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Chapter 1

Introduction

1.1 Theoretical context : Stochastic Approximation

In the fields of machine learning, statistics or signal processing, many methods rely on an underlying
optimization algorithm. In modern applications of data science, it is often not possible to run these
algorithms on a single computer. Indeed, when a large amount of data has to be processed, or when
streams of data arrive online, either classical algorithms need to be simplified or several computers have
to be used. These modifications of classical algorithms can often be formalized by the introduction
of randomness in the iterations. To see this, first consider the case of big data problems. Since each
iteration of classical algorithms would process the whole dataset, simplified versions of these algorithms
will rather process a small randomly chosen amount of data at each iteration. Then, when this task is
tackled by a connected network of computing agents, there must be communications inside the network
to solve the problem. These communications are often required to happen randomly in the network
if it is large. Moreover, in practical settings, the agents compute and communicate only at random
instants. Finally, online learning problems need a full knowledge of the distribution of the data to be
solved completely. Since streams of data arrive online, the distribution of the data is revealed across
time to the user through random realizations. In other words, solving online learning problems requires
to be able to work in noisy environments. The algorithms used in the contexts mentioned above can be
formalized as optimization algorithms for which the function to minimize is unknown but revealed across
the iterations. The literature of stochastic optimization, which studies these algorithms and which this
thesis belongs, lies at the intersection of the mathematical optimization and the literature of stochastic
approximation. Stochastic optimization algorithms find numerous applications in signal processing and
machine learning [34]. Since the seminal work of Robbins and Monro [99] in 1951, stochastic optimization
algorithms are analyzed through the prism of the stochastic approximation literature. We start by briefly
recalling the goal of stochastic approximation algorithms.

1.1.1 Robbins-Monro algorithm

The stochastic approximation literature studies algorithms that take the form

Tn+1 = Ty + f)/n—i-lh(é-n—&-h xn) (11)

where x,, are random vectors valued in some Euclidean space X, (&,) is a sequence of random variables
(r.v) valued in a measure space Z, (7,)n is a sequence of positive step sizes and h : = x X — X is
measurable. It is often assumed that the sequence (&,,) is independent and identically distributed (i.i.d).

7



The aim of the algorithm is to find a zero of the expectation function H(z) = E¢, (h(&;, x)) assumed
to exist, i.e an element x € X such that H(xz) = 0. Denote as Z(H) the set of zeros of H. Under
some assumptions on h and the step sizes (7,,), it is known that (x,,) converges to Z(H). The strength
of stochastic approximation algorithm (1.1) is to be able to find a zero of H without evaluating the
expectation H(z). Indeed, in many applications, the computation of H is intractable. There is a Law of
Large Number effect that allows to smooth the randomness. A widely studied example of Robbins-Monro
algorithm (1.1) is the stochastic gradient algorithm.

Example 1. The stochastic gradient algorithm aims at finding a minimizer of a differentiable function
F: X — R. The function F is itself written as an expectation with respect to (w.r.t.) some r.v £

Flz) = Ee(f (&, 1)), (1.2)
where f(¢,-) is a differentiable. The stochastic gradient algorithm update is written
Tn+l = Tn — '7n+1vf(£n+1’ [En) (13)

where the gradient V f is taken w.r.t. the second variable (x), (§,) is a sequence of i.i.d copies of £ and
(7n) is a sequence of positive step sizes. Algorithm (1.3) can be cast as an instance of (1.1) by setting
h =V f. If f(s,-) is convex, the following interchange property holds H(z) = E¢(V f(¢,z)) = VF(x)
for every x € X. Since F is convex, Z(H) = argminF. Under mild assumptions, the sequence (z,,)
converges to an element in arg min F.

Two regimes that require different tools can be considered to analyze stochastic approximation al-
gorithms : the case where v, —, 1 0 and the case where 7,, = v > 0. Typically, in the so-called
decreasing step sizes case (first case), the sequence (x,,) of iterates converges almost surely (a.s.) to a
zero of H. In the constant step size case (second case), the iterates quickly reach a small neighborhood
of the set of solutions Z(H) in a burn-in phase, and then fluctuate around the set of zeros. The main
advantage of the decreasing step sizes case is to exhibit the a.s. convergence of the iterates. Although
the constant step size case lacks the a.s convergence in general, the use of a constant step size is often
more suitable in online learning settings.

A standard method to study evolution equations like (1.1) is the Ordinary Differential Equation
(ODE) method, which was introduced in the 70's by Ljung [79] and extensively studied by Kushner and
coworkers (see e.g. the book [73]). This method allows to study the dynamical behavior of stochastic
approximation algorithms and to prove their convergence. Assume that H is a Lipschitz continuous
function over X and consider the unique differentiable function x : Ry — X such that x/(¢) = H(x(t))
(where x" denotes the derivative of x) starting at some prescribed value a € X : x(0) = a. The ODE
method relies on relating the iterates x,, and the function x. More precisely, (x,,) is seen as a noisy Euler
discretization of the function x.

1.1.2 A general framework

In this thesis, we develop a more general framework for stochastic approximation because the frame-
work (1.1) fails to cover some important applications, see Sec. 1.2. Consider the following evolution
equation

Tp+1 = T + 7h7(§n+17 xn) (14)

where the step size v > 0 is taken constant, (¢,) is i.i.d with distribution p and h., is a measurable
function indexed by . Let us assume in most generality that

Ee(hy (&, 2)) =0 H(z) (1.5)

8



where H : X — X is some function. If H is a Lipschitz continuous function and the convergence (1.5)
holds uniformly for z in the compact sets of X, then the ODE method can be applied and we are let
back to the situation of the previous paragraph. However, this kind of assumption is too restrictive in
many contexts, especially those mentioned in Sec. 1.2 below. We shall focus on the case where the
convergence does not hold for every x, is not uniform over compact sets, and above all, H is a set
valued mapping instead of being single valued. We are therefore led to study more general stochastic
approximation algorithms.

1.2 Motivations

1.2.1 Stochastic Proximal Point algorithm

A first motivation for studying the general framework (1.4) comes from non smooth stochastic optimiza-
tion. Consider a convex function G : X — (—o0, +00] which is lower semicontinuous (Isc) and proper
(we shall write G € T'o(X)). Denote 0G(x) the set of all subgradients of G at x. The subdifferential
0G : X =% X is a set valued function. Consider x € X. The proximity operator [87] of G at z is the
minimizer of the (strongly convex) objective function:

1
prox. () ZargrlfleigG(y)Jr%Hfﬂ—yHQ, (1.6)
where v > 0, and the Moreau envelope [130] of G at z is the associated minimum value

) 1
G, () IglelgG(y)Jrng—yHQ- (1.7)
Moreover, the Moreau envelope is differentiable and its gradient is a 1/v-Lipschitz continuous function
that satisfies (see [12])

prox.c = I — VG, (1.8)

where [ is the identity of X. The goal of the proximal point algorithm [82] is to find a minimizer of G
(equivalently a point x such that 0 € 9G(x), called hereafter a zero of OG) by iterating

Tn+l = PI"OXWG(xn)v (1.9)

where v > 0. It is known that the sequence (z,,) converges to a minimizer of G. The proximal point
algorithm enjoys good stability properties, among which exhibiting convergence for any v > 0. The main
drawback of this algorithm is that each iterate is implicitly defined, i.e one has to solve an optimization
problem to find z,.1. This operation can often be costly. Although the proximity operator of some
classical functions has a closed form?, the proximal point algorithm is not practical in many cases.

A way to simplify the iterations is to represent G(z) = E¢(g(§, z)) where g(&, -) is a convex function
and to apply the constant step stochastic proximal point algorithm [22, 121]:

Tnt1 = PrOXogie, ) (Tn), (1.10)

where v > 0 and (¢,,) are i.i.d copies of £. This algorithm can be seen as a generalization of the splitting
algorithm of Passty [94] to infinitely many functions. Many loss functions used in machine learning can be

1See the website www.proximity-operator.net
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written as expectations G(x) = E¢(g(&,z)) for which prox_ . , is easily computable whereas neither G
nor prox. g can be evaluated. A typical situation is the case where these loss functions boil down to finite
sums G(z) = N~' 2%, g(i, ) and prox,,(; y can be easily computed but prox.g is intractable. This is
e.g. the case for the classification problems like Support Vector Machine (SVM) or logistic regression.
Another example comes from distributed optimization in the context where a network of computing
agents is required to minimize a "global" cost function G = N=!'37, ¢(i, ), under the restriction that
the "local" cost function ¢(i, -) is only known by the agent i. Hence, the network can only perform local
computations involving each agent ¢ and their respective cost function ¢(i,-) separately. In all these
situations, the proposed algorithm is an instance of (1.10) where ¢ is a uniform r.v. over {1,..., N}.

Note that (1.10) can be cast in the form (1.4) by setting h.,(s,z) = —Vg,(s,x), where g,(s,-) is
the Moreau envelope of g(s,-). In this case, H = OG is set valued.

1.2.2 Stochastic Proximal Gradient algorithm

In optimization algorithms, proximity operators are often used to handle regularizations or constraints.
In these cases, the problem to be solved is

min F(z) + G(z

nin F(2) + Glx),
where G € T'y(X) is a convex function and F is assumed differentiable. The proximal gradient algorithm
generalizes the proximal point algorithm (1.9) and is written

Tpy1 = Prox. (o, — yVF(z,)), (1.11)

where v > 0. If VF is Lipschitz continuous (we shall say that F is smooth), if F is convex and if ~
is enough small, then it is known that (z,) converges to a minimizer of F + G. A first instance of
this algorithm is the projected gradient algorithm to solve ming F. This algorithm can be seen as an
application of (1.11) by setting G = ¢, where (¢ the convex indicator function of the convex set C.
In this case, proxg = Il is the projector onto C. Each iteration of this algorithm requires to evaluate
the projection Il¢, which is sometimes intractable. However, the set C can often be represented as an
intersection of simpler convex sets Cs, i.e C = (Nse= Cs Where projections onto C, can be easily computed.
Another instance of the proximal gradient algorithm comes from structured problem in which G is a
regularization term. The function G is represented as G = Y7, g(4, -), where prox g is hard to compute
but prox,(; ) can be evaluated. This is e.g the case for the overlapping group lasso : G(x) = ; ||z,
where X = RY | the S; are subsets of {1,..., N} and zg, is the restriction of x to S;. This is also the
case for the total variation regularization : G(z) = Y (i j1er [|[2(7) — 2(j)|| where G = (V, E) is a graph,
with V' the set of nodes and E the set of edges, and where z € RY . In all these examples, the proximal
gradient algorithm cannot be implemented because it involves the computation of prox.g. However, in
all these examples G can be seen as an expectation w.r.t. some r.v. &, G(z) = E¢(g(§,z)) (where the
expectation sometimes boils down to a finite sum). In general, the stochastic proximal gradient algorithm
aims at minimizing F(x) + G(z) = E¢(f (&, 7)) + E¢(g(€, z)) by iterating [24, 2, 3]

Tntr1 = proxvg(§n+17,)(xn - 7Vf(£n+1, Q:n)> (112)
This algorithm can be cast in the form (1.4) by setting

h5,) = ~(p10%. 0, (2 = 7V (5,2)) = 2).

Using (1.8), hy(s,z) = =V f(s,x) — Vg,(s,2 — vV f(s,x)). Moreover, H = VF + 0G in this case.
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1.2.3 Stochastic Douglas Rachford algorithm

When minimizing a sum of two convex functions F + G, the Douglas Rachford algorithm [78] enjoys more
numerical stability than the proximal gradient algorithm at the cost of implementing a proximity operator
for F instead of a gradient. Moreover, any positive constant step size can be used in Douglas Rachford
iterations to converge to a minimizer. In order to design an algorithm that enjoys the good features of
Douglas Rachford algorithm without the iteration complexity, we are interested in the stochastic Douglas
Rachford algorithm with constant step size, in which the proximity operator of F (resp. G) is randomized.
To this end, F and G are represented as expectations, as in Sec. 1.2.2 and the resulting stochastic Douglas
Rachford algorithm is also covered by our general framework (1.4).

1.2.4 Monotone operators and Stochastic Forward Backward algorithm

Maximal monotone operators are set valued functions that generalize the subdifferentials [12, 36]. Many
optimization problems can be reformulated as finding zeros of a monotone operator (which is not neces-
sarily a subdifferential). In this respect, the Forward Backward (FB) algorithm is a further generalization
of the proximal gradient algorithm. The goal of this algorithm is to find a zero of a sum of two maximal
monotone operators.

In this thesis, we refer to an operator as a set valued function A : X = X. The inverse operator A=! is
defined by the relation y € A(z) < x € A~!(y). An operator A is said monotone if (y —y/,x —2') >0
as soon as y € A(z) and 3y € A(z’). Under a maximality condition [85] of A, the resolvent of A,
J, = (I +~A)~!is a single valued function. In this case, A is called a maximal monotone operator
and J, is a contraction defined on X. Maximal monotone operators generalize subdifferentials of convex
functions and resolvents generalize proximity operators. Indeed, A = 0G is a maximal monotone operator
if G € T'g(X), and its resolvent is prox.g. For every v > 0, the Yosida approximation of A is defined by
A, = >(I —J,). Using (1.8), it is immediately seen that A, = VG, if A = 9G. The set of zeros of A
is defined to be Z(A) = A~1(0). Many problems in optimization can be reformulated as finding a zero
of a maximal monotone operator. For example, in the subdifferential case, Z(0G) = argmin G. Given
another maximal monotone operator which is single valued B, the Forward Backward algorithm aims at
finding an element in Z(A + B) by iterating

Tpi1 = Jy (2, —B(2)). (1.13)

If A and B are subdifferentials, the Forward Backward algorithm boils down to the proximal gradient
algorithm. Under a so called cocoercivity assumption of B, this algorithm is known to converge to a zero
of A + B if v is small enough.

Beyond minimization problems, saddle points problems arise naturally in optimization and machine
learning (see e.g [83]). We the saddle points problems are convex-concave, they can be reformulated as
finding a zero of a sum of two monotone operators A + B [101]. In optimization, primal dual algorithms
like Douglas-Rachford [78], ADMM [62], Chambolle Pock [42] or Vu Condat [51, 124] can be seen as
(skillful) instances of the FB algorithm. This FB algorithm is applied to the convex concave saddle point
problem of finding so called primal dual optimal points of the initial optimization problem.

In order to develop a stochastic version of these primal dual algorithms, we are interested in a
stochastic version of the Forward Backward algorithm. To this end, we consider a new tool called
a random monotone operator A(&,-), ie £ is a rv. and A(,-) is a maximal monotone operator.
Measurability issues due to the fact that A is set valued will be treated in the next chapter. Denote J, (s, -)
the resolvent of A(s,-) and A,(s,-) its Yosida approximation. Consider an other random monotone
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operator B(&, ) which is single valued. The constant step stochastic FB algorithm is written

Tp+1 = J’Y(gn-i-la Tp — 78(5n+17 $n)) (114)

The aim of the stochastic FB algorithm is to find a zero of the so called mean operator A(z) + B(z) =
Ee(A(E, x)) + Ee(B(&,x)). Integrability issues due to the fact that A(&, x) is a set-valued r.v. will be
treated in the next chapter, along with the definition of the expectation of a set-valued r.v. We just
mention here the fact that in the subdifferential case A(s,x) = Jg(s, ), under mild assumptions [102],
Ee(A(E, x)) = 0G(z) where G(z) = E¢(g(&, z)) (we shall say that the interchange property holds). The
stochastic FB (1.14) can be cast into the framework (1.4) by setting h(s,2) = —B(s,z) — A,(s,z —
vB(s,x)) and H= A+ B.

1.2.5 Fluid limit of parallel queues

Beyond stochastic optimization algorithms, the framework (1.4) can be used to study general Markov
chains. For example the framework (1.4) is considered in [61] to study Markov chains with discontinuous
drift. Using the notation of (1.4), this means that even k. (s, -) is discontinuous. We give an application
example that comes from queueing theory. We are interested in establishing the long-run behavior of
the number of users in a model of parallel queues. Users arrive at random instant in the queues and the
queues are served following a prioritizing rule. After scaling the problem in order to study the so called
fluid scaled process [61], the evolution of the number of users in the queues fits our framework (1.4).

1.3 Dynamics of Robbins-Monro algorithm

To better understand the methods used in this thesis, we get back to the Robbins-Monro algorithm of
Sec. 1.1.1. We provide the main arguments behind the ODE method. We shall focus on the constant
step case that will be of interest in the first part of this thesis. More precisely, we study the evolution
equation (1.1) with v, =~ > 0.

1.3.1 Known facts related with dynamical systems

Consider a Lipschitz continuous function H : X — X. Then, it is well known that for every a € X, the
ODE 2’ = H(x) with initial condition z(0) = a admits an unique solution over R [73]. We denote by
®(a) this solution and abusively denote ®(a)(t) = ®(a,t) for every t > 0. It is known that ® satisfies
the property of being a semiflow over X, i.e. ®(-,s+1t) = ®(-,t) o D(+, s) for every ¢, s > 0. The essence
of the ODE method is to study the behavior of the interpolated process obtained from the iterates
(x,) of the algorithm (1.1) as being an approximation of the ODE solution. To perform this analysis,
some important notions related to the dynamics of the semiflow ® need to be introduced. A probability
measure 7 over X is called an invariant measure for ® if 7 = 7®(-,¢)~"! for every ¢ > 0. The set of
invariant measures for ® is denoted Z(®). A point x € X is said recurrent for ® if z = limy_, o P(z, t)
for some sequence t;, — +00. The Birkhoff center BCg of ® is the closure of the set of recurrent points.
The celebrated Poincaré’s recurrence theorem [53, Th. 11.6.4 and Cor. 11.6.5] says that the support of
any m € Z(®) is a subset of BCg. The goal of the two next sections is to prove that the sequence of
iterates (x,,) defined by (1.1) with a constant step size v, = 7 > 0 converges in probability to the set
BCs as n — 400 and v — 0. Indeed, BCs is often a set of interest while looking for zeros of H. For
example, if ®(a,t) converges to Z(H) as t — +oo for every a € X, then Z(H) = BCs.
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T (t)

Figure 1.1: The linearly interpolated process of the iterates with step size v > 0.

1.3.2 Convergence of stochastic processes

Consider a sequence (x,,) satisfying (1.1) with a constant step size v, = v > 0 starting from 2o = a.
Consider the linearly interpolated process of the sequence of iterates (see Fig. 1.1) x*7 over R, piecewise
defined for every ¢ > 0 by
ay Lnt1 — Tn
x*7(t) :xn—k(t—nv)f, t € [ny,(n+1)y), n € N. (1.15)

As a continuous time stochastic process, x*? can be seen as a r.v. in the space C'(R ., X) of continuous
functions endowed with the topology of the uniform convergence over bounded intervals. The ODE
method first consists in showing that x*7 —,_,; ®(a) in distribution in C(R., X) (i.e narrowly, see [14]).
In other words, one can show that for every T' > 0, sup,cjo 7y [[x*7(t) — ®(a,t)|| — 0 in probability as
~ — 0 under some prescribed assumptions.

This important result does not suffice to characterize the long run behavior of the iterates i.e the
case T' = +o0o. What is ultimately needed is the long-run behavior of the process x*7 in terms of the
Birkhoff center of the semiflow ®. A stability result is needed.
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1.3.3 Stability result

To characterize the long-run behavior of x*7, the sequence (x,) is viewed as a Markov chain with
transition kernel P,. The advocated stability result typically ensures that the set of invariant measures
for P,y € (0,70) is relatively compact for some ~, > 0. Under such a condition, the first result on the
narrow convergence of x*7 can be used to show that every cluster point of the invariant measures of
the Markov chain as v — 0 is an invariant measure for the semiflow ® [60]. Using Poincaré’s recurrence
theorem, such cluster points are supported by the Birkhoff center BCg. A reformulation of this result is
the following :

n

1
lim sup ] > P(d(z,,BCq) > &) —,0 0. (1.16)

n—oo 1N E—0

1.4 From ODE to Differential Inclusions

Motivated by the examples of 1.2, we shall relax the classical assumptions used in the ODE method and
study the framework (1.4) where H is allowed to be set valued. In this situation, the classical ODE is
replaced with a Differential Inclusion (D1): x € H(x) defined on the set of absolutely continuous functions
over R, , where x denotes the derivative of x defined almost everywhere. Stochastic approximation
algorithms built on DI have recently aroused an important research effort to which this thesis belongs [17,
80]. In this work, two kinds of DI with different behaviors are of interest.

1. First, the case where H(x) is convex compact and not empty for every x € X and H is upper
semicontinuous [6] (usc) i.e for every a € X, and for every open set U such that H(a) C U, there
exists a neighborhood V' of a such that x € V = H(z) C U. Assuming that for every a € X
there exists a solution to the DI starting at a (this holds under a linear growth assumption on H),
the solution is in general not unique and the semiflow associated to the DI is hence set valued [6].
This kind of DI is of interest in many applications including game theory, or queueing systems.

2. Second, the case where —H is a maximal monotone operator [36]. In this case, we considered in
particular the situation where the domain of H is strictly included in X, which is of obvious interest
for many stochastic optimization algorithms.

1.5 Contributions

1.56.1 Convergence analysis with a constant step size

We first focus on the analysis of constant step stochastic approximation algorithms having a DI as a
limit. We shall study the case where (h., (s, Z,))nen converges to the set H(s,z) asn — +oo if 2, = «
and v, — 0. The function H is represented as a set valued expectation H(z) = E¢(H (&, x)). The set
valued expectation is formally defined as a selection integral and generalizes the Lebesgue integral to set
valued mappings, see Chap. 2. To study the dynamics of the iterates (x,,) given by (1.4) we adapt the
general approach of Sec. 1.3 to DI x € H(x) in the usc case and the monotone case of Sec. 1.4, each
case requiring a specific treatment and exhibiting a specific convergence result.

14



The upper semicontinuous case

In this case, H(s, ") is assumed to be a proper (Jz € X, H(s,z) # () usc operator. We denote as ®(a)
the set of solutions to the DI & € H(x) starting at a. We assume that ®(a) is not empty, and ® can
be seen as set valued flow. Set valued analogues to classical dynamical systems results 1.3.1 will be
considered. This framework is introduced in the paper [107] under the additional assumption that X is
a compact space. In our work, we relaxed the compactness assumption, which extends the scope of the
algorithm (1.4) to e.g., proximal non convex stochastic gradient algorithm 1.2.2, or queuing algorithms
such as 1.2.5. Denote Z(®) the set of invariant measures for the set valued flow ®, a notion introduced
in [107]. Denoting d a distance that metricizes the topology over C (R, X) of uniform convergence over
compact intervals, we first prove the dynamical result

sup P(d(x*7, ®(a)) > €) —10 0, (1.17)
aek
for every compact set I C X and every € > 0, where d(x*7, ®(a)) denotes the distance from the function
x*7 to the set ®(a). Under a stability assumption of the Markov chain (z,,) this dynamical result is used
to characterize the long-run behavior of the iterates :

n

1
lim sup . Z P(d(z,,BCs) > ) —-0 0, (1.18)

n—oco N + k=0

where (x,,) is the process satisfying (1.4) with step size v > 0. Similar results involving the empirical
means T,, = % S k., x) are obtained. Finally, stability conditions based on the so-called Pakes-Has'minskii
criterion are provided in the context of the stochastic proximal non convex gradient algorithm (under a
tojasiewicz assumption [5, 30]) and in a model of parallel queues [61].

The monotone case

In this case, —H(s,-) is assumed to be a maximal monotone operator with domain D(s) = {z €
X,H(s,x) # 0}. If D(s) = X, then H(s,-) is usc [97] and a dynamical result can be obtained
from (1.17). We shall allow the domains D(s) to vary with s. This covers the contexts of the stochastic
proximal point algorithm 1.2.1, the stochastic proximal gradient algorithm in the convex case 1.2.2, the
Douglas-Rachford algorithm 1.2.3 and the stochastic Forward Backward algorithm 1.2.4. With a proof
that explicitly leverages the maximal monotonicity of —H (s, -) and allows the domains to be random,
we first show that

sup P(d(x™7, ®(a)) > ¢e) —>40 0, (1.19)

acekND

where D is the domain of the mean operator H. Then, under a stability assumption of the Markov chain
(xy,), it is shown that if H satisfies the so called demipositivity assumption (see Chap. 2), then

n

lim sup > P (d(zy, Z(H)) > ) — 0. (1.20)

n—oo M + 1 k=0 ¥—0

Similar results that hold whether H is demipositive or not are obtained for the empirical means of
the iterates. Finally, practical criteria ensuring the stability of the Markov chain (x,) are provided
in various instances of the stochastic Forward-Backward algorithm, including the stochastic proximal
gradient algorithm of Sec. 1.2.2, the case where H(s, ) is linear and monotone, etc.
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Figure 1.2: The linearly interpolated process of the iterates with step sizes ~,,.

1.5.2 Applicative contexts using decreasing step sizes
Stochastic approximation with decreasing step sizes

The ODE method can also be used to study decreasing step sizes algorithm, i.e the evolution equa-
tion (1.1) with 4, — 0. In this case, the linearly interpolated process x of (z,) over R, with timeframe
v is considered, see Fig. 1.2. The general idea is to prove the almost sure convergence of the interpolated
process x to the solution of the ODE x’ = H(x). More precisely, the interpolated process is proven to be
an almost sure Asymptotic Pseudo Trajectory (APT) of the ODE, a concept introduced by Benaim and
Hirsch in the field of dynamical systems [15]. It is shown that d(x(¢ + ), ®(x(t))) —+—+00 O a.s., where
we recall that d metricizes the topology of the uniform convergence over compact sets and where ® is
the semiflow associated with the ODE. Then, the asymptotic convergence of the sequence of iterates
(x,,) of the algorithm (1.1) can be obtained from the APT property. This notion has been generalized
to monotone DI in [24]. More precisely, the paper [24] studies the decreasing step size analogue of the
stochastic Forward Backward algorithm (1.14)

Lpt1 = J’yn.,_l (5n+17 Tn — 7n+1B(€n+17 mn))? (121)

where v, — 0. It is proven that the interpolated process of the iterates (z,,) is an almost sure APT of
the DI x € H(x) where H = —(A + B) is the mean monotone operator. Then, it is deduced that (z,,)
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converges to an element of Z(H) as n — +oco if —H is monotone and demipositive, and the sequence
of empirical means (Z,,), converges to a solution as n — +oo whether —H is demipositive or not. In
this thesis, we proceed with Algorithm (1.21) in two directions. First, we apply this algorithm to solve
a general composite optimization problem under linear constrains. The functions defining the objective
function and the matrices defining the constraints are allowed to be represented as expectations, see
Sec. 1.5.2 below. Second, we generalize the stochastic proximal gradient algorithm with decreasing step
sizes to solve a regularized optimization problem over a large and general graph, see Sec. 1.5.2 below.

A fully stochastic primal dual algorithm

A first example comes from primal dual optimization algorithms. Consider four convex functions F, G €
['o(X) and P,Q € I'y(Z) where Z is an Euclidean space. Consider the following optimization problem:

(x,glei%gxz F(z) + G(z) + P(2) + Q(z) subjectto Azx+Bz=c (1.22)
where A : X — V and B : Z — V are matrices with values in the Euclidean space V, and c € V is a vector.
In order to identify a minimizer of (1.22), primal dual methods typically generate a sequence of primal
estimates (x,, 2, )nen and a sequence of dual estimates (A, ),en jointly converging to a saddle point
((x, z), A) of the Lagrangian function associated with (1.22). Under some qualification condition, (z, 2)
is a solution of Problem (1.22) and \ is a solution of a dual formulation of (1.22). The formulation (1.22)
encompasses the formulation of classical primal dual algorithms [62, 42, 51, 124]. In these algorithms,
F,P are treated explicitly (i.e through their gradient) and G, Q are treated implicitly (i.e through their
proximity operator). We shall focus on the case where all functions to be minimized are given as
statistical expectations, as well as the matrices and the vector defining the linear constraints. In other
words, F(z) = E¢(f(£, x)) where f(&,-) is a convex function. A similar representation is allowed for G, P
and Q. Besides, A = E(A) where A is a random matrix. A similar representation is allowed for B and c.
These expectations are unknown but revealed across the time through i.i.d realizations. Only stochastic
(sub)gradients or stochastic proximity operators are available to the user. To solve this problem, we first
remark that saddle points of the Lagrangian can be seen as zeros of a sum of two well chosen maximal
monotone operators which are given as a set valued expectations. Hence, the stochastic FB algorithm
can be applied and leads to a converging algorithm. To our knowledge, the proposed algorithm is the
first fully stochastic primal dual algorithm. Application to distributed and asynchronous optimization will
be considered.

Online regularization over large graphs

Consider a graph G = (V, E)) where V is the set of vertices and E is the set of edges. We first consider
the resolution of the following programming problem

min F(x) +TV(z, G) (1.23)

z€RV
where F' € To(RY) and TV(z,G) = S jyer [2(i) — 2(j)| is the Total Variation regularization over
the graph G. When applying the proximal gradient algorithm to solve this problem, there exist quite
affordable methods to implement the proximity step in the special case where the graph is a simple path
without loops. However, when the graph is large and unstructured, the computation of the proximity
operator is more difficult. To overcome this difficulty, we introduced an algorithm that we called "Snake"
and that consists in randomizing the proximity operator in such a way that it becomes computable. More
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precisely, Snake selects random simple paths in the graph and performs the proximal gradient algorithm
over these simple paths. Hence, only proximity operators over simple paths are computed and Snake
take benefits of existing fast methods. Then, Snake is generalized to any regularization term tied to the
graph geometry for which there exists fast methods to compute the proximity operator over a simple
path. Snake is an instance of a generalization of the stochastic proximal gradient algorithm, whose
convergence is proven. Numerical experiments are conducted over large graphs.

1.6 Outline of the Thesis

The next chapter is an introduction to some important notions used in the thesis. Then, the first part of
the thesis studies the stochastic approximation framework (1.4) with a constant step size, mainly from
a theoretical point of view. It consists in three chapters. Chapter 3 is related to Differential Inclusion
involving an upper semicontinuous operator, and is based on the publication [28]. In Chapter 4, an
analysis of the stochastic Forward Backward algorithm is performed, based on [25, 26, 27]. In Chapter 5,
the stochastic Douglas Rachford algorithm is studied and applications to structured regularization and
distributed optimization is considered. This chapter is based on the papers [89, 111] and the technical
report [110]. Applications of stochastic approximation algorithms with decreasing step size are considered
in the second part of the thesis. After recalling the main ideas behind the proof techniques in Chapter 6,
we first consider a fully stochastic primal dual algorithm in Chapter 7, based on the work [112]. Finally,
we provide an application to solve regularized problems over graphs in Chapter 8 ([109, 113, 114]).
Chapter 9 is devoted to a conclusion. The technical report [110] can be found in the Appendix A.
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Chapter 2

Preliminaries

2.1 General notations

If E is a topological space, the Borel o-field of E is denoted as #(E) and the set of probability measures
on E endowed with its Borel field is denoted M(E). If (£,9,u) is a probability space and X and
Euclidean space endowed with its Borel o-field, the Banach space of measurable functions ¢ : = — X
such that ||¢||P is p-integrable (for p > 1) is denoted LP(Z,¥, 11; X). The notation C(E, F) is used to
denote the set of continuous functions from E to the topological space F. The notation Cy,(FE) stands
for the set of bounded functions in C'(E,R).

We use the conventions sup ) = —oco and inf () = +oco. Notation |x] stands for the floor value of
x. If (E,d) is a metric space, for every x € F and S C E, we define d(x,S) = inf{d(z,y) : y € S}.
We say that a sequence (z,,n € N) on E converges to S, noted z,, —, S or simply =, — S, if
d(x,,S) tends to zero as n tends to infinity. For ¢ > 0, we define the e-neighborhood of the set S as
Se :=={x € E :d(z,S) < €}. The closure of S is denoted by cl(S), and its complementary set by
S¢. The characteristic function of S is the function 1g : E — {0, 1} equal to one on S and to zero
elsewhere. If E is an Euclidean space, the convex hull of S is denoted by co(S5).

2.2 Set valued mappings and monotone operators

Consider an Euclidean space X. We recall some basic facts related with set valued mappings and their
associated differential inclusions with emphasis on maximal monotone operators over X. These facts will
be used in the proofs without mention. For more details, the reader is referred to the treatises [40], [12],
[6], [36], or to the tutorial paper [96].

2.2.1 Basic facts on set valued mappings

Consider a set valued mapping (or operator) H : X = X, i.e., for each z € X, H(z) is a subset of X.
The domain and the graph of H are the respective subsets of X and X x X defined as dom(H) := {z €
X : H(z) # 0}, and gr(H) := {(z,y) € X x X : y € H(z)}. The operator H is proper if dom(H) # 0.
Besides, H is said upper semi continuous (usc) at a point a € X if for every open set U containing H(a),
there exists 7 > 0, such that for every z € H, || — a|| < n implies H(xz) C U. It is said usc if it is usc
at every point [6, Chap. 1.4].

