 = Ak + cdga, (3¢)

where the parameter ¢ is the same as in (3a). We shall
point out that diy; has no dynamics as it is the average
of the local contributions A;z; 11 —b; to the coupling con-
straint and it measures the infeasibility of the current ten-
tative solutions z; x11, ¢ = 1,...,N. Its “average” struc-
ture is crucial and will be exploited in the design of our
Tracking-ADMM distributed algorithm.

The evolution of (3) is analyzed in [17, pagg. 254-256]
and its convergence property is reported below.

Proposition ([17, Proposition 4.2]). Let Assumptions 1
and 2 hold. Then, any limit point of the primal sequence

{[xik Ig’k]T}kzo generated by (3a), is an optimal so-
lution of P, and the dual sequence {\p},~,, generated
by (3c), converges to an optimal solution of D. O

Notice that, since all limit points of the primal sequence
are optimal, they are necessarily feasible for the coupling
constraint. It thus follows that the sequence {dj},~, gen-
erated by (3b) converges to zero. Moreover, we shall stress
that no requirement on the penalty parameter c is neces-
sary for the convergence result to hold.

Finally, note that the algorithm described by (3) re-
quires a central unit to compute (3b) and (3c). This ham-
pers the applicability of ADMM to a distributed compu-
tation framework, where agents communicate only with
neighbors according to a (typically sparse) communica-
tion graph. Schemes requiring a central unit are usually
referred to as parallel schemes. For this reason in the rest
of the paper we will refer to (3) as the parallel ADMM.

3. Tracking-ADMM Distributed Algorithm

In this section we propose our novel distributed opti-
mization algorithm for constraint-coupled problems. We
first introduce the distributed framework and then de-
scribe the algorithm along with its convergence properties.

3.1. Distributed Computation Framework

Assume that, at each iteration k, the N agents com-
municate according to a graph G = (V,€), where V =
{1,..., N} is the set of nodes, representing the agents, and
€ CV xV is the set of edges, representing the communica-
tion links. The presence of edge (i,7) in £ models the fact
that agent i receives information from agent j. We assume
that the communication graph does not change across it-
erations and, consequently, £ does not depend on the iter-
ation index k. We denote by V; = {j € V| (1,7) € £} the
set of neighbors of agent ¢ in G, assuming that (i,7) € &
foralli=1,..., N. We impose the following connectivity
property on G.



Assumption 3 (Connectivity). The graph G is undirected
and connected, i.e., (i,7) € € if and only if (j,i) € € and
for every pair of vertices in V) there exists a path of edges
in £ that connects them. O

Each edge (i,j) € € has an associated weight w;;, which
measures how much agent i values the information received
by agent j. For those (i,7) ¢ £ we set w;; = 0, which mod-
els the fact that agent ¢ does not receive any information
from agent j. We impose the following assumption on the
network weights.

Assumption 4 (Balanced information exchange). For all
t,j=1,...,N, w;; € [0,1) and w;; = w;;. Furthermore

° vazlwijzlforalljzl,...,N,
. Zjvzlwijzlforallizl,...,N,
and w;; > 0 if and only if (i,5) € £. O

Let W € RV*N be the matrix whose (i,7)-th entry is
wj;, often referred to as the consensus matriz. Assump-
tion 4 translates into requiring W to be symmetric and
doubly stochastic, i.e., W = WT and Wiy = W'ly =
1x. We should point out that Assumptions 3 and 4 are
common in the consensus-based distributed optimization
literature, see, e.g., [2, 3].

Finally, we impose the following additional assumption
on the consensus matrix.

Assumption 5. W is positive semidefinite. O

Note that this assumption is not too restrictive. Indeed,
in Section 3.3.2 we will show that if the agents perform
two consecutive communication in the same iteration with
any consensus matrix satisfying Assumption 4, then this
is equivalent to a single communication with a consensus
matrix satisfying both Assumptions 4 and 5.

3.2. Algorithm Description

In this section, we start from the parallel ADMM
and gradually introduce the reader to our proposed algo-
rithm to jointly gain insights about the underlying mech-
anism and motivate the role of the consensus and tracking
schemes.

The update (3c) for A\i, in the parallel ADMM resembles
a gradient step aiming at maximizing the cost function
of D. Distributed implementations of gradient-based ap-
proaches to solve optimization problems with common de-
cision variables in the form of D are well known, see e.g. [2].
Typically, each agent ¢ maintain a vector \; , € RP, repre-
senting a local version (or copy) of A\x, which is iteratively
updated according to a consensus-based scheme to force
agreement of the local copies. If, at each iteration, the
quantity dy; were available to all agents, then we could
propose the following local update step of \; , for agent ¢

Aik+1 = Z Wi Aj i + cdpta, 4)
JEN;

Algorithm 1 Tracking-ADMM

1: Initialization

2 Zi0 € X;

3 dio=Ajzio—b;

4 Aip €RP

5: Repeat until convergence

6 Sik =D jen, Wij djk

7 bik = D jen, Wij Ajk

8 Z; k41 € argmin {fl () + @,—kAﬁi

T, €X;
¢ 2
+§||Ai$i — Aixik + i k|
9: di g1 =0k + Aix; 1 — Aizi g
10: Aik+1 =l +cdi gy

11: k+—k+1

foralli=1,...,N.

