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Asynchronous Distributed Optimization via Dual
Decomposition and Block Coordinate
Subgradient Methods

Yankai Lin, Student Member, IEEE, Iman Shames, Member, IEEE and Dragan NeSi¢, Fellow, IEEE

Abstract— We study the problem of minimizing the sum
of potentially non-differentiable convex cost functions with
partially overlapping dependences in an asynchronous
manner, where communication in the network is not coordi-
nated. We study the behavior of an asynchronous algorithm
based on dual decomposition and block coordinate sub-
gradient methods under assumptions weaker than those
used in the literature. At the same time, we allow differ-
ent agents to use local stepsizes with no global coordi-
nation. Sufficient conditions are provided for almost sure
convergence to the solution of the optimization problem.
Under additional assumptions, we establish a sublinear
convergence rate that in turn can be strengthened to linear
convergence rate if the problem is strongly convex and has
Lipschitz gradients. We also extend available results in the
literature by allowing multiple and potentially overlapping
blocks to be updated at the same time with non-uniform and
potentially time varying probabilities assigned to different
blocks. A numerical example is provided to illustrate the
effectiveness of the algorithm.

Index Terms— Distributed optimization, asynchronous
algorithms, networked control systems

[. INTRODUCTION

ISTRIBUTED optimization algorithms can be roughly

classified as primal and dual methods. For primal meth-
ods, there is a large body of literature built upon the seminal
work by Bertsekas and Tsitsiklis [4] where numerical com-
putations are assigned to a group of processors (or agents)
that exchange information with their neighbors. In [23], a
distributed (sub)gradient method was proposed, which can be
viewed as a first order primal method based on consensus
theory. The consensus based algorithm is later extended to
other settings including algorithms using constant stepsizes
[26], stochastic networks [35], and algorithms with non-
uniform stepsizes [19]. The existing dual methods are based on
the dual decomposition idea. In [31], a synchronous distributed
algorithm for convex problems over a fixed network with
bounded communication delays is proposed. The case of
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time-varying networks is considered in [13]. This class of
methods also include the distributed augmented Lagrangian
method [14] and the alternating direction method of multipliers
(ADMM) [9], [30], [32].

a) The Main Contributions: First, we study an algorithm
based on the dual decomposition where agents solve a primal
problem locally and independently. Then, they communicate
these solutions to a subset of their neighbors whenever they
finish the necessary computations and if communication is
possible. Particularly, we consider solving optimization prob-
lems in an asynchronous environment where the notion of
asynchrony is adopted from [4, Chapter 1.4]. Asynchrony
refers to both independent computation and asynchronous
communication. We investigate the conditions under which
the algorithm converges under such asynchronous conditions.
In this work, we propose an asynchronous dual supergradi-
ent algorithm and give sufficient conditions on the network
and stepsizes to guarantee almost sure convergence of the
algorithm. As our algorithm is based on dual decomposition,
differentiability of the primal problem does not play a role in
our analysis.

Second, under mild assumptions, we allow the use of local
stepsizes where each agent chooses and updates its own step-
sizes. Moreover, we assume that each component is updated
infinitely often. This includes commonly used deterministic
updating rules such as round robin and persistently exciting
[28] in the same unifying framework. Since we assume each
block is updated infinitely often, our main result still holds
if multiple and overlapping blocks are updating at the same
time.

Lastly, we prove our main convergence result using tools
from asynchronous stochastic approximation theory [7], [25]
which does not rely on strong convexity and Lipschitzness
of the gradient of the cost function. To this end, we extend
the results in [7, Chapter 7] to the non-smooth case which we
believe is an important result in itself. Consequently, we prove
our main result for the general case without assuming strict or
strong convexity of the problem. This, inevitably, results in our
convergence rate estimates to be slower than the results that
consider the problem under more stringent conditions (e.g.,
the aforementioned strong convexity and Lipschitz conditions).
However, it can be shown that, if stronger assumptions are
imposed, we recover the linear convergence rate of the type
shown in [33] as a special case.
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b) Comparison to the Literature: For a recent survey paper
on distributed optimization algorithms we refer the reader
to [36]. The most relevant ones are those based on dual
methods and asynchronous algorithms. In the consensus based
primal gradient algorithm considered in [35], the asynchrony
is captured by the random communication graph that is drawn
i.i.d. from a set of graphs with proper weights to ensure almost
sure convergence. Heterogeneous constant stepsizes are used
in the asynchronous network under the assumption that the
cost functions have Lipschitz gradients. If the cost functions
are strongly convex, linear convergence rate can be established.

Other than gradient methods, augmented Lagrangian meth-
ods are also used in asynchronous distributed optimization
[14]. It is assumed that each agent updates at least once in
a finite number of steps [14, Assumption 2]. Another relevant
work is [5] on asynchronous primal dual algorithms. The au-
thors in [5] developed a stochastic primal-dual algorithm based
on stochastic coordinate descent. Almost sure convergence of
the proposed algorithm is established under the assumption of
i.i.d. updates. In [31], the authors propose a dual algorithm
for solving the optimal consensus algorithm in a synchronous
fashion with diminishing stepsizes. In [24], the authors con-
sider the dual algorithm of [31] in an asynchronous network
for strongly convex functions with Lipschitz gradients. A dual
block coordinate ascent algorithm is proposed with linear
convergence rate under the assumption of i.i.d. updates.

In this work, we relax the i.i.d. assumption of the afore-
mentioned works to infinitely often updates and allow agents
to have their own local clocks and uncoordinated stepsizes.
Consequently, we provide a framework that includes the
deterministic update rules of the type presented in [14] and
the stochastic update rules used in [11], [20], [35] as special
cases. Moreover, [14, Assumption 3] requires that only one
agent can update at each time instant, which is relaxed in
our work. Additionally, unlike [31] and [24] where strict and
strong convexity are assumed to ensure the dual function is
differentiable and has a Lipschitz continuous gradient respec-
tively, we prove almost sure convergence without appealing
to the differentiability of the dual function. As a result,
our dual convergence result holds for general convex primal
cost functions, and we recover the result in [24] if strong
convexity and i.i.d. updates are assumed. Lastly, compared to
[20], we allow the use of uncoordinated local stepsizes where
each agent updates its own stepsizes under mild assumptions.
Moreover, we only assume that each component is updated
infinitely often while in [20] it is assumed that each block
component of the subgradient vector is computed with a
positive probability at each step.

[I. NOTATION AND BASIC DEFINITIONS

Let R be the set of real numbers and R"™ be the n-
dimensional Euclidean space, R>¢ (resp. R+() be the set of
non-negative (resp. positive) real numbers. For z,y € R",
(x,y) denotes the inner product in R™. The set of non-negative
(resp. positive) integers are denoted by Zx( (resp. Z~¢) and
the finite set of non-negative integers from 0 to N € Z>¢ is
denoted by Zy. Furthermore, |- | denotes the Euclidean norm

of a vector x € R™ and the corresponding induced norm of
a matrix, respectively. The matrix I,, is used to denote the n-
dimensional identity matrix and n will be dropped when the
dimension is clear. The vector in RY consisting of all ones
is denoted by 1. Let C' be a set, |C| denotes its cardinality.
The set B is the closed unit ball in R™ centred at the origin.
For a closed set S C R™ and ¢ > 0, S + B is the set
{z € R" : |z|g < €}, where |z|s := inf,cg |z — y|. Set-
valued mappings are indicated by the symbol =. For a convex
function f(z) : R™ — R, a subgradient of f(x) at Z is a vector
denoted by g(z) € R™ such that f(z) > f(Z)+(g(Z), (x—T))
for all x € R™. The subdifferential of f(x) at T denoted by
Of(z) : R™ = R™ is the set of all subgradients of f(z) at Z.
For a concave function h(z) : R® — R, a vector g(z) € R"
is a supergradient of h(x) at T if —g(Z) is a subgradient
of —h(z). The superdifferential of h(z) at T denoted by
O h(Z) : R® = R™ is the set of all supergradients of h(z) at
Z. All random variables considered in this paper are defined on
a probability space (2, F,PP), where Q is the sample space,
the o-field F is the set of events and [P is the probability
measure defined on (Q, F). For a vector sequence = € R",
1 denotes its value at the next time instant, T(s) denotes the
it" component of x, z[; denotes the value of x at time 7, and
T(4),[;] denotes the value of the it" component of x at time j.