An operator A : X =2 X is monotone if Vz,z’ € dom(A), Yy € A(x),Vy' € A(a’), it holds that
(y —y',x—a’) > 0. A proper monotone operator A is said maximal if its graph gr(A) is a maximal
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Figure 2.1: Left: A monotone operator over R which is not maximal. Right: A maximal monotone
extension of the monotone operator

element in the inclusion ordering over X x X among graphs of monotone operators (see Fig. 2.1).
Equivalently, the monotone operator A is maximal if the following property holds :

\V/([E, y) € X2a v(xlv y/) € gI(A), <y - ylv Tr— ZL',> Z 0 = (l’,y) € gI‘(A)

This maximality condition implies that gr(A) is a closed subset of X x X. Denote by I the identity
operator, and by A™! the inverse of the operator A, defined by the fact that y € A(z) & = € A~1(y).
Using the monotonicity of A, one can check that V(z, ), (/,y') € gr(A),Vy > 0, ||z —2/|| < ||[(z+~yy)—
(" + ~vy)||. In other words, if A is a monotone operator, then the resolvent operator defined for every
v >0 by J, := (I +~vA)~* can be identified with a 1-Lipschitz continuous function (i.e a contraction).
It is well known that A belongs to the set .#(X) of the maximal monotone operators on X if and only
if, dom(J,) = X ([85]). If dom(A) = X, then A is usc [97]. We also know that when A € .Z(X), the
closure cl(dom(A)) of dom(A) is convex, and lim,_,o J,(2) = Icygom(a)) (), where Ilg is the projector
on the closed convex set S. It holds that A(z) is closed and convex for all x € dom(A). We can therefore
put Ag(x) = IIa()(0), in other words, Ag(z) is the minimum norm element of A(z). Of importance is
the so called Yosida regularization of A for v > 0, defined as the single-valued operator A, = (1 —1J,) /.
This is a 1/7-Lipschitz operator on X that satisfies A, (x) — Ag(z) and ||A,(x)| T ||Ao(z)|| for all
x € dom(A). One can also check that A, (z) € A(J,(x)) for all € X.

A typical maximal monotone operator is the subdifferential 0f of a function f € I'y(X), the set of
proper, convex, and lower semicontinuous (lIsc) functions on X. In this case, the resolvent (I + 0 f)~*
for v > 0 is the proximity operator of vf. The Yosida regularization of df for v > 0 coincides with the
gradient of the so called Moreau's envelope f.(z) := min, f(y) + ||y — z||*/(27) of f.

2.2.2 Differential Inclusions (DlI)

We now turn to the differential inclusions induced by operators. First consider a set valued mapping
H:X = Xand a € X, a solution to the Differential Inclusion (DI) x(¢) € H(x(t)) on R, starting at a is
an absolutely continuous mapping x : R, — X such that x(0) = a, and x(¢) € H(x(t)), where x denotes
the derivative of x defined almost everywhere. Consider the set valued mapping ® : X = C(R,,X),
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such that for every a € X, ®(a) is the set of solutions to the DI starting at a. We refer to ® as the
evolution system induced by H. For every subset S C X, we define ®(5) = J,es P(2).
In the case where H is usc with nonempty compact convex values and satisfies the linear growth
condition
Je >0, Ve e X, sup{|ly|| :y € H(z)} <c(1+ ||z]]) , (2.1)

then, dom(®) = X, see e.g. [6], and moreover, ®(X) is closed in the space C'(R., X) endowed with the
topology of uniform convergence over compact sets of R,..

Assume from now on that H = —A € .#(X). Then for every a € dom(A), ®(a) contains exactly
one function, still denoted ®(a) [36]. Note that in the case where A = VI, F € I'y(X), the DI boils
down to the so-called gradient flow. In the sequel, we denote ®(a,t) = ®(a)(t). For every t > 0, the
map ®(-,t) : dom(A) — dom(A) is a contraction and can be uniquely extended to a contraction from
cl(dom(A)) to cl(dom(A)). Denoting ®(-,t) this extension, & becomes a semiflow on cl(dom(A)) x R,
being a continuous cl(dom(A)) x R, — cl(dom(A)) function satisfying

O(,0)=1 and ®(z,t+s)=0(D(x,s),1) (2.2)

for each = € cl(dom(A)), and ¢, s > 0.

The set of zeros Z(A) := {z € dom(A) : 0 € A(z)} of A is a closed convex set which coincides
with the set of equilibrium points {z € cl(dom(A)) : V¢t > 0, ®(z,t) = x} of . The trajectories O(z, -)
of the semiflow do not necessarily converge to Z(A). A counterexample is given by the linear maximal
monotone operator A defined on R? by A(y, z) = (z, —y) whose set of zeros is Z(A) = (0,0). The DI
associated to A boils down to a linear differential equation in R?, (y(t),z(t)) = (—z(t),y(t)) for every
t > 0. To solve this equation, consider i € C and denote x(t) = y(t) 4 iz(t) € C. The Dl is equivalent
to x(t) = ix(t) whose solutions can be written x(t) = aexp(it),a € C. Finally, x does not converge to

zero as t — 400 in general. However, the ergodic theorem for the semiflows generated by the elements
of .# (X) states that if Z(A) # ), then for each = € cl(dom(A)), the averaged function

® : cl(dom(A)) x Ry —  cl(dom(A))
(x,t) Co 1 ; O(x,s)ds

(with @(-,0) = ®(+,0)), converges to an element of Z(A) ast — oo. The convergence of the trajectories
of the semiflow itself to an element of Z(A) is ensured when A is demipositive [38]. An operator
A € . (X) is said demipositive if there exists w € Z(A) such that for every sequence ((u,,v,,) € gr(A))
such that (u,) converges to u, and such that (v,) is bounded,

(un —w,vn) —=0 = weZ(A).

Under this condition and if Z(A) # (0, then for all = € cl(dom(A)), ®(z,t) converges as t — oo to an
element of Z(A).

2.3 Random monotone operators
A sequence of elements (A, )nen in . (X) is said to converge to an element A € . (X) if for every
v >0,z eX, (I +~A) () = (I +~A)"'(z) as n — +o0o. Endowed with this topology, .# (X) is

a Polish space [4]. Moreover, the subset of all subdifferentials over X is closed. A random monotone
operator is defined to be a random variable A from a probability space (=,%, 1) to (4 (X), B(.A (X))).
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Let F': = = X be a set valued function such that F'(s) is a closed set for each s € =. The function F'
is said measurable if {s : F(s)NH # 0} € 4 for any set H € #(X). An equivalent definition for the
mesurability of F' requires that the domain dom(F) := {s € Z : F(s) # 0} of F belongs to ¢, and
that there exists a sequence of measurable functions ¢, : dom(F) — X such that F(s) = cl{pn.(s)}n
for all s € dom(F') [40, Chap. 3][65]. These functions are called measurable selections of F'. Consider
a function A : (2,9, 1) — (M (X), B(A(X))). For every s € Z,v > 0,z € X, (I +~vA(s))"H(z) is
denoted J, (s, ). There is equivalence between [4]

1. A is a random monotone operator
2. s+ gr(A(s)) is measurable as a closed set-valued = = X x X function
3. For every v > 0,z € X, the function s — J,(s,z) from (Z,9) to (X, #(X)) is measurable.

Example 2 (Random subdifferential). Consider a function g : = x X — (—o0, 00]. The function g is
said a convex normal integrand [125] if g(s, ) is convex, and if the set-valued mapping s — epig(s, -) is
closed-valued and measurable, where epi is the epigraph of a function. Then, the function s +— Jg(s, -)
is an example of random monotone operator [4].

Assume now that I’ : = = X is measurable and that u(dom(F')) = 1. Consider the set
Shi={p e LP(E, Y, u;X) : o(s) € F(s) p—a.e.}. (2.3)

of L? integrable selection of F. If &L # (), the function F is said integrable. The selection integral [86]
of F'is the set

/Fd,u =cl {/E wdp = p € (‘5}} (2.4)

For a random monotone operator A : = — .#(X), since J,(s,x) is measurable in s and continuous in
x (being non expansive), J, : = x X = X is 4 @ #(X)/H(X) measurable by Carathéodory’s theorem.
Denoting A, (s, z) the image of = by the Yosida regularization of the operator A(s), this implies the
measurability of A, : = x X — X for every v > 0. Moreover, denoting by D(s) the domain of A(s),
s — cl(D(s)) is measurable, which implies that the function s — d(z, D(s)) is measurable for each
x € X. Denoting as A(s,z) the image of = by the operator A(s), the set valued function s — A(s, x)
is also measurable. In particular, the function s — Ag(s,x) is measurable for each = € X, where
Ao(s,x) := Il 4(s,2)(0). The essential intersection D of the domains D(s) is defined as [67]

D= U ) D), (2.5)

Ge9:u(G)=0 se=E\G

in other words, x € D < pu({s : x € D(s)}) = 1. Let us assume that D # (), and that the set-valued
mapping A(-, ) is integrable for each € D. For all x € D, we can define

A@y:éA@@M@)

We shall sometimes use the notation A(z) = E¢(A(, z)) where ¢ is a random variable with distribution
1. One can immediately see that the operator A : D = X so defined is a monotone operator.

Example 3 (Interchange property). Let g : = x X — (—00, 0] be a convex normal integrand, and let
G(x) = [ g(s,z)u(ds), where the integral is defined as the sum

g(s,x) plds) + g(s,x) u(ds) + I(x),
/{s:g(s,z)e[o,oo)} ( ) ( ) {5 9(5,:2)€]—00,0[} ( ) ( ) ( )
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and _
I(z) = { +oo, if u({s.: g(s,z) = o0}) >0,
0, otherwise,

and where the convention (400) + (—00) = +o0 is used. The function G is a lower semi continuous
convex function if G(x) > —oo for all = [125], which we assume. Assume also that G is proper. Note
that this implies that ¢(s, ) € I'y(X) for u-almost all s. We provide conditions under which the selection
integral (set to ) for the values of x for which &}, ., = 0) [ Jg(s,z)u(ds) boils down to dG(z). We
shall write that the interchange property holds since in this case,

0G(x) = /8g(s,x)u(d8).

First, this will be the case if [ |g(s,z)|p(ds) < oo for all x € X. By [102, page 179], this will also be
the case if the following conditions hold: /) the set-valued mapping s — cldom g(s, -) is constant p-a.e.,
where dom g(s, -) is the domain of g(s, -), /i) G(z) < co whenever = € dom g(s, -) p-a.e., iii) there exists
xg € X at which G is finite and continuous. Another case where this interchange is permitted is the
following. Let m be a positive integer, and let Cy,...C,, be a collection of closed and convex subsets
of X. Let C = N*,Cr # 0, and assume that the normal cone N¢(x) of C at x satisfies the identity
Ne(x) = S0, Ne,(x) for each z € X, where the summation is the usual set summation. As is well
known, this identity holds true under a qualification condition of the type N7, riCy # () (see also [11]
for other conditions). Now, assume that = = {1,...,m} and that p is an arbitrary probability measure
putting a positive weight on each {k} C Z. Let g(s,x) be the indicator function

g(s,z) =1c,(x) for (s,x) € Z x X. (2.6)

Then it is obvious that ¢ is a convex normal integrand, G = i¢, and 0G(x) = [ dg(s, z)u(ds). We can
also combine these two types of conditions: let (X, .7, v) be a probability space, where .7 is v-complete,
and let h : ¥ x X — (—00,00] be a convex normal integrand satisfying the conditions i)—iii) above.
Consider the closed and convex sets Cy,...,C,, introduced above, and let o be a probability measure
on the set {0,...,m} such that a({k}) > 0 for each k € {0,...,m}. Now, set = =% x {0,...,m},
1=v®a, and define g : = x X — (—o0, 0] as

a(0)th(u,z) if k=0,
te, () otherwise,

g(s,x) = {

where s = (u, k) € ¥ x {0,...,m}. Then it is clear that

1
6 = ) /E B, 2)v(du) + e (),
and . .
0G(x) = /89(8, z)p(ds) = ml&,@h(-,x} + kz_: Ne, (z) .
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Chapter 3

Constant Step Stochastic
Approximations Involving Differential
Inclusions: Stability, Long-Run
Convergence and Applications

The purpose of this chapter is to study the constant step stochastic approximation framework (1.4) in
the case where the underlying Differential Inclusion is induced by an upper semicontinuous operator, see
Sec. 1.4. We consider a Markov chain (x,,) whose kernel is indexed by a scaling parameter v > 0, referred
to as the step size. The aim is to analyze the behavior of the Markov chain in the doubly asymptotic
regime where n — oo then v — 0. First, under mild assumptions on the so-called drift of the Markov
chain, we show that the interpolated process converges narrowly to the solutions of a DI involving an
usc set-valued map with closed and convex values. Second, we provide verifiable conditions which ensure
the stability of the iterates. Third, by putting the above results together, we establish the long run
convergence of the iterates (z,,) as 7 — 0, to the Birkhoff center of the DI. The ergodic behavior of
the iterates is also provided. Our findings are applied to the problem of nonconvex proximal stochastic
optimization and a fluid model of parallel queues.

3.1 Introduction

In this chapter, we consider a Markov chain (z,,,n € N) with values in an Euclidean space X. We assume
that the probability transition kernel P, is indexed by a scaling factor v, which belongs to some interval
(0,70). The aim of the chapter is to analyze the long term behavior of the Markov chain in the regime
where v is small. The map

/7P (x,dy), (3.1)

assumed well defined for all x € X, is called the drift or the mean field. The Markov chain admits the
representation
Tpt1 = Tp + 797(1:”) + 7 Unt1, (3.2)
where U, is a zero-mean martingale increment noise i.e., the conditional expectation of U, 1 given
the past samples is equal to zero. A case of interest in the chapter is given by iterative models of the
form:
Tpi1 = T + 7Y h'y(gn—l-la xn) ) (3'3)
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where (§,,n € N*) is a sequence of i.i.d random variables indexed by the set N* of positive integers
and defined on a probability space = with probability law x, and {4} c(0.4,) is a family of maps on
= x X = X. In this case, the drift g, has the form:

92(2) = [ ho(s,) lds). (34)
Our results are as follows.

1. Dynamical behavior. Assume that the drift g, has the form (3.4). Assume that for p-almost
all s and for every sequence ((yx, zi) € (0,7) x X, k € N) converging to (0, 2),

he, (s, 21) = H(s, 2)

where H (s, z) is a subset of X (the Euclidean distance between h,, (s, z;) and the set H(s, z)
tends to zero as k — o0). Denote by x?(¢) the continuous-time stochastic process obtained by a
piecewise linear interpolation of the sequence x,,, where the points x,, are spaced by a fixed time
step 7 on the positive real axis. As v — 0, and assuming that H(s,-) is a proper and upper
semicontinuous (usc) (see Sec. 2.2.1) map with closed convex values, we prove that x” converges
narrowly (in the topology of uniform convergence on compact sets) to the set of solutions of the
differential inclusion (DI)

x(t) € / H(s,x(t))uu(ds) (3.5)

where for every x € X, [ H(s,z)u(ds) is the selection integral of H(-,z), see Sec. 2.3.

2. Tightness. As the iterates are not a priori supposed to be in a compact subset of X, we investigate
the issue of stability. We posit a verifiable Pakes-Has 'minskii condition on the Markov chain (z,,).
The condition ensures that the iterates are stable in the sense that the random occupation measures

1 n

A, = > Oay (n eN)

n—l—lkzo

(where §, stands for the Dirac measure at point @), form a tight family of random variables on
the Polish space of probability measures equipped with the Lévy-Prokhorov distance. The same
criterion allows to establish the existence of invariant measures of the kernels P,, and the tightness
of the family of all invariant measures, for all v € (0,7y). As a consequence of Prokhorov's
theorem, these invariant measures admit cluster points as v — 0. Under a Feller assumption on
the kernel P,, we prove that every such cluster point is an invariant measure for the DI (3.5).
Here, since the flow generated by the DI is in general set-valued, the notion of invariant measure
is borrowed from [59].

3. Long-run convergence. Using the above results, we investigate the behavior of the iterates in
the asymptotic regime where n — oo and, next, v — 0. Denoting by d(a, B) the distance between
a point a € X and a subset B C X, we prove that for all ¢ > 0,

n

: 1 > P(d(xx,BCs) > ¢) =0, (3.6)

k=0

lim lim sup
70 n—ooo N
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where BC is the Birkhoff center of the flow ® induced by the DI (3.5), and PP stands for the
probability. We also characterize the ergodic behavior of these iterates. Setting T, = %H S0 Tk
we prove that

lim lim sup P (d(Z,,, co(Lay)) >€) =0, (3.7)

70 nooo

where co(L,y) is the convex hull of the limit set of the averaged flow associated with (3.5) (see
Sec. 3.4).

4. Applications. We investigate several application scenarios. First, we consider the problem of
non-convex stochastic optimization, and analyze the convergence of a constant step size proximal
stochastic gradient algorithm. The latter finds application in the optimization of deep neural
networks [77]. We show that the interpolated process converges narrowly to a DI, which we
characterize. We also provide sufficient conditions allowing to characterize the long-run behavior
of the algorithm leading to a convergence proof of the proximal stochastic non-convex gradient
algorithm ([98]). Second, we explain that our results apply to the characterization of the fluid
limit of a system of parallel queues. The model is introduced in [8, 61]. Whereas the narrow
convergence of the interpolated process was studied in [61], less is known about the stability and
the long-run convergence of the iterates. We show how our results can be used to address this
problem.

Chapter organization. In Sec. 3.2, we introduce the application examples. In Sec. 3.3, we briefly
discuss the literature. Sec. 3.4 is devoted to the mathematical background and to the notations. The
main results are given in Sec. 3.5. The tightness of the interpolated process as well as its narrow
convergence towards the solution set of the DI (Th. 3.5.1) are proven in Sec. 3.6. Turning to the
Markov chain characterization, Prop. 3.5.2, who explores the relations between the cluster points of the
Markov chains invariant measures and the invariant measures of the flow induced by the DI, is proven
in Sec. 3.7. A general result describing the asymptotic behavior of a functional of the iterates with a
prescribed growth is provided by Th. 3.5.3, and proven in Sec. 3.8. Finally, in Sec. 3.9, we show how the
results pertaining to the ergodic convergence and to the convergence of the iterates (Th. 3.5.4 and 3.5.5
respectively) can be deduced from Th. 3.5.3. Finally, Sec. 3.10 is devoted to the application examples.
We prove that our hypotheses are satisfied.

3.2 Examples
Example 4. Non-convex stochastic optimization. Consider the problem
minimize E¢(¢(§, z)) +r(z) w.rt z € X, (3.8)

where ¢(&,-) is a (possibly non-convex) differentiable function on X — R indexed by a random variable
(r.v.) & E¢ represents the expectation w.r.t. & and r : X — R is a convex function. The problem
typically arises in deep neural networks [129, 115]. In the latter case, = represents the collection of
weights of the network, & represents a random training example of the database, and ¢(§, z) is a risk
function which quantifies the inadequacy between the sample response and the network response. Here,
r(z) is a regularization term which prevents the occurence of undesired solutions. A typical regularizer
used in machine learning is the ¢;-norm ||z||; that promotes sparsity or generalizations like || Dz||;, where
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D is a matrix, that promote structured sparsity. A popular algorithm used to find an approximate solution
to Problem (3.8) is the proximal stochastic gradient algorithm, which reads

Tp41 = pI"OX,w.(.CUn - 7v£(£n+17 xﬂ)) ) (39)

where (&,,n € N*) are i.i.d. copies of the r.v. &, where V represents the gradient w.r.t. parameter z,
and where the proximity operator of 7 is the mapping on X — X defined by

prox., : x — argmin [ y7(y) + 7||y — .
r yeX 2
The drift g, has the form (3.4) where h, (¢, ) = v~ (prox.,,(z — yVL(§,2)) — x) and u represents the
distribution of the r.v. £. Under adequate hypotheses, we prove that the interpolated process converges
narrowly to the solutions to the DI

x(t) € =V Ee(£(&,x(t))) — ar(x(t)),
where Or represents the subdifferential of a function r, defined by
or(z) ={ueX :VyeX r(y) >r(x)+ (u,y—z)}

at every point z € X. We provide a sufficient condition under which the iterates (3.9) satisfy the
Pakes-Has'minskii criterion, which in turn, allows to characterize the long-run behavior of the iterates.

Example 5. Fluid limit of a system of parallel queues with priority. We consider a time slotted queuing
system composed of N queues. The following model is inspired from [8, 61]. We denote by y* the
number of users in the queue k at time n. We assume that a random number of A* € N users arrive
in the queue k at time n + 1. The queues are prioritized: the users of Queue k can only be served if all
users of Queues ¢ for / < k have been served. Whenever the queue £ is non-empty and the queues /¢
are empty for all £ < k, one user leaves Queue k with probability 7, > 0. Starting with y¥ € N, we thus
have

ko _ .k k k
Ynt1 = Yn T Anga — Bn+1]]‘{y4‘3l>07yk_lz-u:y}L:O} )

n

where Bﬁﬂ is a Bernoulli r.v. with parameter 7, and where 15 denotes the indicator of an event .S, equal
to one on that set and to zero otherwise. We assume that the process ((AL,... AN Bl ... BYN) n e N¥)
is iid, and that the random variables A* have finite second moments. We denote by \;, := E(A*) > 0
the arrival rate in Queue k. Given a scaling parameter v > 0 which is assumed to be small, we are
interested in the fluid-scaled process, defined as 2% = vy*. This process is subject to the dynamics:

T =T Y AN = VBl s b a1y - (3.10)

1 N

The Markov chain z,, = (z,,...,x, ) admits the representation (3.2), where the drift g, is defined on

YN¥, and is such that its k-th component g*(z) is

glj(:p) = )\k - nk]l{zk>07xk—1:,,.:xlzo} 5 (311)

for every k € {1,...,N} and every x = (z*,...,2") € yNV_ Introduce the vector

U = ()\17 e 7>\k—17)\k - nky)\k-i-la .- 7)\N)
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for all k. Let R, := [0, +0c), and define the set-valued map on RY

R if () >0
H(z) = { co(uy,...,u) ifat=---=zF1=0and2*>0, (3.12)

where co is the convex hull. Clearly, g,(z) € H(z) for every x € YNV In [61, § 3.2], it is shown that the
DI x(t) € H(x(t)) has a unique solution. Our results imply the narrow convergence of the interpolated
process to this solution, hence recovering a result of [61]. More importantly, if the following stability
condition

S (3.13)

holds, our approach allows to establish the tightness of the occupation measure of the iterates z,,, and
to characterize the long-run behavior of these iterates. We prove that in the long-run, the sequence
(x,,) converges to zero in the sense of (3.6). The ergodic convergence in the sense of (3.7) can be also
established with a small extra effort.

3.3 About the Literature

When the drift g, does not depend on  and is supposed to be a Lispchitz continuous map, the long term
behavior of the iterates x,, in the small step size regime has been studied in the treatises [20, 14, 73, 31, 16]
among others. In particular, narrow convergence of the interpolated process to the solution of an Ordinary
Differential Eq. (ODE) is established. The authors of [60] introduce a Pakes-Has'minskii criterion to
study the long-run behavior of the iterates.

The recent interest in the stochastic approximation when the ODE is replaced with a differential
inclusion dates back to [17], where decreasing steps were considered. A similar setting is considered
in [58]. A Markov noise was considered in the recent manuscript [128]. We also mention [59], where
the ergodic convergence is studied when the so called weak asymptotic pseudo trajectory property is
satisfied. The case where the DI is built from maximal monotone operators is studied in [22] and [24].

Differential inclusions arise in many applications, which include game theory (see [17, 18], [107] and
the references therein), convex optimization [24], queuing theory or wireless communications, where
stochastic approximation algorithms with non continuous drifts are frequently used, and can be modelled
by differential inclusions [61].

Differential inclusions with a constant step were studied in [107]. The paper [107] extends previous
results of [19] to the case of a DI. The key result established in [107] is that the cluster points of the
collection of invariant measures of the Markov chain are invariant for the flow associated with the DI.
Prop. 3.5.2 of the present chapter restates this result in a more general setting and using a shorter proof,
which we believe to have its own interest. Moreover, the so-called GASP model studied by [107] does
not cover certain applications, such as the ones provided in Sec. 3.2, for instance. In addition, [107]
focusses on the case where the space is compact, which circumvents the issue of stability and simplifies
the mathematical arguments. However, in many situations, the compactness assumption does not hold,
and sufficient conditions for stability need to be formulated. Finally, we characterize the asymptotic
behavior of the iterates (z,) (as well as their Cesard means) in the doubly asymptotic regime where
n — oo then v — 0. Such results are not present in [107].
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3.4 Background

The space C(Ry, X) is endowed with the topology of uniform convergence on compact sets which is
metrized by the distance d defined for every x,y € C(R, X) by

dley)i= 2 (Lasm ) ~y(01 ) (314)
neN tel0,n]
where || - || denotes the Euclidean norm in X.

3.4.1 Random Probability Measures

The support supp(y) of a probability measure 1 € M(X) is the smallest closed set G such that u(G) = 1.
The set M(X) is endowed with the topology of narrow convergence: a sequence (fiy)nen on M(X)
converges to a measure u € M(X) (denoted p, = p) if for every f € Cy(X), un(f) — u(f), where
wu(f) is a shorthand for [ f(x)u(dz). Endowed with this topology, M(X) is metrizable by the Lévy-
Prokhorov distance and is a Polish space. Moreover, for every nonnegative measurable (resp. bounded
measurable) function f : (X, Z(X)) — (X, Z(X)), u — p(f) is measurable from (M(X), Z(M(X)))
to (X, B(X)). A subset G of M(X) is said tight if for every £ > 0, there exists a compact subset K of
X such that for all u € G, u(K) > 1 — . We shall often say that a family of random variable is tight
instead of saying that the family of their distributions is tight. Prokhorov's theorem gives a practical
criterion for relative compactness of probability measures : G is tight iff it is a relatively compact subset
of M(X).

We denote by §, the Dirac measure at the point « € X. If X is a random variable on some
measurable space (€2,.%) into (X, %(X)), we denote by dx : @ — M(X) the measurable mapping
defined by 0x(w) = dx@y. If A: (Q,.7) = (M(X), B(M(X))) is a random variable on the set of
probability measures, we denote by EA the probability measure defined by (EA)(f) := E(A(f)), for
every f € Cy(X).

3.4.2 Invariant Measures of Set-Valued Evolution Systems

The shift operator © : C(R;,X) — C(Ry,C(R, X)) is defined by : for every x € C(R;,X), O(x) :
t — x(t + -). Consider a set-valued mapping ® : X =2 C(R;, X). When & is single valued (i.e., for all
a € X, ®(a) is a continuous function), a measure 7 € M(X) is called an invariant measure for ®, or
®-invariant, if for all t > 0, 7 = 7®(-, 1), where ®(a,t) denotes ®(a)(t). For all > 0, we define the
projection p; : C(Ry, X) — X by pi(x) = x(¢).

The definition can be extended as follows to the case where @ is set-valued.

Definition 3.4.1. A probability measure 7 € M(X) is said invariant for ® if there exists v €
M(C(R,4, X)) s.t.

(i) supp(v) C cl(®(X));
(i) v is O-invariant;

(i) vpy' = 7.
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When & is single valued, both definitions coincide. The above definition is borrowed from [59] (see
also [84]). Note that cl(®(X)) can be replaced by ®(X) whenever the latter set is closed (sufficient
conditions for this have been provided above).

The limit set of a function x € C(R, X) is defined as

Ly := () el(x([t, +00))) .

t>0

It coincides with the set of points of the form lim,, x(¢,) for some sequence t,, — oo. Consider now a
set valued mapping ® : X = C(R4, X). The limit set Ly (q) of a point a € X for ® is

LCD(a) = U ny

xeP(a)

and L := Uaex La@). A point a is said recurrent for ® if a € Ly,). The Birkhoff center of @ is the
closure of the set of recurrent points

BCop:=cl{a € X : a€ Lo}

The following result, established in [59] (see also [7]), is a consequence of the celebrated recurrence
theorem of Poincaré.

Proposition 3.4.1. Let ® : X =% C(R,X). Assume that ®(X) is closed. Let 7 € M(X) be an
invariant measure for ®. Then, 7(BCs) = 1.

We denote by Z(P) the subset of M(X) formed by all invariant measures for ®. We define
F(P) :={me MM(X)) : VA € BM(X)), Z(?) C A = m(A) =1}.

We define the mapping av : C(R, X) — C(R, X) by
1 t
av(x) : t — ;/ x(s)ds,
Jo

and av(x)(0) = x(0). Finally, we define the average flow av(®) : X = C'(R,, X) by av(®)(a) = {av(x) :
x € ®(a)} for each a € X.

3.5 Main Results

3.5.1 Dynamical Behavior

Choose 7 > 0. For every v € (0,7,), we introduce a probability transition kernel P, on X x #(X) —
[0, 1].
Let (2,9, i) be an arbitrary probability space.

Assumption (RM). There exist a ¢ ® %(X)/%(X)-measurable map h, : ExX — Xand H : ExX = X
such that:

i) For every z € X,

/ Y= 2P (o, dy) = /hv(s, 2)p(ds) .

~
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ii) For every s u-a.e. and for every converging sequence (u,,¥,) — (u*,0) on X x (0,7),
b, (S, un) = H(s,u").
i) Forall s p-a.e., H(s,-) is proper, usc, with closed convex values.
iv) For every x € X, H(-,x) is pi-integrable. We set H(z) := [ H(s,z) u(ds).
v) For every T' > 0 and every compact set K C X,
sup{|x(t)|| : t € [0,T],x € ®(a),a € K} < 0.
where @ is the evolution system induced by H.

vi) For every compact set K C X, there exists £ > 0 such that

. 1+ek
sup sup /Hy ’ P, (z,dy) < o0, (3.15)
zeK 0<y<0 v
sup sup | ||h(s,2)]]" T p(ds) < oo. (3.16)

e K 0<vy<v0

Assumption i) implies that the drift has the form (3.1). As mentioned in the introduction, this is for
instance useful in the case of iterative Markov models such as (3.3). Assumption v) requires implicitly
that the set of solutions ®(a) is non-empty for any value of a. It holds true if, e.g., the linear growth
condition (2.1) on H is satisfied.

On the canonical space Q := XY equipped with the o-algebra .7 := Z(X)®N, we denote by X :
Q) — XY the canonical process defined by X, (w) = w, for every w = (wi, k € N) and every n € N,
where X, (w) is the n-th coordinate of X (w). For every v € M(X) and v € (0,7), we denote by P*
the unique probability measure on (Q2,.%) such that X is an homogeneous Markov chain with initial
distribution v and transition kernel P,. We denote by E*7 the corresponding expectation. When v = ¢,
for some a € X, we shall prefer the notation P%7 to P%-7,

For every 7 > 0, we introduce the measurable map on (2, #) — (C(Ry,X), B(C(R,,X))), such
that for every x = (z,,n € N) in (,

Xy(z) :t— Tiey+ (t/y— U/VJ)(Z'L%JH - xL%J)‘

The random variable X, will be referred to as the linearly interpolated process. On the space C'(R,, X)
endowed with Z(C(R,,X))), the distribution of the r.v. X, is P*7X 1.

Theorem 3.5.1. Suppose that Assumption (RM) is satisfied. Then, for every compact set K C X, the
family {P*7X7! 1 a € K,0 < < 7o} is tight. Moreover, for every £ > 0,

sup P*7 (d(X,,, (K)) > ) —2 0,

aeK

where @ is the evolution system induced by H.
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3.5.2 Convergence Analysis

For each v € (0,7p), we denote by
IZ(P)) :={mre M(X) : m=7nP,}

the set of invariant probability measures of P,. Letting P = {P,,0 < v < 70}, we define Z(P) =
Ure0,40) Z(Py). We say that a measure v € M(X) is a cluster point of Z(P) as v — 0, if there exists

a sequence v; — 0 and a sequence of measures (7;,j € N) s.t. 7; € Z(P,,) for all j, and 7; = v.
We define
F(P,) :={m &€ M(M(X)) : supp(m) C Z(P,)},

and I (P) = Uye,0) ' (Py). We say that a measure m € M(M(X)) is a cluster point of #(P) as
v — 0, if there exists a sequence ; — 0 and a sequence of measures (m;, j € N) s.t. m; € .7 (P,,) for
all j, and m; = m.

Proposition 3.5.2. Suppose that Assumption (RM) is satisfied. Then,
i) As v — 0, any cluster point of Z(P) is an element of Z(®);
i) As v — 0, any cluster point of .#(P) is an element of .#(®).

In order to explore the consequences of this Prop., we introduce two supplementary assumptions.
The first is the so-called Pakes-Has'minskii tightness criterion, who reads as follows [60]:

Assumption (PH). There exists measurable mappings V' : X — [0, +00), ¢ : X — [0, +00) and two
functions « : (0,79) — (0,+00), 5:(0,7) — R, such that

B(v)

sup —— <00 and lim  (z) = +o0,
~e(0,70) () ]| ——+o0

and for every v € (0,7),
PV <V —ay)v+B(7).

We recall that a transition kernel P on X x #(X) — [0, 1] is said Feller if the mapping Pf : z
[ f(y)P(z,dy) is continuous for any f € C,(X). If P is Feller, then the set of invariant measures of P
is a closed subset of M(X). The following assumption ensures that for all v € (0,7,), P, is Feller.

Assumption (FL). For every s € =, v € (0, ), the function h.(s,-) is continuous.

Theorem 3.5.3. Let Assumptions (RM), (PH) and (FL) be satisfied. Let ¢ and V' be the functions
specified in (PH). Let v € M(X) s.t. v(V) < 0o. Let U := Urez(a)supp(m). Then, for all € > 0,

lim sup ZIP’”V (Xk,U) >e) — 0. (3.17)

n—oo N + v—0

Let Y an Euclidean space and f € C(X,Y). Assume that there exists M > 0 and ¢ : Y — R, such
that lim 400 ¢(a)/||a|| = +o0 and

Va e X, ¢(f(a)) < M(1+¢(a)). (3.18)
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Then, the set Sy := {n(f) : # € Z(®) and 7 (|| f(-)||) < oo} is nonempty. For all n € N, v € (0,7),
the r.v.