However, update (4) cannot be implemented in a fully
distributed scheme since dj is not locally available and
should be computed by a central unit (cf. (3b)). In the
same spirit of \; j, a distributed counterpart for (3b) can
be obtained by equipping each agent ¢ with a local auxil-
iary quantity d;; € RP, which serves as a local estimate
of dj. Since dj, is the average of A;x;, —b;, i=1,...,N
(with Zivzl b; = b), we propose to update d; j according
to a (distributed) dynamic average consensus mechanism,
see [19, 20]:

di 41 = Z wij dj i+ (A g1 —bs) — (Aizi k — bs), (5)
JEN;

initialized with d; o = Ajz;0 — b;, foralli=1,..., N.

In this way, d;  acts as a distributed tracker of the (time-
varying) signal (1/N) Zfil (Ajxir — bi). Using d; 41 in
place of di11 in (4) makes the update of A, ; fully dis-
tributed.

Clearly, since we propose to replace the centralized
quantities A\ and di with their local counterparts, the lo-
cal minimization in (3a) has to be adjusted accordingly.
The Tracking-ADMM is formally summarized in Algo-
rithm 1 from the perspective of agent i. Specifically, the
adapted local minimization to compute x;j41 is shown
in Step 8, where \; and dj in the original centralized up-
date (3a), are replaced by the local averages ¢; , and 0; k,
respectively (cf. Steps 6 and 7).

Some remarks are in order. First, we shall stress that all
update steps (cf. Steps 8-10) are fully distributed, as they
only use quantities that are either locally known to agent
1 or collected by agent ¢ via neighboring communications
(cf. Steps 6 and 7). Moreover, the minimization in Step 8
is always well defined in view of Assumption 1.

While the initialization of z;; and X;j can be arbi-
trary, the correct initialization of d;j as per Step 3 is
crucial, consistently with other tracking-based approaches



as, e.g., the ones mentioned in the introduction (cf. [21—
26]). Sensible values for initializing Algorithm 1 are given
by xz;0 € argming, ., fi(z:), dip = Aizio — b/N, and
)\Z',Q =0.

Finally, the parameter ¢ > 0 in Step 8 and 10 is constant
and is similar to the step-size of a gradient-based method,
but, differently from gradient-like approaches, its value can
be arbitrary.

3.8. Algorithm Analysis

In this subsection we analyze the proposed Tracking-
ADMM algorithm and state its convergence properties. To
ease the exposition, we state and discuss the main steps
of the convergence analysis, deferring their proofs to Ap-
pendix A.

3.8.1. Aggregate Reformulation of Tracking-ADMM

First of all we shall rewrite the execution of Algorithm 1
by all agents in a compact form.

Recalling that @ = [x] --- 2], let us consistently de-
note with bold symbols the vectors collecting the corre-
sponding quantity of all agents, i.e.,

wp = (1) al ]’
Qi = (0T - dRlT

A = [)‘IT,I« /\E,k]T>

Ok =[O0k Oyl

Ly, = [flT,k ZLJ@]T'

Then, the evolution of Algorithm 1 over the whole multi-
agent network can be compactly written as

Tpy1 € argmin {f(a:) + (WAk)TAdac

xeX (6&)
c 2
+ 5 I Ad@ — Agw + Wl }
dir1 = Wdi + Agxipr1 — Agzy (6b)
Ak-+1 = WAk + Cdk-_|_17 (6(:')

where f(x) = YN fi(x:), Aq = blkdiag(As, ..., An),
X=X x--x Xy, and W =W I,. Note that, in (6),
we used 8 = Wdy and £, = WA, which represent the
network-wide formulations of Steps 6 and 7 of Algorithm 1,
respectively.

As can be seen from (6), Tracking-ADMM describes a
dynamical system composed of two parts: a nonlinear dy-
namics given by the optimization step (cf. (6a)) and a
linear dynamics given by a twofold consensus-based step
(cf. (6b) and (6¢)). In the forthcoming analysis, we will
investigate the structural properties of these two parts sep-
arately. Then we show how to combine them to prove con-
vergence of the proposed algorithm to an optimal solution
of the original problem P.

3.3.2. Discussion on Assumption 5
Before starting with the convergence analysis, we now
show that Assumption 5 is not restrictive.

Suppose to substitute Steps 6 and 7 with

/ —_— .. . / e .. .
0 = Zje,/\fi wij dj  and Ei,k = Eje/\fi Wij Ajk

and then perform the updates

_ Y, R oy
Oi g = ZjeM W 5j’k and {; ) = ZjeM w;j éj,k

before Step 8. These two steps can then be compactly
written as

O = W3dy = W IL,)dy = W? @ I,)dy,
Ly =W, = W L)X = W2 I,

which are equivalent to a single update round with W? in
place of W. Since, under Assumption 4, W is symmet-
ric and doubly stochastic, then W? is symmetric, doubly
stochastic, and positive semidefinite, thus satisfying As-
sumption 5. Letting £2 be the set of edges (i, j) such that
there exists a k € V for which (i, ), (k,7) € £, it is easy to
show that the graph G2 = (V, £?) satisfies Assumption 3
and W? satisfies Assumption 4 with £2 in place of £.