I1l. PROBLEM FORMULATION

We consider an optimization problem, where N agents are
used to cooperatively minimize the sum of N individual cost
functions that have partially overlapping dependences. The
interconnection of the agents is described by an undirected
graph G = (V, &), where V = {1,2,...,N} is the set of
nodes, £ C V x V is the set of edges. An edge (i,j) € £
means that agent ¢ is able to access information from agent j.
The (primal) problem we study in the work is given below

N
S.t. E”l'(L) — E]Zx(_]) =0, V(Za]) € ga

where z(;) € R™ is the local variable held by agent i € V,

T ; (1), T2)s -+ T(N)) = [J:(Tl) xé) at(TN)]T € R~,
> i—1ni = n is the collection of all local variables, F; :

R™ — R is the individual cost function of agent ¢ and the
matrices F;; and Ej; are selection matrices for agents i, j
that characterize how the individual functions share common
variables. The constraint set X = A7 X - - x Xy is assumed to
be convex. Compared to [31], we allow X to be a non-strict
subset of R™ and non-compact. Let z* € X denote a solution
to problem (1) and F* := F'(x*) be the optimal cost.

Remark 1: The problem (1) provides a framework for ad-
dressing a range of different problems and it can be shown that
it is equivalent to the problem considered in [1]. Consider the
optimal consensus J\?roblem of minimizing the sum of convex
cost functions » .", Fj(x), where z € R™ is the decision
variable. It can be equivalently re-formulated as

min
QEER"N

N
F(z) = Z Fi(z) 2)
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.t T —TG) = 0, Vi,j € V.

It is clear that (2) is equivalent to (1) with all of the selection
matrices E;; being identity and X = R™Y. Moreover, some
other problems such as distributed MPC, network flow opti-
mization and resource allocation can also be re-formulated in
the form of (1), e.g. see [1], [24]. |

Remark 2: Our problem formulation is similar to the set-
up in [17]. However, if the goal is to optimize a global
decision variable then the graph should be connected to ensure
convergence. ]

We now introduce the dual variables A;;), for agents i, j €
V that share common variables, which is associated with the
constraint Eijx(i) = Ej,;:c(j). As a result, we use an edge-
based communication structure by assigning the task of updat-
ing A(;;) corresponding to the constraint F;;x ;) — Ejz ;) = 0
and edge (i,7) to agent i if (i,7) € £:={(i,5) € £ :i < j}
and to agent j otherwise. Additionally, we denote the set of
neighbors of agent 7 that are not responsible for updating the
corresponding dual vectors by A; := {j € V : (i,5) € &}.
Moreover, Z := {i € V : N; # (0} denotes the set of agents
that are responsible for updating at least one dual vector .
Hence, agent i € Z has access to (..., Agj),...) € R™, 4 €
N and the full dual vector is given by: A = (..., A;j),...) €
R™ with (4,7) € €. By definition, n; = Y, 75 : j € Nj
and n = Zl n; : ¢ € Z. Here, ny; is the dimension of the
dual variable \(;;) corresponding to the edge (i, j) € &, n; is
the overall dimension of the dual variables assigned to agent
1 € Z, and n is the dimension of the dual vector A. It can
be seen that the number of dual vectors is equal to |E|. The
Lagrangian L is given by

N
L(I, )\) = Z F,(x(l)) + Z </\(ij)a Eijx(i) — Ejix(j)>.
=1

(i,5)€€
3)
The corresponding dual function is given by
Q(A) :=inf L(z,)), st z€X. 4)

Due to the finite sum structure of F'(x), (4) can be rewritten
as Q(\) = Zfil qi(A), where
¢i(A) =inf [;(z;), ), st

with li(;v(l-),)\) = Fi(x(i)) + Zj:(i,j)efo‘(ij%Eijx(i)> _
2. egAGi)» Eijz(i)). The functions ¢;(A) depend on the
dual variable A only and the infimum is taken over local
variables x ;). The set of minimizers of I;(x(;), ) with respect
to z(;) is denoted by X; » C R":. This allows the agents to
locally compute g;(A). The dual problem is given by

max Q(A). (6)

AER™

The set of maximizers of Q(\) is denoted by Agp. The
problem (6) can be solved in a standard distributed and asyn-

z@y € Xi, (5)

'Depending on different ways of writing the equality constraint in (1), there
are multiple ways of assigning the task of updating dual variable which leads
to different communication graphs and different constructions of £. However,
these different dual vector assignments result in problems mathematically
equivalent to the one discussed in our paper and can be analysed using exactly
the same approach used in our paper mutatis mutandis.

chronous manner [10]. We make the following assumption.
Assumption 1: The following hold for Problem (1):

(i) Each individual cost function F; is convex.
(i1) The constraint set X is such that (1) is strictly feasible.
(iii) The set X; x C R™ is non-empty for any A € R™.
(iv) The function Q()) is radially unbounded: Q(\) — —oo
as |A| = oo. |
The convexity of functions F; in item (i) ensures that F' is
also convex. Thus, problem (1) is convex with linear equality
constraints. This together with item (ii)) of Assumption 1
ensures Slater’s conditions hold [10]. As a result, F* = Q* :=
Q) = mAaxQ()\), for A* € Agps. Item (iii) of Assumption 1
ensures that each agent can solve its individual problem (5)
and return a finite solution. For example, this is the case if
X C R" is chosen to be compact, see [31] and [24]. Item
(iv) of Assumption 1 requires @) to be radially unbounded
ensuring that Ay is a compact set. The compactness will
play a key role in proving Theorems 1 and 2. See Remark 10
for a discussion on relaxing this assumption.

Remark 3: Differentiability of (1) does not play a role in
our convergence analysis. This is common to many dual based
algorithms analyses (see [31], [24] for example) where the
convergence results are provided without taking the interme-
diate primal minimization steps. Moreover, the proof technique
used in this work does not rely on the differentiability of
the dual function. This enables us to show the convergence
of the algorithm in the absence of strict convexity of F'(x)
and compactness of X' which are typically used to guarantee
differentiability of the dual function in [31]. |

Remark 4: From a practical point of view, in addition to
convergence of the dual variable and the optimal cost F™,
one may be also interested in a solution to (1) that is primal
feasible. If this is the case, extra care must be taken to recover
optimal primal solutions after the dual problem is solved. This
is because for a given A € A, solving (5) may generate
x that is primal-infeasible. To solve this problem, certain
averaging techniques can be used as done in [22], [13] and
[27]. The simplest way is to add a quadratic regularization
term with a small coefficient so that the cost function is strictly
convex and the regularization term has negligible effects on
the solution to the original optimization problem [34]. ]

Remark 5: The last item of Assumption 1 is needed in prov-
ing convergence of the dual variable for our algorithm. It is
commonly used in Lyapunov based proofs to conclude global
stability of a dynamical system as it ensures the existence of
a valid Lyapunov function in the proof of Theorem 1 (see
Remark 10 for more discussion). |
In dual algorithms, often the explicit form of the dual function
is not available. As a result, checking (iv) of Assumption 1
a priori may be hard. Nevertheless, sufficient conditions for
radial unboundedness of the dual function as described in the
following lemma can be stated.