1 n
F, = X
n+1 ,;) F(X)
is P*7-integrable, and satisfies for all ¢ > 0,
limsup d(E"(F,),Sf) — 0, (3.19)
n—00 v—0
limsup P*7 (d(F,,Sf) >¢) — 0. (3.20)
n—00 y—0

Theorem 3.5.4. Let Assumptions (RM), (PH) and (FL) be satisfied. Assume that ®(X) is closed. Let
1 and V' be the functions specified in (PH). Let v € M(X) s.t. v(V) < co. Assume that

¥(a)

llal|—o0 ||al]

:+OO

For all n € N, define X, := %ﬂ S7_o Xk . Then, for all € > 0,

limsup d (E*(X,), co(Luv(a)) — 0.
liinﬁs;}p It (d( n > CO(Lav(a)) ) ) ﬁ 0,

Theorem 3.5.5. Let Assumptions (RM), (PH) and (FL) be satisfied. Assume that ®(X) is closed. Let
1 and V' be the functions specified in (PH). Let v € M(X) s.t. (V) < co. Then, for all ¢ > 0,

n

lim sup > PY(d(Xy,BCo) >e) — 0.

n—00 n -+ 1 k=0 y—0

3.6 Proof of Th. 3.5.1

The first lemma is a straightforward adaptation of the convergence theorem [6, Chap. 1.4, Th. 1, pp.
60]. Hence, the proof is omitted. We denote by A7 the Lebesgue measure on [0, 7.

Lemma 3.6.1. Let {F; : £ € =} be a family of mappings on X = X. Let 7" > 0 and for all n € N, let
up 2 [0, T] = X, v, : Ex[0,T] — X be measurable maps w.r.t Z([0,T]) and 4 ® ([0, T]) respectively.
Note for simplicity £ := L}(Z x [0,T],9 @ ([0, T]), u @ A\r; R). Assume the following.

i) Forall (§,t) p® Ap-a.e., (un(t),vn(&,t)) =4 gr(Fe).
ii) (uy) converges Ar-a.e. to a function u : [0,7] — X.

iii) For all n, v, € £! and converges weakly in £! to a function v : = x [0,T] — X.
g y

iv) For all £ p-a.e., F¢ is proper upper semi continuous with closed convex values.

Then, for all (£,t) p® Ap-a.e., v(&,t) € Fe(u(t)).
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Given T'> 0 and 0 < 0 < T, we denote by
W (8) = sup{|Ix(t) = x(s)| : [t — s| < &, (t, ) € [0, 7%}
the modulus of continuity on [0, 7] of any x € C'(R4, X).

Lemma 3.6.2. For all n € N, denote by .%,, C .# the o-field generated by the r.v. {X;,0 <k <n}.
For all v € (0,70), define Z,),; := v 1(Xnﬂ X,). Let K C X be compact. Let {P*7,a € K,0 <
v < 7} be a famlly of probability measures on (2,.%) satisfying the following uniform integrability
condition:
sup BV 21T 54) S5 0. (3.21)
neN* ae K,v€(0,70)

Then, {IF"WX;l ca € K,0 <7y <} is tight. Moreover, for any T' > 0, > 0,

n

Z (le+1 - EM(Z +1’=/k)>

k=0

sup ]f”“’“*( max 7y 5) =%0. (3.22)

aceK 0<n< |_ ]

Proof. We prove the first point. Set 7' > 0, let 0 < 0 < T, and choose 0 < s <t < T st. t —s <.
Let v € (0,7) and set n:= | 2|, m = | 2]. For any R >0,

1X5(8) =Xy (s)]| < Z 1Ze ]l + @/ = [ Zagall + A ((m + 1) = s/7) | Zia

k=m-+2
n+1
<A(t/y—=s/MBR+v X 1202005k -
k=m+1

Recalling that ¢ — s < 0 and using Markov inequality, we obtain

L5141
PO ({w s wy (0) > e}) <P v Y 201250 > € — OR
k=1

supgen: B (12011275 5)
e—0R ’

provided that RS < e. Choosing R = £/(2d) and using the uniform integrability,

< (T +)

sup  POXIM({z:w) (6) > e}) = 2200,
aeK,0<y<vy0
As {I@"WX 961,00 < v < 0,a € K} is obviously tight, the tightness of {P® XJhae K, 0<y <}
follows from [29, Th. 7.3] B
We prove the second point. We define M7} = S0 (Z,, — E*"(Z] 1| Fx)). We introduce
s = nrilyz, i<k — E* (ZZHHHz;HugRIc%)
and we define 77;” in a similar way, by replacing < with > in the right hand side of the above equation.
Clearly, for all a € K, yMp7, = Seli= 4 Sw07 where SE1= = v 0 o nili™ and S&i is defined
similarly. Thus,
’S a7 9
YIMEL N < ISR+ 18751
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Under P47, the random processes S¢7'< and S*7> are .%,-adapted martingales. Defining ¢, := L%J +1,
we obtain by Doob's martingale inequality and by the boundedness of the increments of S%7'= that

Ea'\/ Sa7< I_Ea,'y Sa,y,g 2\1/2 2
)S (I D _ B SE=1) <2RyT,

pen ( max [|S47<| > <
1<n<qy 12 g

and the right hand side tends to zero uniformly in a € K as v — 0. By the same inequality,

_ 2
Pw<max 157> | >s) < gy sup E (120102215 ) -

1<n<qg

Choose an arbitrarily small 6 > 0 and select R as large as need in order that the supremum in the right
hand side is no larger than £§/(27" 4 2vy). Then the left hand side is no larger than 6. Hence, the proof
is concluded. O

For any R > 0, define h, r(s,z) := hy(s,2)1y<p. Let Hp(s,x) := H(s,x) if ||z|| < R, {0} if
|z|| > R, and X otherwise. Denote the corresponding selection integral as Hg(z) = [ Hg(s, z) u(ds).
Define 7g(z) := inf{n € N : ||z,|| > R} for all x € . We also introduce the measurable mapping
Bgr : Q — ), given by

BR(ZE) TN CBnﬂn<TR(I) + $TR(a:)ﬂner(x)

forall x € Q and all n € N.

Lemma 3.6.3. Suppose that Assumption (RM) is satisfied. Then, for every compact set K C X, the
family {P*7B;'X1,v € (0,70),a € K} is tight. Moreover, for every € > 0,

sup P*7 Bz [d(X,, P, (K)) > ¢] — 0.

acK =0

Proof. We introduce the measurable mapping M., r : Q@ — XN s.t. for all z € Q, M, g(x)(0) := 0 and

M, g(2)(n) = (2 — 70) — ’y:i [ hounls zi)ds)

for all n € N*. We also introduce the measurable mapping G, z : C(Ry,X) = C(R4,X) s.t. for all
X € C(R+,X),

yim [ [ Bl x2 /1)) ()

We first express the interpolated process in integral form. For every x € XY and t > 0,
b
Xy (2)(t) = 2o +/0 7 (e - 2y du
We have the decomposition

Tp = To + yni /h%R(s, xi)p(ds) + M, g(z)(n).
k=0

Then, interpolating,
Xy(x) = z9+ Gy roXy(z)+ X, 0 M, p(z). (3.23)
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The uniform integrability condition (3.21) is satisfied when letting P? := P%YB;'. First, note that
Br(z)(n+ 1) = Br(x)(n) + (nt1 — n)lrg@)>n and that 7g(x) > n & ||Bg(z)(n)|| < R = 2, =
Bgr(z)(n). Note also that, w.r.t (.%,), Tr(X) is a stopping time and Br(X) is adapted. Then, using
(RM)-i),

Xn+1 - Xn
Y

Yy — Xn
= :H-TR(X)>n//YP'y(Xn7dy)
= ILTR(X)>n/h'y(57Xn),U/(d5)
= Lipamizr | as: Ba(X)(m)u(ds)

= [ hounls Br(X)(m)pu(ds).

E* (7 (Ba(X)(n + 1) — Br(X)(n))|F,) = E ( LR(X)»LL%)

Moreover,

1+€K

g | B0l + )= Bl

1+6K> g <HXTL+1 - X,
~

g

= E&Y (/ ’y_Xn
~

<an</'y_X”

N Y

y—l’ 1+EK
< sup /’ P, (x,dy).
= <R v

]]-TR(X)>TL>

1+ex

PW (Xna dy):H-TR(X)>n>

14+ex

P, (X, dyﬂXmR)

The condition (3.21) follows from hypothesis (3.15). Thus, Lem. 3.6.2 implies that for all £ > 0 and
T >0,

supP* | max ||M,g(z)(n+1)|| >¢ %0,
aeK OSYLSL%J
It is easy to see that for all z € €, the function X, o M, g(x) is bounded on every compact interval
[0, T] by max,, <z [[My r(z)(n+ 1)||. This in turns leads to:

- =7

sup P*7(||X,, o M, glloor > €) %0, (3.24)
acK

where the notation ||x||« 7 stands for the uniform norm of x on [0, T7].

As a second consequence of Lem. 3.6.2, the family {P“WX;l,O <y < ,a € K} is tight. Choose
any subsequence (a,,v,) st. v, — 0 and a,, € K. Using Prokhorov's theorem and the compactness
of K, there exists a subsequence (which we still denote by (a,,,)) and there exist some a* € K and
some v € M(C(R4,X)) such that a,, — a* and P X ! converges narrowly to v. By Skorokhod's
representation theorem, we introduce some r.v. z, {x,,n € N} on C'(R, X) with respective distributions
v and P* X!, defined on some other probability space (€2',.#',P’) and such that d(x,(w), z(w)) = 0
for all w € €. By (3.23) and (3.24), the sequence of r.v.

Xn = X (0) = Gy, R (xn)
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converges in probability to zero in (€', .#’,P’), as n — o0o. One can extract a subsequence under which
this convergence holds in the almost sure sense. Therefore, there exists an event of probability one s.t.,
everywhere on this event,

2(t) = +hm//h7 (5% (W |0/ 1)) pulds) du (¥ >0),

n—oo

where the limit is taken along the former subsequence. We now select an w s.t. the above convergence
holds, and omit the dependence on w in the sequel (otherwise stated, z and x,, are treated as elements of
C (R4, X) and no longer as random variables). Set 7" > 0. As (x,) converges uniformly on [0, 77, there
exists a compact set K’ (which depends on w) such that x,(y,[t/7.]) € K’ for all t € [0,T], n € N.
Define

Un(8,t) == Ry, R(S, X0 (Vn [t/ ])) -

By Eq. (3.16), the sequence (v,,n € N) forms a bounded subset of L!T¢x" := L1Tx/(Z x [0,T],4 ®
A(]0,T)), 1@ Ar; X). By the Banach-Alaoglu theorem, the sequence converges weakly to some mapping
v € L1771 along some subsequence. This has two consequences. First,

0) +/Ot/Ev(s7u)u(d8) du, (Vte€(0,T]). (3.25)

Second, for u ® Ap-almost all (s,t), v(s,t) € Hg(s,z(t)). In order to prove this point, remark that, by
Assumption (RM),
vn(s,t) = Hg(s,z(t))

for almost all (s,t). This implies that the couple (x,,(7V.|t/vn]), vn(s,t)) converges to gr(Hg(s,-)) and
the second point thus follows from Lem. 3.6.1. By Fubini's theorem, there exists a negligible set of [0, 7]
s.t. for all ¢ outside this set, v(-,t) is an integrable selection of Hg(-,z(t)). As H(-,z) is integrable for
every x € X, the same holds for Hg. Denoting by Hg, the selection integral of Hr and @y, the evolution
system induced by Hg, Eq. (3.25) implies that z € @y, (K). We have shown that for any sequence
((ap,¥m),n € N) on K x (0,79) s.t. 7, — 0, there exists a subsequence along which, for every ¢ > 0,
Parm Bl (d(X,, , Pu, (K)) > &) — 0. This proves the lemma. O

End of the proof of Th. 3.5.1.

We first prove the second statement. Set an arbitrary 77 > 0. Define dr(x,y) = ||z — y||lcwr. It
is sufficient to prove that for any sequence ((a,,v,),n € N) s.t. 7, — 0, there exists a subsequence
along which P (dr(X,,, ®(K)) > ¢) — 0. Choose R > Ry(T), where Ry(T) := sup{||x(¢)|| : ¢
[0,T],x € ®y(a),a € K} is finite by Assumption (RM). It is easy to show that any x € &y, (K) must
satisfy ||x||,7 < R. Thus, when R > Ry(T'), any x € &y, (K) is such that there exists y € ®(K') with
dr(x,y) = 0 i.e., the restrictions of x and y to [0, 7] coincide. As a consequence of the Lem. 3.6.3, each
sequence (a,,7,) chosen as above admits a subsequence along which, for all £ > 0,

P (dp (X, © B, B(K)) > €) = 0. (3.26)

The event drp(X, o Bg,X,) > 0 implies the event || X, o Bgl|/co,r > R, which in turn implies by the
triangular inequality that dp (X, o Bg, ®(K)) > R — Ro(T") . Therefore,

P (dp(X,, © B, X,,) > &) < P(dr(X,, o Br, ®(K)) > R — Ry(T)). (3.27)

By (3.26), the right hand side converges to zero. Using (3.26) again along with the triangular inequality,
it follows that P* (dp(X,,, ®(K)) > €) — 0, which proves the second statement of the theorem.
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We prove the first statement (tightness). Using [29], this is equivalent to showing that for every
T > 0, and for every sequence (a,,,) on K X (0,7), the sequence (IP’“” X pgt) is tight, and for
each positive £ and 1), there exists § > 0 such that limsup,, P*"" X ({z : w] ( ) > €}) < n. Since
P X pg = ba,, (P X pg ! ) is tight.

F|rst consider the case where y,, — 0. Fixing T' > 0, letting R > Ro(T’) and using (3.27), it holds that
for all ¢ > 0, P* " (dp(X,, o Bg,X,,) > €) —, 0. Moreover, we showed that (P“"’V”Bglx;}) is tight.
In addition, for every x,y € C'(R, X), it holds by the triangle inequality that w] (§) < w{ (8) +2dr(x,y)
for every 6 > 0. Thus,

Pan X T{z:wl () >e}) <P""By 1X T{x s wl(6) > e/2})
+ P (dp(X,, © Br, X,,) > ¢/4),

which leads to the tightness of (P*"X 1) when ~,, — 0.
It remains to establish the tightness when liminf, v, > n > 0 for some n > 0. Note that for all
v >
5) <26 :
wxz(m)( ) < kzo'ﬁ%%ﬂﬂxkﬂ

There exists ng such that for all n > ng, v, > n which implies by the union bound:

T/n]+1
P X ({x : w)! (8) > e}) < Z Pl(a, B(0,(26)"'¢)%),

where B(0,7) C X stands for the ball or radius  and where P! stands for the iterated kernel, recursively

defined by
Pa /P (a, dy) PE~(y, ) (3.28)

and PY(a,-) = d,. Using (3.15), it is an easy exercise to show, by induction, that for every k € N,

k An,Yn
le(a,B(O,r) ) — 0 as 7 — co. By letting § — 0 in the above inequality, the tightness of (P*7»X 1)
ollows.

3.7 Proof of Prop. 3.5.2

To establish Prop. 3.5.2—i), we consider a sequence ((m,,v,),n € N) such that m, € Z(P,,), v, — 0,
and (7,) is tight. We first show that the sequence (v, := P™ "X ! n € N) is tight, then we show that
every cluster point of (v,,) satisfies the conditions of Def. 3.4.1.

Given € > 0, there exists a compact set K C X such that inf, 7,(K) > 1 —¢/2. By Th. 3.5.1,
the family {P*X ' a € K,n € N} is tight. Let C be a compact set of C(R,X) such that
infoe g nen P X 1(C) > 1 — /2. By construction of the probability measure ™, it holds that
P () = [ P*(.) 7, (da). Thus,

a,Yny —1 2
C)z/K]P’ XL(C) ma(da) > (1—2/2)? > 1 —¢,
which shows that (v,,) is tight.
Since 7, = v,py ', and since the projection py is continuous, it is clear that every cluster point 7
of Z(P) as v — 0 can be written as 7 = vpy ', where v is a cluster point of a sequence (v,). Thus,

Def. 3.4.1—(iii) is satisfied by 7 and v. To establish Prop. 3.5.2—i), we need to verify the conditions (i)
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and (ii) of Def. 3.4.1. In the remainder of the proof, we denote with a small abuse as (n) a subsequence
along which (v,,) converges narrowly to v.

To establish the validity of Def. 3.4.1-(i), we prove that for every n > 0, v,((®u(X)),) — 1 as
n — o0o; the result will follow from the convergence of (v,). Fix e > 0, and let K C X be a compact
set such that inf,, 7, (K) > 1 — . We have

Un((Pr(X))n) = P (d(X,,, B(X)) < 1)
2 IP”T"’””(d(xw O(K)) <n)

> [ B (d(X,,, 0(K)) < n) 7 (da)
> (1) ;g; P (d(X,,. B(K)) < 1).

By Th. 3.5.1, the infimum at the right hand side converges to 1. Since € > 0 is arbitrary, we obtain the
result.
It remains to establish the ©-invariance of v (Condition (||)) Equivalently, we need to show that

/f v(dx) /f dx) (3.29)

for all f € C,(C(Ry,X)) and all ¢ > 0. We shall work on (Un) and make n — oo. Write 7, :=
t —Yn|t/Vn]. Thanks to the P, —invariance of m,, O(x(v,|t/7n] +-))(n,) and ©(x)(t) are equal in law
under v, (dx). Thus,

J HOR®) valdx) = [ FOLE/ 3] + ) m)) va(d9
= / f(© ) Un(dx). (3.30)

Using Skorokhod's representation theorem, there exists a probability space (©',.%’,P") and random
variables (X,,n € N) and X over this probability space, with values in C(R., X), such that for every
n € N, the distribution of x,, is v,,, the distribution of x is v and P'-a.s,

d(Xp, X) — 400 0,

i.e, (X,) converges to X as n — +oo uniformly over compact sets of R,. Since 7, =, 100 0, P-ass,
d(O(X) (M), X) —>n—+00 0. Hence,

/f ) Un(d) —>/f
Recalling Eq. (3.30), we have shown that ff( (x)(t)) vn(dx) — ff( (x)(t)) v(dx). Since

[ F6 vl — [ F0ax

the identity (3.29) holds true. Prop. 3.5.2—i) is proven.

We now prove Prop. 3.5.2—ii). Consider a sequence ((m,,7,),n € N) such that m, € .Z(P,,),
Y — 0, and m,, = m for some m € M(M(X)). Since the space M(X) is separable, Skorokhod's
representation theorem shows that there exists a probability space (€', #’, '), a sequence of ' — M(X)
random variables (A,,) with distributions m,,, and a " — M(X) random variable A with distribution m
such that A, (w) = A(w) for each w € €)'. Moreover, there is a probability one subset of )’ such that
A, (w) is a P, —invariant probability measure for all n and for every w in this set. For each of these w,
we can construct on the space (XV,.%) a probability measure PA»(“)7= as we did in Sec. 3.5.1. By the
same argument as in the proof of Prop. 3.5.2-i), the sequence (P*»): 'Y"X,Ynl,n € N) is tight, and any
cluster point v satisfies the conditions of Def. 3.4.1 with A(w) = vpy*. Prop. 3.5.2 is proven.
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3.8 Proof of Th. 3.5.3

3.8.1 Technical lemmas
Using Prokhorov's theorem, some compact sets of M(X) are given by the following.

Lemma 3.8.1. Given a family {K,j € N} of compact sets of X, the set
U:=={peM(X):VjeNukK;)>1-2"7}
is a compact set of M(X).

Proof. The set U is tight hence relatively compact by Prokhorov's theorem. It is moreover closed. Indeed,
let (pun, n € N) represent a sequence of U s.t. p,, = p. Then, forall j € N, u(K;) > limsup,, p,(K;) >
1 — 277 since K is closed. O

A tightness criterion of probability measures over the space £ = M(X) i.e in the space M (M (X))
can be given.
For any m € M(M(X)), we denote by e(m) the probability measure in M(X) such that for every

f € Gy(X),
e(m)  f = [ p(Fmdp).
Otherwise stated, e(m)(f) = m(7;) where T : pp— p(f).

Lemma 3.8.2. Let X be a real random variable such that X < 1 with probability one, and EX > 1—¢
for some e > 0. Then P[X > 1—/g] > 1— /.

Proof. 1—& <EX <EXTy s+EXTys sz < (1—E)(1—PX >1—E)+P[X > 1— ]
The result is obtained by rearranging. O

Lemma 3.8.3. Let £ be a family on M(M(X)). If {e(m) : m € L} is tight, then L is tight.

Proof. Let ¢ > 0 and choose any integer k s.t. 2751 <. For all j € N, choose a compact set K; C X
st. forall m e £, e(m)(K;) >1—2"% . Define U as the set of measures v € M(X) s.t. for all j > F,
v(K;) >1—27. By Lem. 3.8.1, U is compact. For all m € L, the union bound implies that

m(MXN\U) <> m{v:v(K;) <1-27}
=k
By Lem. 3.8.2, m{v : v(K;) > 1—277} > 1—277. Therefore, m(M(X)\U) < 332,277 =271 <¢.
This proves that L is tight. O

Moreover, e : M(M (X)) — M(X) is continuous.

Lemma 3.8.4. Let (m,,n € N) be a sequence on M(M(X)), and consider m € M(M(X)). If
m,, = m, then e(m,) = e(m).

Proof. For any f € Cy(X), Ty € Cp(M(X)). Thus, m,(T;) — m(T7). O

When a sequence (m,,,n € N) of M(M|(X)) converges narrowly to m € M(M(X)), it follows from
the above proof that m,ﬂ}_l = m7}_1 for all bounded continuous f. The purpose of the next lemma is
to extend this result to the case where f is not necessarily bounded, but instead, satisfies some uniform
integrability condition. For any vector-valued function f, we use the notation || f|| := [|.f(-)]]-
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Lemma 3.8.5. Let f € C(X,Y) where Y is an Euclidean space. Define by 7; : M(X) — R the
mapping s.t. T;(v) := v(f) if v(|| f]|) < oo and equal to zero otherwise. Let (m,,n € N) be a sequence
on M(M(X)) and let m € M(M(X)). Assume that m,, = m and

Jim sup e(m,) (113 7110) =0 (3.31)

Then, v(||f]|) < oo for all v m-a.e. and m,, 7, " = m7; .

Proof. By Eq. (3.31), e(m)(]|f]]) < oo. This implies that for all ¥ m-a.e., v(]|f]|) < oco. Choose
h € Cy(Y) s.t. his L-Lipschitz continuous. We must prove that m, 7 '(h) — m7; '(h). By the above
remark, m7; ' (h) = [ h(v(f))dm(v), and by Eq (3.31), m,7; ' (h) = [ h(v(f))dm,(v). Choose ¢ > 0.
By Eq. (3.31), there exists K, > 0 s.t. for all K > Ky, sup, e(m,)(|| f||1z>K) < €. For every such
K, define the bounded function fx € C'(X,Y) by fx(x) = f(x)(1 A K/||f(x)|). For all K > K, and
forall n € N,

T (1) = T ] < [ 1R((F)) = B(fic) I (v)
<L [vlllf = ficlldm, (v)
<L [ vl )dma(v) < Le.
By continuity of 7y, it holds that m, 7' (h) — m7;,'(h). Therefore, for every K > Kj,
lim sup o, 7' () — w7} ' (h)] < Le.

As v(||f]]) < oo for all ¥ m-a.e., the dominated convergence theorem implies that v(fx) — v(f) as
K — oo, m-a.e. As h is bounded and continuous, a second application of the dominated convergence
theorem implies that [ h(v(fx))dm(v) = [h(v(f))dm(v), which reads m7; ' (h) — m7T; (k). Thus,
limsup,, [m,, 7; (k) —m7; ' (h)| < Le. As a consequence, m,,T; ' (h) — mT; '(h) as n — oo, which
completes the proof. O

3.8.2 Narrow Cluster Points of the Empirical Measures

Let P : X x B(X) — [0,1] be a probability transition kernel. For v € M(X), we denote by P*"
the probability on (€2,.%) such that X is an homogeneous Markov chain with initial distribution v and
transition kernel P.

For every n € N, we define the measurable mapping A, : Q@ — M(X) as

A, () = > Ouy (3.32)

for all x = (x4, : k € N). Note that
1 n
E"PA, = —— Y vP*
n+1 ,;Z:OV ’
where E¥FA,, = e(P»PA;1), and P* stands for the iterated kernel, recursively defined by P*(z,-) =
J P(x,dy)P*"(y,-) and P(,-) = 0,.
We recall that .# (P) represents the subset of M(M (X)) formed by the measures whose support is
included in Z(P).
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Proposition 3.8.6. Let P : X x #(X) — [0, 1] be a Feller probability transition kernel. Let v € M(X).
1. Any cluster point of {E“"A,,, n € N} is an element of Z(P).
2. Any cluster point of {P*"A! n € N} is an element of .#(P).

Proof. We omit the upper script Z. For all f € Cy(X), EA,(Pf) — EA,(f) — 0. As P is Feller, any
cluster point 7 of {EA,,, n € N} satisfies 7(Pf) = w(f). This proves the first point.
For every f € Cy(X) and x € (), consider the decomposition:

AP = Ml)(F) = g S (PF(@) = flae)) + () 1z

Using that f is bounded, Doob’s martingale convergence theorem implies that the sequence

(Zk (PF(X) — f(Xii)))

n

converges a.s. when n tends to infinity. By Kronecker's lemma, we deduce that

n—1
T X PO~ S (i)
tends a.s. to zero. Hence,
A (Pf)— AN (f) — 0 as. (3.33)

Now consider a subsequence (A, ) which converges in distribution to some r.v. A as n tends to infinity.
For a fixed f € Cy(X), the mapping v — (v(f),v(Pf)) on M(X) — R? is continuous. From the
mapping theorem, A, (f) — A, (Pf) converges in distribution to A(f) — A(Pf). By (3.33), it follows
that A(f) — A(Pf) = 0 on some event £; € .% of probability one. Denote by Cy(X) C Cy(X) the
set of continuous real-valued functions having a compact support, and let C,(X) be equipped with the
uniform norm || - ||. Introduce a dense denumerable subset S of C,(X). On the probability-one event
E = Nyeséy, it holds that for all f € S, A(f) = AP(f). The same equality can be extended to any
f € C.(X) by density of S and continuity of f — (v(f),v(Pf)) over Cy(X) for every v € M(X).
Hence, almost everywhere on £, one has A = AP. O

3.8.3 Tightness of the Empirical Measures

Proposition 3.8.7. Let P be a family of transition kernels on X. Let V : X — [0, 400), ¢ : X —
[0, +00) be measurable. Let o : P — (0,+00) and 5 : P — R. Assume that suppcp ’BE ; < oo and
(x) — o0 as ||z|| = co. Assume that for every P € P,

PV <V —a(P)y + B(P).
Then, the following holds.
i) The family Upep Z(P) is tight. Moreover, sup, ¢z 7(¢)) < +00.

ii) For every v € M(X) st. v(V) < oo, every P € P, {E*TA,,, n € N} is tight. Moreover,
sup,,ey EVP A, (1Y) < 00

43



Proof. For each P € P, PV is everywhere finite by assumption. Moreover,
ST PV <N PV —a(P)Y. PRy 4+ (n+ 1)B(P).
k=0 k=0 k=0

Using that V' > 0 and «(P) > 0,

1 & v
Php< ——— 4¢,
n+1,§3 S TC S

where ¢ := suppcp B(P)/a(P) is finite. For any M > 0,

nilépk(wM) < <nilépw> AM
1%

Set m € Z(P), and consider P € P such that 7 = 7 P. Inequality (3.34) implies that for every n,

wtw ) < 7 (o o) A M)

By Lebesgue's dominated convergence theorem, 7(¢) A M) < c. Letting M — oo yields 7(¢)) < e
The tightness of Z(P) follows from the convergence of ¢(x) to oo as ||z|| — oco. Setting M = +o0
in (3.34), and integrating w.r.t. v, we obtain

E*P A, (¢) <

which proves the second point. O
Proposition 3.8.8. We posit the assumptions of Prop. 3.8.7. Then,

1. The family Z(P) := Upep Z (P) is tight;

2. {P»PA' n € N} is tight.

Proof. For every m € #(P), it is easy to see that e(m) € Z(P). Thus, {e(m) : m € Z(P)}
is tight by Prop. 3.8.7. By Lem. 3.8.3, .#(P) is tight. The second point follows from the equality
EPA,, = e(P»TA,') along with Prop. 3.8.7 and Lem. 3.8.3. O

3.8.4 Main Proof

By continuity of h.(s,-) for every s € Z, v € (0,70), the transition kernel P, is Feller. By Prop. 3.8.7
and Eq. (3.18), we have sup,, E“7A,, (¢ o f) < oo which, by de la Vallée-Poussin's criterion for uniform
integrability, implies

Jim Sup BT (7] 1010) = 0. (3.35)

In particular, the quantity E¥7A,,(f) = E*7(F,) is well-defined.
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We now prove the statement (3.19). By contradiction, assume that for some § > 0, there exists a
positive sequence v; — 0, such that for all j € N, limsup,,_,., d(E"A,(f),Ss) > 0. For every j,
there exists an increasing sequence of integers (7, n € N) converging to +00 s.t.

vn, d(E"A L (f),Sr) > 0. (3.36)

By Prop. 3.8.7, the sequence (E*%A ;,n € N) is tight. By Prokhorov's theorem and Prop. 3.8.6,
- Son - . .

there exists m; € Z(P,;) such that, as n tends to infinity, "7 A ; = m; along some subsequence.

By the uniform integrability condition (3.35), m;(|[f[|) < oo and E*%A ,; (f) — m;(f) as n tends to

infinity, along the latter subsequence. By Eq. (3.36), for all j € N, d(m;(f),Sf) > 6. By Prop. 3.8.7,
SUPez(p) T(Y) < +00. Since p o f < M(1+ 1), de la Vallée-Poussin’s criterion again implies that

sup (|| fl|L5>K) < 0. (3.37)
T€Z(P)

Also by Prop. 3.8.7, the sequence (7;) is tight. Thus m; = 7 along some subsequence, for some
measure m which, by Prop. 3.5.2, is invariant for ®. The uniform integrability condition (3.37) implies
that 7(]| f||) < oo (hence, the set Sy is non-empty) and 7;(f) — m(f) as j tends to infinity, along the
above subsequence. This shows that d(7(f),Sy) > 0, which is absurd. The statement (3.19) holds true
(and in particular, Sy must be non-empty).

The proof of the statement (3.17) follows the same line, by replacing f with the function 1. We
briefly explain how the proof adapts, without repeating all the arguments. In this case, Sﬂug is the single-
ton {0}, and Eq. (3.36) reads E" A , (1<) > d. By the Portmanteau theorem, lim sup,, E"A ; (1<) <
7;(US) where the lim sup is taken along some subsequence. The contradiction follows from the fact that
lim sup 7; (US) < 7(U) = 0 (where the lim sup is again taken along the relevant subsequence).

We prove the statement (3.20). Assume by contradiction that for some (other) sequence ; — 0,
limsup,, .. P (d(A,(f),Sf) > ¢€) > d. For every j, there exists a sequence (¢?,n € N) s.t.

Vn, P (d (A (f),Sf) =€) > 4. (3.38)
By Prop. 3.8.8, (IED"”J'A;;, n € N) is tight, one can extract a further subsequence (which we still denote
by (¢7) for simplicity) s.t. IP’”WA;} converges narrowly to a measure m; as n tends to infinity, which,

by Prop. 3.8.6, satisfies m; € f(]g,yj). Noting that e(]ID”WA;]-l) = E"%A _; and recalling Eq. (3.35),
Lem. 3.8.5 implies that v/(||f||) < oo for all v/ mj-a.e., and IP”’“/J'A;]-17}_1 = m;T; !, where we recall

that 7;(v') .= V/(f) for all v/ s.t. /(|| f]|) < o0. As (Sf)< is a closed set,

m; T, ((Sp)8) > lim sup P AT ((S5)2)
= limsup P*% (d (A(p (f),Sf) >¢) > 6.

J
n

By Prop. 3.8.7, (m;) is tight, and one can extract a subsequence (still denoted by (m;)) along which
m; = m for some measure m which, by Prop. 3.5.2, belongs to .#(®). For every j, e(m;) € Z(P,,). By
the uniform integrability condition (3.37), one can apply Lem. 3.8.5 to the sequence (m;). We deduce
that /(|| f||) < oo for all " m-a.e. and mﬂ}_l = m7}_1. In particular,

mT; 1 ((Sp)) > limsupm;T; ' ((Sp)) > 0.
j
Since m € #(®), it holds that m7;'((Sy)¢) = 0, hence a contradiction.
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3.9 Proofs of Th. 3.5.4 and 3.56.5

3.9.1 Proof of Th. 3.5.4

In this proof, we set L = L, () to simplify the notations. It is straightforward to show that the identity
mapping f(x) = z satisfies the hypotheses of Th. 3.5.3 with ¢ = 1. Hence, it is sufficient to prove that
Sy is a subset of ©o(L), the closed convex hull of L. Choose ¢ € S; and let ¢ = [ zdn(x) for some
m € Z(P) admitting a first order moment. There exists a O-invariant measure v € M(C (R, X)) s.t.
supp(v) C ®(X) and vpy ' = 7. We remark that for all ¢ > 0,

q=v(po) = v(p:) = v(ps 0 av), (3-39)

where the second identity is due to the shift-invariance of v, and the last one uses Fubini's theorem. Again
by the shift-invariance of v, the family {p;, ¢ > 0} is uniformly integrable w.r.t. v. By Tonelli's theorem,
sup,~ V(|[proav ||1g) < sup,oq v(||pt||1s) forevery S € Z(C(R4, X)). Hence, the family {p,cav,t > 0}
is v-uniformly integrable as well. In particular, {p; o av,t > 0} is tight in (C(Ry, X), Z(C(R4, X)), v).
By Prokhorov's theorem, there exists a sequence t,, — 0o and a measurable function g : C(R,,X) — X
such that p;, oav converges in distribution to g as n — oco. By uniform integrability, v(p;, cav) — v(g).
Eq. (3.39) finally implies that
=v(g)-

In order to complete the proof, it is sufficient to show that g(x) € L for every x v-a.e., because

co(L) C co(L). Set € > 0 and § > 0. By the tightness of the r.v. (p;, o av,n € N), choose a compact
set K such that v(p,, o av) " '(K¢) < § for all n. As L. is an open set, one has

vg (L) < lim v(py, oav) L) < limv(py, o av) N (LN K) +6.