Therefore, Assumption 5 can be easily satisfied by sim-
ply performing two update rounds rather than one. We
choose not to alter Algorithm 1 to keep the notation light
and avoid writing W? in place of W everywhere.

8.8.8. Network Average Quantities

We start the analysis of Tracking-ADMM by stating
some important properties regarding the network averages
of the local variables d; , and A; j, which are defined as

B 1N B 1

di = ;duk and A = ;Ak (7)
respectively. The following lemmas highlight key features
of d, and \g.

Lemma 1 (Tracking property). Under Assumption 4 it
holds that

- 1 (&
di, = N <; Aixi g — b>, (8)
for all k > 0. O

Lemma 2 (Average dual update). Under Assumption 4,
it holds that

Met1 = Mg + cdit1, 9)
for all k > 0. O

As can be seen by a formal comparison, (8) and (9)
mimic the update step (3b) and (3c) of the parallel
ADMM. Therefore, by virtue of Lemmas 1 and 2, run-
ning Algorithm 1 results in the agents network behaving,
on average, like the parallel ADMM.



3.3.4. Consensus Errors as Linear Dynamical Systems

The introduction of dj, and X is also useful to analyze
the behavior of d; , and A; . Specifically, as usually done
in consensus-based optimization algorithms, we shall study
the consensus error, i.e., distance between the agents’ lo-
cal quantities d; ; and A;; and their respective network
average dj, and \j.

To ease the notation, let us introduce the following vec-
tors containing N copies of the respective average quanti-
ties

di, = 1y ® dy,
A = 1y ® g,
which are useful when comparing the aggregate vectors dj,

and A with their averages di and ;. Then, define the
CONSEensus errors as

eg == dk - Jka
62 - )\k - S‘ka
and the auxiliary sequence
zp = Agxy, — dy. (10)
From the expression of dj41 in (6b), we can write
d -
€1 = dit1 — dy1
= Wdy, + Aaziy1 — Aazr — di1 = dy,
(a)

=Wdy, — Jk + [zk+1 — zk]

b
O ywed + (21 — 2], (11)

where in (a) we used the definition of zp41 and zj (cf.
(10)) and in (b) we exploited the following

Wdry=W®I,)(1y @ dy)
(2 (W]IN ®Ika)
(d) TN T

= (1y ®di) = dy,

which holds due to the mixed-product property of the Kro-
necker product in (c¢) and the doubly stochasticity of W
under Assumption 4 in (d).

Finally, letting O be the N x N matrix with all entries
equal to 1/N and noticing that

1 _
(O ® Ip)eg = (N]]-N]lj-l\—/ ® Ip) [dk — dk]
1 & .
= 1N®Nzl[di,k_dk]
1 _
:]].N(X)N[Ndk—Ndk]:O,

we can subtract the quantity (O@Ip)eg = 0 from the right

hand side of (11) to get
eitir = Wefl + [zr41 — 2], (12)

where we set W =W — (0 ® I,,).
With an analogous reasoning, we can also show that

eni1 = Aet1 — N1
@ W, + edirr — O + edprr)
=Wep + cngrl

= We@—l—ceﬁﬂ, (13)

where, in (a), we used (6¢) and (9) pre-multiplied by 1y ®.
Under Assumptions 3 and 4, we have that |[W—-0|| < 1,
then

pW) < W[ =W =O) @ Ll = [W - OIL,]| < 1.

Thus, all eigenvalues of W lie within the unit circle. This
implies that the dynamical systems in (12) and (13), de-
scribing the evolution of the consensus errors, are asymp-
totically stable. The importance of this fact is twofold:
i) (12) and (13) enjoys the input-to-state stability prop-
erty: if the sequence {241 — 2k}~ is bounded then also
{ed},~, and {ep},-, are bounded; ii) if 2441 — 2) van-
ishes, then also eg and e? do.
Point i) is formalized in the following lemma.

Lemma 3 (Bounded sequences). Under Assumptions 1, 8
and 4 we have that

(i) the sequences {xy}; >, and {zk},>, are bounded;
(ii) the sequences {eg}kzo and {62}1@0 are bounded. [

The results in Lemmas 1, 2, and 3 can be interpreted as
follows. The sequences {dj},~, and {Ax},~, generated by
(6b) and (6¢) evolve in a (possibly large) neighborhood of
their averages dj, and )y, which, in turn, evolve according
to a parallel ADMM iteration.

3.8.5. Optimality Characterization

We now focus our attention to the analysis of the (non-
linear) update step in (6a). The following result represents
the distributed counterpart of the key inequality to prove
convergence of the parallel ADMM.

Proposition 1 (Local optimality). Under Assumptions 1
and 2 we have that

At = X%+ 2¢[zp1 — Agz™] ey
< *112 BV N2 (14)
< Ak = A7 = [ Ak+1 — Mell%s

for any optimal solution pair (x*,\*) for P and D, where
we set X' =1y @ \*. O

If we ignore the cross term 2c[zpy1 — Agz*]Tep,
then (14) tells us that as long as A; changes from one



iteration to the next one, the network of agents is, on av-
erage, getting closer to the optimal solution of D. The
additional cross term depends on the consensus error
62+1 = Ary1 — Apy1 and is clearly a distinctive feature
of Tracking-ADMM (as opposed to the parallel ADMM)
arising from its distributed nature. In the parallel ADMM,
a condition similar to (14) can be derived and leveraged to
prove the algorithm convergence. However, as expected,
this is not the case here: (14) is not sufficient to prove con-
vergence of the proposed scheme and we are required to
study the interplay between the minimization step in (6a)
and the two consensus steps in (6b) and (6¢).