Lemma 1: Given ), denote the minimizer of I;(x(;), A) in
Xi by a3(,). Let for all i, g;(a3,)) € OF;(a},) such that
gi(xi(i)) + Zj:(i,j)e? EZ‘A(M) - Zj:(j,i)e? EiTj/\(ji) =01t
is further assumed that V(4,j) € £ the constraints E;;x;y =
Ejix(j) are linearly independent, and there exist a € > 0 and



4 IEEE TRANSACTIONS ON CONTROL OF NETWORK SYSTEMS, VOL. XX, NO. XX, XXXX 2020

a non-empty subset of X;; () X;; denoted by M,; such that

M;j+€eB C X;; N Xj; with Xj ={x e R" |z = E;y,y €

X;} and B C R™. Then, @ is radially unbounded. ]
Proof: For any )\,

N

QM ZF TA) Z i(@3)
+ D s Bigala - Eﬂ‘%w
(i,5)€€
= > Qs By — Esirl )
(i,5)€E
N
<D g (@) @ — #i)
=1
+ Z <)‘(13)7EU$>\(1> Z </\(JZ)’EUm§\(J)>
§:(4,5)€E J:(j, )€€
(> Qe Eiyalg) = D Agos Eyay))
ji(i,5)€E j:(4,5)€E

N
- Z giT(xK(i))wE(i) -C

= Z <>‘(ij)inj1’§(i) - Ejix;(j)> -G,
(i,5)€E

where the first inequality is due to the definition
of subgradients, C = 3. ez i, By ,)

Zj:(“)eg()\(j,’),Eij:v§(j)>, and the last inequality comes
from the assumption g;(z3.;)) + >0;. e ELAq —
iz Bl )\( i) = 0. Due to the assumption that
M;; + €B C ﬂ i, the case where a component of A
is identically multlphed by 0 does not exist. It also ensures
that there are elements in X such that the signs for all
components of A\ can be made negative or positive as one
wishes by selecting appropriate * € X. The question now
becomes for such z € X, can we find the corresponding .
It is obvious that, all linearly independent constraints can
be put in a compact form of Hx = 0. Therefore, if for any
x, we can find a corresponding A such that g(z) = —HT ),
where g(x) € OF(x), then the desired m§() always exists
for any 7. Indeed, since we assume that the constraints are
linearly independent, H has full row rank and H7” has
full column rank. Therefore, by choosing appropriate M,
_Z(i,j)efo‘(ij)’wa}\(z) Ejix}; ) tends to —oo as ||
goes to infinity. Thus @ is radially unbounded. ]

IV. THE ASYNCHRONOUS BLOCK COORDINATE
SUBGRADIENT ALGORITHM

In this section, we present an asynchronous block super-
gradient algorithm to solve the dual problem (6). First, let us
re-write the Lagrangian (3) in a more compact form:

L(z,)\) := F(z) + (\,E(x)), (7
where the linear constraint E(x) := (..., E;(x),...) is given
by the concatenation of matrices E;(z) := (..., Ejjz) —

Ejix(jy,--.),(i,j) € & such that ¢ € Z. For A € R", let

x5 = (sci(l), Tr2)r- - ,a:f\(N)) be an arbitrary real minimizer
of the Lagrangian L(z,\), where 23, € X;,i € V are
minimizers of I;(x(;), A). We next state one way to compute
a supergradient of Q()). The proof can be found in standard
textbooks, e.g., [3], and is omitted.

Lemma 2: Let Q()) be the dual function (4), then for any
A € R™ and a corresponding z5 € X, E(z}) € 0tQ()). A

This implies El-jxj\(i) — Ejl-x}‘(j) is a component of the
supergradient associated with the corresponding multiplier.
The synchronous supergradient update for A is given by

AT =X+ ag(\) = A+ aE(x)), (8)

where o > 0 is the stepsize to be appropriately chosen and g €
0% Q. As a result, asynchronous version of the dual updates
corresponds to the supergradient update (8) for some of its
components )\ZJ) = Aj) + a(Eijxy ;) — Ejixy ;). for some
(i,7) € E. Specifically, each agent minimizes l;(x(;), ) with
respect to ;) locally. When a pair of agents finish solving
their local problems, they can communicate their solutions
to each other to perform a dual update without waiting for
others to complete their computations. These communica-
tion times may depend on agents’ computational capabilities,
availability of the network and so on. Based on Lemma 2,
the proposed dual asynchronous algorithm that generates the
sequence {A;;}p2; and {ap )2, can be modelled by the
following stochastic discrete-time system

AT ed+P(aov) o (@TQ(N) +eh) (9a)
at =Aa)OvT +ao (1g —vF) (9b)
=~y 40T, 9¢)

where © denotes the Hadamard product of two matrices,

a=(...,ag),...) € le(l),i(i,j) € & is the stepsize vector,

v = (Y65, ---) € le(lJ, (i,j) € & is the vector of
the number of dual updates up to the current time instance
and its initial condition is therefore set to 0. The function
Al@) = (. Aup(ag),---) € RE, (6,5) € € is the
vector representing the dynamics of local stepsize update.
To model the asynchrony, we introduce the random input
v = (..., 0(j),.--) such that v(;;) 41] is equal to 1 if at
time k edge (¢,7) € £ is updating and is equal to 0 otherwise.
Furthermore, ®(a ® v*) = (.. .,a(ij)v(tj)lmj,...). The
other random input e* = (... e(;),...) following some
probability distribution satisfying Assumption 4 accounts for
supergradient evaluation errors coming from communication
noise and the fact that the local problems may not be solved
exactly in finite time. For notational convenience, we re-label
the vectors A, o and ~ in (9) and give a component-wise
representation of (9). Note that there are |£| dual updates
and we label the corresponding update variables from 1 to
€], ie., A = ()\(1),...,)\(|g|)), a = (a(l),...,a(lgl)) and
v = (Y ---7z)))- The mappings A(-) and 97 Q(-) are
partitioned similarly. For i € Zz\{0}, the ith component of
(9) can be written as

Ay € Ay +a@u (07QW ) +efyy) (10a)
Ay = A(i) (C!(i))’l)(t) + a(i)(l — ’U(t.)) (10b)
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oy = Vi) + - (10¢c)

An implementation of (9) is presented in Algorithm 1. We

Algorithm 1 Asynchronous Block Supergradient Algorithm

1: Initialization: )\(ij),[O] Y(i, j) € E.
2: Primal Update: At time k, for all agents ¢ € V,

x?i) — arg mip Li(z ey, N)

Z(4)
3. Dual Update: For all (i,5) € &€ such that V(ig) k1] = 1t
A(m Ay + i) (Bigasy =
(’L]) — A'LJ( (1j))'
For all (i, ) € € such that v(;) (+1) = 0

l‘r(ﬁ) + e(”))

+ +
AlGj) S Ay Q) Q)

4: Set k< k+ 1 and go to Step 2.

make the following assumption on the update protocol.

Assumption 2: For any i € Zz\{0} and m € Zxo, there
exists a A > 0 such that liminfj_, o W > A almost
surely, where ~(;y is generated by (10) with ;)0 =0. N

Remark 6: Assumption 2 requires that each coordinate is
updated infinitely often. As shown in [6], it can be satisfied
whenever each coordinate, given the past history, has an up-
dating probability lower bounded by a positive constant [32].
Other examples of stochastic updating conditions satisfying
Assumption 2 include the case where coordinates are updated
in an i.i.d. fashion [20], or when the coordinates are updated
based on a controlled Markov chain [7]. Two examples for
deterministic rules satisfying Assumption 2 include cyclic
updating of coordinates [33] and the case of uniformly persis-
tently exciting updates [28] where each coordinate is updated
at least once in N iterations for a given integer N [14]. W
For z € R, let || denote the maximum integer no larger than
x. We present next the assumptions on agent’s local stepsize.

Assumption 3: For any i,j € Z\Z\\{O} and stepsize
sequences {c;r} and {oj,} generated by az) =
Aey(agy) and a?;.) = A(j)ga(j)) respectively, there
exist positive scalars 6 and A > 0 such that (i)
SheoQyk = oo and Y7, a?i),[k] < ooy (ii)
lm supy,_, o SUPs, e[5,,1] X().[16:k))/ Q). k) < A, for some
09 € (0 A} (iii) iminfy_, 1nf51€[52,1] ), L51kﬂ/a(j),[k] >
5, for some &5 € (0, A].