Let x € ®(X) be fixed. By contradiction, suppose that 17—, (ps,(av(x))) does not converge to zero.
Then, py, (av(x)) € L.° N K for every n along some subsequence. As K is compact, one extract a
subsequence, still denoted by ¢,, s.t. p;, (av(x)) converges. The corresponding limit must belong to
the closed set L¢, but must also belong to L by definition of x. This proves that 1;cqx(ps, © av(x)))
converges to zero for all x € ®(X). As supp(v) C ®(X), Iz (ps, © av) converges to zero v-a.s.

By the dominated convergence theorem, we obtain that vg~'(L.") < 4. Letting § — 0 we obtain that
vg Y (L") = 0. Hence, g(x) € L for all x v-a.e. The proof is complete.

3.9.2 Proof of Th. 3.56.5
Recall the definition U := rcz(a) supp(7). By Th. 3.5.3, for all ¢ > 0,

lim sup EV7A,, (US) — 0,
v—0

n—oo

where A,, is the random measure given by (3.32). By Th. 3.4.1, supp(w) C BCg for each m € Z(®).
Thus, U. C (BCs).. Hence, limsup, E*7A,,(((BCs)-)¢) — 0 as v — 0. This completes the proof.

3.10 Applications

In this section, we return to the Examples 4 and 5 of Sec. 3.2.
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3.10.1 Non-Convex Optimization

Consider the algorithm (3.9) to solve problem (3.8) where / : = x X - R, r : X — R and { is a
random variable over a probability space (£2,.%,P) with values in the measurable space (=,%) and
with distribution p. Assume that £(s,-) is continuously differentiable for every s € Z, that ¢(-,z) is
p-integrable for every x € X and that r is a convex and lower semicontinuous function. We assume that
for every compact subset K of X, there exists e > 0 s.t.

sup [ [|[VE(s, )| 7% u(ds) < . (3.40)
reK

Define L(x) := E¢(¢(&,x)). Under Condition (3.40), it is easy to check that L is differentiable, and
that VL(z) = [ V{(s,z)u(ds). From now on, we assume moreover that VL is Lipschitz continuous.
Condition (3.40) and the Lipschitz continuity of VL are satisfied under the following assumption : there
exists € > 0 such that V{(s, ) is C(s)-Lipschitz continuous for u-a.e s, where C'*< is p-integrable and
there exists x, € X such that ||V{(-, x,)||*** is p-integrable. Note that Lipschitz conditions of this type
are usually unavoidable regarding the so-called explicit part (or forward part) of the proximal gradient
algorithm (3.9). Letting H(s,z) := —V{(s,z) — Or(x), it holds that H(-, z) is proper, u-integrable and
usc [97], and that the corresponding selection integral H(z) := [ H(s,z)u(ds) is given by

H(z) = -V L(z) — Or(x).

By [36, Th. 3.17, Remark 3.14], for every a € X, the DI x(¢) € H(x(t)) admits a unique solution on
[0, +00) s.t. x(0) = a.

The iterates x,, given by (3.9) satisfy (3.3) where h,(s,z) := v~ !(prox,, (z — yVi(s,z)) — z).
Moreover, the map h., satisfies Assumption (RM). Recall that

hy(s,z) = =Vry(z —yV(s,x)) — VI(s,x) (3.41)
€ —0r(prox,,.(r —yVL(s,x))) — VI(s, x)
€ —0r(z — vhy(s,z)) — VL(s,x). (3.42)

In order to show that Assumption (RM)-ii) is satisfied, we need some estimate on ||h,(s,x)||. Using
Eq. (3.41) and the fact that Vr, is v~ '-Lipschitz continuous (see Sec. 2.2.1), we obtain that

1y (s, 2) | < [[Vry ()] + 2[[VE(s, )
< (1007 ()| + 2V (s, )]l (3.43)

where Jyr(z) the least norm element in Or(x) for every x € X (see Sec. 2.2.1). As Jyr is locally bounded
and Or is usc, it follows from Eq. (3.42) that Assumption (RM)-ii) is satisfied. The estimate (3.43) also
yields Assumption (RM)-vi). As a conclusion, Assumption (RM) is satisfied. In particular, the statement
of Th. 3.5.1 holds.

To show that Assumption (PH) is satisfied, we first recall the Lojasiewicz (L) condition studied in [30].
We shall use the formulation of [72] which is a particular case of [30]. Assume that L is differentiable
with a C-Lipschitz continuous gradient. We say that L and r satisfy the (L) condition with constant
B > 0 if for every z € X,

Dis(x,C) > B(L +7)(x) ~ min(L +1)]
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where o
D (2,C) i= ~2Cmip | (VE(a),y =)+ Sy = ol +7(s) — ()|

The (L) condition helps to prove the convergence of the (deterministic) proximal gradient algorithm
applied to the (deterministic) problem of minimizing the sum L + r. We refer to [30] for practical cases
where the (L) condition is satisfied. In our stochastic setting, we introduce the Stochastic Lojasiewicz
condition (SL). We say that ¢ and r satisfy the (SL) condition if there exists 5 > 0 such that for every
T € X,

L[ Do (a: }y) u(ds) > BI(L +r)(x) — min(L + )

for all v < 55. Note that (SL) is satisfied if for every s € Z, £(s,-) and r satisfy the (L) condition
with constant 5. In the sequel, we assume that for every = € X, the random variable ||{(x, £)]| is square
integrable and denote by W (z) its variance.

Proposition 3.10.1. Assume that the (SL) condition is satisfied, that v < 5 and that
B(L(x) +r(x)) = W(x) —|jz|—to00 +00.
Then (PH) is satisfied.

Proof. Using (sub)differential calculus, it is easy to show that for every n € N,
1
-+ 9y (s.2) = avgmin | (V(s,2),y — ) + 5y = P + o) = r(z)].
yeX 2y

Since VL is C-Lipschitz continuous, recalling that ”’%C -3< -7
(L + 1)@ + vy (5,2)) = L + yhy(5,2)) + () + 1z + yhy(5, 7)) — ()
< (L)) + (T2 Ay (5,20} + -l s )P
(5= 50 ) Ibals. ) + v+t 5,2) = r(a)
2 2y
< (L+7)(@) + (Vi(s,2),vhy (5,2)) + Q{Yuwms, 7))
+(VL(z) — Vl(s,z),vhy(s,2)) + r(x 4+ vh,(s,2)) — ()
= (s, )
< (L+7)(@) = 3 Doy, 1/7) = T (5. 2)| 1
— (Vl(s,z) — VL(z), hy(s, 7)). (3.44)
Using |(a,b)| < ||a|* + ||| in the last inner product, we finally have
(L+7)(x +3hy(5.2)) < (L+7)(@) = 2 Dugenyrlw,1/7) + 7| Ve(s,2) = VL@ (3.45)
Integrating with respect to i, we obtain
[+ 7)o+ by (s,2)ds) < (L+7)(@) + W ()
— B ((L+7r)(x) —min(L + 1)) .
Finally, the condition (PH) is satisfied with a(y) = v, () =0,V = L+r—min L+r and ¢ = gV —W.
]
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Note that the assumptions of Prop. 3.10.1 are satisfied if the (SL) condition is satisfied, L(z) +
(%) —¥||z|—+00 +00 and the "variance" function W is bounded.

3.10.2 Fluid Limit of a System of Parallel Queues

Consider a positive integer N. We now apply the results of this chapter to the dynamical system described
in Example 5 above. For a given v > 0, the transition kernel P, of the Markov chain (z,,) whose entries
are given by Eq. (3.10) is defined on YNV x 28" This requires some small adaptations of the statements
of the main results that we keep confined to this paragraph for the chapter readability. The limit behavior

of the interpolated process (see Th. 3.5.1) is described by the following Prop., which has an analogue
in [61]:

Proposition 3.10.2. For every compact set ' C RY, the family {P*7X-",a € KNyNY,0 < v <y}
is tight. Moreover, for every ¢ > 0,

sup  P*7(d(X,, Pu(K)) >e) —> 0,

a€ KNyNN 70
where the set-valued map H is given by (3.12).

Proof. To prove this Prop., we mainly need to check that Assumption (RM) is verified. We recall
that the Markov chain (z,) given by Eq. (3.10) admits the representation (3.2), where the function
gy = (g}, ..., 97) is given by (3.11). If we set h(s,x) = g,(x) (the fact that g, is defined on YNV
instead of RY is irrelevant), then for each sequence (u,,v,) — (u*,0) with u,, € 3, NV and z* € RY it
holds that g, (u,) — H(u*). Thus, Assumption (RM)-i) is verified with H(s,z) = H(x). Assumptions
(RM)-ii) to (RM)—iv) are obviously verified. Since the set-valued map H satisfies the condition (2.1),
Assumption (RM)-v) is verified. Finally, the finiteness assumption (3.15) with ex = 2 follows from the
existence of second moments for the A*, and (3.16) is immediate. The rest of the proof follows word
for word the proof of Th. 3.5.1. H

The long run behavior of the iterates is provided by the following Prop.:

Proposition 3.10.3. Let v € M(RY) be such that (]| - [|*) < oco. For each v > 0, define the
probability measure v, on YN* as

vy ({vi1, vig, .. vin}) = v(y(in — 1/2,60 + 1/2] x - x y(in — 1/2,in + 1/2]).
If Condition (3.13) is satisfied, then for all ¢ > 0,

n

lim sup > P (d(Xg,0) >e) — 0.

n— 00 n -+ 1 k=0 v—0

To prove this Prop., we essentially show that the assumptions of Th. 3.5.5 are satisfied. In the course
of the proof, we shall establish the existence of the (PH) criterion with a function 1 having a linear
growth. With some more work, it is possible to obtain a (PH) criterion with a faster than linear growth
for 1), allowing to obtain the ergodic convergence as shown in Th. 3.5.4. This point will not be detailed
here.
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Proof. Considering the space YN” as a metric space equipped with the discrete topology, any probability
transition kernel on YNV x 2" is trivially Feller. Thus, Prop. 3.8.6 holds when letting P = P, and
v € M(yN¥). Let us check that Assumption (PH) is verified if the stability condition (3.13) is satisfied.
Let

N 2
VRV SRy, z=(' ... 2")— <Zq:k/fr;k> .
k=1

Given 1 < k,¢ < N, define f(x) = z*2* on yN2. Using Eq. (3.10), the i.i.d property of the process
((AL,..., AN B! ... BY) n € N) and the finiteness of the second moments of the A*, we obtain

(P’Yf> (ZE) < xkxé - ryxk (nel{xé>0,xe*1:m:$1:0} - AZ)
- ,yxé (nkl{xk>0,xk*1:~--:z1:0} - )‘k> + 720’

where C is a positive constant. Thus, when z € YNV,

N N
(PV)(z) < V(z)—2y Z xk/nk Z (Il{xz>07 T T )\Z/nﬁ) +~2C,
k=1 —1

after modifying the constant C' if necessary. If x # 0, then one and only one of the T,¢o0 ye-1-..—y1-0
is equal to one. Therefore, (P,V)(x) < V(z) — vi(z) + v*C, where

N N
) =2(1 =X/ ) S ¥

=1 k=1
As a consequence, when Condition (3.13) is satisfied, the function v is coercive, and one can straight-
forwardly check that the statements of Prop. 3.8.7-i) and Prop. 3.8.7—ii) hold true under minor modifi-
cations, namely, Upep Z(P) is tight in M(RY), since sup,czpy m(¢)) < 400, where P = {P,},c(0,40)-
Moreover, for every v € M(RY) s.t. v(|| - [|*) < co and every P € P, {E"A, ,n € N} is tight,
since sup,cy E“TA, () < 0o. We can now follow the proof of Th. 3.5.5. Doing so, all it remains
to show is that the Birkhoff center of the flow ®y is reduced to {0}. This follows from the fact that
when Condition (3.13) is satisfied, all the trajectories of the flow ®y converge to zero, as shown in [61,

§3.2. 0
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Chapter 4

A constant step Forward-Backward
algorithm involving random maximal
monotone operators

In this chapter, we continue the study of the stochastic approximation framework (1.4). We consider the
case of a Differential Inclusion induced by a maximal monotone operator, see Sec. 1.4. The Forward-
Backward algorithm is a classical method to find a zero of a monotone operator. We study a stochastic
Forward-Backward algorithm with a constant step. At each time step, this algorithm involves an in-
dependent copy of a couple of random maximal monotone operators. As a first result, we show that
the interpolated process obtained from the iterates converges narrowly in the small step regime to the
solution of the DI induced by the sum of the mean operators. In order to control the long term behavior
of the iterates, a stability result is needed in addition. To this end, the sequence of the iterates is seen
as a homogeneous Feller Markov chain whose transition kernel is parameterized by the algorithm step
size. We show that the cluster points of the Markov chains invariant measures in the small step regime
are invariant for the semiflow induced by the DI. Conclusions regarding the long run behavior of the
iterates for small steps follows from this fact. We also show that when the sum of the mean operators
is demipositive, the probabilities that the iterates are away from the set of zeros of this sum are small in
Cesaro mean. We study the ergodic behavior of these iterates as well. Finally, we consider applications
of the proposed algorithm. In particular we perform a detailed analysis of the random proximal gradient
algorithm with constant step.

4.1 Introduction

Given two maximal monotone operators A and B on the Euclidean space X, where B is single valued,
the Forward-Backward splitting algorithm is an iterative algorithm for finding a zero of the sum operator
A + B. It reads

Tns1 = (I +7A) " (@ — 7B(24)) (4.1)

where 7y is a positive step. This algorithm consists in a forward step (I —~vB)(x,,) followed by a backward
step, where the resolvent (I + yA)~! of A, known to be single valued as A is maximal monotone, is
applied to the output of the former. When B satisfies a so called cocoercivity condition, and when the
step 7y is small enough, the convergence of the algorithm towards a zero of A + B (provided it exists)
is a well established fact [12, Ch. 25]. In the field of convex optimization, this algorithm can be used
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to find a minimizer of the sum of two real functions F'+ G on X, where F'is a convex function which
is defined on the whole X and which has a Lipschitz gradient, and where G is a convex, proper, and
lower semi continuous (Isc) function (G € I'4(X)). In this case, the Forward-Backward algorithm is
known as the proximal gradient algorithm, and is written as x,,,1 = prox (v, — YV F(z,)), where
prox. g := (I +~79G)~" is Moreau's proximity operator of yG.

In this chapter, we are interested in the situation where the operators A and B are replaced with
random maximal monotone operators. Consider two random monotone operators (see Sec. 2.3) A, B :
= — . (X) defined on a probability space (Z,%, 1), and let (&,,).en be a sequence of independent and
identically distributed (i.i.d) random variables from some probability space to (Z,%) with the probability
distribution p. Assuming that for every s € =, B(s) is a single-valued operator defined on the whole X,
we examine the stochastic version of the Forward-Backward algorithm

T = (I +7AE)) " (I = vB(€ns1))n, 7> 0. (4.2)

Our aim is to study the dynamical behavior of this algorithm in the limit of the small steps ~, where the
effect of the noise due to the &, will be smoothened.

To give an application example for this algorithm, let us consider again the minimization problem of
the sum F'+ G, and let us assume that these functions are unknown to the observer (or difficult to com-
pute), and are written as F(z) = E¢, f(&,2) and G(z) = E¢, g(&1, ). When the functions f and g are
known with f (&, -) being convex differentiable, and g(&1,-) € ['o(X), and when an i.i.d sequence () is
available, we can approximatively solve the minimization problem of F'+ G by resorting to the stochastic
proximal gradient algorithm x,, 11 = prox, ¢ ., 1(Tn — YV f(§nr1,2n)). Similar algorithms has been
studied in [24, 106] with the additional assumption that the step size - vanishes as n tends to infinity.
The main asset of such vanishing step size algorithms is that the iterates (with or without averaging)
converge almost surely as the iteration index goes to infinity. This chapter focuses on the case where
the step size 7 is fixed w.r.t. n. As we shall see below, convergence holds in a weaker sense in this case.
Loosely speaking, the iterates fluctuate in a small neighborhood of the set of sought solutions, but do
not converge in an almost sure sense as n — o0o. Yet, constant step size algorithms have raised a great
deal of attention in the signal processing and machine learning literature ([55]). First, they are known to
reach a neighborhood of the solution in a fewer number of iterations than the decreasing step algorithms.
Second, they are in practice able to adapt to non stationary or slowly changing environments, and thus
track a possible changing set of solutions. This is particularly helpful in adaptive signal processing for
Instance.

In order to study the dynamical behavior of (4.2), we introduce the operators defined for every x € X
by
Alz) = [ As)(@) plds) and Blx) = [ B(s)(x) pu(ds)

where the first integral is a selection integral (see Sec. 2.3, Eq. (2.4)). Assuming that the monotone
operator A + B is maximal, we consider a in the domain of A + B, and the DI (see Sec. 2.2.2)

{)’((t) e —(A+DB)(x(t)) (4.3)

Let x*7(t) be the continuous random process obtained by assuming that the iterates z,, are distant apart
by the time step v, and by interpolating linearly these iterates. Then, the first step of the approach
undertaken in this chapter is to show that x*7 shadows the solution of the DI for small v, in the sense
that it converges narrowly to this solution as 7 — 0 in the topology of convergence on the compact sets
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of R.. The same idea is behind the so-called ODE method which is frequently used in the stochastic
approximation literature (see [14, 73] or Sec. 1.3).

The compact convergence alone is not enough to control the long term behavior of the iterates. A
stability result is needed. To that end, the second step of the approach is to view the sequence (z,)
as a homogeneous Feller Markov chain whose transition kernel is parameterized by ~. In this context,
the aim is to show that the set of invariant measures for this kernel is non empty, and that the family
of invariant measures obtained for all « belonging to some interval (0,70] is tight. We shall obtain a
general tightness criterion which will be made more explicit in a number of situations of interest involving
random maximal monotone operators.

The narrow convergence of x*7, together with the tightness of the Markov chain invariant measures,
lead to the invariance of the small « cluster points of these invariant measures with respect to the
semiflow induced by the DI (4.3) (see [64, 60, 16] for similar contexts). Using these results, it becomes
possible to characterize the long run behavior of the iterates (z,). In particular, the proximity of these
iterates to the set of zeros Z(A + B) of A+ B is of obvious interest. First, we show that when the
operator A+ B is demipositive [38], the probabilities that the iterates are away from Z(.A+ B) are small
in Cesaro mean. Whether A + B is demipositive or not, we can also characterize the ergodic behavior
of the algorithm, showing that when ~ is small, the partial sums n™' 37 z;, stay close to Z (A + B) with
a high probability.

Stochastic approximations with differential inclusions were considered in [17] and in [58] from the
dynamical systems viewpoint. The case where the DI is defined by a maximal monotone operator was
studied in [22], [24], and [106]. Instances of the random proximal gradient algorithm were treated in
e.g., [2] or [104]. All these references dealt with the decreasing step case, which requires quite different
tools from the constant step case. This case is considered in [48] (see also [47]), which relies on a
Robbins-Siegmund like approach requiring summability assumptions on the random errors. The constant
step case is also dealt with in [107] and in Chap. 3 for generic differential inclusions. In the present work,
we follow the line of reasoning of Chap. 3, noting that the case where the DI is defined by a maximal
monotone operator has many specificities. For instance, a maximal monotone operator is not upper semi
continuous in general, as it was assumed for the differential inclusions studied in [107] and Chap. 3.
Another difference lies in the fact that we consider here the case where the domains of the operators
A(s) can be different. Finally, to be more practical, the tightness criterion for the Markov chain invariant
measures requires a quite specific treatment in the context of the maximal monotone operators.

We close this paragraph by mentioning [21], where one of the studied stochastic proximal gradient
algorithms can be cast in the general framework of (4.2).

Chapter organization. Sec. 4.2 introduces the main algorithm. Sec. 4.3 provides our assumptions
and states our main result about the long run behavior of the iterates. A brief sketch of the proof is also
provided for convenience, the detailed arguments being postponed to the end of the chapter. Sec. 4.4
provides some illustrations of our results in particular cases. The monotone operators involved are
assumed to be subdifferentials, hence covering the context of numerical optimization. Our assumptions
are discussed at length in this scenario. The case when the monotone operators are linear maps is
addressed as well. Sec. 4.5 analyzes the dynamical behavior of the iterates. It is shown that the
piecewise linear interpolation of the iterates converges narrowly, uniformly on compact sets, to a solution
of the DI. The result, which has its own interest, is the first key argument to establish the main theorem
of Sec. 4.3. The second argument is provided in Sec. 4.6, where we characterize the cluster points
of the invariant measures (indexed by the step size) of the Markov chain formed by the iterates. The
Appendices 4.7 and 4.8 are devoted to the proofs relative to Sec. 4.4 and 4.5 respectively.
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4.2 Background and problem statement

Consider A € . (X) and the semiflow ® : cl(dom(A)) x Ry — cl(dom(A)) associated to A (see Sec.
2.2.2).

We recall some of the most important notions related with the dynamical behavior of the semiflow
®. Denote as M(X) the space of probability measures on X equipped with its Borel o-field 2(X). An
element 7 € M(X) is called an invariant measure for ® if 7 = 7®(-,t)"! for every t > 0. The set of
invariant measures for ® will be denoted Z(®). The limit set of the trajectory ®(z, ) of the semiflow ¢
starting at z is the set

L<I>(1:,-) = ﬂ cl (CI)(I’ [t7 OO)))
>0
of the limits of the convergent subsequences (®(x,t;))x as tx — oco. A point z € cl(domA) is said
recurrent if x € Lg(,,.). The Birkhoff center BCy of @ is

BCo :=cl{x € cl(domA) : € Loz},

i.e., the closure of the set of recurrent points of ®. The celebrated Poincaré’s recurrence theorem [53,
Th. 11.6.4 and Cor. 11.6.5] says that the support of any 7 € Z(®) is a subset of BCs.

Proposition 4.2.1. Assume that Z(A) # 0, and let 7 € Z(®). If A is demipositive, then supp(w) C
Z(A). If © has a first moment, then, whether A is demipositive or not,

/xw(d:l;) € Z(A).

Proof. When A is demipositive, ®(xz,t) converges to an element of Z(A) as ¢ — +oo hence Z(A)
coincides straightforwardly with BCg, and the first inclusion follows from Poincaré’s recurrence theorem.

To show the second result, we start by proving that {®(-,¢) : ¢ > 0} is uniformly integrable as a
family of random variables in (X, #(X), 7). Let € > 0. Since the family {®(-,¢) : ¢t > 0} is identically
distributed, it is uniformly integrable, thus, there exists 7. > 0 such that sup, [ ||®(x,t)| 7(dz) < € for
all S € B(X) satisfying w(S) < n.. By Tonelli's theorem,

_ 1 gt
sup [ [(a.t)||w(de) < sup ;[ [ 0l 5))| w(da)ds <=,
t>0 /8 t>0 t Jo Js
which shows that, indeed, {®(-,¢) : ¢t > 0} is uniformly integrable [91, Prop. 11-5-2]. By the ergodic
theorem for semiflows generated by elements of .Z (X) (see Sec. 2.2.2), there exists a measurable function
[ :cl(domA) — Z(A) such that ®(-,t) — f as t — oo. Since
/xﬂ(dm) — /6(x,t)7r(dx) forall t >0,

we can make ¢ — oo and use the uniform integrability of {®(-,¢) : ¢t > 0} to obtain that [ || f|| dm < oo,
and [z w(dz) = [ f(x) 7(dzx). The result follows from the closed convexity of Z(A). O

4.2.1 Presentation of the stochastic Forward-Backward algorithm

Consider two random monotone operators A, B : (2,9, u) — . (X) such that for every s € =, B(s) is
single-valued and continuous over X. Denoting B(s, z) the image of by the operator B(s), recall that
s — B(s,x) is measurable. By Carathéodory's theorem, B is ¢ ® % (X)-measurable seen as a function
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defined on = x X. Assuming that B(-, z) is u-integrable for every x € X, we set B(z) := [ B(s, z)u(ds).
Note that domB = X. Denote A(s,z) the image of = by the operator A(s), and D the essential
intersection of the domains D(s) = dom(A(s)) (see Eq. (2.5)). Assuming that D # () and that A(-, z)
is integrable (see Sec. 2.3) for every x € D, we denote the selection integral A(z) := [ A(s,x)u(ds).

Let (&,) be an i.i.d. sequence of random variables from a probability space (2, .7, P) to (Z,%) with
the distribution p. Let xo be a X-valued random variable with probability law v, and assume that z( and
(&) are independent. Starting from xg, our purpose is to study the behavior of the iterates

Tnl = J’y(fn+17 T —YB(§ny1,70)), nEN, (4.4)

for a given v > 0, where we recall the notation .J,(s,-) := (I +vA(s))"'(-) for every s € Z.

In the deterministic case where the functions A(s,-) and B(s,-) are replaced with deterministic
maximal monotone operators A(-) and B(+), with B still being assumed single-valued with dom(B) = X,
the algorithm coincides with the well-known Forward-Backward algorithm (4.1). Assuming that B is
so-called cocoercive and that v is not too large, the iterates given by (4.1) are known to converge to
an element of Z(A + B), provided this set is not empty [12, Th. 25.8]. In the stochastic case who is of
interest here, this convergence does not hold in general. Nonetheless, we shall show below that in the
long run, the probability that the iterates or their empirical means stay away of Z(A + B) is small when
~v is close to zero.

4.3 Assumptions and main results

We first observe that the process (z,) described by Eq. (4.4) is a homogeneous Markov chain whose
transition kernel P, is defined by the identity

Py, f) = [ F(I (s, = B(s,2))) uds) (4.5)

valid for each measurable and positive function f. The kernel P, and the initial measure v determine
completely the probability distribution of the process (z,,), seen as a (Q,.%) — (XY, Z(X)*N) random
variable. We shall denote this probability distribution on (XN, Z(X)®N) as P*7. We denote by E*”
the corresponding expectation. When v = §, for some a € X, we shall prefer the notations P“7 and
E*Y to P%7 and E%7. From now on, (z,) will denote the canonical process on the canonical space
(XN, B(X)®N).

We denote as .%,, the sub-o-field of .7 generated by the family {zo,{¢} : 1 < k < n}}, and we
write E,[-] = E[- | .#,] for n € N.

In the remainder of the chapter, C' will always denote a positive constant that does not depend on the
time n nor on . This constant may change from a line of calculation to another. In all our derivations,
~ will lie in the interval (0, ] where 7q is a fixed constant which is chosen as small as needed.

4.3.1 Assumptions
Assumption 4.3.1. For every compact set K C X, there exists ¢ > 0 such that

sup [ [|Ao(s, )| p(ds) < 0.
nD

ek

Assumption 4.3.2. The monotone operator A is maximal.
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Assumption 4.3.3. For every compact set I C X, there exists ¢ > 0 such that
sup [ 1B(s, 2)||"* u(ds) < o0
el

The next assumption will mainly lead to the tightness of the invariant measures mentioned in the
introduction.

We know that a point z, is an element of Z(A+B) if there exists ¢ € &}, such that [ ¢(s) p(ds)+
[ B(s,x,) u(ds) = 0. When B(-,z,) € L%(Z,%, uu; X), and when the above function ¢ can be chosen
in £2(=,9, u; X), we say that such a zero admits a £? representation (¢, B). In this case, we define

Ua(@) = (A5, 0 = 9B (s5,2) = 9(s), Iy (5,0 = 1B(s,2)) — )

+ (B(s,z) — B(s,2y),x — x*>} p(ds)

7 [ 14, (5.2 = yB(s. ) Pa(ds) — 6y [ |1B(s.x) - Bls,w)|Pu(ds).  (46)
where o (s.)
A (s,x) = —

is the Yosida regularization of A(s,z) for v > 0.

Assumption 4.3.4. There exists =, € Z(A + B) admitting a £? representation (p, B). The function
U (z) := inf (0,40 ¥ () satisfies one of the following properties:

. U()
(a) liminf o

l|z]|  lell-o0

(c) liminf V()

lzl—oo ||2]|?

> 0.

(b)

> 0.

Let us comment these assumptions.

Assumptions 4.3.1 and 4.3.3 are moment assumptions on Ay (s, x) and B(s, x) that are usually easy
to check. Assumption 4.3.1 implies that for every x € D, Ay(.,x) is integrable. Therefore, A(.,x) is
integrable. This implies that the domain of the selection integral A coincides with D.

Conditions where Assumption 4.3.2 are satisfied can be found in [36, Chap. 11.6] in the case where
has a finite support, and in [24, Prop. 3.1] in other cases. When A(s) is the subdifferential of a function
g(s,-) belonging to I'g(X), the maximality of A is established if we can exchange the expectation of
g(&1, ) wert. & with the subdifferentiation w.r.t. x, in which case A would be equal to 0G, where
G(z) = [ g(s,z) u(ds). This problem is dealt with in [125] (see also Sec. 4.4.1 below).

The first role of Assumption 4.3.4 is to ensure the tightness of the invariant measures of the kernels
P,, as mentioned in the introduction. Beyond the tightness, this assumption controls the asymptotic
behavior of functionals of the iterates with a prescribed growth condition at infinity. Assumption 4.3.4
will be specified and commented at length in Sec. 4.4.

Regarding the domains of the operators A(s), two cases will be considered, according to whether
these domains vary with s or not. We shall name these two cases the “common domain” case and the
“different domains” case respectively. In the common domain case, our assumption is therefore:
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Assumption 4.3.5 (Common domain case). The set-valued function s — D(s) is p-almost everywhere
constant.

In the common domain case, Assumptions 4.3.1-4.3.4 will be sufficient to state our results, whereas
in the different domains case, three supplementary assumptions will be needed:

Assumption 4.3.6 (Different domains case). Vz € X, /d(x,D(s))2 p(ds) > Cd(x)?, where d(-) is

the distance function to D.

Assumption 4.3.7 (Different domains case). For every compact set K C X, there exists ¢ > 0 such

that
1

- / |, (s, 2) — Macpey (@) |75 p(ds) < oo.

sup -
76(0770] ,zeK P)/

Assumption 4.3.8 (Different domains case). For all v € (0,7] and all z € X,

/ <||']7($>5E) —fcl(D(s))($)|| n HB(SJE)H) p(ds) < C(1+ v, (x)).

Assumption 4.3.6 is rather mild, and is studied e.g in [90]. This assumption is easy to illustrate in the
case where p is a finite sum of Dirac measures. Following [11], we say that a finite collection of closed
and convex subsets {Cy,...,C,,} over X is linearly regular if there exists x > 0 such that for every z,

max d(z,C;) > rd(z,C), where C=()C;,

i=1..m im1

and where implicitly C # (). Sufficient conditions for a collection of sets to satisfy the above condition
can be found in [11] and the references therein. In the general case, Assumption 4.3.6 is studied in [90]

We know that when v — 0, J,(s,x) converges to Ilyp(s))(z) for each (s,z). Assumptions 4.3.7
and 4.3.8 add controls on the convergence rate. The instantiations of these assumptions in the case of
the stochastic proximal gradient algorithm will be provided in Sec. 4.4.1 below.

4.3.2 Main result

Lemma 4.3.1. Let Assumptions 4.3.2 and 4.3.3 hold true. Then, the monotone operator A + B is
maximal.

Proof. Assumption 4.3.3 implies that the monotone operator B is continuous on X. Therefore, B is
maximal [36, Prop. 2.4]. The maximality of A + B follows, since A is maximal by Assumption 4.3.2,
and B has a full domain [36, Cor. 2.7]. O

Note that dom(A+ B) = D. In the remainder of the chapter, we denote as ® : cl(D) x R, — cl(D)
the semiflow produced by the DI x(¢t) € —(A+B)(x(t)). Recall that Z(®) is the set of invariant measures
for the semiflow ®.

We also write .

n+1kz:%$k.

Iy =

We now state our main theorem.
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Theorem 4.3.2. Let Assumptions 4.3.1, 4.3.2, 4.3.3, and 4.3.4—(a) be satisfied. Moreover, assume
that either Assumption 4.3.5 or Assumptions 4.3.6—4.3.8 are satisfied.
Then, Z(®) # 0. Let v € M(X) be with a finite second moment, and let U := Urez(a) supp().
Then, for all € > 0,
lim sup Z]P’ d(zg,U) >e) — 0. (4.7)

n—oo T + y—0

In particular, if the operator A + B is demlposmve then

lim sup
n—oo N 4+

Z]P’” (21, Z(A+ B) > ) — 0. (4.8)

Moreover, the set {m € Z(®) : m(¥) < oo} is not empty. Let Y an Euclidean space, and let f : X — Y
be continuous. Assume that there exists M > 0 and ¢ : Y — R, such that lim |, ¢(a)/|la| = oo
and

Va e X, o(f(a)) < M(1+¥(a)).
Then, for all n € N, v € (0,7], the r.v.