3.8.6. Tracking-ADMM Convergence

The convergence of Algorithm 1 is divided into two re-
sults. The first theorem proves that the two consensus
mechanism are successful, i.e., agents eventually agree on
a common value for the tracker and for the dual variables
(cf. points (i) and (ii)), and the algorithm converges to a
solution that is feasible for P (cf. point (iii)); the second
theorem proves that the primal and dual solution obtained
by Algorithm 1 are optimal for P and D, respectively.

Theorem 1 (Convergence). Under Assumptions 1-5, the
sequences generated by Tracking-ADMDM satisfy:

(i) limy o0 e =0,
(ii) limg o0 |l€p] =0,
(idi) limy,—s o0 [|dy ]| = 0,
(iv) {IAx = N1 + || zx — Aqa*[|*},5 is convergent,

for any optimal solution pair (x*,\*) for P and D, with
AN =1y RN O

The main idea behind the proof of Theorem 1 is the
following. We start by considering (12) and (13) to-
gether as a single dynamical system for the consensus up-
dates (the consensus system). Since the consensus sys-
tem is asymptotically stable, then we can build a positive-
definite quadratic Lyapunov function which monotonically
decreases along its free evolution. However, the consensus
system is not autonomous, thus the inequality describing
the variation of such Lyapunov function across iterations
contains terms that are not defined in sign, so that it is
no longer necessarily decreasing. The idea is to properly
combine such inequality with (14) of Proposition 1 so as
to “balance out” the terms that are not defined in sign.
In this way, we obtain an aggregate descent condition that
allows us to prove the asymptotic stability of the over-
all (nonlinear) dynamical system modeling our Tracking-
ADMM algorithm.

The reader should note that point (i) of Theorem 1 im-
plies that, for all i = 1,..., N, d; x tends to di as k — oc.
In light of (8), this ensures that each agent is able to locally
assess the amount of infeasibility of the current primal it-
erates for the coupling constraint. This feature is of great

importance in those applications where feasibility up to a
given tolerance is sufficient.

Finally, the following result shows that by running Al-
gorithm 1 agents are able to compute optimal solutions to
P and D in a fully distributed way.

Theorem 2 (Optimality). Under Assumptions 1-5, the
sequences generated by Tracking-ADMM are such that

(1) any limit point of the primal sequence {xy},~, is an
optimal solution x* of P;

(ii) each dual sequence {\ix}y~g, @ =1,..., N, converges
to the same optimal solution \* of D. O

We point out that Theorem 2 guarantees that the se-
quences {x; 1}, are asymptotically optimal, hence feasi-
ble for both local and the coupling constraints. Notice also
that Algorithm 1 works with (not necessarily strictly) con-
vex primal cost functions and does not require any primal
recovery procedure.

4. Numerical Study

To demonstrate the effectiveness of our approach, we
test Tracking-ADMM on a modified version of the Plug-in
Electric Vehicles Optimal Charging Schedule problem de-
scribed in [37]. A fleet of N electric vehicles has to select
an overnight charging schedule so as to minimize the sum
of the electricity costs for charging the internal battery of
each vehicle while complying with vehicle-level constraints
(user requirements on the final state of charge and battery
physical limitations) and a network-wide constraint (max-
imum power that the grid can deliver). For simplicity we
focus on the “only charging” case of the charging problem
in [37]. Differently from [37], where the vehicles can de-
cide only whether to charge or not their internal battery
at a fixed charging rate, here we allow each vehicle to op-
timize also the charging rate. The resulting optimization
program can then be formalized as follows

N
: T
min L&
€1,mbN ;% S

N (15)
subject to: ZAz{i <b

i=1
& ex; i=1,...,N,
where X; are bounded polyhedral sets. We refer the reader
to [37] for the precise formulations of the quantities in (15).

The coupling constraints in (15) is an inequality, which

makes (15) not fitting the formulation in P. However, we
can easily turn the coupling constraint into an equality by
introducing p additional slack variables for each vehicle.



Problem (15) thus becomes

N
; T
S, 200
N
subject to: Z(/L@ +5;)=5b (16)
i=1
Si €5 _ i=1,...,N,
0<s;,<s
which now fits P with the identifications z; = [¢ s]]T,
fz(xz) = ’y?fi, Ai = [A,L Ip], and X,L' = EZ X Si where
Si={s; :0<s; <38}, forsome §>b, foralli=1,...,N.

In our simulation we considered N = 100 vehicles. Each
vehicle ¢ has 24 decision variables &; plus 24 additional
slack variables s; (n; = 48) and the local constraint set
X; is defined by 245 inequalities. The number of coupling
constraint, and consequently the number of Lagrange mul-
tipliers, is p = 24. The communication network and the
weight matrix W have been generated at random so as to
satisfy Assumptions 3, 4, and 5.