Remark 7: Since we are not working exclusively with Lip-
schitz continuous gradients, it is reasonable to use diminishing
stepsizes to achieve almost sure convergence to the exact
solution set Agp. Item (ii) of Assumption 3 requires the
stepsizes of agents in the network to be roughly in the same
“time scale”. Moreover, different from [20], we allow agents
to use different local stepsizes whose updates are not required
to be coordinated as long as they satisfy Assumption 3. They
can be easily satisfied by choosing commonly used stepsizes
including {c¢;/k} and {c;/(klogk)} (with appropriate modifi-
cations when k = 0) where ¢; > 0 is a bounded constant that

agent ¢ € Z can choose locally. |
We denote the history of (9) and (10) up to time k € Z>q
by Fi = 0(Am]s Qm]s €[m]> Vjm], M € Zj), which is a o-

subfield of F. The following assumption on the supergradient
error states that the error is a martingale difference noise as
shown later in the proof of Theorem 1 which is a standard
assumption in the stochastic approximation literature [7].
Assumption 4: There exist a sequence {3 }32, and a K >
0 such that the random sequence of error vectors e in (9)
satisfies E[e[kJ’,l]‘Fk] = B[k] and E[|e[k+1]|2|]:k] <K. |
Remark 8: Most stochastic approximation and optimization
literature considers zero mean martingale difference noise
under which exact almost sure convergence can be proved.
However, in some applications, it is natural that the noise may
not be zero mean. We introduce the variable 3} to cover both
the zero mean (3} = 0) and non-zero mean (3 # 0) cases.
We prove that if B = 0 then we can establish the same
convergence results as shown in the stochastic approximation
literature. If S, # 0, then we can show convergence to a

neighborhood of Agps. [ |
Assumption 5: The dual variable A is bounded almost
surely for any k. |

Assumption 5 is standard in stochastic approximation liter-
ature [7] to guarantee almost sure convergence. In the next
section, we will give a sufficient condition for satisfaction of
Assumption 5. The main result of the paper is stated below.

Theorem 1: Let Assumptions 1-5 hold. If B = 0 for all
k € Zxp, then limy_, |)\[k |Aope = O almost surely for any
()\[0],04[0], H)ER XR‘ X{O} [ ]
The proof of Theorem 1 is inspired by the asynchronous
stochastic approximation idea introduced in [7, Chapter 7] and
[6] where similar results are established for the case where the
cost function is differentiable. Before presenting it in detail, a
brief outline of the proof followed by necessary intermediate
results are provided below.

The proof generalises that of [7, Chapter 7, Theorem 2]
to the non-smooth case. We first linearly interpolate the
asynchronous dual updates to make it a ‘“continuous time”
signal. We then show that this continuous time signal almost
surely converges to a solution of a non-autonomous differential
inclusion (Proposition 3) with Ay as its uniformly globally
asymptotically stable (UGAS) positively invariant set in the
sense of [21, Definition 2.2] (Proposition 4). For notational
convenience, we define the radially unbounded convex func-
tion f := —( whose minimizers form a non-empty compact
set (Assumption 1). Hence, for ¢« € Z, (10) can be written as

(11a)
(11b)
(11c)

/\?;) = )\(1) — a(l)vz)g()\)(l) + Oé(i)l}?;.)ez)
by = A(i) (a(i))v(t) + a(i)(l - Uz;))
+
M) =60+
where g(A) € 0f (), and is calculated by taking the difference

of the two corresponding primal solutions of local problems
and can be any element of Jf()\).

Note that for each 7, A(;) in (11) can be written as

Aoy = A — @ty (9N ) — ey, (12)
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. — Q
where & := Helz%x Qs Ty = U() and 7, C Z|£|\{O}

is the set of components that are updatmg (we define & and
T(;) to be 0 when Z, = ()). The next lemma shows that the
sequence {ayi} is square summable but not summable.

Lemma 3: The sequence {aj} satisfies Y .7 o dfk} < 00
and ;7 @p,) = oo almost surely.

Let
k-1
tk) = Z Q) k>1, o) = 0, (13)
m=0
and for t € [tx], t{x+1))
- Alke+1] — Ak -
A(t) = Ay + = +2[1€] WLt — ti), M) = Apg- (14)
By construction, the linearly interpolated process

A(t) is continuous and piecewise linear. Let O(t) :=
diag(T(l) (k]s -+ T(ED, [k]) for t € [[k];t[k—l—l]) Intuitively,
the sum of 7(;y indicates how frequently the agent i
is updating. By Lemma 8 (see Appendix), f(\) is
guaranteed to be locally Lipschitz. Thus by Rademacher’s
theorem [12], f(A) is differentiable almost everywhere.
Hence, for almost all A € R", Vf(\) is well-defined,
continuous, and 9f(\) {Vf(N)}. Therefore, g(A) is
continuous almost everywhere. Equivalently, by defining
r(t) == max{k € Zxo : tpp) < t}:

/9 +s

+ Cr(t[k]+u) CT (tiky) o

where Cire)] = G = Yomneo O (i) €fma1), b > 1.
Compared to A(t), which is piecewise linear and continuous,
Alr(+)] is piecewise constant and may be discontinuous at ¢ =
tr). From Assumption 4, it can be seen that ((p, Fx) is a
martingale process. Moreover, the following proposition states
that if S, = 0 for all k, the effect of the term Cr(tyg+u) —
Cr(t[k]) in (15) diminishes as k — oo.

Proposition 1: 1If B = 0 for all k, then limy o (p) < 00
and the sequence of functions of u, {C[T(tw +u)] —gw[k])]}g;l
converges to 0 on [0, 00) almost surely. [ ]
Next, by defining ¢(t + u,t,\(t)) = — 5 6(
s)g(\(t + s))ds, we have the following result which shows
#(t +u,t, \(t)) can be used to approximate A(t + u) when ¢
is sufficiently large.

Aty +u) — Atp) trags)) S

5)

Proposition 2: For any T' > 0, lim¢ 0 SUP,,¢jo,7 At +
u) — ¢(t +u,t, A\(t))| = 0 almost surely. [ ]

The behavior of the limit point of {A(tj;+-)} is studied next.

Proposition 3: For any positive scalar 7" and positive in-
teger 72, any limit point A(-) of {N(ty) + -)} defined in
(14) in the space of continuous functions from [0,7] to R™
denoted by C([0,T]; R™) is almost surely a solution to the

non-autonomous differential inclusion
X e -6()af\),

where ©(%) is a diagonal matrix-valued measurable function
with diagonal entries in [¢,1], with 0 < e < 1. [ ]

(16)