1 n
F, =
n+1 ,;)f(gck)
is P-integrable, and satisfies for all ¢ > 0,
limsup P*7 (d (F),,Sf) > ¢) — 0, (4.9)
n—00 y—0
limsup d(E"(F,),Sf) — 0. (4.10)
n—00 v—0

where Sy := {n(f) : m € Z(®)}. In particular, if f(z) = x, and if Assumption 4.3.4—(b) is satisfied,
then

limsup P”7 (d (Z,, Z(A+ B)) > ¢) — 0, (4.11)
n—r00 Y

limsup d(E""(z,), Z(A+ B)) — 0. (4.12)
n—00 7—=0

By Lem. 4.3.1 and Prop. 4.2.1, the convergences (4.8), (4.11), and (4.12) are the consequences of
(4.7), (4.9), and (4.10) respectively. We need to prove the latter.

4.3.3 Proof technique

We first observe that the Markov kernels P, are Feller, i.e., they take the set Cj,(X) of the real, continuous,
and bounded functions on X to C,(X). Indeed, for each f € C,(X), Eq. (4.5) shows that P, (-, f) € Cy(X)
by the continuity of J,(s,-) and B(s, ), and by dominated convergence.

For each v > 0, we denote as

I(P)) :={mr e M(X) : m=7nP,}
the set of invariant probability measures of P,. Define the family of kernels P := {P,},¢(0,10), and let
P = U Z(P~

v€(0,70]

be the set of distributions 7 such that 7 = 7P, for at least one P, with v € (0, y].
The following proposition, which is valid for Feller Markov kernels, has been proven in Chap. 3.
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Proposition 4.3.3. Let V' : X — [0,4+00) and @ : X — [0,4+00) be measurable. Assume that
Q(z) — o0 as ||z|| = oo. Assume that for each v € (0, 7o),

Py(z, V) < V() — a(7)Q(x) + 8(7) , (4.13)

where a : (0,7] — (0,+00) and 3 : (0,7] — R satisfy sup, (g, % < 00. Then, the family Z(P) is

tight. Moreover, sup, czp) 7(Q) < oo.

Assume moreover that, as v — 0, any cluster point of Z(P) is an element of Z(®). In particular,
{m e Z(®) : m(Q) < oo} is not empty. Let v € M(X) s.t. v(V) < oo. Let U := Urez(a) supp(m).
Then, for all € > 0,

n

lim sup > P (d(zk,U) > ) — 0.

n—oo N + pard ~—0

Let Y an Euclidean space and f : X — Y be continuous. Assume that there exists M > 0 and
¢ Y — Ry such that lim 00 ¢(a)/||a|| = oo and

Va € X, ¢(f(a)) < M(1+Q(a)).

Then, for all n € N, v € (0,7], the r.v.

is P"7-integrable, and satisfies for all £ > 0,

; v,y . vy
limsup d (E"7(F},),Sy) W 0, and limsupP”7(d(F,,Sy) >¢) E) 0,

where Sy := {n(f) : m € Z(®)}.

Proof. Assume that Eq. (4.13) holds. By Prop. 3.8.7, Z(P) is tight and sup,czp) 7(Q) < oo, which
proves the first point. Assume moreover that, as v — 0, any cluster point of Z(P) is an element of
Z(®). By the tightness of Z(P) and the Prokhorov theorem, such a cluster point 7 exists, and satisfies
7(Q) < oo by the first point just shown. The rest of the proof follows Sec. 3.8.4 word-for-word. O

In order to prove Th. 4.3.2, it is enough to show that the assumptions of Prop. 4.3.3 are satisfied.
Namely, we need to establish (4.13) and to show that the cluster points of Z(P) as 7 — 0 are elements
of Z(®).

In Sec. 4.5, we show that the linearly interpolated process constructed from the sequence (z,)
converges narrowly as 7 — 0 to a DI solution in the topology of uniform convergence on compact
sets. The main result of this section is Th. 4.5.1, which has its own interest. To prove this theorem,
we establish the tightness of the linearly interpolated process (Lem. 4.5.3), then we show that the limit
points coincide with the DI solution (Lem. 4.5.4-4.5.6). In Sec. 4.6, we start by establishing the inequality
(4.13), which is shown in Lem. 4.6.1 with Q(z) = ¥(z). Using the tightness of Z(P) in conjunction
with Th. 4.5.1, Lem 4.6.2 shows that the cluster points of Z(P) are elements of Z(®). In the different
domains case, this lemma requires that the invariant measures of P, put most of their weights in a
thickening of the domain D of order . This fact is established by Lem. 4.6.3.
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4.4 Case studies - Tightness of the invariant measures

Before proving the main results, we first address three important cases: the case of the random proximal
gradient algorithm, the case where A(s) is an affine monotone operator and B(s) = 0, and the case
where D is bounded. The main problem is to ensure that one of the cases of Assumption 4.3.4 is verified.
We close the section with a general condition ensuring that Assumption 4.3.4—(a) is verified. The proofs
are postponed to Appendix 4.7.

4.4.1 A random proximal gradient algorithm

Let (X, 97, () be a probability space, where o7 is (-complete. Let h : ¥ x X — (—00,00] a convex
normal integrand (see Sec. 2.3). To simplify the presentation, we furthermore assume that h is finite
everywhere, noting that the results can be extended to the case where h can take the value co. Recall
that s — Oh(s, -) is a random monotone operator (in all the following, the subdifferential or the gradient
of a function in (s,z) will be meant to be taken w.r.t. ). Assume that [ |h(s,z)|((ds) < oo for all
x € X, and consider the convex function H(z) := [ h(s,z)((ds) defined on X. By e.g., [102, page 179],
OH(x) = [0Oh(s,x)((ds).

Let f : ¥ x X — R be such that f(-,z) is o/-measurable for all z € X, and f(s,-) is convex
and continuously differentiable for all s € ¥. Moreover, assume that [ |f(s,x)|((ds) < oo for all
x € X, and define the function F(x) := [ f(s,z)((ds) on X. This function is differentiable with
VFE(z)= [Vf(s,z)((ds).

Finally, given m € N*, let {Cy,...,C,,} be a collection of closed and convex subsets of X. We assume
that N, ri(C;) # (), where ri is the relative interior of a set.

Our purpose is to approximatively solve the optimization problem

m

min F(z) + H(z), C:= ﬂ Ci (4.14)

zeC

whether the minimum is attained. Let (u,) be an iid sequence on ¥ with the probability measure (. Let

(I,) be an iid sequence on {0, 1, ..., m} with the probability measure « such that a(k) = P(I; = k) > 0

for each k. Assume that (I,,) and (u,) are independent. In order to solve the problem (4.14), we consider
the iterates

x _ PTOXy(0)~1yh(un11,) (:Bn - /va(un-i-la xn)) if [n-i-l =0, (4 15)

ntl e, ., (0 =YV f(tns1, 20)) otherwise, '

for v > 0. This problem can be cast in the general framework of the stochastic proximal gradient
algorithm presented in the introduction. On the space = := ¥ x {0,...,m}, define the iid random
variables &, := (uy, I,,) with the measure i := ( ® a.. Denoting as g the indicator function of the set
S, let g : = x X = (=00, 00| be defined as

a(0)th(u,z) ifi=0,
te,(x) otherwise,

.

where s = (u,7). Then, Problem (4.14) is equivalent to minimizing the sum F(z) 4+ G(x), where

G(z) = /g(s, x) u(ds) = i te,(z) + H(z) .
k=1
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It is furthermore clear that the algorithm (4.15) is the instance of the general algorithm (4.4) that
corresponds to A(s) = 0Jg(s,-) and B(s) = Vf(u,-) for s = (u,i). With our assumptions, the
qualification conditions hold, and the three sets arg min(F + G), Z(0G + VF), and Z(A+ B) coincide.

Before going further, we recall some well known facts regarding the coercive functions belonging
to I'o(X). A function ¢ € T'g(X) is said coercive if lim|;00 () = 00. It is said supercoercive if
limyjz) 00 q(x)/||2]| = 00. The three following conditions are equivalent: i) g is coercive, ii) there exists
a € R such that the level set lev<, ¢ is non empty and compact, iii) lim inf| ;| ¢(x)/|z|| > 0 (see
e.g., [12, Prop. 11.11 and 11.12] and [32, Prop. 1.1.5]).

The main result of this paragraph is the following:

Proposition 4.4.1. Let the following hypotheses hold true:
H1 There exists z, € Z(0G + VF') admitting a £? representation (¢((u,1)), V f(u,z,)).

H2 There exists ¢ > 0 s.t. for every x € X,
[(95(5.2) = V(520,20 = 2 ((ds) = ¢ [ f(s,2) = f(s,2.) ] C(ds)

H3 The function F' + G satisfies one of the following properties:

(a) F + G is coercive.
(b) F'+ G is supercoercive.

Then, Assumption 4.3.4—(a) (resp., Assumption 4.3.4—(b)) holds true if Hypothesis H3—(a) (resp.,
Hypothesis H3—(b)) holds true.

Let us comment these hypotheses. A light condition ensuring the truth of Hypothesis H1 is provided
by the following lemma.

Lemma 4.4.2. Assume that there exists x, € Z(0G + VF) satisfying the two following conditions:
J IV f(u,x,)||* ((du) < oo, and there exists an open neighborhood N of , such that [ h(u,z)?((du) <
oo for all x € N. Then, Hypothesis H1 is verified.

We now turn to Hypothesis H2. When studying the deterministic Forward-Backward algorithm (4.1),
it is standard to assume that B is cocoercive, in other words, that there exists a constant L > 0 such
that (B(z) — B(y),» —y) > L||B(z) — B(y)||? [12, Th. 25.8]. A classical case where this is satisfied is
the case where B is the gradient of a convex differentiable function having a 1/L-Lipschitz continuous
gradient, as is shown by the Baillon-Haddad Th. [12, Cor. 18.16]. In our case, if we assume that there
exists a nonnegative measurable function 5(s) such that ||V f(s,x) — V f(s,2')|| < B(s)||x — /||, then
by the Baillon-Haddad theorem,

(Vf(s,2) = Vi(s.2),z — o) > (13)||w<s7 1) — Vf(s, )

Thus, one obvious case where Hypothesis H2 is satisfied is the case where 3(s) is bounded.
Using proposition 4.4.1, we can now obtain the following corollary to Th. 4.3.2.

Corollary 4.4.3. Let Hypotheses H1-H3 hold true. Assume in addition the following hypotheses:
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C1 For every compact set L C X, there exists € > 0 such that

sup [ 19h(u, )|+ ¢(du) < oo,
zekNC

where Jph(u,-) is the least norm element of Oh(u, ).

C2 For every compact set K C X, there exists € > 0 such that
sup [ V£, )"+ G(du) < o0
S

C3 The sets Cy, ..., C,, are linearly regular.
C4 For all v € (0,7] and all z € X,
/(||th(u,iv)|| + IV f(u, z)|) ((du) < C(1+ [F(z) + H,(x)]),

where h(u, -) is the Moreau envelope of A(u, -).

Then, for each probability measure v having a finite second moment,

1 n
lim sup ——— kgopv,v (d(zy, argmin(F + G)) > ¢) 0.

Moreover, if Hypothesis H3—(b) is satisfied, then
limsup P*7 (d (z,,argmin(F + G)) > ¢) — 0 and
v

n—oo

limsup d(E"(z,),argmin(F + G)) — 0.

n—00 v—0

Proof. With the hypotheses H1-H3 and C1-C4, one can check that the assumptions 4.3.1-4.3.8 are
verified. Note that OG + VF' is a demipositive operator, being the subdifferential of a I'y(X) function
having a minimizer [38]. The results of the corollary follow from those of Th. 4.3.2. O

4.4.2 The case where A(s) is affine

In all the remainder of this section, we shall focus on the validity of Assumption 4.3.4. We assume that
B =0, and that

A(s,z) = H(s)x + d(s),
where H : £ — Z(X) where Z(X) is the space of linear operator over X and d : = — X are two
¢-measurable functions. It is easily seen that the affine operator A(s) is monotone if and only if
H(s) + H(s)* is a positive semidefinite operator (we shall write H(s) + H(s)* > 0), a condition that
we shall assume in this subsection. Moreover, assuming that

/(HH(S)H2 +[d(s)[1*) u(ds) < oo,

the operator .

A(z) = (/ H(s) ,u(ds))x + / d(s)u(ds) := Hx +d
exists and is a maximal monotone operator with the domain X. When d belongs to the image of H,
Z(A) # 0, and every z, € Z(.A) has a unique L? representation (¢(s) = H(s)x, + d(s),0). We have
the following proposition:
Proposition 4.4.4. If H + H” > 0, then H is invertible, Z(A) = {z,} with z, = —H'd, and
Assumption 4.3.4—(c) is verified.
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4.4.3 The case where the domain D is bounded
Proposition 4.4.5. Let the following hypotheses hold true:
H1 The domain D is bounded.

H2 There exists a constant C' > 0 such that

Vo € X, / d(s, z)? u(ds) > Cd(z)>.

H3 There exists =, € Z(A + B) admitting a £? representation.

H4 There exists ¢ > 0 s.t. for every x € X, For all 7 small enough,
[(Bs,2) = Bls.z.),0 v u(ds) = ¢ [ |Bls,2) = Bls,x.)| u(ds).

Then, Assumption 4.3.4—(c) is satisfied.

4.4.4 A case where Assumption 4.3.4—(a) is valid

We close this section by providing a general condition that guarantees the validity of Assumption 4.3.4—
(a). For simplicity, we focus on the case where B(s) = 0, noting that the result can be easily extended
to the case where B(s) # 0 when a cocoercivity hypothesis of the type of Prop. 4.4.5-H4 is satisfied.

We denote by S(p,d) the sphere of X with center p and radius d. We also denote by int S the
interior of a set S.

Proposition 4.4.6. Assume that B(s) = 0, and that there exists =, € Z(A) N int D admitting a L3
representation ¢ € 6%(_7%). Assume that there exists a set ¥ € ¢ such that D C NyexD(s), p(X) > 0,
and such that for all s € 3, there exists d(s) > 0 satisfying S(p(s),d(s)) C int D, and

Vo € S(p(s),d(s)), inf (y—p(s),z—x,) > 0.

yEA(s,x)
Then, Assumption 4.3.4—(a) is satisfied.

Note that the inf in the statement of this proposition is attained, as is revealed by the proof.

4.5 Narrow convergence towards the DI solutions

4.5.1 Main result

The set C'(R,, X) of continuous functions from R, to X is equipped with the topology of uniform
convergence on the compact intervals, who is known to be compatible with the distance d defined as

dxy) = 3 27" (m sup_[x(t) —y<t>u) .

neN* te [O,TL]

For every v > 0, we introduce the measurable map X, : (XY, Z(X)*) — (C(R,X), B(C(R4,X))),
defined for every x = (2, : n € N) in XY as

Xy(x) 1 t— L + (/v — Lt/'ﬂ)(x[%ﬁ-l - xL%J)‘
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This map will be referred to as the linearly interpolated process. When x = (,,) is the process with the
probability measure P defined above, the distribution of the r.v. X, is P»YX7!. If S is a subset of X
and ¢ > 0, we denote by S. := {a € X: d(a,S) < €} the e-neighborhood of S. The aim of the present
section is to establish the following result:

Theorem 4.5.1. Let Assumptions 4.3.1-4.3.3 hold true. Let either Assumption 4.3.5 or Assump-
tions 4.3.6-4.3.7 hold true. Then, for every > 0, for every compact set  C X s.t. KND # 0,

VM >0, sup P* (d(X,,®(lyp(a),-)) >n) — 0. (4.16)

(ZGICQD.Y]\/[ v—0

Using the Yosida regularization A, (s,z) of A(s, ), the iterates (4.4) can be rewritten as zy = a €
D.n and
Tpt1 = Ty — 73(5n+17 xn) - 7A7(€n+1> Ty — 73(6n+1a xn)) (4-17)

Setting h.(s,x) := —B(s,x) — A,(s,x — vB(s,x)), the iterates (4.4) can be cast into the same form
as the one studied in Chap. 3 (i.e Eq. 1.4). The following result, which we state here mainly for the ease
of the reading, is a straightforward consequence of Th. 3.5.1, Chap. 3.

Proposition 4.5.2. Let Assumptions 4.3.1-4.3.3 hold true. Assume moreover that for every s € =,
D(s) = X. Then, Eq. (4.16) holds true.

Proof. It is sufficient to check that the mapping h, satisfies the Assumption (RM) of Th. 3.5.1, Chap. 3.
Assumption i) is satisfied by definition of h,. As D(-) is a constant equal to X, the operator A(s, )
is upper semi continuous as a set-valued operator [97]. Thus, H(s,-) := —A(s,:) — B(s,) is proper,
upper semi continuous with closed convex values, and p-integrable. Hence, the assumptions iv) and iii)
are satisfied. Assumption v) is satisfied by the natural properties of the semiflow induced by the maximal
monotone map A + B, whereas Assumption vi) directly follows from the present Assumptions 4.3.1 and
4.3.3 and the definition of h,. One should finally verify Assumption ii), which states that for every
converging sequence (un,V,) — (u*,0), A, (s,u,) — H(s,u*), for every s € Z. To this end, it is
sufficient to prove that

A, (s,up — Y B(s,uy)) — A(s,u”). (4.18)

Choose ¢ > 0. As A(s,-) is upper semi continuous, there exists n > 0 s.t. Yu, |[|[u — u*|] < 7
implies A(s,u) C A(s,u*).. Let v, := J, (s, u, — vB(s,uy,)). By the triangular inequality and the
non-expansiveness of J, ,

[on — u*| < fJun — @[ + | B(s, un) | + (|5, (w”) — 7],

where it is clear that each of the three terms in the right hand side tends to zero. Thus, there exists N € N
s.t. Vn > N, ||v, —u*|| < n, which in turn implies A(s,v,) C A(s,u*).. As A, (s, u, — 1 B(s,uy)) €
A(s,vy,), the convergence (4.18) is established. O

4.5.2 Proof of Th. 4.5.1

In the sequel, we prove Th. 4.5.1 under the set of Assumptions 4.3.6-4.3.7. The proof in the common
domain case i.e., when Assumption 4.3.5 holds, is somewhat easier and follows from the same arguments.

In order to prove Th. 4.5.1, we just have to weaken the assumptions of Prop. 4.5.2: for a given s € =,
the domain D(s) is not necessarily equal to X and the monotone operator A(s, . ) is not necessarily upper
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semi continuous. Up to these changes, the proof is similar to the proof of Th. 3.5.1, Chap. 3, and the
modifications are in fact confined to specific steps of the proof.

Choose a compact set K C X s.t. KNcl(D) # 0. Choose R > 0 s.t. K is contained in the ball of
radius R. For every z = (x, : n € N) in XY, define 7z(z) := inf{n € N : x, > R} and introduce the
measurable mapping By : XY — XY, given by

BR(J:) n— xn]ln<TR(;v) + Trp(z) HHZTR(LIJ) .

Consider the image measure P%7 := P%7 B!, which corresponds to the law of the truncated process
Br(z). The crux of the proof consists in showing that for every n > 0 and every M > 0,

QGEE%M P (d(X77 O (ILypy(a),-)) > 17) W 0. (4.19)
Eq. (4.19) is the counterpart of Lem. 3.6.3. Once it has been proven, the conclusion follows verbatim
from Sec. 3.6, End of the proof. Our aim is thus to establish Eq. (4.19). The proof follows the same
steps as the proof of Lem. 3.6.3 up to some confined changes. Here, the steps of the proof which do not
need any modification are recalled rather briefly (we refer the reader to Chap. 3 for the details). On the
other hand, the parts which require an adaptation are explicitly stated as lemmas, whose detailed proofs
are provided in Appendix 4.8.
Define h., r(s,a) := hy(s,a)ljq<gr. First, we recall the following decomposition, established in
Chap. 3:
X, =My +G,goX, +X,0M,p, (4.20)

P+ almost surely, where I, : XN — C(R,, X), G, g : C(Ry,X) = C(Ry,X) and M,  : XN — XN are
the mappings respectively defined by

y(x) : t — xg
M pla) s (00— 20) =y Y [ by as, 2)p(ds)
k=0

Goun) 1 [ [ s, x(rlu/y ) (ds)au

for every x = (2, : n € N) and every x € C'(R, X) .

Lemma 4.5.3. For all v € (0,7)] and all z € XY, define Z,,(x) := v Y (@p11 — ). There exists
€ > 0 such that:

B d$n 1+e
. Eaﬁ((uzm )1 )<+oo (4.21)
(07')/0} ")/

neN,acND, s, 7€

Using Lem. 3.6.2, the uniform integrability condition (4.21) implies! that {P“WX;l ca € KNDyy,y €
(0,70]} is tight, and for any 7" > 0,

sup I?"I’V(HX7 o M, glloor > €) 220, 0, (4.22)
GGKQ'D,‘/A{

where the notation ||x||« 7 stands for the uniform norm of x on [0, 7.

!Lem. 3.6.2 of Chap. 3 was actually shown with condition [a € K] instead of [a € K N D], but the proof can be
easily adapted to the latter case.
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Lemma 4.5.4. For an arbitrary sequence (a,,,) such that a,, € KND,, ps and 7, — 0, there exists a
subsequence (still denoted as (a,, 7,,)) such that (a,,~,) — (a*,0) for some a* € K Ncl(D), and there
exists r.v. z and (x, : n € N) defined on some probability space (€,.%", ') into C'(Ry, X) s.t. x, has
the distribution P X ! and x,(w) — z(w) for all w € €. Moreover, defining

Unp (t) = Xn('yn Lt/’ynj) )

the sequence (a,,,) and (x,) can be chosen in such a way that the following holds P'-a.e.

T (d(un(t 1+
sgp/o (WHHW(USR) dt <+oco (VT >0), (4.23)

where € > 0 is the constant introduced in Lem. 4.5.3.

From now on, the proof of the convergence 4.19 will use the maximal monotonicity of the operators,
hence the proof will differ from the proof of 3.6.3. Define

Un(8,t) == = B(8,un () Ljju, ) <R
wn(s, t) = _A’Yn(sy un(t> - ’YHB(S7 Un(t)))ﬂ-”un(t)HSR :

Then, v, (s, t) +wn(s,t) = hy, r(s,u,(t)). Thanks to the convergence (4.22) and Lem. 4.5.4, Eq. (4.20)
becomes ;: P-a.e.,

z(t) = +nhﬁ\rglo/ /vn (s,u) + wy(s,u) u(ds) du (Vt >0). (4.24)
We now select an w € ' s.t. the events (4.23) and (4.24) are realized, and omit the dependence in w in
the sequel. Otherwise stated, u,,, v, and w,, are handled from now on as deterministic functions, and no
longer as random variables. The aim of the next lemmas is to analyze the integrand v, (s, u) + w,(s, u).

Consider some T > 0 and let A represent the Lebesgue measure on the interval [0,7]. To simplify
notations, we set £ := L175(Z x [0, T], 9 @ A([0,T]), n @ Ar; X).

Lemma 4.5.5. The sequences (v,), and (w,), are bounded in £1+€/2

The sequence of mappings ((s,t) — (vn(s,1t), wy(s,t))), is bounded in E;j;axm and therefore admits
a weak cluster point in that space. We denote by (v, w) such a cluster point, where v, w : Zx[0,T] — X.
Let Hr(s,z) == —A(s,z) — B(s,x) if |z|| < R, Hg(s,x) := X if ||z|| = R and Hg(s,z) = {0} if
|z|]| > R. Denote the corresponding selection integral as Hg(z) = [ Hg(s, z) u(ds).

Lemma 4.5.6. For every (s,t) u® Ar-a.e., (z(t), (v +w)(s,t)) € gr(Hg(s,")).

By Lem. 4.5.6 and Fubini's theorem, there is a Ap-negligible set s.t. for every t outside this set,
v(-,t) +w(-,t) is an integrable selection of Hg(+,z(t)). Moreover, as (v,w) is a weak cluster point of

(vn, wy) in Ly, it holds that

z(t) = z(0) + /Ut/Ev(s,u) + w(s,u) u(ds) du, (Vt €0,77).

By the above equality, z is a solution to the DI x € Hg(x) with initial condition z(0) = a*. Denoting by
$r(a*) the set of such solutions, this reads z € ®r(a*). As a* € KNcl(D), one hasz € Pr(KNcl(D))
where we use the notation ®z(.S) := UuesPr(a) for every set S C X. Extending the notation d(z,S) :=
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infyes d(x,y), we obtain that d(x,, ®r(K Ncl(D))) — 0. Thus, for every n > 0, we have shown that
P (d( X, , Pr(K Ncl(D))) > n) — 0 as n — co. We have thus proven the following result:

Vn >0, lim sup P*(d(X,,Pr(KNcl(D)))>n)=0.

’Y_>O CLEIC(\I'D,YA{

Letting 7" > 0 and choosing R > sup{||®(a,t)|| : t € [0,T],a € KNcl(D)} (the latter quantity being
finite, see e.g. [36]), it is easy to show that any solution to the DI x € Hg(x) with initial condition
a € KNcl(D) coincides with ®(a, .) on [0,T]. By the same arguments as in [28, Sec. 4 - End of the
proof], Th. 4.5.1 follows.

4.6 Cluster points of the P, invariant measures. End of the
proof of Th. 4.3.2

Lemma 4.6.1. Assume that there exists x, € Z(A + B) that admits a £? representation. Then,
Py, || —2l*) < llz = 2.]]* = 0.59¢, () ++°C,
where 1), is the function defined in (4.6).

Proof. By assumption, there exists a £? representation (i, B) of x,. By expanding
[Zni1 — 2l = 120 — 2P 4+ 2(2n41 — Tn, T — 22) + [[T0g1 — 20?,

and by using (4.17), we obtain

| Tny1 — "E*Hz = “mn - C('7*”2 - 2'7<Aw(§n+1a Ty — YB(&nt1,70)) + B(§ng1, Tn), T — x*>
+ VN Ay (Ensts o — YB (&g, @) + B(&nar, 20) |1 (4.25)

Write v = L,y A’y = A'y(fnJrl;xn _PYB(fnJrla xn))v J’y = J’y(fn+1axn _’YB(gnJrl;xn))v B = B(’Sn+17$n)v
B, = (&n41,%4), and ¢ = ¢(&,41) for conciseness. We write

<Avax > A’y x*>+<A7_90>x_78_J7>+7<A7_90aB>

(¢, >
Aw —z.) + A2 = v(Ay, ) + 7(Ay — o, B) + (@, — ).

We also write (B, x — x,) = (B — By, & — xy) + (By,x — ) and 2| A, + B||> = (|| 4, ||> + | B||* +
2(A,, B)). Plugging these identities at the nght hand side of (4.25), we obtain

|1 — 2]® = |z — 2.]? =27 {(A, — 0. ], —2.) + (B — Bi,x — z.)} — *[|4,|]?
+29%(A,, ¢) + 290, B) + ¥*||B|> — 27{p + B.,x — )
<l =l = 29 {{A, — ¢, J, —2.) + (B — B,z — 2.0} — (*/2)[| A, |7
+ 3y /2B + 47 llel|? = 2v(e + B,z — )
<z —z® =29 {(A, — ¢, Jy —2.) + (B — Bi,z — z.)} — (2 /2) | A4 |1?
+37°| B — B.|I” + 377 B> + 49°|loll? — 27(p + B.,z — )

{
+
=

where the first inequality is due to the fact that 2(a,b) < ||a||?>/2 + 2||0||* and the second to the triangle
inequality. Observe that the term between the braces at the right hand side of the last inequality is
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nonnegative thanks to the monotonicity of A(s,-) and B(s,-). Taking the conditional expectation E,,
at each side, the contribution of the last inner product at the right hand side disappears, and we obtain

Py, |- —a.?) < llo = 2.1 = 0.59¢, (z) + 472/ o ()11 (ds) + 372/ 1B (s, z.)|1*u(ds)

where 1, is the function defined in (4.6). O

Given k£ € N, we denote by Pj the kernel P, iterated k times. The iterated kernel is defined
recursively as PY(x, dy) = d,(dy), and

P, S) = / P51 (y, S) Py (x, dy)
for each S € #(X).

Lemma 4.6.2. Let the assumptions of the statement of Th. 4.5.1 hold true. Assume that for all £ > 0,
there exists M > 0 such that
sup sup 7((Day)) <e. (4.26)
76(0770] ﬂ-EI(P’Y)

Then, as v — 0, any cluster point of Z(P) is an element of Z(P).

Note that in the common domain case, (4.26) is trivially satisfied, since the supports of all the
invariant measures are included in cl(D).

Proof. Choose two sequences (7y;) and (m;) such that v; — 0, m; € Z(P,,) for all i € N, and 7; converges
narrowly to some 7 € M(X) as i — oo.

Let f be a real, bounded, and Lipschitz function on X with Lipschitz coefficient L. By definition,
mi(f) = m(PEf) for all k € N. Set t > 0, and let k; = [t/7:]. We have

m3f = 7 © ©(Tlao)(), )| = | [ (P (@, /) = (@I (a), ) mi(da)
< [|PEa.) = f(@(aw)(a), k)

m;i(da)

+/‘f(q’(ncl(v)(a)aki%)) — f(@(Iawm)(a),t))| mi(da)
< /Ea’% f(or,) — f(@(Haepy(a), kivi))| mi(da)
+/‘f(<1>(HC1(D)(a),km)) — [(@(Ilampy(a), t))| mi(da)

By the boundedness and the Lispchitz-continuity of f,
Ui < B (20 flle A Lllow, = ©(Tago)(a), ki) l] milda)

Fixing an arbitrarily small € > 0, it holds by (4.26) that 7;((Das,)¢) < €/2 for a large enough M. By
the tightness of (7;), we can choose a compact K C X s.t. for all 7, m;(K¢) < ¢/2. With these choices,
we obtain

U< sup E*" 2 fllo A Lllzk, — 2(Mapy (@), ki) l] + 211 fllc € -

aGICﬁDMW
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Denoting as (-)[o,q the restriction of a function to the interval [0,¢], and observing that

[z, — ®(Hap) (@), kivi) || < |(X5 (@) = S(Laepy(a); )04l
we can now apply Th. 4.5.1 to obtain

sup B [2|| flloo A L2k, — 2(Hapy (@), ki) ] —= 0.

aEICﬂ'D]\/[,Yi

As ¢ is arbitrary, we obtain that U; —; 0. Turning to Vj, fix an arbitrary ¢ > 0, and choose a compact
I C X such that m;(K¢) < ¢ for all i. We have

Vi < sup |f(@(Ma)(a), ki) = f(@(apy(a), )] + 21| flloce -

By the uniform continuity of the function f o ®(Ilp)(:),-) on the compact K X [0,¢], and by the
convergence k;y; T t, we obtain that limsup, V; < 2|/f||e&. As ¢ is arbitrary, V; —; 0. In conclusion,

Wif—ﬁi(foq)(ncl(p)('), t)) — 0. MOFGOVGF, 7Tz‘f —ﬂz(foq)(ncl(p)(),t)) —> 7Tf —W(fo@(ncl(p)(),t))
since f(-) — f o ®(Ilap)(-),t)) is bounded continuous. Thus, 7f = 7(f o ®(Ileyp)(-),t)). Since m;
converges narrowly to 7, we obtain that for all n > 0, 7(cl(D,)¢) < liminf; m;(cl(D,)¢) = 0 by choosing
e arbitrarily small in (4.26) and making 7; — 0. Thus, supp(w) C cl(D), and we obtain in conclusion
that 7f = 7w(f o ®(-,t)) for an arbitrary real, bounded, and Lipschitz continuous function f. Thus,
T € I(®). O

To establish (4.26) in the different domains case, we need the following lemma.

Lemma 4.6.3. Let Assumptions 4.3.6, 4.3.8, and 4.3.4—(a) hold true. Then, for all € > 0, there exists
M > 0 such that

sup sup 7((Day)) <e.
VE(0,70] TEZ(Py)

Proof. We start by writing
d(7p11) < ||Zng1 — oy (@) || < [[2ns1 — Maognrn) (@)l + e, (Tn) — Hapy (zn) |-

On the one hand, we have by Assumption 4.3.8 and the nonexpansiveness of the resolvent that

B3 zna1 — Hamgnsn) (@) | < B3 (Gnrrs 2n) — Hap g @) | + VER | B(Ensr, 20)

on the other hand, since

IMat(D (s (@n) = ey (@) [|* < d(@n)? — d(zn, D(€ns1))®  (see (4.28)),
we can make use of Assumption 4.3.6 to obtain
B [ Tepien 1) (@n) — Meoy (@) | < B Manie, 1)) (@) — Moy (@) %) < pd(z,)
where p € [0,1). We therefore obtain that

B A1) < pd(xn) + Cy(1+ 0y ().
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By iterating, we end up with the inequality

Py Ha,d) < p"d(a) + Cy Zn: P L+ Py (a, y)). (4.27)
k=0

From Assumption 4.3.4—(a) and Lem. 4.6.1, the inequality (4.13) in the statement of Prop. 4.3.3 is
satisfied with V(x) = ||z — z.]|?, Q(z) = ¥(z), a(y) = /2, and B(y) = C~2. By the first part of
this proposition, SUp. ¢ o] SUPxez(p,) T(¥) < oc. In particular, noting that d(x) < [|z|| + [[TLacp) (0)]],
we obtain that sup. (g, SUPrez(p,) T(d) < 0o. Moreover, with a small adaptation of the proof of
Prop. 3.8.7 in Chap. 3 to the inequality of Lem. 4.6.1, we can show the slightly stronger result that
SUD. ¢ (0,70) SUPrez(p,) T(¥) < 00. Let v € (0,70] and m € Z(P,). We can integrate w.r.t 7 in (4.27) to
obtain

7(d) < pH(d) + O 30 oML+ ().

k=0
Using Markov's inequality, we have for all n € N,
m(d) _ prt

T((Day)°) < Moy < M

O n . anrIC C
— "1 < —.
md)+ g7 2 o T) S SEE

By making n — oo, we obtain that 7((Dy,)¢) < C/M, and the proof is concluded by taking M as
large as required. O

Th. 4.3.2: proofs of the convergences (4.7), (4.9), and (4.10)

We need to check that the assumptions of Prop. 4.3.3 are satisfied. Lem. 4.6.1 shows that the in-
equality (4.13) is satisfied with V(z) = ||z — z,|]?, Q(z) = ¥(x), a(y) = v/2, and () = C~?, and
Assumption 4.3.4—(a) ensures that W(x) ——— oo as required.

llzl|—o0
When the assumptions of Th. 4.5.1, are satisfied, Lem. 4.6.2 shows with the help of Lem. 4.6.3 when
needed that any cluster point of Z(P) belongs to Z(®). The required convergences follow at once from
Prop. 4.3.3. Th. 4.3.2 is proven.