We run our Tracking-ADMM for 200 iterations, initial-
ized as suggested in Section 3.2, setting ¢ = 1074,

In Figure 1 we report the behavior across iterations of
the difference vazl fi(xi ) — f* between the value of the
cost function achieved by the primal tentative solution z; j
and the optimal cost f* computed by a centralized solver
(upper plot), and the infinite norm || vazl Aixi g —b||o of
the joint constraints violation (lower plot). As it can be
seen from the picture, the proposed algorithm reaches fea-
sibility and optimality. Note that, differently from the ap-
proaches based on dual decomposition, the primal iterates
generated by Algorithm 1 achieve feasibility of the cou-
pling constraint without requiring any recovery procedure
(which is known to slow down the algorithm convergence).

In Figure 2 we also plot the evolution of the agents local
estimates {\; x }, -, of the optimal Lagrange multipliers A\*
(red triangles). From the picture the reader can easily see
that local estimates reach consensus and optimality.

5. Conclusions

In this paper we have proposed a novel distributed
method to solve constraint-coupled convex optimization
problems in which the sum of local cost functions needs to
be minimized while satisfying both individual constraints
(involving one component of the decision variables) and a
common linear coupling constraint (involving all the com-
ponents). The distributed algorithm combines the (par-
allel) ADMM algorithm tailored for this class of opti-
mization problems with a dynamic tracking mechanism.
We proved that each agent asymptotically computes an
optimal dual solution and its portion of an optimal so-
lution to the target (primal) problem. Moreover, the
tracking scheme allows agents to obtain a local measure

10°

100 |—

Cost Error

10—10

10°

| | | |
0 100 200 300 400 500

Iteration
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Figure 1: Difference between the cost achieved by the primal tenta-
tive solution and the optimal cost (upper plot) and maximum viola-
tion of the joint constraints (lower plot), across iterations.
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Figure 2: Evolution of Lagrange multipliers across iterations. Red
triangles denote the optimal dual solution.

of the coupling-constraint violation. Numerical computa-
tions corroborated the theoretical results.
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Appendix A. Proofs

Proof of Lemma 1

We prove (8) by induction. For k = 0, given the initial-
ization in Step 3, we have that

1 & 1 &
do = dezo = NZ(AZJ%O bi)
=1 =1
- (fj Aszio — b
i=1

which proves that (8) holds for k¥ = 0. Assume now that
(8) holds up to k. If we can prove that (8) holds also for
k + 1, then the proof is completed. Indeed,

dr41 =

1 N
N Z di k1
N N
Z (Z wijdj e + Aii g+ — Aixi,k>
(b) ; v N
2 N Z (wa) ikt 57 Z (Aizi k1 — Aiwi )
1
TN

N
Z A$1k+1 szk)



@ ( i AiZi g1 — 5)7
Ny S 7

where in (a) we used Steps 9 and 6 in (b) we exchanged
the summations and we used column stochasticity of the
weights (cf. Assumption 4), in (c) we used the definition
of dj, and the induction step in (d). O

Proof of Lemma 2

By definition of Az, we can write

| X
Akt1 = N ; Ai k1

which can be further elaborated as follows
N
Z Wi Aj ks + Cdi,k+1)

i= 1<j—1

N | &
Z (Z wij) Ajk + ‘N Z di k1
j=1 \i=1 i—1

(@ 1
Aos1 = —

2

=

2

where in (a) we used the definition of A; y41 in Step 10,
in (b) we switched the summations, and in (c) we used
column stochasticity of the weights (cf. Assumption 4)
together with the definition of A and J;H_l. O

Proof of Lemma 3

By (6a) we have that ), € X for all £ and, under
Assumption 1, X is bounded. Therefore the sequence
{@x}y>o is bounded. Under Assumption 4, from (8) in
Lemma 1 we have that dj, = (1/N)(Az), — b) and, there-
fore, also {dk}k>0 is bounded since dj, = 1y ® di. More-
over, since z = Aqxy —
This proves point (i).

Being the sequence {z},., bounded, we have that
{Zk41 — 2Zr}p>o 18 also bounded. Therefore, exploiting
the input-to-state stability property of the dynamical sys-
tem in (12) under Assumptions 3 and 4, we can conclude
that {ef}, ., is a bounded sequence. Finally, owing to the
input-to-state stability of the dynamical system in (13)
under Assumptions 3 and 4 together with boundedness
of {ef},.,, we also have that {e}},., is bounded, thus
proving point (ii) and concluding the proof. O

d}., then also {2k} >0 is bounded.

Proof of Proposition 1

By [17, Lemma 4.1] applied to (6a), we have that xy4q
satisfies
— Agzy, +Wdp)] T Agzria
— Agzxy, +Wdy)| " Ay,

(WAg + c(Agrt1
[W)\k + C(Adwarl

f(@ry1) +
< flm) +

10

for any & € X. Recalling that diy; = Wdg + Agxia1 —
Agzy and App1 = WA + cdgqq (cf. (6b) and (6¢), re-
spectively), we have

f(®pp1) + Az+1Ad"Bk+1 < f(z) + A2+1Admv

for any € X. Under Assumption 2, we can set  equal
to some optimal solution * of P, to obtain

< f(z").