Lastly, the following result states stability properties of the
limiting differential inclusion (16) which also ensures that no
finite escape time exists for (16) by compactness of Aqp.
Proposition 4: Suppose O(t) is a diagonal matrix-valued
measurable function with diagonal entries in [, 1], then (16)
is UGAS with respect to the compact set Agps. |
Now, we are ready to prove Theorem 1.
Proof of Theorem 1: By Lemma 3, tj;) — oo (defined in
(13)) as k — oo. Thus, A(t) is defined over all ¢ € [0, 00).
From (14), the limit A, as k — oo exists if and only if the
limit of A(t) as ¢ — oo exists. These limits are the same. By
Lemma 8, 9f(\) is locally bounded. Moreover, since the se-
quence { Az }32, generated by (11) is almost surely bounded,
g(Ax)) is almost surely bounded for all g(Ap) € 0f(Ap).
k € Zsg. Furthermore, 0(t) is uniformly bounded for all
t € [0, 00). Combining these facts and Proposition 1, it can be
seen that, almost surely, A(¢(x +u) — A(f(g) in (15) is norm
bounded. Hence, the sequence of continuous time processes
{S\(t[k] + -)}%2, is equicontinuous (see Preliminaries in the
appendix for the definition) and bounded. Note that, for a given
k, A(t[x)+-) is a function defined on [0, 00) shifted by ¢4, thus
the sequence of functions {A(¢[x+)}72, are in fact defined on
the same interval, but shifted differently. Then by the Arzela-
Ascoli Theorem (see Lemma 5 in Appendix), for any 7" > 0,
{A(tp + ) 172 is relatively compact in C([0, T]; R™). Thus,
there exists a subsequence of {A(t] + ) }32, that converges
to a limit point. Following similar arguments, it can be shown
that, for ¢t > 0, {¢(t[ + -, tx), A(tx))} is also an equicontin-
uous, point-wise bounded family of trajectories. Therefore, it
follows from Proposition 2 that {¢(t() + -, k), A(tx)))} and
{A(tjx) + -)} have the same limit points in C([0, T]; R™). As
a result, studying the limiting behavior of {A(t3 +-)} can be
done via looking at the corresponding common subsequence
of {¢(ty) + - ty, Atky)) - By Propositions 2 and 3, almost
surely, all limit points of the interpolated process (14) are
solutions of (16) which is UGAS with respect to A,y as shown
in Proposition 4. Thus, from [7, Chapter 5, Corollary 4], A
in (11) almost surely converges to Agpt. |
By imposing the following additional assumption on the
stepsize sequence, we are able to state almost sure convergence
of Aj) to a neighborhood of Ayt if Bj) is norm-bounded.
Assumption 6: For any i,j € Zla\{o} the stepsize se-
quences {ag), ik} and {ag;), k) } where a = Ay (o)) and
= Ay (« ])) satisfy the following:

)
1) (HC,‘J‘ > 0) 2 k=0 ). [k]

. limy, -0 SroaGm
@ @G e ©0A4) M € [b1) (G €
M _
(0 1]) hm”_wc Dk—0 Q) [k e -

Theorem 2: Let Assumptions 1 6 hold. Suppose that for
any 6o > 0 and A, > 0 there exists ¢, > 0, such
that |fpy| < e, and the sequence {A}p2, generated by
(9) is bounded almost surely and A € A.B infinitely
often. Then limy, o [Afk)|Aupe+5.8 = O almost surely for any
()\[0],&[0},’)/[0]) € R™ x R‘f(l) X {O} |

Proof: Note that, we can split the non-zero-mean error
into two terms with one being the martingale difference noise
considered in Theorem 1 and the other one being a noise
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term bounded by ¢.. Following similar arguments in the proof
of Theorem 1, it can be seen that the limiting differential
inclusion becomes A € —O(t)(df (A ) + €.B). Since there
exists ¢;; > 0 such that hmn_)oo#m = c¢;j, the
stepsize sequences used by agents belong to the class of
balanced stepsizes defined in [6, Section 3]. Thus, following
the arguments in [6, Theorem 3.2], ©(¢) = © and, hence, the
deterministic limiting differential inclusion becomes

Xe —0f(\) +e.B), (17)

which is autonomous. By Lemma 8 (see Appendix), df (5\)
is outer semicontinuous, convex and locally bounded?. Thus,

the continuous time system X\ € —Odf(\) satisfies [15,
Assumption 6.5] and is well-posed. Since ©(df(\) +e.B) C
O(df(\)) +ecB and A,y is a compact set by Assumption 1,
the proof of Theorem 2 is completed by applying [16, Theorem
6.6]. The result is based on semi-global practical stability of
(17) and the recurrence condition on the set A.B is needed
since the stability property is not global. ]

Remark 9: Since the compact set Aqp is UGAS, it follows
from [15, Theorem 7.21] that Aoy is also robustly glob-
ally asymptotically stable. Namely, there exists a continuous
function ¢ : R™ — R, such that A,y is UGAS for
A € —(0df (A + ¢(A)B)) + ¢(\)B, where for a set S,
coS denotes the closed convex hull of S. The function p
can be used to cover some uncertainties commonly seen in
applications such as quantization errors, measurement noise.
Moreover, a smooth Lyapunov function is guaranteed to exist
by a converse theorem given in [15] which can also be used
as a tool for further robustness analysis. |

Remark 10: If, in addition to balanced stepsizes [6, Section
3], identical stepsize sequences are used, it can be shown that
© = I [7, Chapter 7]. In this case one can use |)\|%OPt as a
Lyapunov function in the proof of Theorem 1 without relying
on radial unboundedness of the dual function. ]

V. ADDITIONAL RESULTS

We first discuss a special case where an almost sure con-
vergence of A in (9) without requiring the iteration to be
almost surely bounded is obtained. Then, some convergence
rates analysis under more restrictive assumptions are provided.

A. Bounded Supergradient

Almost sure bounded iteration assumption is only used to
ensure that g(-) in (15) is also almost surely bounded. Thus,
it can be established that {A(t; +-)} is equicontinuous and
bounded. Thus, if we find another way to ensure the bound-
edness of g(-), then we can show almost sure convergence
without imposing the condition that the iteration is almost
surely bounded. One possible approach is to assume that the
set X is compact. In most situations, this is a reasonable
assumption since the decision variables are meaningful only

2A set-valued mapping M : RP = R™ is outer semicontinuous if for each
(zi,y:) — (z,y) € RP x R™ satisfying y; € M;(x;) for all ¢ € Z>,
y € M (z). Tt is locally bounded if for each bounded K C RP, M (K) :=
Uzex M () is bounded.

when they are finite. The boundedness of the supergradient
of Q(\) comes from the fact that the supergradient in the
algorithm is formed by the difference between two elements
in X which is bounded.

Corollary 1: Under Assumptions 1-4, if X’ is a compact
set and ) = 0 for all k € Z>o, then the sequence {Ajy }72,
generated by (9) satisfies limg_, o0 [Ajg]]A,,, = 0 almost surely,
for any (Ao, ag,v0) € R™ x le(l) x {0}. [ |

Remark 11: The assumption on the compactness of X is a
simplifying assumption to ensure the almost sure boundedness
of the dual variables which is a crucial element of our proof
as described in Section I'V. This is in contrast with [31] where
compactness is to guarantee a differentiable dual function. We
do not rely on the differentiability of the dual function in the
analysis and the compactness assumption can be replaced by
any assumption that results in the boundedness of the dual
variable (see [8] for example). Investigating other sufficient
conditions for boundedness of A is left for future work. W

B. Convergence Under Stronger Update Assumptions

In this part, we give another set of sufficient conditions to
achieve convergence based on [20]. We show that under an as-
sumption on the update rule that is stronger than Assumption 2
and global stepsizes®, the algorithm almost surely converges
if all other assumptions in Theorem 1 are satisfied and there
is an appropriate upper bound on the supergradient of the dual
function during updates.

Instead of Assumption 2, we make the following assumption
that can be satisfied if edges are updated in an i.i.d. fashion:

Assumption 7: Considering system (9), for any (i,7) € &,
P(U(ij),[k] = 1|Fi—1) = pi; > 0 for all k > 1. |
Note that, Assumption 7 is sufficient but not necessary to en-
sure Assumption 2 as it rules out situations where deterministic
protocols are used. In addition to Assumption 7, we assume
the following upper bound on the supergradient of the dual
function Q.