4.7 Proofs relative to Sec. 4.4

4.7.1 Proof of Prop. 4.4.1

It is well known that the coercivity or the supercoercivity of a function ¢ € I'y(X) can be characterized
through the study of the recession function ¢* of ¢, which is the function in T'o(X) whose epigraph is
the recession cone of the epigraph of ¢ [101, §8], [76, § 6.8]. We recall the following fact.

Lemma 4.7.1. The function ¢ € I'4(X) is coercive if and only if 0 is the only solution of the inequality
q>™(x) < 0. It is supercoercive if and only if ¢ = ¢0y.

Proof. By [76, Prop. 6.8.4], lev<(¢™ is the recession cone of any level set lev<, ¢ which is not empty
[101, Th. 8.6]. Thus, q is coercive if and only if lev<y g™ is the recession cone of a nonempty compact
set, hence equal to {0}. The second point follows from [10, Prop. 2.16]. O

Lemma 4.7.2. For each v > 0, ¢ = (¢,)*.
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Proof. By [76, Th. 6.8.5], the Legendre-Fenchel transform (¢*)* of ¢* satisfies (¢°°)* = tc1domg+- Since
¢ = qO((2y)7]| - |*) where O is the infimal convolution operator, (¢,)* = ¢* 4 (7/2)| - ||*. Therefore,
dom ¢* = dom(q,)*, which implies that (¢*)* = ((¢g,)>°)*, and the result follows. O

Lemma 4.7.3 ([66, Th. 11.2.1]). Assume that ¢ : = x X — (—00, 00| is a normal integrand such that
q(s,) € I'o(X) for almost every s. Assume that Q(z) := [q(s,z)u(ds) belongs to I'o(X). Then,
Q>(z) = [q>=(s,x) u(ds), where ¢(s,-) is the recession function of ¢(s, -).

We now enter the proof of Prop. 4.4.1. Denote by g,(s,-) the Moreau envelope of the mapping
g(s,-) defined above.

Lemma 4.7.4. Let Hypothesis H1 hold true. Then, for all v > 0, the mapping

Gz /gy(s,x),u(ds),
is well defined on X — R, and is convex (hence continuous) on X. Moreover, G* T G as v | 0.

Proof. Since z, € dom G from Hypothesis H1, it holds from the definition of the function ¢ that
S lg(s, x4)| u(ds) < oo. Moreover, noting that ¢(s) € dg(s,x,), the inequality g(s,z) > (p(s),x —
xx) + g(s,z,) holds. Thus,

. 1 : 1
(s, ) = it (g(s,w) + 5w = al?) = ik ({p(s), w =2 + (s, + 5w —2P)

= (pls),2 = 2.) + g(s,2.) = 2 le(S)II”

Writing = 2t — 2~ where 1 = 2V 0, this inequality shows that g, (-, z,)” is integrable. Moreover,
since the Moreau envelope satisfies g, (s, z) < g(s,x), we obtain that g, (-, z,)" < g(-,z.)" < |g(-, z,)|
who is also integrable. Therefore, |g, (-, z,)| is integrable. For other values of x, we have

1
G-(8,2) = g(s, ) + /o ( — 2., Vgy(s, 2, + t(x — 24)) — Vgy(s,2,)) dt + (& — z,, Vg, (5, 2,)),

where Vg, (s,z) is the gradient of g,(s,z) w.r.t. z. Using the well know properties of the Yosida
regularization (see Sec. 2.2.1), we obtain

lz — .||

>t lz = 2.l e ()1

19+(5, 2)] < 1g4(s, z)| +
Consequently, g, (-,x) is integrable, thus, G7(x) is defined for all z € X. The convexity and hence the
continuity of G7 follow trivially from the convexity of g, (s, -).

Since the integrand g, (s, ) increases as y decreases, so is the case of G7(z). If x € dom(G),
it holds that |g(-,x)| is integrable. On the one hand, g,(s,z)" < |g(s,z)|, and on the other hand,
gv(s,2)” < |l@(s)|l|x — x|l + |g(s, x:)| + ||(s)]|* for v < 2. By the dominated convergence, G (z) —
G(xz)asy — 0. If z € dom @G, then [ g,(s,x)"u(ds) — oo as v — 0 by monotone convergence, and
J 9,(s,2)~ pu(ds) remains bound. Thus, G"(z) — oo. O

Lemma 4.7.5. Let Hypotheses H1 and H2 hold true. Then, for all v small enough,
G (z) + F(z) — G (z,) — F(z,) < 2¢,(x) +~C,

where 9, is given by (4.6).
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Proof. By the convexity of g,(s,-) and f(s, ), we have
gA/(S,[E - ’ny(S,I‘)) - g’Y(Sw/L’*) S <v9’Y(S7x - 7Vf(s,x)),x - ’ny(S,JZ) - :L‘*>, and
f(va) - f(S,QJ*) - (Vf(s,x*),x - x*> < <Vf(8,l’) - Vf(S,SL’*),ZL’ - ﬂf*>.

Write g, = g,(s,2 — YV f(s,2)), V. = Vf(s,), prox, = pro,y(, , (& — 7Vf(5.2)), ¢ = o(s), and
Vf. = Vf(s,x). From these two inequalities, we obtain

92(5, = 7V F(5,2)) = 9y(5,02) + (52) = f(52.) = {ls) + Vf(5,.),0 — )

<(Vgy,r =7V f —x, +prox, —prox,) +(Vf - Vf,z —x,) — (p,r — 2, + prox, — prox, )

= (Vgy — ¢, prox, —z,) + (Vf = Vi, o —z.) + 7|V = (e, Vg, + V).
Again, by the convexity of g,(s, ), we have

02(5,7 = 7V F(5,2)) > ,(5,7) — 1V (5,), V1 (5, 2)).
Thus, we obtain
g’y(S,l'> - g’Y(sax*) + f(S,ZL‘) - f(S,iL'*> - <S0(S) + Vf(S,ZE*),I - ZL'*>
< (Vgy — @, prox, —z,) + (Vf =V, z —z.) + 7|V * = {0, Vg, + V) + (Vg (s,2), V).
We now bound the sum of the last two terms at the right hand side. By the ~~!-Lipschitz continuity
of the Yosida regularization, [(Vg,(s,z) — Vg,,Vf)| < [[Vf]|*>. Using in addition the inequalities
(@, )] < llal?/2+ [[b]]*/2 and [V f[|* < 2|V £l + 2|V f — V£.|[?, we obtain
YV, (s,2), V) =v(¢, Vg, + V) =v(Vg,(s,2) = Vg, V) + 7V, V) = 1(¢, Vg, + V)
<NV + 1V 12 +Allell?
S|V = VAP + WV + AV 1P+ Al
Thus,
g'y<S7ZL') - g’Y(S?x*) + f(S,I) - f(S,CL’*) - <S0(8) + Vf(S,I*>,ZE - x*)
<2((Vgy — @, prox, —z.) + (Vf = Vfi,z —z.) + 7|V, |> = 67|V f = VL)
F16Y[Vf = VEI? = (Vf =V ez —z) +9llell® + 4V

Taking the integral with respect to u(ds) at both sides, the contribution of the inner product (p +
V f«, x — x,) vanishes. Recalling (4.6), we obtain

Gy(x) + F(z) = Gy(20) — F(x.)
<20, (2) = [(Vf = Vforw—2) =169V = VLI dp - [l + 419 LI do.
Using Hypothesis H2, we obtain the desired result. O]

End of the proof of Prop. 4.4.1. Let vy > 0 be such that Lem. 4.7.5 holds true for all v € (0, o).
Denoting as ¢(s, )™ the recession function of ¢(s,-), we have

@+ B D [ (gl )™ + fl5,)%) ulds) @ [ (g5, + fl5,)%) ulds) (G + F)=,

where the equalities (a) and (c) are due to Lem. 4.7.3, and (b) is due to Lem. 4.7.2. Thus, by Lem. 4.7.1,
F + G is coercive (resp. supercoercive) if and only if F'+ G is coercive (resp. supercoercive). Con-
sequently, since G7 increases as -y decreases by Lem. 4.7.4, the hypotheses H1, H2, and H3—(a) (resp.,
H1, H2, H3—(b)) imply Assumption 4.3.4—(a) (resp. Assumption 4.3.4—(b)). Prop. 4.4.1 is proven.
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4.7.2 Proof of Lem. 4.4.2
We first recall that 0G(-) = [ 0g(s,-) (ds), where

[ a(0)~*oh(u,-) ifi=0,
99(s,") = { die, otherwise,

for s = (u,i) € Z. Let ¢ be an arbitrary measurable ¥ — X function such that ¥(u) € dh(u,z,) for
C-almost all u € ¥ (such functions are called measurable selections of the set-valued function 0h(-, z,)).
For each d € X, it holds by the convexity of h(u,-) that

h(u,zy +d) > h(u, zy) + (Y (u),d), and
B,z — d) > h(u, 2,) — ($(w), d)
for (-almost all u € ¥. Equivalently,
h(u, zy) — h(u, 2o — d) < (Y(u),d) < h(u,z, +d) — h(u,z,).

Thus, if ||d|| is small enough but otherwise d is arbitrary, we get from the second assumption of the
statement that (¢(u), d) is (-square-integrable. Thus, [ ||v(u)||? ((du) < oo (see [66, Th. 11.4.2] for a
similar argument). Now, writing s = (u, i) € Z, every measurable selection ¢ of dg(-, z,) is of the form

(s) = { a(0)Mp(u) ifi=0,

0; otherwise,

where 1) is a measurable selection of Oh(-, x,), and 0; is an element of Ji¢,(z,). By what precedes, it is
immediate that [ ||¢||?dp < co. By assumption, there exists a measurable selection ¢ of dg(-, z,) such
that [(o(s)+V f(u, x,))u(ds) = 0. Using the first assumption, we get that the couple (¢(s), V f(u, x,))
is a £? representation of z,.

4.7.3 Proof of Prop. 4.4.4

The assertions about Z(.A) are straightforward. A small calculation shows that
Jy(s,2) = (I +7H(s) " (z — ~d(s)), and
Ay(s,2) = Als, Jy(s,2)) = (I +yH(s)) " (H(s)x + d(s)).

Using these expressions, we obtain

Ua(w) = [{(AGs, Jy(5.2) = H(s), = d(s), (5, ) = ) + ][ Als, Jy (s,2) || p(ds)
= [{unts,m) = T (1 0y — ) 111AGs, 2, 27} ).

Since (I +~H(s))™! and H(s)(I +~vH(s))™" are respectively the resolvent and the Yosida regular-
ization of the linear, monotone and maximal operator H(s), it holds that ||(I +yH(s))™!|| < 1, and
lvH (s)(I +vH(s))7H| < 1.

Denoting as || - ||s the semi norm associated with any semidefinite nonnegative matrix .S, we write

Ua(@) 2 [ 105, 2) = wullBag s o o ()

= [ 860 (@ - ) =1 (EH )+ dls))

2

pi(ds).
(H(s)+HT (s))/2
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Using the inequality [la — b||* > 0.5]|a]|* — ||b]|*, we obtain that ¢, (x) > 0.5W,(x) — U,, with
_ 1 _ P
Wa(@) = [+ 316D ™ @ =2 s
Uy =2 [ | +9H() (H ). + dls))

= [1H (), + d(s))\ws) p(ds).

w(ds), and
p(ds)

s)+HT(s))/2

with
H(s)+ H™(s)

L(s) = (I +~H(s)™" 5 (I+~H(s))™
From the inequalities shown above, we have
”’7]7(8) <1.

Therefore,
0 < U, < [ I1H(s)a, + d(s)]? plds) < 7C.

Turning to W, (), it holds that
Wi(@) = (o =) ([ 1,(5) (as) ) (@ = )

Since ||1,(s)]| < H%HT(S) and I,(s) =0 (H(s) + H"(s))/2, it holds by dominated convergence
that [ I,(s) u(ds) —~ 0 H+ H". If H+ H" > 0, then there exists 7o > 0 such that

dnt A (/1 ) >0,

where A\nin is the smallest eigenvalue. Thus, Assumption 4.3.4—(c) is verified.

4.7.4 Proof of Prop. 4.4.5

Since A, (s,) is 1/7-Lipschitz, | Ay(s,2 — 1B(s, )| > [ Ay(s,2)]| — [Bls, ) > [[Ay(s,2)] -
|B(s,z) — B(s,x)|| — || B(s,x4)||. Therefore,

U, (@)
> [{(B(s,2) = B(s,2.). — 2.) — 69]| B(s,2) — B(s,2.)|> + ]| Ay (5. — vB(s, 2)) 2} p(ds)
> [{(Bs,2) = Bls..).w = 2.) = 89| Bls,2) = Bls,2 )| + (7/2)]14,(s.2)
— 2| Bls,2) |} lds)
> 2[4, (s. )| u(ds) = 1€

for v small enough, by Hypothesis H4. We now have

7/||Ast2 (ds) /Hx— (s, 2)|? pulds) > = /dsx ) > Zd(z)?

g

| Q

thanks to Hypothesis H2. The result follows from the boundedness of D.
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4.7.5 Proof of Prop. 4.4.6

To prove this proposition, we start with the following result.

Lemma 4.7.6. Let A € .#(X) be such that

Iz, y.) € gr(A), 30 >0, S(x,,0) Cint(domA), and Vz € S(z,,J), iIAl(f )(y — Y, & — T4) > 0.
yeA(x

Then, assuming that dom A is unbounded,

lim inf infyea@) (¥ — Yo, ¢ — 24)

> 0.
z€dom A, ||z||—o0 H.TH

Proof. Given a vector u € X, define the function

L) =  inf  (y—y.,
Jud) = nf Y=y )

for all A > 0 such that =, + Au € domA. For all Ay > Xy in dom f,,, and all 33 € A(z. + \u) and
Y2 € A(x, + Aau), we have

1
YD

(Y1 = Y, ) — (Y2 — Y, u) = (Y1 — Y2, 1) (Y1 — Y2, Tu + Miu — (2, + Aqu)) > 0.
Passing to the infima, we obtain that f, (A1) > fu()\2), in other words, f, is non decreasing.
For all x € dom A such that ||z — z.|| > 6, we have by setting u = d(z — x.)/||x — x|

- o — @ . oy
f T Yk, L T Lx) = u 0 — Lx >
Ak (Y =y w — ) 5 ful0 llz —al) 2

[z — .

L),

For any u € S(0,6), it holds by assumption that f,(1) = infyca(s, +u)(y — Y, u) is positive. We shall
show that f,(1) is lower semicontinuous (lIsc) as a function of u on the sphere S(0,0). Since this sphere
is compact, f,(1) attains its infimum on S(0, ), and the lemma will be proven.

It is well-known that A is locally bounded near any point in the interior if its domain [36, Prop. 2.9]
[12, §21.4]. Thus, by the closedeness of gr(A), the inf in the expression of f,(1) is attained. Let
u, — u, and write f,, (1) = (y, — ys, u,). By the maximality of A, we obtain that for any accumulation
point y of (y,) (who exists by the local boundedness), it holds that (u,y) € gr(A). Consequently,
liminf,, f, (1) > f.(1), in other words, f,(1) is Isc. O

We now prove Prop. 4.4.6. Let us write

(Ay(5,2) = (s), Jy(s8,2) —2) e = Iy (s, 2)|"
] el Edl

— inf .
9(s, ) fyél(l(),l]f(’%&)

f(y,s,2) = , and

Note that ¥, (x)/||z|| = J f(7,s,2) u(ds). We shall show that lim inf|,; e g(s,2) > 0 for all s € X.
Assume the contrary, namely, that there exist s € ¥ and ||| — oo such that g(s,z;) — 0. In these
conditions, there exists a sequence () in (0, 1] such that f(k,s,zx) — 0. By inspecting the second
term in the expression of f(7x,s,zi), we obtain that ||J,, (s, zx)||/||zk|| — 1. Rewriting the first term

as
[Ty (8, 2a) [ (Ary (5, ) — 0(8), Ty (8, 2k) — 1)
[l 175 (s, )| ’
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and recalling that A, (s, z1) € A(s, J,, (s, zx)), Lem. 4.7.6 shows that the lim inf of this term is positive,
which raises a contradiction.
Note that
inf ¥y (2)

€01 |||

> [ g(s,2) u(ds).

Using Fatou's lemma, we obtain Assumption 4.3.4—(a).

4.8 Proofs relative to Sec. 4.5
4.8.1 Proof of Lem. 4.5.3

Let € be the smallest of the three constants (also named ¢) in Assumptions 4.3.1, 4.3.3 and 4.3.7
respectively where IC = B(R). For every a,, the following holds for P*7-almost all x = (z,, : n € N):

A(@n1) Lo i<k = A(Tn1) Lo pr <R (Lan <k + L) = @(@ns1) Lo <R Lo <R
< d(@nt1) Lz, <R
= [[Zn41 — o (Tng 1) | L)jz. <
< [ #ng1 — () | 1)<k

Using the notation E&7 = E*(. |z, ..., z,), we thus obtain:

By (d(@ns1) Lo, <r) < / 175(s, 2 = YB(s, 7)) = p(2) I Lja, < dpi(s) -

By the convexity of || - |1, for all a € (0,1),

(0%

1+e
2+ g™+ = o <l 4 - @)yl

1—
ire az + ( Oé)l—a
Therefore, by setting d,(s,a) := [|J,(s,a —vB(s,a)) — Ilps)(a)l],

B (d(@n 1) L, p<r) < a_5/5w(3,$n)1+51||xn||SR du(s)
+(1- a)_a/ ITps) (@) = Mo (@) [ Ly, < dpe(s)
Note that for every s € =, a € X,
165(s, a)l| < [|13(s, @) = pes)(a)ll + | B(s, a)l -
Hence, by Assumptions 4.3.7 and 4.3.3, there exists a deterministic constant C' > 0 s.t.

S?LP/5y(87$n)1+51||xn||33 dp(s) < Oy

Moreover, since Il p(s)) is a firmly non expansive operator [12, Chap. 4], it holds that for all u € cl(D),
and for p-almost all s,

[ Heapesy (@n) — ull? < lzn — ul]* = [Hapes) (@n) — 2.
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Taking u = Ilyp)(z,), we obtain that
HHCI (xn) HCI(D) (mn) H2 < d(xn)2 - d(xna D(S))z (428)

Making use of Assumption 4.3.6, and assuming without loss of generality that ¢ < 1, we obtain

(1+e)/2
[ Moo () = Magoy ) 11 duts) < ([ 1T (en) = Moy ()l dp(s))

S O/d( n)l+z—: ’
for some o € [0,1). Choosing « close enough to zero, we obtain that there exists p € [0, 1) such that

o (d(zpgr)tTE d(z,)t*e
E” (’y”s Lz, <k | < P771+5 Lz, <k + C.

Taking the expectation at both sides, iterating, and using the fact that d(xy) = d(a) < M+, we obtain

that "
_ d n €
sup E®Y (((l’)) :H'|In<R> < +00. (429)
(0,70]

nEN,aEKﬁ'D-ﬂu,’YE s ’Y

Since A, (s, -) is v~ !-Lipschitz continuous, [|A,(s,z —vB(s,z))|| < [|A,(s,z)|| + || B(s, z)||. Moreover,
choosing measurably & € D in such a way that ||z — Z|| < 2d(x), we obtain [|A, (s, z)|| < || Ao(s,Z)| +
2@. Therefore, there exists R’ depending only on R and D s.t.

N d(x)
1Ay (s, 2) | Lj2<r < [ Ao(s, )| Ljz1<r + in Ljz|<r -
Thus,

B2 (1271 = [ (s, )+ da(s)

= [ 1B, ) + Ay (5,20 = VBLs, 2 )L o< dua(s)
d(zx

S/(2\|B(s,xn)]|+HAo(s,:En)H—l—Z ")) Ajoien dis). (4.30)

By Assumption 4.3.3, [ || B(s, 2,)||'" ™ L4, <k di(s) < C where the constant C' depends only on ¢ and
R. By Assumption 4.3.1, we also have [ ||Ao(s, z,)||' Lz <r die(s) < C for some (other) constant
C'. The third term is controlled by Eq. (4.29). Taking expectations, the bound (4.21) is established.

4.8.2 Proof of Lem. 4.5.4

The first point can be obtained by straightforward application of Prokhorov and Skorokhod's theorems.
However, to verify the second point, we need to construct the sequences more carefully. Choose € > 0
as in Lem. 4.5.3. We define the process Y7 : XN — RN s.t. for every n € N,

— )1+E/2

Z d(x
5/2 H%HSR?
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and we denote by (X,Y7) : XN — (X x R)N the process given by (X,Y7),(x) := (z,,Y7(x)). We

o n

define for every n, Z . | := 71 ((X,Y")ps1 — (X,Y7),). By Lem. 4.5.3, it is easily seen that

_ . At
sup ]Ea”(||ZZ||]1HZg||>A> 0.
neN,aeKND ar,v€(0,70]

We now apply Lem. 3.6.2, only replacing X by X xR and P*? by P47 (X, Y?)~. By this lemma, the family
{P*(X, Y’V)”X;l ca € KNDya,y € (0,7]} is tight, where X;l (X xRN — C(R,,X x R) is the
piecewise linear interpolated process, defined in the same way as X, only substituting X x R with X in the
definition. By Prokhorov’s theorem, one can choose the subsequence (a,,,) s.t. P (X, Y%)_IX;:
converges narrowly to some probability measure T on X x R. By Skorokhod's theorem, we can define a
stochastic process ((x,,yn) : 7 € N) on some probability space (€2',.#',]P) into C(R,, X x R), whose
distribution for a fixed n coincides with P (X, Y“”)‘lx;:, and s.t. foreveryw € ', (x,(w),yn(w)) —
(z(w),w(w)), where (z,w) is a r.v. defined on the same space. In particular, the first marginal distribution
of P (X Y“’")_lx;nl coincides with P* X1, Thus, the first point is proven.
For every v € (0, 7], introduce the mapping

F7 . C(R+, X) — C(R+7 R)
t
<o (00 [ 0r a0 ) P L pnda)

We denote by l;l :RY — C(R,,R) the piecewise linear interpolated process, defined in the same way
as X, only substituting R with X in the definition. It is straightforward to show that X, oY =T, 0 X,.
For every n, by definition of the couple (x,y»), the distribution under P’ of the r.v. 'y, (x,,) —yn is equal
to the distribution of I'; oX, —X,, oY under P, Therefore, P’-a.e. and for every n, y, =I5, (x»).
This implies that, P'-a.e., I, (x,,) converges (uniformly on compact set) to w. On that event, this implies

that for every ' > 0, I, (x,,)(7") — w(T’), which is finite. Hence, sup, I';, (x,,)(1") < 0o on that event,
which proves the second point.

4.8.3 Proof of Lem. 4.5.5

Define ¢, = sup,cpmyn J [ Ao(s, ) [7/2du(s) and c, = sup,cpmy [ | B(s, 2)|[1*/2du(s) (these
constants being finite by Assumptions 4.3.1 and 4.3.3). By the same derivations as those leading to
Eq. (4.30), we obtain

[ ol 0112 dp(s) < e
d(un(t))1+e/2

/ lwa(s, )|/ 2du(s) < C <W1||Un(t)<R +Cat Cb) :

The proof is concluded by applying Lem. 4.5.4.

4.8.4 Proof of Lem. 4.5.6
1+e/2

The sequence ((vy, Wy, ||wn (-, )|, [|[vn(:,-)]])) converges weakly to (v, w,0,w) in Ly,/z> along some
subsequence (n.b.: compactness and sequential compactness are the same notions in the weak topology
of £;{i@). We still denote by ((vy,, wp, ||sl, |[wx]])) this subsequence. By Mazur's theorem, there
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exists a function J : N — N and a sequence of sets of weights {ay,,, :n € Nk =n....J(n) : ag, >
0, Zi(jg arn = 1} such that the sequence of functions
J(n)
(Ons Wi, Oy ) = (5,8) = D g (vk(s, 1), wi(s, t), [lok(s, D)), [lww(s, D))
k=n
converges strongly to (v,w,?,w) in that space, as n — oo. Taking a further subsequence (which we

still denote by (v, Wy, Uy, Wy)) we obtain the @ Apr-almost everywhere convergence of (v, Wy, Uy, Wy,)
to (v,w, 0, w). Consider a negligible set 4" € 4 ® A([0,T]) such that for all (s,t) ¢ A,

(Un(8,1), Wn(8,t), 0n(8,t), W, (s,t)) = (v(s,t),w(s,t),v(s,t),w(s,t))

and 0(s,t),w(s,t) are finite. We shall prove that for every (s,t) ¢ A7, (z(t), (v + w)(s,t)) €
gr(Hg(s,-)). First consider the case where ||z(t)|| > R. Since u,(t) — z(t), there exists a posi-
tive integer ng such that for every n > ng, ||u,(t)]] > R. Hence, v,(s,t) and w,(s,t) are equal
to zero for every n > ng and similarly for v,(s,t) and w,(s,t). For every (s,t) ¢ .4 such that
lz(t)]| > R, (v+ w)(s,t) = 0 and (z(t), (v + w)(s,t)) € gr(Hg(s,-)). Then, if ||z(t)]|] = R,
(z(t), (v+w)(s,t)) € gr(Hg(s,-)) obviously. Finally, assume that ||z(¢)|| < R. In this case the condition
(z(t), (v +w)(s,t)) € gr(Hg(s, .)) is equivalent to:

(z(t), — (v + w)(s,t)) € gr(A(s, ) + B(s,-)). (4.31)

Besides, there exists a positive integer ng such that for every n > ny, ||u,(t)|| < R. To show Eq. (4.31),
consider p € D(s), g, € A(s,p) and ¢, € B(s,p). Decompose:

<Qb + @n(S, t) + Ga + ﬂln(s, t),p - Z(t» = An + Bn + Cn7 (432)

where
J(n)
An = Z ak,n(Qa + wk(3>t)7p - J’Yk<87uk(t) - fka(Sa uk(t)))>

k=n
J(n)

By =Y apalgs + vkls, t), p — up(t))

k=n
J(n)
Crn = hn(qa +wi(s, 1), Iy, (s, up(t) — v B(s, u(t))) — ug(t)) .
k=n
The left hand side of (4.32) converges to (q, + w(s,t),p — z(t)) + (g + v(s,t),p — z(t)). The terms
A, and B, are nonnegative by monotonicity of A(s,-) and B(s,-) for every n > ny. Moreover,
J(n)
Cn = Z ak,n<q¢1 + wy (s, 1), T, (5, u(t) — VB (s, ur(t))) — ux(t))
k=n
J(n)
= > anlda + wi(s, 1), Jo, (s, u(t) — WB(s, ui(t))) — (ur(t) — B(s, ur(t))))
k=n
J(n)
+ Z ak,n(Qa + wk’<37 t)a _fYkB(Sa uk’(t)»
k=n
J(n)
= Z Oék,n7k<Qa + UJk(S, t)7 U)k;(S, t) + Uk(S, t))
k=n
We conclude that C;, — 0 and (q, +w(s,t) + g+ v(s,t),p —z(t)) > 0. As A(s,-) + B(s,-) € 4 (X),
this implies that Eq. (4.31) holds.

79



Chapter 5

A Constant Step Stochastic
Douglas-Rachford Algorithm with
Application to Non Separable
Regularizations

The Douglas Rachford algorithm is a classical algorithm to solve a composite optimization problem. It
involves the computation of the proximity operators of the two functions separately and enjoys more
numerical stability than the proximal gradient algorithm. In this chapter, we bring the tools from the
previous chapter to study a stochastic version of the constant step Douglas Rachford algorithm. In this
algorithm, a random realization of both functions is used at each iteration to perform a Douglas Rachford
step. Application to structured regularizations and distributed optimization is provided. Theoretical
results are supported by the technical report in Appendix A.

5.1 Introduction

Many applications in the fields of machine learning [35] and signal processing [44] require the solution
of the programming problem
min F(z) + G(x) (5.1)

zeX

where X is an Euclidean space, F, G € T'o(X). In these contexts, F' often represents a cost function and
G a regularization term. The Douglas-Rachford algorithm is one of the most popular approach towards
solving Problem (5.1). Given 7 > 0, the algorithm is written

Yn+1 = PITOXyp (In)
Znt1 = ProX,q(2Yni1 — Tn)
Tn+l = Tn + Znt1 — Yntl- (52)

Assuming that a standard qualification condition holds and that the set of solutions arg min F' + G

of (5.1) is not empty, the sequence (y,), converges to an element in argmin ' + G as n — +0o0
([78, 56]).
In this chapter, we study the case where F' and G are integral functionals of the form

F(z) = Be(f(§,2),  G(x) = Ee(g(§, v))
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where £ is a random variable (r.v) from some probability space (£2,.#,P) to a measurable space (Z,G),
with distribution p, and where f, g : = x X — (—o00, +00] are normal convex integrand. In this context,
the stochastic Douglas Rachford algorithm aims to solve Problem (5.1) by iterating

Ynt1 = prOX“/f(ﬁnH;)(x")
“ntl = prOX79(§n+17')(2y”+1 B x”)

Tptl = Tn + Znt1 — Yntl s (53)

where (&), is a sequence of i.i.d copies of the random variable £ and v > 0 is the constant step size.
Compared to the "deterministic" Douglas Rachford algorithm (5.2), the stochastic Douglas Rachford
algorithm (5.3) is an online method. The constant step size used make it implementable in adaptive
signal processing or online machine learning contexts. In this algorithm, the function F' (resp. G) is
replaced at each iteration n by a random realization f(&,, ) (resp. g(&,,-)). It can be implemented in the
case where F' (resp. G) cannot be computed in its closed form or in the case where the computation of
its proximity operator is demanding. Compared to other online optimization algorithm like the stochastic
subgradient algorithm, the algorithm (5.3) benefits from the numerical stability of stochastic proximal
methods [108, 122].

Stochastic version of the Douglas Rachford algorithm have been considered in [44, 116]. These papers
consider the case where GG is deterministic, i.e is not written as an expectation and F' is written as an
expectation that reduces to a sum. The algorithms [105, 49] are generalizations of a partially stochastic
Douglas Rachford algorithm where G is deterministic. The convergence of these algorithms is obtained
under a summability assumption of the noise over the iterations.

In this chapter we provide theoretical basis for the algorithm (5.3) and convergence results based
on the technical report [110]. We also provide applications to optimization problems regularized by the
overlapping group lasso and we provide an application to a target tracking problem involving distributed
optimization (based on [39]).

Chapter organization. The next section 5.2 is devoted to the statement of the main convergence
result. In Sec. 5.3, an outline of the proof of the result in Sec. 5.2 is provided. Finally, the algorithm (5.3)
is implemented to solve a regularized problem (resp. a distributed optimization problem) in Sec. 5.4 (resp.
Sec. 5.5).

From now on, we shall state explicitly the dependence of the iterates of the algorithm in the step size
and the starting point. Namely, we shall denote (z%7),, the sequence (z,,), generated by the stochastic
Douglas Rachford algorithm (5.3) with step ~, such that the distribution of x;” over X is v. If v =4,
where ¢, is the Dirac measure at the point a € X, we shall prefer the notation z%7.

5.2 Main convergence theorem

For every s € E, the domain of g(s,-) is denoted D(s) and D is their u-essential intersection (see
Sec. 2.3).
Consider the following assumptions.

Assumption 5.2.1. For every compact set K C X, there exists ¢ > 0 such that

sup [ [|9og(s, )| p(ds) < oo.
zeKND
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Assumption 5.2.2. For y-a.e s € =, f(s,-) is differentiable. Moreover, there exists ¢ > 0,z € X such
that

J 195G, 2)]1"+* ulds) < oo.

Assumption 5.2.3. There exists L > 0 such that V f(s, ") is u-a.e, a L-Lipschitz continuous function.
Assumption 5.2.4. Vx € X, /d(x, D(s))? u(ds) > Cd(x)?, where d(-) is the distance function to D.

Assumption 5.2.5. For every compact set IC C X, there exists ¢, C, 7 > 0 such that for all v € (0, o]

and all z € C, .

'71+8

[ 1105, () = oy (@)1 u(ds) < C
Assumption 5.2.6. There exists , € argmin F + G and ¢ € &3, ) (see Sec. 2.3) such that
V() € L2EX) and [V f(s,2.) p(ds) + [ ¢(s) pu(ds) = 0.
Assumption 5.2.7. The function F'+ G satisfies one of the following properties:
(a) F'+ G is coercive i.e F(x) + G(x) —|jz||—+o0 +00

(J»‘)+HG(06)

(b) F + G is supercoercive i.e r i — |zl ~4o00 TOO.