Under Assumption 2, by the Saddle Point Theorem in [17,
pag. 665] we have that

F(@rg1) + Agq [Agrs1 — Agz]

L(z*,\) < L(z*, \*) < L(z, \*), (A1)

for all € X and for all A. Given (A.1) and the fact that
L(x*,\*) = f(x*), we have that

— Agx*] < f(x¥)
< f@)+ N [Az - b,

F@rs1) + Mo [Aa@ig

for all x € X and any A\*. Writing b = Ax* and noticing
that \*| [Az — Az*] = A* | [Agx — Agz*], it holds

F@ia1) + M [Agzis — Agz]
< f(®) + X [Agz — Aga*].

Setting © = xyy1, simplifying f(xr4+1), and bringing ev-
erything on the left-hand side, we have
Ad:l!*] S 0.

kst — XN [Agzpgr —

Adding and subtracting Xngl[Ada:kH — Agx*] yields

ki1 = XN [Agzrg1 — Ag”]
BN T * (A2)
+ [Akt1 — g1l [Agxp1 — Age™] <0.
Focusing on the first term in (A.2), we have
[Akt1 — )\*]T[Adwkﬂ — Agx”]
@ Z Mer1 — N T [Aszi g — Agal]

N
>\k+1 T E [Aizi g1 — Agy]
i=1

D P = N[ Az — Az

(d) [_

= M1 — AT [Azpyr — O]

© N1 — AT Ndi i

n N _ _
2 = et = A P = M)

(8

- E[/\lc+1 — AT e = M), (A3)



where (a) is due to the block structure of the vectors
involved in the product, (b) is given by the fact that
[Met1 — A*] does not depend on i, (c) is given by the def-
inition of A, (d) is given by the fact that Ax* = b, (e) is
due to (8) in Lemma 1, (f) is given by (9) in Lemma 2,
and (g) uses the definitions of A, and A*. Owing to the
fact that

N
Nt = M) Tdisr = Y Pierr = Mra] Tdiens

i=1

N ) T

= <Z[)\i,k+1 - )\k+1}> dit1
=1

= [NXet1 — N i) " dyia

=0
and considering the second term in (A.2), we have

A1 — M) T [Aazpy1 — Agz?]
= Mkt — Mep1]  [Aazpgr — di1 — Agz*]
(a)

Akr1 = A1) [2rg1 — Agz?] (A4)

where in (a) we used the definition of z;1; (cf. (10)). Using
(A.3) and (A.4) in (A.2) and multiplying by 2c we get

2[5‘k+1 - A*]T[S‘k+1 - S\k]

! N A5
4+ 2¢Aps1 — Mr1] | [Zra1 — Agz*] < 0. (A.5)
Finally, using
2la—b]"[a—d =la—b|*+ la =l - [lc - 0|

with the identifications @ = Ag11, b = A* and ¢ = Ay, (14)
follows, thus concluding the proof. O

Proof of Theorem 1

The dynamical evolution of eg and eif, given in equa-
tions (12) and (13), respectively, can be arranged as

€rt1 = Fey + G(Uk+1 — uk), (A6)

e[ 3 o

and uyp = c[z — Agx*]. Let P = PT = 0 and consider

with

A
e

cep

|Gursr — exsall> 2 |Guy — e + (I — Flex|3
(b)

= |Gy, — exl7
+ 2[Guy — ex] " P(I — F)ey,

+el(I—F")P(I - F)ey

©
= [|Gug — exlp — llexlld_prpr
+2ulG"P(I - Flex, (A7)

11

where in (a) we used the dynamics (A.6) and added +ey
inside the norm, in (b) we expanded the square, while
in (c) we performed some algebraic manipulations. Sum-
ming (A.7) to the optimality-based inequality (14) (cf.
Proposition 1) yields

Xes1 — N° + 2wy, Heppr + [|[Gugrr — eppa||p
< ||5\k — )\*H2 =+ QUEGTP(I — F)ek + ||G’LL;9 — 6;@”%

— I Xerr = Aell? = llexlp_prpp (A.8)
with H = [I 0]. Notice that, choosing P such that P —
FTPF = 0, if the terms at k + 1 were analogous to the
terms at k, then (A.8) would describe a descent condition.
To enforce this, we need to find a P satisfying the following
conditions

H=G'P(I-F), (A.9a)
P—-F'"PF ~0, (A.9b)
P =0. (A.9¢)
Satisfying  (A.9)  translates into  (A.8)  being
a  non-expansive  condition for the  sequence

{I A1 = N2 + 2wy Hewir + | Guirs — ensallp} o
i.e., a stability condition for the nonlinear dynamical
system representing Algorithm 1.

Take P partitioned in blocks as follows
Py

_ P,
P [P; PJ.

Owing to the fact that all eigenvalues of W lies in the
open unit circle, thus (I — W) is invertible and, from the
equality MM~' = MM = I with M = (I — W), we
have the following identities

WI-w) =1 -w)?

(I—W)"'W =T -W)"

1, (A.10a)
I. (A.10b)

=

Noticing that

I-W)" I-W)"'W{I -w)!