Assumption 8: There exists a scalar ¢, such that c?(1 +
|/\[k]|?\opc) > |g(/\[k])|2a where g()\) S 8+Q(/\), vk € Zzo,
almost surely. ]

Remark 12: This assumption is weaker than both the
bounded subgradient assumption in [31] and the Lipschitz
continuous gradient assumption in [24]. For example, it can
be satisfied if X is compact. Moreover, if the cost is quadratic
which can be commonly seen in linear MPC related appli-
cations, then the gradient will be linear which also satisfies
Assumption 8. u
The following lemma will be used to establish almost sure
convergence of A in (9):

Lemma 4: [3, Proposition A.4.5] Let Fj be the history of
(9) and (10) up to time k. In addition, let pj), ap), wpr) and
upg) be sequences of non-negative random variables and let
the following relation hold almost surely for any k € Z>q

E[pps1)|Fr] < (14 apm)pm — wn + Wi, (18)

3We require all dual updates to use the same stepsize. It can be local in
situations where all updating edges share a common positive end at each time.
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where Y7 jap < oo and Y7 wp; < oo almost surely.
Then almost surely p) will converge to some random variable

pand Y07 ugy < oo. [ |

Proposition 5: Consider Assumptions 1, 4, 7, and 8. Let
By = 0 for all k € Z>o and all edges use the same
stepsize sequence {aqy} satisfying Y, jap; = oo and

Y oreo a[Qk] < oo during dual updates. Then Aj) generated
by (9) almost surely converges to a point in Ape as kK — 00

for any ()\[0], a[o],v[o]) S Rﬁ X RE(‘) X {0} |
Proof: For any X\* € Agpi, and g € 07 Q:
|)\[k+1] — )\*|2 = |)\[k+1] — )\[k] + )\[k] - )\*|2
= A = A + oy © (9(Awg) + €ppr1) © vy
+ 2{agr) © (9(Ak]) + efr+1]) © Vpesa]s Ay — A")-
Since Eleppy17|Fx] = 0 and E[lep15|*|Fx] < K, taking

expectation of [Afg41)—A* |2 conditioned on past history yields

E[ A1) = N1 Fe] = Ellag) © ey © vy ]| Fi]
+ Ay = M P+ Ellap © 9(Aw) © vy Fx]
+ 2E[(ajr] © 9(Ak)) © Vjga]s Ape) — A Fx]
< Py = AP+ afg K + +afiyc® (1 + [ = AP)
+ 205 (Wg(AR))s A — A7)
= (14 afy®) A — NP + afy (K + %)
+ 200 (Wg(Amy)s Ay — A", (19)
where W := diag(...,pi;I,...) € R" x R™ is the block
diagonal matrix that contains p;; for all (4,j) € £ and is

positive definite due to Assumption 7. Thus, W2 and W—2
1
are well-defined. Define m; := |W~2|2, then

E[[W % Aoy = M) PIF] <
(14 afye) W2 (g = A+ afy (W2 [K + )
+ 209 (W2 g(Ageg), W2 (A — X))

<@ +a[2k]32)|W*%(/\[k] — )+ 0y (K + )
— 20 (QA\") — Q(Ak))

Since ay is square summable, we can apply Lemma 4 by
taking Pk = ‘W_%(/\[k] - /\*)|2, ag = Oé[Qk]CQ, Uk =
20 (Q(N*) — Q) and wy = afy (MK +¢) to ar-
rive at the conclusion that p; almost surely converges to a
random variable which means the algorithm is almost surely
bounded. To see this, define S4 as the set of all bounded
sequences in a metric space and Sp as the set of all convergent
sequences in the same metric space. A convergent sequence
in a metric space is bounded. Thus, Sp C S4. Consider a
proper probability measure P such that P(Sp) < P(S4).
Since P(Sp) = 1, we must have 1 = P(Sp) < P(S4) <1
which means P(S4) = 1. The rest of the proof follows from
the proof of Theorem 1. ]

C. Convergence Rates

Since we focus on asynchronous algorithms with diminish-
ing stepsizes, one may not expect a convergence rate that is
as competitive as those that assume strongly convex functions
with Lipschitz gradient. Nevertheless, we are able to state the

following result under the hypotheses of Proposition 5, whose
proof follows from the proof of Proposition 1 in [20].
Proposition 6: Consider Assumptions 1, 4, 7, and 8. Let
Bix) = 0 for all k € Z> and all edges use the same stepsize
sequence {oy, } satisfying -7 opg) = oo and Y7 oz[zk} <
oo during dual updates. Then almost surely hkrg i£f ko (Q* —

Q()\[k]>) = 0 for any ()\[0]704[0]7'7[0]) € R” x RE(L x {0}. W

Remark 13: After sufficiently many iterations it is possible
to observe at least one iteration where the difference between
the value obtained at this iteration is arbitrarily close to Q*.
Moreover, the convergence rate depends on how the stepsizes
are chosen. Let ap) = m, where % < q < 1 for all agents.
Define by := ZII<1£(Q(>\*) —Q\x)))- If likrggf b, < e. Hence,

liminf k'~9 ,;: 0. It in turn yields a sublinear convergence
k—o0 (k]

rate of O(71=) almost surely. [ |
We state another sublinear convergence estimate in a stochastic
setting under the uniform boundedness of the subgradient at
Ay for all k € Zxo.

Assumption 9: There exists a scalar G > 0, such that G >
l9(Ag))|s Yk € Z>0,g(A) € 0TQ(N) almost surely. ]

Proposition 7: Consider the sequence of random variables
)\[k] generated by (9). Under Assumptions 1, 4, 7, and 8,
assume [y = 0 for all k € Z>( and all edges use the
same stepsize sequence {ay} satisfying > .7 oy = oo
and 77 a7, < oo during dual updates. Then for any

- £
(Aojs o], Vo)) € R™ x REY x {0}:

miR? + (m1 K + G?) Zle oz[Qi]

Q* - Qbest[k] < % ’
23 o)
almost surely, where Queq(r] = ,_max kIE[Q(/\[k])LE_l] and
R:= sup |\g — | [ |
A*EAgpt

Proof: Similar to the proof of Proposition 5:
E[[W™ 2 (Ajyr) = A)PIF] < (W2 (g = AP
+ Oé[zk] (m K + GZ) — QQ[k](Q(/\*) — Q()\[k]))

The rest of the proof follows from the proof of Theorem 2 in

(20)

[20] and is omitted for the sake of brevity. |

Remark 14: Since Zf:o H% > fok %ﬂdt =log(t+ 1)k =
log(k + 1), a convergence rate of O(j57) for ap) = pi7 is
established using Proposition 7. |

Remark 15: Proposition 7 establishes the sublinear con-
vergence of the dual algorithm. If F; in (1) is strongly
convex and has Lipschitz gradient, then it can be shown via
Fenchel duality that the dual function @ is strongly concave
and has Lipschitz continuous gradient. Then, if we further
assume that i.i.d. local timers are used in the updates, we
recover the random block coordinate descent algorithm of [33,
Theorem 1] where a stochastic linear convergence rate can be
achieved. As a result, while the main focus of this work is the
asynchronous aspect of the algorithm rather than achieving
the fastest possible convergence rate, linear convergence can
be recovered if we make more stringent assumptions about the
problem and update rules in the network. |
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(a) Plot of |Q(A\*) — Q(X)| versus the number of iterations
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(b) Plot of primal variables z(;) versus the number of iterations

Fig. 1: Fig. 1(a) shows the convergence of the dual function
under different settings, while Fig. 1(b) shows the primal
variables indeed approach consensus as k grows.