Assumption 5.2.8. There exists 7 > 0, such that for all v € (0,7] and all x € X,

1
J IV E o)+ 21080 ) = Mo () ()
<C(1+|F'(x)+ G (2)]) .
where f, (s, -) is the Moreau envelope of f(s,-).

Theorem 5.2.1. Let Assumptions 5.2.1- 5.2.8 hold true. Then, for each probability measure v over X
having a finite second moment, for any € > 0,

n

lim sup > P (d(z”,argmin(F + G)) >¢) — 0.

n—oco N + k=0 v—0

Moreover, if Assumption 5.2.7—(b) holds true, then

limsup P (d(z27, argmin(F + G)) > ¢) — 0 and
v

n—oo

limsup d(E(z)7),argmin(F + G)) — 0.

n—00 y—0
vy 1 vy
where 27 = =50 .

Loosely speaking, the theorem states that, with high probability, the iterates (z%7),, stay close to the
set of solutions argmin F'+ G as n — oo and 7 — 0. This theorem is reminiscent of Corollary 4.4.3.
Moreover, Assumptions 5.2.1- 5.2.8 are reminiscent of Assumptions C1- C4 of Chap. 4. Note that
Assumption 5.2.1 combined with Assumption 5.2.3 implies that for every compact set X C X, there
exists £ > 0 such that

sup IV £ (s, )| u(ds) < oo
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Since f(s,-),4(s,-) € I'o(X), and f(s,-) is differentiable, [103]
O(F + G)(x) = VF(x) + 9G(2) = Ec(V (€, ) + Ee(09(&, 7)),

where the set E(Jg(&,z)) is defined by its selection integral, see Eq. 2.4. Therefore, using Fermat's
rule, if z € argmin F' + G, then there exists ¢ € L}(Z,X), such that ¢(s) € dg(s,z) p-a.s, and
IV f(s,z)p(ds) + [¢(s)u(ds) = 0. We refer to (Vf(-,z),¢) as a representation of the solution x.
Assumption 5.2.6 ensures the existence of x, € argmin F' + G with a representation Vf(-,z),¢ €
L£2(Z,X).

5.3 Outline of the convergence proof

This section is devoted to sketching the proof of the convergence of the stochastic Douglas Rachford
algorithm. The approach follows the same steps as Chap. 4 and is detailed in the Technical Report [110].
The first step of the proof is to study the dynamical behavior of the iterates (2%7),, where a € D.
Consider the continuous time stochastic process x*” obtained by linearly interpolating with time interval

7 the iterates (z7):
a,”y

_ pQyY
X3V(t) = 297 + (t — ny) Tt In (5.4)
i

for all t > 0 such that ny <t < (n+ 1)v, for all n € N. Let Assumptions 5.2.1-5.2.5  hold true.
Consider the set C(R ., X) of continuous functions from R, to X equipped with the topology of uniform
convergence on the compact intervals. It is shown that the continuous time stochastic process x*7
converges weakly over R, (i.e in distribution in C(R,, X)) as v — 0. Moreover, the limit is proven to
be the unique absolutely continuous function x over R satisfying x(0) = a and for almost every ¢ > 0,
the Differential Inclusion (Dl),

x(t) € =(VF + 0G)(x(t)), (5.5)

(see Sec. 2.2.2). The semiflow associated with the DI is denoted ®. The weak convergence of (x*7) to
x is not enough to study the long term behavior of the iterates (z%7),,. The second step of the proof is
to prove a stability result for the Feller Markov chain (2%7),. Denote by P, its transition kernel. The
deterministic counterpart of this step of the proof is the so-called Fejér monotonicity of the sequence
(x,) of the algorithm (5.2). Even if some work has been done [24, 48] to generalize the latter Fejér
monotonicity to the stochastic setting, there is no immediate way to adapt it to our framework. As an
alternative, we assume Hypotheses 5.2.3-5.2.6, and prove the existence of positive numbers o, C' and 7,
such that for every v € (0, o],

Enlloniy — 2l® <[l277 — zf? (5.6)
—ay(F7 4+ G)(zy") +~C.
In this inequality, IE,, denotes the conditional expectation with respect to the sigma-algebra o(x{, ..., 27)
and
Pﬂﬂz/ﬁ@@M@LCm@:/%@mMﬁ)
Since v — F7(z) + G7(z) is decreasing (see Sec. A or Chap. 4, End of the proof of Prop. 4.4.1),
the function F'7 4+ G7 in Eq. (5.6) can be replaced by F0 4+ G. Besides, the coercivity of F' + G

IIn the case where the domains are common, i.e s —> D(s) is p-a.s constant, the moment Assumptions 5.2.1 and 5.2.2
are sufficient to state the dynamical behavior result. See Sec. 5.5 for an applicative context where the domains D(s) are
distinct.
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(Assumption 5.2.7) implies the coercivity of F° + G (see Sec. A or Chap. 4, End of the proof of
Prop. 4.4.1). Therefore, assuming 5.2.3-5.2.7 and setting W = F° + G, there exist positive numbers
a, C" and g, such that for every v € (0, o],

Enllznt — zll® < [l — 2ll® — an¥(ay”) +C. (5.7)

n

Equation (5.7) can alternatively be seen as a tightness result. This is the purpose of Chap. 3,
Sec. 3.8.3. It implies that the set I, of invariant measures of the Markov kernel P, is not empty for
every v € (0,7, and that the set

Inv = U090 1y (5.8)

is tight.

It remains to characterize the cluster points of Inv as v — 0. To that end, the dynamical behavior
result and the stability result are combined. Let Assumptions 5.2.1- 5.2.8 hold true. 2 Then, the set
Inv is tight, and, as 7 — 0, every cluster point of Inv is an invariant measure for the semiflow ®. The
Theorem 5.2.1 is a consequence of this fact.

5.4 Application to structured regularization

In this section is provided an application of the stochastic Douglas Rachford (5.3) algorithm to solve a reg-
ularized optimization problem. The code is available at the address https://github.com/adil-salim/
Stochastic-DR. Consider problem (5.1), where F'is a cost function that is written as an expectation,
and G is a regularization term. Towards solving (5.1), many approaches involve the computation of the
proximity operator of the regularization term G. In the case where G is a structured regularization term,
its proximity operator is often difficult to compute. We shall concentrate on the case where G is an
overlapping group regularization. In this case, the computation of the proximity operator of GG is known
to be a bottleneck [132]. We shall apply the algorithm (5.3) to overcome this difficulty.

Consider X = R, N € N*, and g € N*. Consider g subsets of {1,...,N}, Si,...,S,, possibly
overlapping. Set G(z) = Y 7_, |lzs,||, where zg, denotes the restriction of x to the set of index S
and || - || denotes the Euclidean norm. Set F(z) = E,)(h(n(x,§))) where h denotes the hinge loss
h(z) = max(0,1—z) and (£, n) is a r.v defined on some probability space with values in Xx{—1,+1}. In
this case, the problem (5.1) is also called the SVM classification problem, regularized by the overlapping
group lasso. It is assumed that the user is provided with i.i.d copies ((&,,7,))n of the r.v (£,1) online.

To solve this problem, we implement a stochastic Douglas Rachford strategy. To that end, the
regularization G is rewritten G(z) = E,(g||xs,|) where J is an uniform r.v over {1,...,g}. At each
iteration n of the stochastic Douglas Rachford algorithm, the user is provided with the realization (&, 7,)
and sample a group J,, uniformly in {1,...,g}. Then, a Douglas Rachford step is done, involving the
computation of the proximity operators of the functions g, : x +— ||z, || and f, : 2 = h(n. (2, &)

This strategy is compared with a partially stochastic Douglas Rachford algorithm, deterministic in the
regularization GG, where the fast subroutine Fog-Lasso [132] is used to compute the proximity operator
of the regularization GG. At each iteration n, the user is provided with (,,7,). Then, a Douglas
Rachford step is done, involving the computation of the proximity operators of the functions G and
fn @ = h(n,(z,&,)). Figure 5.1 demonstrates the advantage of treating the regularization term in a
stochastic way.

In Fig. 5.1 "Stochastic D-R" denotes the stochastic Douglas Rachford algorithm and "Partially
stochastic D-R" denotes the partially stochastic Douglas Rachford where the subroutine FoG-Lasso [132]

2Assumptions 5.2.4, 5.2.5 and 5.2.8 are not needed if the domains D(s) are common i.e if s — D(s) is constant.
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Figure 5.1: Left: The objective function F' + G as a function of time in seconds for each algorithm.
Right: Histogram of the Initialization and the last iterates of the Stochastic D-R (S. D-R) and the
partially stochastic D-R (Part. S. D-R).

is used at each iteration to compute the true proximity operator of the regularization GG. Fig. 5.1 also
shows the appearance of the first and the last iterates. Even if a best performing procedure [132] is used
to compute prox.;, we observe on Fig. 5.1 that Stochastic D-R takes advantage of being a stochastic
method. This advantage is known to be twofold ([34]). First, the iteration complexity of Stochastic
D-R is moderate because prox. is never computed. Then, Stochastic D-R is faster than its partially
deterministic counterpart which uses Fog-Lasso [132] as a subroutine, especially in the first iterations
of the algorithms. Moreover, Stochastic D-R seems to perform globally better. This is because every
proximity operators in Stochastic D-R can be efficiently computed ([12]). Contrary to the proximity
operator of G [132], the proximity operator of g, is easily computable. The proximity operator of f,, is
easily computable as well.3

5.5 Application to distributed optimization

We now consider an application of the stochastic Douglas Rachford algorithm to a distributed opti-
mization problem. More precisely, a slowly moving underwater target has to be located. To this end,
M transmitters and NN receivers are spatially distributed. We consider the case of a two-dimensional
space, although the sequel can be easily extended to a three-dimensional space. If the receivers process
the measurements they receive at the same time and at each time step, we shall say that the receivers
operate synchronously. For more flexibility, we shall assume that the receivers only process the mea-
surements at random instants, i.e operate asynchronously. Networks of sensors often work under this
additional restriction. The processing takes the form of a computation (of a proximity operator w.r.t
the measurements they receive) and/or a communication of the estimated position of the target by a
receiver to another receiver. More precisely, assume that N = 1. It can be shown that the position
(z(t),y(t)) € R? of the target at time ¢ can be estimated by solving an optimization problem of the form

Jmin A (r.)" = o) (59)

3Even if h(z) = log(1 + exp(—=x)) (logistic regression), the proximity operator of f,, is easily computable, see [44].
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where A(t) and b(t) encode the positions of the receiver and the transmitters, as well as the measurements
of the receiver at time ¢. If several receivers are used, i.e N > 1, consider a connected graph G = (V, E)
where the set V' = {1,..., N} of vertices is the set of receivers and F is the set of edges. Receivers are
allowed to communicate along the edges of E. In this case, the network of receivers has to solve at each
instant ¢ the following problem to estimate the position of the target:

min Y || A;(t —bi(t)]]*. (5.10)

2
(z,y)€R %

This problem need to be solved asynchronously and can be seen as a consensus problem : at each instant
a receiver will update its estimation of the position of the target and share it with a neighbor in G.
Indeed, Problem (5.10) is equivalent to

min DA (i )" = b1+ > es((@i, 90, (25,35) (5.11)

2
($17y1)7 7($N7yN ER eV {%]}eE

where S = {(z,2') € R? x R? 2z = 2'}. For every v € V and every e € E consider the convex functions
g<<va 6)? ) : (R2)N — <_007 _'_OO] defined by g((U, 6)7 ((xlu y1>7 R (xNv yN))) = LS(<xi7yi)7 (xjv yj))
where e = {7, j} and f((v,e),-) : (R*)Y — (—o0, +00) defined by f((v,e), ((x1,91),--., (N, yn))) =
| Ay (t) (20, )T — by(t)||%. Finally, consider a r.v & = (£(1),£(2)) where £(1) has a uniform distribution
over V and £(2) has a uniform distribution over E. Problem (5.11) is equivalent to finding a minimizer
of E¢(f(&,-)+g(&,-)) for which we apply stochastic Douglas Rachford algorithm (5.3). At each iteration
of this algorithm, a randomly chosen receiver update its estimated value of the position of the target
by computing a proximity operator w.r.t. its measurements. Then, two randomly chosen neighbors
share their estimated value. Namely, they compute the mean of their values and update their values
with the mean. The resulting algorithm is asynchronous and distributed. Moreover, it could be easily
made adaptive : if the measurements are corrupted by a zero-mean noise, the proposed algorithm still
converges because it is an instance of stochastic Douglas Rachford (5.3).

In our numerical simulation, we considered two transmitters and six receivers, whose positions in 2D
Cartesian coordinates are: ¢; = [0,0], to = [2000,2000], r; = [—1000, —1000], ro = [1500, —1000],
rs = [—1000,1000], r4 = [1500,1000], r5 = [1500,2500], and r, = [2500, 1500], respectively. The
receivers form nodes of the connected graph G with edges

E={{1,2},{1,3},{2,4}, {3,4}, {4,5}, {4,6}}.

The initial position of the target is [500, 500]. The target is moving according to a spiral. We show the
tracking ability of the proposed asynchronous adaptive distributed algorithm. This algorithm is compared
to its synchronous analogue (which can also be cast as an instance of stochastic Douglas Rachford (5.3)).
Figure 5.2 shows the true track of the target, and the tracks estimated by the two algorithms. Between
two sample points of the true track (i.e. between two blue star markers on blue curve), we allowed
50 iterations for both the algorithms, and it is sufficient to track continuously the target with good
accuracies. In spite of using only two nodes in estimation at each iteration, the asynchronous algorithm,
after certain initial lag, performs almost similar to the synchronous one that involved all six nodes at
each iteration.
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Figure 5.2: Numerical simulation results on tracking slowly moving target.
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Chapter 6

Introduction to Stochastic
Approximations with a decreasing step
size involving Maximal Monotone
Operators

In the first part of this thesis, we introduced the constant step stochastic approximation framework (1.4)
for two kinds of underlying DI. We first studied the DI induced by an usc operator. Then, by considering
first the model of the stochastic Forward Backward and then the model of the stochastic Douglas
Rachford, we studied DI induced by a monotone operator.

In the second part of this thesis, we are interested in decreasing step sizes stochastic approximation al-
gorithms. More precisely, we are motivated by applications of the stochastic Forward Backward algorithm
with vanishing step sizes. The paper [24] performs a theoretical study of the stochastic Forward Back-
ward (FB) algorithm. The authors brought tools from dynamical systems and stochastic approximation
to prove the almost sure convergence of the iterates of the stochastic FB algorithm.

In this chapter, we recall the main results and the proof technique of [24]. Although the results
of [24] are prior to this thesis, this chapter is the entry point for our applications, which will be studied
in the two next chapters.

Chapter organization. In the next section, the stochastic Forward Backward algorithm with decreas-
ing step is presented. Then, the main convergence result of this algorithm is stated in Sec. 6.2. Finally,
a sketch of the convergence proof is provided in Sec. 6.3.

6.1 The stochastic Forward-Backward algorithm

Consider two random monotone operators A, B : (£,%,u) — #(X) such that for every s € =,
dom(B(s)) = X. Denoting A(s,z) the image of x by the operator A(s), recall that s — A(s,z) is
measurable, and similarly for B. Consider a function b : = x X — X such that b is 4 ® %(X)-measurable
and for every z € X, b(s,x) € B(s,z) for y-a.e. s € =. A possible choice for b(s, z) is By(s, ), the least
norm element in B(s,z). Assume moreover that b(-, x) is u-integrable for all . Under this hypothesis,
b(-,z) € 6]15,(,@) and B(-,x) is u-integrable for every = € X, we set B(z) := [ B(s,x)u(ds), where a
selection integral is used (see Eq. (2.4)). Note that dom B = X. Denote D the essential intersection of
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the domains D(s) = dom(A(s)) (see Eq. (2.5)). Assuming that D # () and that A(-,x) is integrable
for every x € D, we denote the selection integral A(x) := [ A(s,z)u(ds).

Let (&,) be an i.i.d. sequence of random variables from a probability space (£2,.%#,P) to (Z,¥) with
the distribution p. Let xg be an X-valued random variable with probability distribution v, and assume
that x¢ and (&,,) are independent. Starting from xg, our purpose is to study the behavior of the iterates

Lntl = J%+1(£n+17 Tn — Ynp10(§nv1, Tn)), mEN, (6.1)

for a given sequence of positive step size (v,) € ¢*\ (', where we recall the notation J,(s,-) :=
(I +~A(s))7L() for every s € .

In the deterministic case where the functions A(s,-) and B(s,-) are replaced with deterministic
maximal monotone operators A(-) and B(-), with B assumed single-valued and the step size 7, = ~
assumed to be constant, the algorithm coincides with the well-known Forward-Backward algorithm. If
B is cocoercive, and v > 0 not too large, the Forward-Backward algorithm converges to an element
of Z(A + B), provided this set is not empty [12, Th. 25.8]. In the stochastic case who is of interest
here, the sequence (7,,) has to converge to zero in order to make the stochastic Forward Backward (6.1)
converging to an element of Z(A + B).

6.2 Almost sure convergence of the iterates

In this section, we present the main convergence result of the stochastic Forward Backward algorithm
with decreasing step size (6.1).
For every x, € Z(A + ), define the set of 2p-integrable representations of the zero z,:

Rap(w:) = {(0,0) € &%,y x &Y+ [wdn+ [wdy =0} (6.2)
Consider the following assumptions.
Assumption 6.2.1. The sequence of positive step sizes satisfies (v,,) € 2\ ¢! and % — 0.
Assumption 6.2.2. The monotone operator A is maximal.
Assumption 6.2.3. There exists an integer p > 1 and z, € Z(A + B) such that Ry, (x,) # 0.
Assumption 6.2.4. For every x, € Z(A+ B), Ra(x,) # 0.

Assumption 6.2.5. For any compact set K of X, there exists ¢ € (0, 1] such that
sup [ || Ao(s, @) pu(ds) < oo
xeXND

Moreover, there exists zy € D such that
J 1 As(s,20) [+4u(ds) < oo.
Assumption 6.2.6. There exists C' > 0 such that for any z € X,
[ d(e. Dis))*u(ds) = Cd(a)?
where d(+) is the distance function to D.
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Assumption 6.2.7. There exists C' > 0 such that for any = € X and any v > 0,
1
74/||Jw(8,96) — apeey (@) u(ds) < C(1+ [|=]*)

where the integer p is specified in Assumption 6.2.3

Assumption 6.2.8. There exists M : Z — R, such that M? is p-integrable, and for all z € X,
16(s,z)|] < M(s)(1+ ||z||). Moreover, there exists a constant C' > 0 such that [ ||b(s, z)||*u(ds) <
C(L+[lz]).

Theorem 6.2.1 ([24]). Assume that Assumptions 6.2.1-6.2.8 hold. Then, there exists a random variable
X, such that P(X, € Z(A+ B)) = 1 and such that the sequence of empirical means (z,,),, converges
a.s. to X,. Moreover, if A+ B is demipositive, then x,, —, ., X, a.s.

6.3 General Approach

In this section, we present the general approach used to prove the convergence of the stochastic Forward
Backward (6.1) with decreasing step size. The approach relies on related the iterates of (6.1) with the DI
associated to the monotone operator A+ B (see Sec. 2.2.2). More precisely, let us endow the probability
space (2, .%#,P) with the filtration (.%,,) defined as %, = o(&,...,&,), and we write E,, = E[- | .%,,].
In particular, Eg = E.

The principle of the proof of convergence of the algorithm (6.1) is the following. Given a € X,
consider the Differential Inclusion (DI) associated with the monotone operator A + B (see Sec. 2.2.2)

{ igé)) € ;‘(A+B>(z(t)) (6.3)

Since B is maximal ([24, Prop. 3.1]), dom B = X and A is maximal (6.2.2), A + B is maximal ([12,
Corollary 24.4]). Denote ® the semiflow with (6.3). Let us introduce the following function | from X" to
the space of C(R,X). For x = (x,,) € XY, the function x = I(z) is the continuous interpolated process
obtained from x as

Il " — ) (6.4)

Tn+1

for t € [T, Tny1), Where 7, = S"7_; 7. Consider the interpolated function x = I((z,,)) where (z,,) is the
sequence satisfying (6.1). The paper [24] proves the two following facts:

x(t) =z, +

e The sequence (||x,, — x.||) is almost surely convergent for each z, € Z(A + B),

e The process x(t) is an almost sure Asymptotic Pseudo Trajectory (APT) of the semiflow ® see
Chap. 1 or [15]. Namely, for each T" > 0,

sup [|x(t + u) — (T (x(1)), w) | 2 0. (6.5)
u€[0,T] 00

Taken together, these two results lead to the a.s. convergence of the empirical means
7, = > k=1 VkTk
Tn
to some r.v. X, supported by the set Z(A + B), as is shown by [24, Cor. 3.2]. Moreover, if A+ B is

demipositive (for example if A+ B = 0G,G € I'y(X)), then z,, also converges to X,.
The following proposition can be found in [22, Prop. 1] or [24, Prop. 6.1]:
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Proposition 6.3.1. Let Assumptions 6.2.1 and 6.2.4 hold true. Then the following facts hold true:
1. For each z, € Z(A + B), the sequence (||z, — x4||) converges almost surely.
2. The sequence (z,,) is bounded almost surely and in £%(Q, #,P; X).

3. E [ vmin A0 (8, 0 — Yniab(s, 2))|[Pp(ds)] < oo

It remains to establish the almost sure APT. We just provide here the main arguments of this part
of the proof, since it can be found in [24].
Let us write

Tptl = Tn — 7n+lb(€n+17 mn) - 7n+1A7n,+1 (Sn-&-b Tp — 7n+1b(§n+la xn))a (6-6)
and let us also define the function
ho(s, ) = —b(s,) — Ay (s, 7 = b(s,)) (6.7)

Using Assumptions 6.2.5 and 6.2.8, [ ||h4(s,2)|p(ds) < oo and we define:

H(z) = / h (s, 2)p(ds).
Note that 41 = n + Ynt1hy,,, (§nt1, Tn). Defining the (#,) martingale
M, = Z T — ]Ekfl[xk]
k=1

it is clear that z,41 = @, + Vo1 H,,,, (€n) + (Myy1 — M,). Let us rewrite this equation in a form
involving the continuous process x = I((x,,)). Defining M = 1((M,,)), and writing

r(t) =max{k >0 : 7, <t}, t>0,

we obtain

t
X(To + 1) — X(7) = — /0 Hy oo (s du

+ M(7, +t) — M(7,) . (6.8)
The first argument of the proof of the almost sure APT is a compactness argument on the sequence

of continuous processes (X(7,, + -))n.
Specifically, we show that on a P-probability one set, this sequence is equicontinuous and bounded. By
Ascoli's theorem, this sequence admits accumulation points in the topology of the uniform convergence
on the compacts of R,. As a second step, we show that these accumulation points are solutions to the

differential inclusion (6.3), which is in fact a reformulation of the almost sure APT property (6.5).
Since

Elltns ~ Entniall] = ZEEnsn, ) — [ b, a)i(ds)
+ A'yn+1(5n+la Tp — ’Yn+1b(€n+17 xn)) - /A'Yn+1 (37 Tp — 7n+1b(57 xn))U(dS) HQ]

< 42 (B[ (s, 20) 20(ds) + [ 11As, (50 = s, 0)) [P ds)]
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we obtain by Prop. 6.3.1 that sup,, E[||M,||*] < oco. Thus, the martingale M, converges almost surely,
which implies that the sequence of stochastic processes (M(7,, + ) — M(7,)), converges almost surely
to zero, uniformly on R, .

Using Assumptions 6.2.5, 6.2.8 and the fact that the sequence (z,,) is almost surely bounded by
Prop. 6.3.1, it is easily seen that

sup | Hy,., (2] < 00 as.,
n

provided that D(s) = X (we shall call this context the full domain case) for p-a.e. s € Z. The case
where D # X introduces more technicalities in this part of the proof, that we have chosen to omit.
Inspecting (6.8), we thus obtain that the sequence (x(7,, + -)), is equicontinuous and bounded with
probability one.

In order to characterize its cluster points, choose T' > 0, and consider an elementary event on the
probability one set where (x(7,, + -)), is equicontinuous and bounded. With a small notational abuse,
let (n) be a subsequence along which (x(7,, + -)),, converges on [0, 7] to some continuous function z(t).
This function then is written as

n—oo

¢
z(t) — z(0)=— lim /Odu /:u(ds) P o (85 Tr(rtu))-

Using Assumptions 6.2.5, 6.2.8 and the fact that the sequence (z,,) is bounded by Prop. 6.3.1 it is easy
to see that there exists ¢ > 0 such that

SUP [ 1 (5,0 [ pu(ds) < o0.

As a consequence, the sequence of functions (h, . . (S, Zr(r, +u)))n in the parameters (s, u) is bounded
in the Banach space £'*¢(du ® du) where du is the Lebesgue measure on [0, 7. Since the unit ball of
L1 (du®du) is weakly compact in this space by the Banach-Alaoglu theorem, since this space is reflexive,
we can extract a subsequence (still denoted as (n)) such that h, . . (S, %s(r,1u)) converges weakly in
L1 (dp @ du), as n — oo, to a function Q(s,u). The remainder of the proof consists in showing that
@ can be written as Q(s,u) = a(s,u) + (s, u) where a(s,u) € A(s,z(u)) and S(s,u) € B(s,z(u))
for du ® du-almost all (s,u). Indeed, once this result is established, it becomes clear that z(¢) is an
absolutely continuous function whose derivative satisfies almost everywhere the inclusion (6.3). We just
provide here the main argument of this part of the proof. Let us focus on the sequence of functions of
(s,u) € = x [0,T] defined by

A’YT(Tn-HLH—l (87 ‘r'I‘(Tn"FU) - /}/’V‘(Tn'f'u)"rlb(‘s? ‘r"'('rn"!‘u)))

and indexed by n. This sequence is bounded in £¢(du ® du) on a probability one set, as a function of
(s,u), for the same reasons as those explained above for (h,, . . (S, Ts(,4w))n- We need to show that
any weak limit point a(s, u) of this sequence satisfies a(s,u) € A(s,z(u)) for du ® du-almost all (s, u).
Using the fact that x(7,,+-) — z(-) almost surely, along with the inequality (A, (s, z) —w, J, (s, z) —v) >
0, valid for all z,v € X and w € A(s,v), we show that (a(s,u) —w,z(u) —v) > 0 for du® du-almost all
(s,u). Since v € X and w € A(s,v) are arbitrary, we get that a(s,u) € A(s,z(u)) using the maximality
of the monotone operator A(s). The APT property is shown.
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Chapter 7

A Primal Dual Algorithm for Stochastic
Composite Optimization under
Stochastic Linear Constraints

In this chapter, we propose a new stochastic primal-dual algorithm for solving a composite optimization
problem under linear constraints. We assume that all the functions to be minimized are given as statistical
expectations, as well as the matrices and the vector defining the linear constraints. These expectations
are unknown but revealed across the time through i.i.d realizations of a random variable. The proposed
algorithm can be seen as a stochastic Forward Backward to find a zero of the sum of two monotone
operators. The two monotone operators are given as selection integrals and are not subdifferentials in
general. We prove that the sequence of empirical means of the iterates converges to a saddle point
of the Lagrangian function. The proposed algorithm is tested experimentally to solve a decentralized
optimization problem over a real-life graph of computing agents.

7.1 Introduction

Many applications in machine learning, statistics or signal processing require the solution of the following
optimization problem. Given three Euclidean spaces X, Z, and V, find a point (x, z) € X x Z such that

F(z) + G(z) + P(2) + Q(2) is minimum on {(z,2) € X X Z, Az + Bz = c}, (7.1)

where F,G,P,Q are convex functions such that F and P have a full domain, A belongs to the set
L(X,V) of X — V linear operators, B € £(Z,V), and c is a vector in V. In order to solve Problem (7.1),
primal-dual methods typically generate a sequence of primal estimates (z,, z,)n,en and a sequence of
dual estimates (\,,)nen jointly converging to a saddle point of the Lagrangian function. For every saddle
point of the Lagrangian function (z,z,\), (x,2) is a solution of the primal problem (7.1) and A is a
solution of a dual problem of (7.1). Conversely, assume that the following qualification condition

c €ri(Adom G+ BdomQ)

holds true, where ri is the relative interior of a set [12]. Then, there exists a saddle point of the
Lagrangian function and for every solution (z, z) of (7.1) and every dual solution A, (z, z, \) is a saddle
point of the Lagrangian. There is a rich literature on such algorithms which cannot be exhaustively
listed [62, 42, 51, 124].
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In this chapter, it is assumed that the quantities that enter the minimization problem are likely to be
unavailable or difficult to compute numerically. More precisely, it is assumed that the functions F, G, P and
Q are defined as expectations of random functions w.r.t a probability measure 1. Namely, these functions
take the forms F(z) = Ee(f(¢,)), G(x) = Be(g(¢, 7)), P(2) = Be(p(&, 2)), and Q(z) = Ee(ql(&, 2))
where f,g,p,q are normal convex integrands and ¢ is some random variable with distribution . In
addition, it is assumed that the operators A and B are written as A = E:A({) and B = EB(¢), where
A and B are measurable functions with values in £(X,V) and £(Z,V) respectively. Finally c takes the
form ¢ = E¢c(§). As an extreme case, none of these expectations are available to the observer. What is
given to this observer are the functions f, g, p, ¢, A, B, and ¢, and a sequence of i.i.d random vectors
(&) with the probability distribution p. A new stochastic primal dual algorithm based on this data is
proposed to solve Problem (7.1).

The convergence proof for this algorithm relies on Th. 6.2.1 of Chap. 6. The algorithm is built around
an instantiation of the stochastic Forward-Backward algorithm involving random monotone operators
that was introduced in [24] (see also Chap. 6). Existing methods typically allow to handle subproblems
of Problem (7.1) in which some quantities used to define (7.1) are assumed to be available or set
equal to zero [92, 104, 105, 133, 131, 48, 49, 122]. In particular, the new algorithm generalizes the
stochastic gradient algorithm (in the case where only F is non zero), the stochastic proximal point
algorithm [95, 122, 22] (only G is non zero), and the stochastic proximal gradient algorithm [2, 3, 27, 49]
(only F 4 G is non zero).

With [131], the proposed algorithm is one of the first methods that allow to tackle stochastic con-
straints online. While [131] is focused on convex and compact constraints, this chapter consider the
case of unbounded linear constraints. Handling stochastic constraints online is suitable in various fields
of machine learning like Neyman-Pearson classification or online portfolio optimization. For example, in
online Markowitz portfolio optimization ([37]) one has to solve the minimization problem

min E¢((z, £)?) s.t. reA and (z,E () =r, (7.2)

rcR4

where £ is a random vector in R?, r > 0 and A is the simplex of R?. Authors usually assume E,(¢) to be
known or estimated [95, 133]. The new primal dual algorithm is also an alternative to efficient methods
([1]) in huge scale convex optimization

rlpér(l F(z) + G(z) + Q(Ax) (7.3)
where the functions F,G and Q are intractable and matrix vector operations involving A are also in-
tractable. In many cases, F and G are cost functions and Q(Ax) a structured regularization term that
must be handled by splitting Q and A. Finally, in distributed optimization, in the context where a network
of computing agents is required to minimize a cost function, the proposed algorithm allows to design a
fully asynchronous and adaptive algorithm in which, at each iteration, only one randomly chosen agent
becomes active.

Chapter organization. The chapter is organized as follow. The next section is devoted to rigorously
state the main problem and the main algorithm. In Sec. 7.3 the convergence proof of the algorithm is
given. Application to distributed optimization is discussed in Sec. 7.4.
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7.2 Problem description

Any space of linear operators between two Euclidean space is endowed with the operator norm || - || and
the resulting Borel field, and can be identified with a space of matrices.

Let f: =X X — (—00, 0] be a normal convex integrand, and assume that [ |f(s,z)| u(ds) < oo for
all z € X. Consider the convex function F(z) defined on X as the Lebesgue integral F(z) = Ef(¢, x).
The interchange property holds : OF(z) = [ Of(s,z)u(ds) (see Ex. 3 of Chap. 2).

Let g : = x X — (—00, 00| be a normal convex integrand, and let G(x) = E¢g(§, x), where the
integral is defined as the sum

g(s,z) u(ds) + g(s,x) p(ds) + I(x),
/{559(571)6[0700)} ( ) ( ) {s:g(s,x)€]—00,0[} ( ) ( ) ( )

e f (s - g(s.) = 00))
| 4oo, itpu(is:g(s,x) =o00}) >0,
I(z) = { 0, otherwise,

and where the convention (+00) 4+ (—00) = 400 is used. Assume G(z) > —oo for all = [125], and
assume that G is proper. We shall assume that the interchange property holds for g (see Ex. 3 of Chap. 2
for sufficient conditions).

To proceed with our problem statement, we introduce two normal convex integrands p,q : = x Z —
(—00, 00| and assume that the function p (resp. g) has verbatim the same properties as f (resp. g), after
replacing the space X with Z. We also write P(z) = E¢p(§, ) and Q(x) = E¢q(&, ).

Finally, let A : E — L(X,V) and B : = — L(Z,V) be operator-valued random variables, and let
¢ : E — V be a vector-valued random variable. Let us assume that ||A(-)||, || B()||, and ||¢(:)|| are
p-integrable, and let us introduce the Lebesgue integrals A = E;A(€), B =E:B(£), and ¢ = E¢c(§).