(I_F)71 (I—W)_l ’

condition (A.9a) can be rewritten as GTP = H(I — F)~!
and translates into the following constraints on the blocks
of P:

P+ P =(I-W)"! (A.11a)
Pyt Py=(I W) 'w(I-w)!
@ W) (I—W)! (A.11b)
P+ P + P+ Py=(1-W)2 (A.11c)

where in (a) we used (A.10a), while (A.11c) follows by
simply summing (A.11a) and (A.11b) and will be useful in
the forthcoming discussion. Note that, from (A.1la), we



can further deduce that P, = P, since both P and (I —
W)~! are symmetric matrices owing to P being symmetric
and Assumption 4, respectively.

We can thus express the matrix P — FT PF as

[ P -WPhW Py—W(P +P)W }

Pl —W(P,+ P )W P3—W(P,+P) + P+ P)W
(a) P1~— WP1~W ~ PQ_VE/(I_VE/)_lW
TR WU -W)TIW P - W(I - W)W

(b) [Pl ~-WPW W — (P — 1)]

i P -1

W (A.12)

where in (a) we used (A.11) and in (b) we leveraged identi-
ties in (A.10) together with (A.11a) and (A.11b) to express
P, and P; as a function of P; only.

Next, we find a value for P; > 0 ensuring that P —
FTPF is positive definite. This requirement can be posed

in terms of its blocks by means of the Schur complement,
ie.,, P— F'"PF = 0 if and only if

P —1>0, (A13a)
P —WPW — (W — (P, —D)(P,— 1)} (W — (P, = I))
=2WH+T-W(P, + (P, —1)"HW = 0. (A.13b)

Take P, = 21 and let TATT = W be the eigendecompo-
sition of the symmetric matrix W, with 77" = I and A
being a diagonal matrix containing the eigenvalues of W.
Condition (A.13a) is trivially satisfied by this choice of Py,
while (A.13b) becomes

QW + I —W(E2I+DW =2W + 1 — 3W?
=T(I42A -3A)TT =0,

which is equivalent to I + 2A — 3A~2 > 0 and always holds
true when all the eigenvalues of W lies within (—1/3,1).
In view of Assumption 5, this condition is guaranteed.
Finally, using again Schur’s complement, it is also easy
to prove that P; = 2I satisfies condition (A.9¢). In fact,
we have that
_W)-l =
p_ ~21:1 . (:72 w) ~2111 <0
(I-wH)y—t—-21 (I-W)2-2(I-W)=*+2I
if and only if
21 =0, (A.14a)
- . 1 - 2
(W)= =201 = W) 421 = (=)t —21)

_ %(1 W) -0 (A.14b)

Condition (A.14b) is satisfied since W~has all eigenvalues
in the open unit circle and hence I — W > 0.
From (A.9a) we can rewrite (A.8) as

Xk = AP + 2w Hepr + | Guprs — e[|

12

< |IAk — A*||? + 2u] Hey, + ||Guy — er]|%

= X1 = Xell* = llexl[?), (A.15)

where we set Q = P — FTPF = 0. Rearranging some
terms, and summing (A.15) from &k = 0 to M — 1, with
M € N, we have

M-—1

D N ers = Xill? + llex i
k=0

< ||X0 — A*HQ + QUJHEO + ||G’LLO — 60”%
— | Aar = A*|? = 2uj Hen — || Guar — enr||>

< X0 = X? + [|Guo — ol + 2€,

where in the second inequality we neglected the terms
—[|Aar — X*||? and —||Gupr — enr]|% in the right hand side
since they are non-positive (recall P > 0) and we used the
fact that |2u;Hek| < C for all k > 0 owing to the results
of Lemma 3. Taking the limit as M — oo finally yields

oo

> (k1 = Al + llexld) < oo,
k=0

which, recalling that @ = 0, implies that limj | Aks1 —
Xkl = 0 and limy o |l€x|| = 0. Hence, limy_, [|ed|| = 0

and limg_, [|€x]| = 0, thus proving points (i) and (ii),
respectively.

Since dry1 = L(App1 — Ap), we also have that
limy, s ||dg|| = 0 and therefore limg o ||dx| = 0, thus

proving point (iii).
From (A.15) we also have that the sequence

{1k = X[ + 2w Hey, + [|Guy, — e ]| }iso

is non-increasing, bounded below since |2u; Hey| < C and
|Guy — ex||% > 0 (recall P = 0), and, therefore, conver-

gent. Since |ley|| is vanishing and {u},~ is bounded, we
I?

have that also the sequence {||[A, — A*||? + ||Guk|ﬁg}k20 is

convergent. A straightforward computation using (A.11c)
shows that GT PG = (I — W)~2 = 0 which, recalling the
definition of uy = ¢ (z — Aqx*), implies that the sequence

3 2 2 * (12
[Re = N2 + Hllzn = a2}

is convergent, which finally implies that
{2 = N2+ 2|z — Aaz™ [P}

is convergent due to norm equivalence, thus proving
point (iv) and concluding the proof. O

Proof of Theorem 2

Following the first steps in the proof of Proposition 1,
for any optimal solution x* for P, we can write

f@rg) + M [Agmr i — Aga®] < f(@).



By adding and subtracting X;rH[AdwkH — Agx*] to the
left-hand side, we have

F@in) + Mg [Aqzii — Agz®]

.
+eppr [Aamiir — Agz®] < f(x*).