VI. A NUMERICAL EXAMPLE

We consider the problem of minimizing F(z) :=
Zi’il F;(x) over a network of 50 agents. In this case, all
selection matrices F;; are identity matrices and for simplicity
we choose e to be 0 so that the superdradient of the dual
is error free. The functions Fj(x) are given by F;(x) =
max{—w;(x — a;) + bs,bs} (from equation (5) in [18]) for
1 < i < 5, where b, is selected to be 0 while w; and
a; > 0 are randomly chosen in the intervals [0.2,1] and [2, §]
respectively. Note that these functions are non-smooth convex
but not strictly convex. For 6 < i < 50, F;(z) = zlogp;x,
where for each 1 < ¢ < 50, p; is a real number chosen in
(1,5) uniformly at random. We consider two communication
graphs: a path graph and a connected random geometric graph
with 358 edges with all dual variables initialized at 0. Each
agent ¢ € V is given a local decision variable x(;. Since
for 1 < ¢ < 5, F;(z) is not strictly convex, as discussed in
Remark 4, only convergence of the dual variable is guaranteed.
We consider the following update scheme. We assign to each
i € V areal number p; chosen in (0.5, 1) uniformly at random,
a local counter zo; that counts the number of times that there

is at least one update at edges connecting 7 to its neighbors
in the last 10 iterations in the whole network. Then for
(i,7) € €, Aj) gets updated with a probability p;p;0.7%=.
The probability of updating for each node ¢ € 7 reduces as
the number of updates grows in the last 10 global iterations. It
is worth mentioning that although zo; uses global information
in the network, the introduction of wo; is merely to simulate
the algorithm with time varying updating probabilities. The
implementation of the algorithm does not require global in-
formation in the network as long as the assumptions of the
main results are satisfied. The stepsizes for dual updates are
assumed to be the same, initialized at 0.15, and generated by
A(a) = 0.15(1 + logg 51 0.15 — log 51 ) 92! (This stepsize
rule corresponds to ag = 0.15(1 + k)~ in the case of
a global time counter k). For each of the two networks, we
simulate the algorithm for the case where all communication
and updates are synchronous, the updates are asynchronous
with global stepsize, and the updates are asynchronous with
local stepsize. To compare, we also consider the case where
for 1 < i < 5, Fy(z) is regularized by 0.005x2 so that we
should have all Ty, © € V converge to the same x* that
minimizes F'(z). Dual variables are all initialized at the zero
vector. Furthermore, since we work with non-strictly convex
functions, to satisfy Assumption 1, we work with x over
compact sets. By doing so, we can ensure a real solution to
the local problem always exists and the upper bound of = does
not need to be known, The plots for dual functions and primal
variables when regularizers are used are given in Fig. 1.

As predicted by our results, Q(\) tends to its maximum
and all agents reach consensus as the number of iterations
tends to infinity if regularizers are used. Moreover, the use
of local stepsizes are observed to provide better convergence
rates. This can be explained by the fact that the stepsize for
the edges that are not updating does not decrease while in the
global stepsize case the stepsize decreases whenever there is
an update anywhere in the network. Although not theoretically
explored in the paper, adding more communication links in
the network is also observed to accelerate the convergence of
both dual and primal variables which may also induce more
fluctuations caused by the numerical errors. It can be seen
from Fig. 1(a) that the three dual functions corresponding to
the random graph converge faster than the three dual functions
corresponding to the path graph but with more fluctuations. It
shows an interesting trade-off between the number of commu-
nication links and a faster convergence rate. The investigation
of this interesting relationship between communication and
convergence is left as future work. On the other hand, Fig. 1(b)
shows that the primal variables reach consensus asymptotically
as the functions are regularized.

VII. CONCLUSION AND FUTURE WORK

We have proposed an edge based asynchronous distributed
dual algorithm to minimize the sum of convex cost functions
that have partially overlapping dependences. The analysis
was done by viewing the asynchronous algorithm as block
coordinate supergradient update for a concave function and
applying techniques from stochastic approximation literature.
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Under relatively weak assumptions on the cost function,
sufficient conditions on the communications between agents
and stepsizes were provided to prove almost sure convergence
of the algorithm to the solution of the dual problem. We
gave a sublinear convergence rate estimate for the algorithm
under stronger assumptions. A numerical example was given
to illustrate our main result. Future work will focus on
providing convergence rate analysis under weaker assumptions
on the communication between agents and the use of constant
stepsizes in the algorithm to achieve faster convergence.
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APPENDIX
A. Background Definitions and Lemmas

For any T > 0 and n € Z-, the space of continuous
functions from [0,7] to R™ is denoted by C([0,T];R")
and the space of measurable functions f from [0,7] to R
satisfying fOT |f(t)|?dt < oo is denoted by Lo([0,T];R™). A
subset of a topological space is relatively compact if its closure
is compact. A set B C C([0,T]; R™) is equicontinuous at t €
[0, T if for any € > 0, there exists a & > 0 such that |t—s| < 0,
s € [0,T] implies sup;cp |[f(t) — f(5)|lc.r < € where
[flloo,r == supsepo,r [f(s)|. It is equicontinuous if it is
equicontinuous at all ¢ € [0, T]. It is pointwise bounded if for
any t € [0,T], sup e || f(t)||lco,7 < oc. The following result
known as the Arzela-Ascoli Theorem characterises relative
compactness in C([0, T]; R™).

Lemma 5: [7, Appendix A, Theorem 1] A set B C
C([0,T); R™) is relatively compact if and only if it is equicon-
tinuous and pointwise bounded. |
Consider the Hilbert space L2([0,T];R™) with the inner

0,
product defined by (f,g)r = [, (f(t),g(t)dt, f.g €
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L2([0,T];R™) and the norm ||f]]2,r VS, ). The
weak topology on Lo([0,T];R™) is defined as the coarsest

topology with respect to which the functions f — (f, g)r are
continuous for all g € £2([0,T]; R™). Then, we say f, — f
weakly in Lo([0,T];R"™) if and only if (fn.9)r — (f,9)r
for all g € L£([0,T];R™). The following result which is a
special instance of the Banach-Alaoglu Theorem characterises
relative compactness in L£2([0, T]; R™).

Lemma 6: [7, Appendix A, Theorem 3] A ||-||2,7-bounded
set B C L5([0,T];R™) is relatively compact in the weak
topology. ]
Next, we state a martingale convergence theorem that is critical
in the proof of Theorem 1. Let (2, 7, P) be a probability space
and {F,} be a family of increasing o-subfields of F. For a
martingale {X,,} with respect to {F,, }, we have the following
convergence theorem.

Lemma 7: |7, Appendix C, Theorem 11] If E[| X,|?] < oo
for any n € Zs and Y E[| X, 41 — X,|?|F,] < oo, then
{X,} converges almost surely. [ ]
Some useful properties of convex functions are stated below.

Lemma 8: Let f : R®™ — R be a real-valued convex
function. Then, the following statements hold for any x € R™:

(i) 9f(zx) is non-empty, compact and convex.

(i1) f is locally Lipschitz.
(iii) Of(z) is locally bounded.
(iv) Of(x) is upper semicontinuous*.
(v) Of(x) is outer semicontinuous. [ |
Proof: Ttem (i) follows from [3, Proposition 3.1.1].
Items (ii) and (iii) follow from [3, Proposition 3.1.2]. By [12,
Proposition 2.2.7], if f(z) is convex, then Jf(z) coincides
with the generalized gradient which is upper semicontinuous
by [12, item(d), Proposition 2.1.5]. Lastly, by [15, Lemma
5.15], when Of(x) is closed and locally bounded, upper
semicontinuity of Jf(z) is equivalent to outer semicontinuity
of Of(z). Since df(x) is indeed closed and locally bounded
by item (i) and (iii) of Lemma 8, item (v) follows. [ |
A function ¥ : R>9 — R>q is of class K if it is continuous,
strictly increasing and ¥ (0) = 0. It is of class K if it is of
class K and unbounded. A function x : R>9 — R>¢ is of class
L if it is non-increasing and lim;_,, x(¢) = 0. A function
B:R>o x Rsg — Rx is of class KL if B(-,t) € K for each
t € R>g and B(s,-) € L for each s € R>o Let V°(z;v) =
lim supy, o+ 4z M be the generalized directional
derivative of Clarke of a locally Lipschitz function V' at z in
the direction of v. This is the standard directional derivative
(VV (x),v) for continuously differentiable V' [12].

B. Proof of Lemma 3
Since a = = max ag), all elements of the sequence {a;}
€

must belong to the set M := {a € R : a = ag) ), i €
Zg \{0},k € Z>o}, which is the set of all elements of local
stepsize sequences. Thus, the sum of squares of {ay} must
be upper bounded by the sum of squares of all elements
in M. Note that, for any i in the finite set Zg\{0}, the

4A set-valued mapping M : R™ = R" is upper semicontinuous if for each
z € R™ and € > 0 there exists ¢ > 0 such that M (z 4 0B) C M (x) + €B.

sequence {o [k} is square summable. Thus, all elements
in ./\/l must also be square summable. That is > .-, [k]

Z D Oa )ik < 00 for {a) i} generated by a(i) =
A )(a( ))- By Assumption 2, Z, # {0 infinitely often, almost
surely. Therefore, ay;; > 0 for infinitely many k, almost surely.
Since |€] is finite, ap) > O for infinitely many k implies
that {afx)} must contain infinitely many terms from at least
one sequence {a(;)x} for some i € Zgz\{0}. Otherwise
{a),ix} will only have a finite number of elements which
contradicts the fact that apy > 0 for infinitely many k.
Therefore )~ apr = co almost surely.

C. Proof of Proposition 1

By Lemma 3, {a)}32, is square summable almost surely
and the largest element of 9() is 1 for all ¢. Hence,
> E [|Ck+1 — PPl < 2252 oy Ellepory *1Fk] <
orey a[ ]K < oo almost surely, due to Assump-
tion 4 and Lemma 3. Since By = 0 for all k,
E[(d[ml]e(t[ml])e[ml+1], d[m2]9(t[m2])€[m2+1]>} = 0 holds for
any my # mg € Zxo. Thus, for any k > 1, E[|(y|*] =
> net Ellap—1jep ] < oo follows from the fact that [6(t)|
is bounded. Consequently, all assumptions of Lemma 7 are
satisfied and (j) converges almost surely to a random variable.
The definition of 7(t) and Lemma 3 yield r(tj)) — oo as
k — oo. Therefore, the sequence {C[T(t[k]+.)] - qr(t[k])]}i":l
converges to 0 uniformly on [0, T'] for any 7' > 0 almost surely
when k is sufficiently large. Thus the proof is complete.

D. Proof of Proposition 2

From Proposition 1, the sequence {C[T(t[k]+u)] _C[T(t[k])]}iozl
almost surely converges to 0 on [0,00). Moreover, due to
Lemma 3, tkr1 — Uk = Q) — 0 as £k — oo, thus for
te [t[k],t[k+1]), fou 0(t+s)g ()\[T(tJrS )ds— fO (t+3s) g()\(t—|-
s))ds — 0 as k — oo and the result follows since k — oo
implies ¢(z) — oo by Lemma 3.

E. Proof of Proposition 3

Tlle proof is based on [7, Chapter 7, Theorem 2]. First,
let 6(t) := (7’(1) (K> - T(ED, [k]) for t € [t[k] [k+1]) which
is the vector contalnlng all diagonal elements of 6(¢). Then,
we view 9( ) as an element of )V, where V is the space of
measurable maps y(-) : [0,00) — [O 1]™ with the coarsest
topology that renders the maps y(-) — fo ))ds
continuous for all 7' > 0,g(-) € ﬁz([O T];R™). ThlS deﬁnes
the weak topology on L3([0,T];R") (see Lemma 6). Since
g(-) € L2([0,T];R™) and all elements of §(¢) are uniformly
bounded for all ¢ > 0, V is a bounded subset of Lo([0, T]; R™).
Then by the Banach-Alaoglu Theorem (see Lemma 6), V is
relatively compact. Thus, by choosing an appropriate common
subsequence of {f(ty) + )} and {A(tp + -)} indexed by
{k'}, we can show that any limit point of {A(f) + )} in
C([0, T]; R™) denoted by A(-) is of the form

/@
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where O(-) = diag(@i*l)(-) 9*‘5‘ (1)) and 0*(-) =
(9~* (),- 92“ 2) (-)) is the subsequential limits of {6(ty +
)} inV correspondlng to {k’}. The limit point of {g(\ (t[k/] +
N} in £2([0,T); R™) belongs to df(A(-)) since df is outer
semicontinuous with closed and convex values which is guar-
anteed by Lemma 8.

For any given n > 0 and s > 0, let N(n,s) be the
smallest integer m such that t,,) > t[,] + s. Since 6(-)
is a piecewise constant function by definition and ap) =
tik+1) — tp)» for any given i and F, ft 1l oy (8)dt =

[CTOAR . 'U
()'H“)é[]k] @ Q). As a result, the 1ntegra1 of A(-) can

be replaced by appropriate sums. Then for any i € Zz\{0},

t+s 5 k',s) ¥ [v(4), [m)) V() [m+1] _
j;& ( )dy = limg/ 00 Zm k’ e Q[m]

Q[m]
which 1s equal to limp/ Z%”Jf(";’“{k;) Q(3),[m]- The last

equality follows from the fact that ;) and ~y(;y get updated if
and only if vt = 1 which means at time £, the stepsize a1, [x)
generated by (10) is the same as ;) [y, ] generated from
the pre-selected update rule az) = A)(ag)). By Assump-

)
i (@, [N )]
tions 2, 3, 7f§+ O TP E;n T T
o @IV =
Jo 00 W)dy At @) )

A, [y
liminfy o —@.NGE) min{ A, A} := ¢ for any
¥@), by, )

i,j € Zg\{0}. The first inequality follows from replacing
the sum in the numerator (respectively denominator) by the
sum of its smallest (resp. largest) element (assuming without
loss of generality all stepsize sequences are non-increasing)
and Assumption 2 that the ratio of the number of updates is
lower bounded by A. Since s is arbitrary and all diagonal
elements of O(t) are upper bounded by 1 by construction,
©(t) has diagonal entries in [e, 1].

F. Proof of Proposition 4

By Proposition 3, O(t) € R™ ™ is a diagonal matrix
with diagonal elements in the interval [g, 1] for all ¢. Since
f(A) is locally Lipschitz, the radially unbounded Lyapunov
function V(A) := f(\) + Q* is also locally Lipschitz.
Moreover, by convexity of f, both V' and Vf vanish on
Aopt and nowhere else. Define ¢1(s) := infl;\‘Aoptzs V(A

and ¢o(s) = supy, < V(A). It can be seen that ¢; and
opt —

¢y are positive definite and non-decreasing. Since || Aopt 18
a continuous function of X\ for any given Aopt, the func-
tions ¢; and ¢ are continuous. Because V(\) is radially
unbounded and Agp¢ is compact, ¢;(s) and ¢2(s) tend
to infinity as s — oo. Hence we can choose ¥1(s) <
kl(bl(S) with k1 € (071) and wg(s) > k?g(bz(S) Yvith ko €
(1,00) to belong to class K. Therefore, ¥1(|A|a,,,) <
O1(IMa) < VD) < 2(May) < (A, holds.
By Rademacher’s theorem, V() is differentiable almost ev-
erywhere and (%%, -O(t)Vf(\)) = ~V'f(N)O(HVF(N)
holds for almost all \. Thus, from [29, item 5, p- _100],
for almost all ¢ and each v € —O(t)df(\), V(\) <
Vo(Av) < —(Vf(N),O)VF(N)). Since O(t) is diagonal
and all its diagonal elements are in [e, 1], VT f(A)O(£)V f())
is lower bounded by the continuous function eV7 f(A)V f(\)

which vanishes only on A,y and is positive everywhere
else. Thus there exists a positive definite function 93(s) :=
inf\f\IAoptZs eVT f(A)V f(N), such that V < —1p3(|A|a,,, ) for
almost all ¢. By [2, Lemma IV.1], there exist p; € K
and po € L such that 93(s) > pi(s)p2(s). Therefore, for
almost all ¢, V< ~s(Alr.,.) < 1 (N, Joa([Aln,,,) <
—p1(ey  (V))p2(v1 (V) := —p(V). Since p is positive
definite, by [2, Lemma IV.2], there exists a 8 € KL
such that V(A(t)) < B(V(A(to)),t — to). Therefore, all
solutions to (16) starting at A(tp) satisfy [A(t)|a.,, <
U1 (B2 (A(E0)|aup. )+t — t0)) = BUA(0) Aupes £ — to) with
B € KL. Thus, Agpe is UGAS for (16).

opt
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