Noticing that

_T —
App1lAatin — Agz™] = N [Azpg — Az
= Nig1 [Azyy1 — O]

=M1 Ndgs1, (A.16)

where the last inequality is due to Lemma 1, we have that

. T
f@rgr) + NNy digr + ey [Ag@pgn — Aaw®] < f(a¥).

From Theorem 1(iv) we have that the sequence
(A = X7+ ellzr — Aaz™[*}iso

is bounded. Since {zy},- is also bounded by Lemma 3,

we have that {Ar},-, and, therefore, also {\;},~, are
both bounded. Recalling that {@x},~, is bounded, by
Theorem 1 points (iii) and (ii) respectively, it holds

Jm Mg1drt1 =0, (A17)
. T *
kILrI;C et [Aazpir — Agx*] =0, (A.18)

and therefore
-
[

limsup f(@ri1) + N dir1 + eppy [Aazisr — Agz?]

k—o0

= limsup f(xg+1) < f(x). (A.19)

k—o0
Since xy € X for all £ > 0 and, by Lemma 1 and Theo-
rem 1(iii),

lim ||Azy, — b|| = lim ||di| =0,
k—o0 k—o00

we know that any limit point & of the sequence {xy},~ is
feasible for P and, thus, satisfies f(Z) > f(x*). Combin-
ing this fact with (A.19) we can conclude that f(&) =
f(x*) for any limit point &. Since all limit points of
{1}, are feasible and achieve the optimal value, they
are optimal solutions for P, proving Theorem 2(i).

Next, we prove the convergence of the local dual vari-
ables estimates to an optimal dual solution. Similarly to
the proof of Proposition 1, by applying [17, Lemma 4.1] to
Step 8 we have that x; 1 satisfies

Fi(@iga1) + g + c(Aiwi py1 — Aizig + 0ix)] T Aii pia
< filmi) + [lig + c(Aimi g1 — Aimi g + 6 )] Ais,

for all z; € X;. Noticing that d; y4+1 = 6k + AiTi 41 —
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Aizi,k and Ai,k-&-l = Ei,k + Cdi7k+1 from Steps 9 and 10
respectively and subtracting )\;':k 4 1bi, we have

fil@i k1) + A (Aiwi jegn — by)

< filws) + A pyr (Aimi — by)

for all z; € X;, which is equivalent to

Tikt1 € argﬁ)l(in filws) + A g (A — by)
x; €X;

and, thus, by definition of ¢;(A) in (2), we have
Qi Niget1) = fi(@i 1) + AN ppr (Aii s — bi),

if by,...,by are such that Zi\; b; = b. Setting b; =
A;x}, summing over ¢ = 1,..., N, adding and subtracting
/_\QH[Ad:ckH — Agz*] to the right hand side, and exploit-
ing again (A.16), we obtain

N
D @ilhigtn) = f@er) + NN di

i=1

(A.20)
T *

+ 62‘+1 [Adwk+1 — Ada: ]

Since the sequence {Aj4+1},( is bounded, it admits a con-

vergent subsequence {(Akx1, Tha1) brex with K € N. Let

(A, &) be its limit point. Now, taking the limit of (A.20)

across KC, we have

N
KBI;ICIEOO Z; ©i(Aik+1) = %leﬂlé {f(i'?kﬂ) + NN adig
T *
e [Aamir — Ag ]}

Y 1@
Yt

© N
> ; .
> max ; pi(N), (A.21)

where in (a) we used (A.17) and (A.18), the fact that limit

points of {x}},, achieve the optimal value in (b), and
weak duality in (c). On the other hand, from (2), we have

li (i <
Ko o #iAik1) <

e, {fi(x") + A g (Aiwi — bi)}
AT

= filz:) + (,Cal}ﬂfgoo )\k+1) (Ajz; — by)

= filzi) + AT (Aiwi — by), (A.22)

for all x; € X, where the first equality is due to
limy oo Aik = Mgy i =1,..., N (recall limp_, o0 He?H =0),
and in the last equality we plugged the limit point X of
{A\rs1}rex- Setting x; in (A.22) equal to the minimizer of



©i(A) and summing over ¢ = 1,..., N yields

N
lim Z@i(Ai,k-&-l) <

K3k—o00 4
=1 %

-

N
(X)) < ().
1 pi(N) < mgX;%(A)

Combining the latter with (A.21) gives
N ) N
> ei(h) = maxy i), (A.23)
i=1 i=1

which means that X is optimal for D.
Recall that, from Theorem 1(iv), we have that the se-
quence

{IAk = NP + Pz — Aaz™ I} 50

is convergent for any pair * and A\* which are optimal
for P and D, respectively. We can thus take A" = 1y ®@ A
and &* = & and conclude that

lim “&—XW+ﬂ%—@yw}ﬂ.

K3k—oo

But since {||[Ax — X*[|2 + ||z — Agz*||*} 5 is conver-
gent, all its limit points are the same, and therefore

lim N&fo+ﬂ4fow}ﬂ,

K3>k—o0

for some primal optimal solution * and some optimal dual
solution \*, which implies that, for all ¢ =1,..., N,

lm A — X =0
k— o0

k— o0

since ey is vanishing. So that Theorem 2(ii) follows. O
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