Having introduced these functions, our purpose is to find a solution (z, z) € X x Z of Problem (7.1),
where the set of such points is assumed non empty. To solve this problem, the observer is given the
functions f, g,p,q, A, B, and ¢, and a sequence of i.i.d random variables (&,),en from a probability space
(Q,.7,P) to (£,%) with the probability distribution . -

We shall denote as V f(s, ) a measurable subgradient of f(s,) at . More precisely, Vf : (2 x
X, 9 @ B(X)) — (X, (X)) is a measurable function such that for each z € X, Vf(-,z) € Shfim)
(recall that this set is non empty). A possible choice for Aﬁf(s,a:) is Oof(s,x) (see [24, §2.3 and §3.1]
for the measurability issues). The notation Vp(s, z) will have a similar meaning.

Turning back to Problem (7.1), our purpose will be to find a saddle point of the Lagrangian
((x,2),A\) = F(x) + G(z) + P(2) + Q(2) + (\,Az + Bz — ¢). Denoting as Z C X x Z x V the
set of these saddle points, an element ((x, z), A) of Z is characterized by the inclusions

0 € OF(z)+0G(x)+ AT\,
0 € OP(2)+0Q(z) + BT, (7.4)
0 = —Axr—Bz+c.

The algorithm proposed here consists in the following iterations applied to the random vector
(T, Zns An) € X X Z x V. Given a sequence of positive weights (7, )nen, set
The convergence of this algorithm is stated by the following theorem.

Theorem 7.2.1. Consider the Problem (7.1), and let the following assumptions hold true.

1. The step size sequence satisfies (7,) € €2\ ¢*, and v,,41/7 — 1 as n — oo,
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Algorithm 1 The Main Algorithm

Tnt+1 = PIOX, 1 g(éntt,) <xn - '7n+1(,vvf(€n+la xn) + A(gnJrl)T)‘n)) )
R+l = PrOXy o a(éngn,) <zn - 7n+1(Vp(€n+lv Zn) + B(£n+1)T)‘n>) )
A1 = An A Yot (A1) Tn + B(&ns1)zn — c(€ngr)) -

2. There exists an integer m > 2 that satisfies the following conditions:

e The functions A(-), B(-) and ¢(-) are in L*™(u).
2m

e There exists a point (z,, 2, A,) € Z, and four functions ¢, € 6(29’}”‘(,@*), g € Soglzn):
pp € 637 .. and p, € &7, for which

/apfd,u + /gagdu +AT), =0, and /gppd,u + /(pqdu + BT\, =0. (7.5)
The last assumption is verified for m = 1 and for each point (z,, z,, \y) € Z.

3. For any compact set K of dom 0G, there exist € € (0,1] and xy € dom OG such that

sup [ [19bg(s.)[[*p(ds) < +oo. and [ [|g(s,x0)]|"* /" p(ds) < +oc.

4. Writing Dy,(s) = dom Og(s, -), there exists C' > 0 such that for all z € X,

dist(x, Dy (s))*pu(ds) > C dist(z, dom 0G)?.
g

5. There exists C' > 0 such that for any z € X and any ~v > 0,

‘/W|proxywsg(x)-—lid(DaAs»(s,x)H4u(d5) < O LA+ JJ=]P™),
where m is the integer provided by Assumption 2.
Assumptions similar to 3-5 are made on the function g.

6. There exists a measurable = — R, function 3 such that 3°™ is p-integrable, where m is the
integer provided by Assumption 2, and such that for all z € X,

IVf(s,2)| < B(s)(1+[|z]).

Moreover, there exists a constant C' > 0 such that [ ||V f(s,z)|[*(ds) < C(1 + ||z]|*™).
A similar assumption is made on the function p.

Consider the sequence of iterates (x,,, z,,, A,) produced by the algorithm 1, and define the averaged

estimates . . . )
1 VT 1 VEZ - _
7 o= > k=1 VETk 5 — > k=1 VkZk and A, = > k=1 YAk

! > k=1 Yk C k=1 Tk 7 > k=1 Yk '
Then, the sequence (Z,,, Z,, \,) converges almost surely (a.s.) to a random variable (X, Z, A) supported
by Z.
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Let us now discuss our assumptions. Assumption 1 is standard in the decreasing step case. As-
sumption 2 is a moment assumption that is generally easy to check. Note that this assumption requires
the set of saddle points Z to be non empty. Notice the relation between Equations (7.5) and the first
two inclusions in (7.4). Focusing on the first inclusion, there exist a € OF (x,) = [ 0f(s,z,)u(ds) and
b€ 0G(z,) = [0g(s, z)p(ds) such that 0 = a + b+ AT),. Then, Assumption 2 states that there are
two measurable selections o, and ¢, of Of (-, z,) and dg(-, z,) respectively which are both in £*™(p) and
which satisfy a = E,,¢; and b = E,,. Not also that the larger is m, and the weaker is Assumption 5.

Assumption 3 is relatively weak and easy to check. This assumption on the functions g and ¢ is much
weaker than Assumption 6, which assumes that the growth of V f(s,-) and Vp(s,-) is not faster than
linear. This is due to the fact that ¢ and ¢ enter the algorithm 1 through the proximity operator while the
functions f and p are used explicitly in this algorithm. This use of the functions f and p is reminiscent
of the well-known Robbins-Monro algorithm (see, e.g. [54]), where a linear growth is needed to ensure
the algorithm stability. Note that Assumption 6 is satisfied under the more restrictive assumption that
V f(s,-) is L-Lipschitz continuous without any bounded gradient assumption.

Assumption 4 is quite weak, and is studied e.g in [90], see also Assumption (4.3.6) of Chap. 4. Let
us finally discuss Assumption 5. As v — 0, it is known that prox, . ,(z) converges to Il (s, ) for
every (s,x). Assumption 5 provides a control on the convergence rate. This assumption holds under the
sufficient condition that for p-almost every s and for every = € dom dg(s, ),

10og(s, @)l < B(s)(L+ [|l=]™/?)

where (3 is a positive random variable with a finite fourth moment [22].

7.3 Proof of Th. 7.2.1

We now enter the proof of Th. 7.2.1. Let usset Y = X x Z x V, and endow this Euclidean space with the
standard inner product. By writing (z,2,\) € Y, it will be understood that z € X, z € Z, and A € V.
For each s € =, define the set-valued operator M(s) on Y as

Jg(s, x)
M(S,(ZL‘,Z,)\)): 8(](8,2) )

c(s)

where M (s, (z,y,\)) is the image of (x,y,A) by M(s). Fixing s € =, the operator M(s, (z,z,\))
coincides with the subdifferential of the normal convex integrand g(s,x) + q(s, z) + ¢(s)\ with respect
to (x,z,\). Thus, the map s — M(s) is a random monotone operator over Y. Let us also define the
operator M'(s) as

Of (s,x) + (5)
M'(s, (2,2, 0) = |0p(s, 2) + B(s)"
—A(s)x — (S)
We can write M'(s) = M;(s) + Mj(s), where
Of (s, x)
M(s, (,y,A)) = 8p(g,Z) :
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and MJ(s) is the linear skew-symmetric operator that can be written in a block-wise matrix form in Y as

0 0 A(s)T
My(s)=1] 0 0  B(s)"
—A(s) —DB(s) 0

For each s € =, both these operators belong to .Z(Y), and dom Mj(s) =Y. Thus, M(s) € .#Z(Y)
by [12, Cor. 24.4]. Moreover, since both M| and M} are measurable, M’ is also a random monotone
operator over Y.

Now, since the interchange property holds for f,g,p, and ¢, we see that the operators M(z) =
S M(s,x)u(ds) and M = [ M'(s,z)u(ds) (where the selection integral (2.4) is used) satisfy

G () OF () + AT
M(z, 2, \) = [8Q(z)] , and M'(z,2,\) = [OP(z) + BTA| .
c —Az — Bz

For the same reasons as for the operators M (s) and M’(s), it holds that M, M’, and M + M’ belong to
A (Y). Moreover, recalling the system of inclusions (7.4), we also obtain that Z = Z(M + M’).
Defining the function -
Vf(s,x)+ A(s)TA
Vp(s, z) + B(s)"A
—A(s)x — B(s)z

(obviously, b(s, (x,z,\)) € M'(s, (x,z,\)) p-a.e.), let us consider the following version of the Forward-
Backward algorithm

b(s,(x,z,\)) =

(xn+17 Zn+1, /\n+1) = ([ + 7n+1M<€n+17 '))71 ((-Tna Zn; )\n) - 7n+1b(€n+1> (.Tn, Zny )\n))) .

One can easily check that this is exactly Algorithm 1. On the other hand, this algorithm is an instance of
the random Forward-Backward algorithm studied in [24] (see Chap. 6). By checking the assumptions of
Th. 6.2.1 of Chap. 6 one sees that they are verified under the assumptions of Th. 7.2.1. This completes
the proof.

Remark 1. The convergence stated by Th. 7.2.1 concerns the averaged sequence (Z,, Zn, \n). One
can ask whether the sequence (z,, z,, A,) itself converges to Z. This question is answered positively
by Th. 6.2.1 of Chap. 6 in the case where the operator M + M’ is demipositive. Unfortunately, the
demipositivity of M + M’ is not always guaranteed: take X =V = R and Z = {0}, and assume that
F=G=0,A=1,and c=0. Then, M+ M’ is a linear operator which can be represented by the 2 x 2
matrix {_01 (1)} This operator is not demipositive, being a —m/2 rotation (see, e.g., [96] or Sec. 2.2.2).
Remark 2. In the deterministic setting, with a constant step size, applying the Forward Backward
algorithm to the monotone operators M’ and M doesn't lead to a converging algorithm in general

because M’ lack the so-called cocoercivity property [12]. This property is not needed if a decreasing step
size is used (see [96, 24] or Sec. 6.2).

7.4 Application to distributed optimization

In this section, Algorithm 1 is illustrated in the context of distributed optimization.
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Consider an integer N > 0 and a connected graph G = (V, E) where V = {1,--- | N} is the set of
nodes and F is the set of edges. At each node i € V' is located the agent i and two local cost functions
L;, R; € To(R) (the space R can be easily replaced by any Euclidean space) only known by the agent i.
The aim of the network of agents is to solve

min ZV Li(z) + > Ri(x) (7.6)

z€R ) eV

distributively. Moreover, it is assumed that L; is unknown but revealed through i.i.d realizations of
a random variable 6(i) with distribution v(i) over a space ©, ie L;(z) = E({(0(i),z)). A similar
assumption is made on R; : R;(x) = E(r;(0(i), x)).

Consider an arbitrary orientation of the edges of E and denote by E the resulting set of oriented
edges. Denote by A : RV — R¥ the incidence matrix of the graph G defined for every x € RY, and
every e = (e(1),¢e(2)) € E by Az(e) = x(e(1)) — z(e(2)). Problem (7.6) is equivalent to Problem (7.1)
with X =RY, P, Q, B, ¢ set equal to zero, F(x) = Yicy Li(z(4)) and G(z) = Siev Ri(z(i)).

To apply Algorithm 1 to Problem (7.6), we consider V x ©V as the probability space =. The
random matrix A is defined by : for every i, € V,0 € ©V the column j of A(i,0) is N times the
column j of A if i = j and is zero else. If u is the probability distribution over V' x ©V defined by
w=U®v(l)®- - ®v(N) where U is the uniform distribution over V, it is easy to check that
J Adp = A. Moreover, [ : ((i,0),2) — N;((i,0(2)),x(i)) and g : ((¢,0,z) — Nr;i((i,0(i)), z(i)) are
normal convex integrands over (VV x ©V) x R and it is easy to check that [ f(,z)du = F(z) and
Jg(-,x)dp = G(x). Thanks to the stochastic handling of the constraints, applying Algorithm 1 leads to
a distributed and asynchronous algorithm: at each iteration, only one random chosen agent ¢ becomes
active and process its local data (7). Its work is decomposed in two parts : first, the agent i does a
computation involving its local variable (i) and then it sends a message to its neighbors in GG, which
is not instantaneously processed by the neighbors. The message is sent through the dual variables and
is stored by the neighbors, waiting for the next time the neighbors will wake up. Another version of the
algorithm in which i sends a message to a random subset of its neighborhood can also be casted in our
framework. Moreover, Algorithm 1 leads to an adaptive algorithm since L; and R; are revealed across
time. Applying the method [131] to the same problem also leads to an algorithm with these properties.
The two algorithms are compared in Fig. 7.1 in the context of distributed median (resp. mean) estimation
over the Facebook graph (see [74], 4039 nodes and 88234 edges).

In these contexts, each agent i € V is associated with a real value Y; (which is unknown but revealed
across time through i.i.d realizations in the case of mean computation). The network aims to infer the
median (resp. mean) value distributively. In our framework, this corresponds to the case where ¢; = 0,
ri(0,2) = |z — Y;| (resp. r;(0,z) = |z — Y;|? + 26 where v is a zero mean probability measure).

Fig. 7.1 shows that both methods are converging, and Algorithm 1 performs slightly better. Indeed, if
M is the number of edges, the algorithm [131] uses NV + 2M optimization variables whereas our method
uses N + M variables. However, both methods are asynchronous and require a bounded amount of
memory (see e.g. [23]). Finally, our method exhibits less fluctuations. The general framework (7.1)

allows to treat the cost function r; through its proximity operator, leading to a more stable algorithm
(see [122, 108]).
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Figure 7.1: First: Distributed median computation. Second: Distributed mean computation. The relative
quadratic error at iteration n is defined by ||z, — z,||?/||z.||* where x, € RV such that z,(i) = m for
every i € V and m is the solution of Problem (7.6). The algorithm OCOSC is the method introduced
in [131].
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Chapter 8

Snake: a Stochastic Proximal Gradient
Algorithm for Regularized Problems over
Large Graphs

In this chapter, we study a regularized optimization problem over a large unstructured graph, where
the regularization term is tied to the graph geometry. Typical regularization examples include the Total
Variation and the Laplacian regularizations over the graph. When the graph is a simple path without
loops, efficient off-the-shelf algorithms can be used. However, when the graph is large and unstructured,
such algorithms cannot be used directly. It has been already seen at the end of Chap. 5 that stochastic
proximal methods can be successfully applied to regularized problems involving structured regularizations
like the overlapping group lasso. This kind of problems are solved by randomizing the proximity operator
of the regularization. In this chapter, we propose an algorithm referred to as “Snake” to solve such
regularized problems over general graphs. The algorithm consists in properly selecting random simple
paths in the graph and performing the proximal gradient algorithm over these simple paths. This algorithm
is an instance of a new general stochastic proximal gradient algorithm, whose convergence is proven.
Applications to trend filtering and graph inpainting are provided among others and numerical experiments
are conducted over large graphs.

8.1 Introduction

Many applications in the fields of machine learning [57, 134], signal and image restoration [41], or trend
filtering [120, 127, 93, 69, 75, 119] require the solution of the following optimization problem. On an
undirected graph G = (V, E) with no self loops, where V' = {1,..., N} represents a set of N nodes
(N € N*) and E is the set of edges, find
min F(x) + R(x, ¢), (8.1)
zeRV
where F'is a convex and differentiable function on RY representing a data fitting term, and the function
x +— R(x, ¢) represents a regularization term of the form

Roo) = 3 duaa(i o),

where ¢ = (P)ecr is a family of convex and symmetric R*> — R functions. The regularization term
R(z, ¢) will be called a ¢-regularization in the sequel. These ¢-regularizations often promote the sparsity
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or the smoothness of the solution. For instance, when ¢.(x,z") = we|x — 2’| where w = (w,)cep is a
vector of positive weights, the function R(-, ¢) coincides with the weighted Total Variation (TV) norm.
This kind of regularization is often used in programming problems over a graph which are intended to
recover a piecewise constant signal across adjacent nodes [93, 127, 69, 75, 119, 9, 13, 43]. Another
example is the Laplacian regularization ¢.(z,2") = (z — 2)?, or its normalized version obtained by
rescaling  and 2’ by the degrees of each node in e respectively. Laplacian regularization tends to
smoothen the solution in accordance with the graph geometry [57, 134].

The proximal gradient algorithm is one of the most popular approaches towards solving Problem (8.1).
This algorithm produces the sequence of iterates

|

Tny1 = Prox, g ¢ (Tn — YV F(22)), (8.2)

where v > 0 is a fixed step. When I, G € I'y(R") and F is smooth, the sequence (z,,) converges to a
minimizer of (8.1), assuming this minimizer exists and that  is enough small.

Implementing the proximal gradient algorithm requires the computation of the proximity operator
applied to R(-,¢) at each iteration. When N is large, this computation is in general affordable only
when the graph exhibits a simple structure. For instance, when R(-,¢) is the TV norm, the so-called
taut-string algorithm is an efficient algorithm for computing the proximity operator when the graph is
one-dimensional (1D) [50] (see Fig. 8.1) or when it is a two-dimensional (2D) regular grid [9]. Similar
observations can be made for the Laplacian regularization [45], where, e.g., the discrete cosine transform
can be implemented. When the graph is large and unstructured, these algorithms cannot be used, and
the computation of the proximity operator is more difficult ([127, 117]).

This problem is addressed in this chapter. Towards obtaining a simple algorithm, we first express
the functions F'(-) and R(-,¢) as the expectations of functions defined on the set of random walks
in the graph, paving the way for a randomized version of the proximal gradient algorithm. Stochastic
online algorithms in the spirit of this algorithm are often considered as simple and reliable procedures for
solving high dimensional machine learning problems, including in the situations where the randomness
is not inherent to these problems [33, 34]. One specificity of the algorithm developed here lies in that
it reconciles two requirements: on the one hand, the random versions of R(-,¢) should be defined on
simple paths, i.e., on walks without loops (see Fig. 8.1), in a way to make benefit of the power of the
existing fast algorithms for computing the proximity operator. Owing to the existence of a procedure
for selecting these simple paths, we term our algorithm as the “Snake” algorithm. On the other hand,
the expectations of the functions handled by the optimization algorithm coincide with F'(-) and R(-, ¢)
respectively (up to a multiplicative constant), in such a way that the algorithm does not introduce any
bias on the estimates.

There often exists efficient methods to compute the proximity operator of ¢-regularization over 1D-
graphs. The algorithm Snake randomly selects simple paths in a general graph in order to apply the
latter 1D efficient methods over a general graph.

Actually, the algorithm Snake will be an instance of a new general stochastic approximation algorithm
that we develop in this chapter. In some aspects, this general stochastic approximation algorithm is itself
a generalization of the random Forward-Backward algorithm studied in [24].

Before presenting our approach, we provide an overview of the literature dealing with our problem.
First consider the case where R(-, ¢) coincides with the TV norm. As said above, fast methods exist
when the graph has a simple structure. We refer the reader to [9] for an overview of iterative solvers
of Problem (8.1) in these cases. In [71], the author introduces a dynamical programming method to
compute the proximity operator on a 1D-graph with a complexity of order O(N). Still in the 1D case,
Condat [50] revisited recently an algorithm that is due to Mammen and Van De Geer [81] referred to
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Figure 8.1: Left: General graph on which is colored the simple path 3-1-0-6-7. Right: 1D-graph.

as the taut-string algorithm. The complexity of this algorithm is O(N?) in the worst-case scenario, and
O(N) in the most realistic cases. The taut-string algorithm is linked to a total variation regularized
problem in [52]. This algorithm is generalized to 2D-grids, weighted TV norms and ¢? TV norms by
Barbero and Sra in [9]. To generalize to 2D-grids, the TV regularization can be written as a sum of two
terms on which one can apply 1D methods, according to [46] and [70]. Over general graphs, there is
no immediate way to generalize the taut string method. The problem of computing the TV-proximity
operator over a general graph is addressed in [127].

The authors of [127] suggest to solve the problem using a projected Newton algorithm applied to
the dual problem. It is observed that, empirically, this methods performs better than other concurrent
approaches. As a matter of fact, this statement holds when the graph has a moderate size. As far as large
graphs are concerned, the iteration complexity of the projected Newton method can be a bottleneck. To
address this problem, the authors of [13] and [63] propose to solve the problem distributively over the
nodes using the Alternating Direction Method of Multipliers (ADMM).

In [119] the authors propose to compute a decomposition of the graph in 1D-graphs and then solve
Problem (8.1) by means of the TV-proximity operators over these 1D-graphs. Although the decompo-
sition of the graph is fast in many applications, the algorithm [119] relies on an offline decomposition
of the whole graph that needs a global knowledge of the graph topology. The Snake algorithm ob-
tains this decomposition online. In [75], the authors propose a working set strategy to compute the
TV-proximity operator. At each iteration, the graph is cut in two well-chosen subgraphs and a reduced
problem of (8.1) is deduced from this cut. The reduced problem is then solved efficiently. This method
has shown speed-ups when G is an image (i.e a two dimensional grid). Although the decomposition of
the graph is not done during the preprocessing time, the algorithm [75] still needs a global knowledge
of the graph topology during the iterations. On the contrary, the Snake algorithm only needs a local
knowledge. Finally, in [93], the authors propose to replace the computation of the TV-proximity operator
over the graph G by the computation of the TV-proximity operator over a well chosen 1D-subgraph of
G. This produces an approximation of the solution whereas the Snake algorithm is proven to converge
to the exact solution.

In the case where R(-, ) is the Laplacian regularization, the computation of the proximity operator
of R reduces to the resolution of a linear system (£ + al)x = b where L is the Laplacian matrix of
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the graph G and I the identity matrix. On an 1D-graph, the latter resolution can be done efficiently
and relies on an explicit diagonalization of £ ([45]) by means of the discrete cosine transform, which
take O(N log(N)) operations. Over general graphs, the problem of computing the proximity operator of
the Laplacian regularization is introduced in [134]. There exist fast algorithms to solve it due to [118].
They are based on recursively preconditioning the conjugate gradient method using graph theoretical
results [117]. Nevertheless, the preconditioning phase which may be demanding over very large graphs.
Compared to [117], our online method Snake requires no preprocessing step.

8.2 Outline of the approach and chapter organization

The starting point of our approach is a new stochastic optimization algorithm that has its own interest.
This algorithm will be presented succinctly here, and more rigorously in Sec. 8.3 below. Given an integer
L >0, let &= (& ... &) be a random vector where the & are valued in some measurable space.
Consider the problem

min ZEg [fi(€ 2) + g:i(&, 2)] (8.3)

where f;, g; are normal convex integrands, and f;(£%,-) are assumed to be differentiable. Given vy > 0,
define the operator T., ;(s, ) = prox_,, ; ,(r =7V fi(s,z)). Given a sequence () of independent copies
of &, and a sequence of positive steps (7,) € £%\ ¢!, we consider the algorithm

Tp+1 = T’yn+1 (€n+17 :Un) ) (84)

where
T, ((s',. .., 8"), ) = Tyu(s", ) o 0Tya(s', )

and where o stands for the composition of functions: f o g(x) = f(g(z)). In other words, an iteration
of this algorithm consists in the composition of L random proximal gradient iterations. The case where
L =1 was treated in [24] (see also Chap. 6).

Assuming that the set of minimizers of the problem is non empty, Th. 8.3.1 below states that the
sequence (z,) converges almost surely to a (possibly random) point of this set. A sketch of the proof of
this theorem can be found in Sec. 8.3.3. It follows the same canvas as the approach of [24] or Chap. 6,
with the difference that we are now dealing with possibly different functions (f;, g;) and non-independent
noises &' fori € {1,...,L}.

We now want to exploit this stochastic algorithm to develop a simple procedure leading to a solution
of Problem (8.1). This will be done in Sec. 8.4 and will lead to the Snake algorithm. The first step is to
express the function R(-, ¢) as the expectation of a function with respect to a finite random walk. Given
an integer M > 0 and a finite walk s = (vg, vy, ..., vy ) of length M on the graph G, where v; € V and
{vi,viy1} € E, write

R(@, ¢s) = 3 dfuis.w(@(vima), o(v))

Now, pick a node at random with a probability proportional to the degree (i.e., the number of neighbors)
of this node. Once this node has been chosen, pick another one at random uniformly among the neighbors
of the first node. Repeat the process of choosing neighbors M times, and denote as & € VM+! the
random walk thus obtained. With this construction, we get that |—}13‘R(x, ¢) = 1;E¢[R(x, ¢¢)] using some
elementary Markov chain formalism (see Prop. 8.4.1 below).
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In these conditions, a first attempt of the use of Algorithm (8.4) is to consider Problem (8.1) as
an instance of Problem (8.3) with L = 1, fi(§,2) = ;F(2), and g1(§,2) = ;7 R(w, ¢¢). Given an
independent sequence (§,,) of walks having the same distribution as the random vector £ and a sequence
(7n) of steps in £2\ (', Algorithm 8.4 boils down to the stochastic version of the proximal gradient

algorithm

1
Tpi1 = proanHﬁR(_,%nH)(:cn - fynH@VF(xn)) : (8.5)

By Th. 8.3.1 (or by [24]), the iterates z,, converge almost surely to a solution of Problem (8.1).

However, although simpler than the deterministic algorithm (8.2), this algorithm is still difficult to
implement for many regularization functions. As said in the introduction, the walk £ is often required to
be a simple path. Obviously, the walk generation mechanism described above does not prevent £ from
having repeated nodes. A first way to circumvent this problem would be to generate £ as a loop-erased
walk on the graph. Unfortunately, the evaluation of the corresponding distribution is notoriously difficult.
The generalization of Prop. 8.4.1 to loop-erased walks is far from being immediate.

As an alternative, we identify the walk & with the concatenation of at most M simple paths of
maximal length that we denote as ¢!, ..., &M these random variables being valued in the space of all
walks in G of length at most M:

£= (¢, ....eM).

Here, in the most frequent case where the number of simple paths is strictly less than M, the last £%'s are
conventionally set to a trivial walk, i.e., a walk with one node and no edge. We also denote as £(¢%) the
length of the simple path &', i.e., the number of edges in &'. We now choose L = M, andfori =1,...,L,
we set fz(glax) = i(ﬁ:?,’iF(m) and gz(€Z7$) = %R($7¢§’) if 6(52) > 0, and fz(fz7m) = gz(gzax) =0
otherwise. With this construction, we show in Sec. 8.4 that ﬁ(F(z) + R(z,¢)) = Sk Ee[fi(& z) +
gi(€, 7)) and that the functions f; and g; fulfill the general assumptions required for the Algorithm (8.4)
to converge to a solution of Problem (8.1). In summary, at each iteration, we pick up a random walk of
length L according to the procedure described above, split it into simple paths of maximal length, and
then we successively apply the proximal gradient algorithm to these simple paths.

Chapter organization. The next section introduces the generalized stochastic proximal gradient algo-
rithm. Then, in Sec. 8.4, this algorithm is applied to ¢-regularized problems to obtain the Snake algorithm.
The Snake algorithm relies on the computation of the proximity operator of the ¢-regularization over
1D-graphs. Section 8.5 gives examples of ¢-regularizations for which the latter computation can be done
efficiently (TV regularization and Laplacian regularization). Finally, we simulate the Snake algorithm in
several application contexts. First, we study the so called graph trend filtering [127]. Then, we consider
the graph inpainting problem [43, 57, 134] and the resolution of Laplacian systems [117]. These contexts
are the purpose of Sec. 8.6. Finally, a conclusion and some future research directions are provided in
Sec. 8.7.
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8.3 A General Stochastic Proximal Gradient Algorithm
8.3.1 Problem and General Algorithm
In this section, we consider the general problem

min Y E [fi(¢,2) + gi(¢', ) (8.6)

zeX =1

where L is a positive integer, the £ :  — = are random variables (r.v.), and the functions f; : 2xX — R
and g; : Z x X — R satisfy the following assumption:

Assumption 8.3.1. The following holds for all i € {1,..., L}:
1. The f; and g; are normal convex integrands.
2. For every x € X, E[| f;(£%,2)|] < oo and E[|g;(&%, z)]] < oo.

3. The function f;(£%,-) is a.s. differentiable. We denote as V f;(£°, ) its gradient w.r.t. the first
variable.

Remark 3. In this chapter, we assume that the functions ¢;(£%,-) have a.s. a full domain. This
assumption can be relaxed with some effort, along the ideas developed in [24].

Let ¢ be the random vector £ = (&1, ..., &F) with values in =% and let (&, : n € N*) be a sequence
of i.i.d. copies of £, defined on the same probability space (Q2, F,P). For all n € N*, &, = (€,...,&5).
Finally, let (v,) be a positive sequence. Our aim is to analyze the convergence of the iterates (x,)
recursively defined by:

Tp+1 = T'yn+1 (£n+17 xn) ) (87)
as well as the intermediate variables z/,,, (i =0, ..., L) defined by 2%, , = z,, and
"Zlfm+1 = T’Yn+1,i(§fz+17 ji;rll) ’ L= 17 R L. (88)

: _ L L L1
In particular, x4 1 = 2y =15, (&1, Trgl)-

In the special case where the functions g;, are all constant with respect to their first variable (the
algorithm is deterministic) and the functions f; are equal to zero, the above iterations were studied by
Passty in [94]. In the special case where L = 1, the algorithm boils down to the stochastic proximal
gradient algorithm, whose detailed convergence analysis can be found in [24] (see also Chap. 6, [22], and
[126] as an earlier work). In this case, the iterates take the simpler form

Tni1 = ProxX, o ey (@ = i Vi(€nin, n)) (8.9)

and converge a.s. to a minimizer of the function = +— E¢[fi(z,&) + g1(x.€)] under the convenient
hypotheses.

It is worth noting that the present algorithm (8.7) cannot be written as an instance of (8.9). Indeed,
the operator T, is a composition of L (random) operators, whereas the stochastic forward backward
algorithm (8.9) has a simpler structure. This composition raises technical difficulties that need to be
specifically addressed. Among these difficulties is the dependency of the intermediate variables.
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8.3.2 Almost sure convergence
We make the following assumptions.

Assumption 8.3.2. The positive sequence (7,,) satisfies the conditions

> 4n =400 and Z’yfl < 00,
(i-e., (y2) € €2\ £'). Moreover, 22t — 1.
Assumption 8.3.3. The following holds for all : € {1,..., L}:

1. There exists a measurable map K; : = — R, s.t. the following holds P-a.e.: for all =,y in X,
V(& 2) = VE )l < Ki(€)llx -yl

2. Forall a > 0, E[K;(£9)%] < co.

We denote by Z the set of minimizers of Problem (8.6). Thanks to Assumption 8.3.1, the qualification
conditions hold, ensuring that a point z, belongs to Z if and only if

0€ Z VE[fi(€', z.)] + OE[g:(&, z.)] .

The (sub)differential and the expectation operators can be interchanged [102], and the above optimality
condition also reads

0€ ) E[Vi(¢ 2] +Edg (¢, z.)], (8.10)

where E[0g;(£%, z,.)] is the selection integral of the random set dg;(z,,&") (see (2.4)). Therefore, the
optimality condition (8.10) means that there exist L integrable mappings ¢1, ..., ¢ satisfying a.s.

i (€Y € 0g; (€, x,) and s.t.
L
0="> E[Vfi(¢ )] +E[xi(¢)]. (8.11)
i=1
Recalling (6.2), we say that the family (V f;(£%, .), ©:(€") )i=1.....1 is a representation of the minimizer z,.

In addition, if for some o > 1 and every i = 1,..., L, E[||Vfi(¢, z,)||*] < oo and E[[|p(£9)]|*] < oo,
we say that the minimizer xz, admits a a-integrable representation.

Assumption 8.3.4. 1. The set Z is not empty.

2. For every x, € Z, there exists ¢ > 0 s.t. z, admits a (2 + ¢)-integrable representation, which is
denoted (V fi(&', z4), 0i(§"))iz1....L-

We denote by 0yg;(£%, ) the least norm element in dg; (&', x).

Assumption 8.3.5. For every compact set I C X, there exists n > 0 such that foralli=1,... L,

SgIgE[Ilaogi(xf)HH"] < 00.

We can now state the main result of this section, which will be proven in Sec. 8.3.3.

Theorem 8.3.1. Let Assumptions 8.3.1-8.3.5 hold true. There exists a rv. X, s.t. P(X, € 2Z) =1
and s.t. (x,) converges a.s. to X, as n — oo. Moreover, for every i =0,..., L — 1, Z! converges a.s.
to X,.
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8.3.3 Sketch of the Proof of Th. 8.3.1

We start with some notations. We endow the probability space (€2,.%,P) with the filtration (.%,)
defined as %, = o(&,...,&,), and we write E,, = E[- | .%,]. In particular, E; = E. We also define
Gi(z) = E¢lgi(€', 2)] and Fi(x) = E¢[fi(¢%, )] for every x € X. We denote by y; and u the probability
distributions of £ and ¢ respectively. Finally, C and n will refer to positive constants whose values can
change from an equation to another. The constant 7 can be chosen arbitrarily small.

In [24] or Chap. 6, the case L = 1 is studied (Algorithm (8.9)). Here we shall reproduce the main
steps of the approach of [24] or Chap. 6, only treating in detail the specificities of the case L > 1. Note
also that the formalism of random monotone operators is not needed here.

Given a € X, consider the Differential Inclusion (DI) associated with S°% | VF; + 0G;:

; L . .
21) € — 5k (V) + 9C0)) o1
z(0) = a.

and denote ® the associated semiflow (see 2.2.2). Consider the interpolated function x = I((x,))

(see (6.4)) where (x,,) is given by (8.7). We shall prove the two following facts:
e The sequence (||z,, — z]||) is almost surely convergent for each x, € Z (Prop. 8.3.3);

e The process x(t) is an almost sure Asymptotic Pseudo Trajectory (APT) of the semi-flow @,
see (6.5). Namely, for each T > 0,

sup ||x(t +u) — ®(x(t),uw)|| === 0, (8.13)
u€[0,T] t—00

Taken together, these two results lead to the a.s. convergence of (x,,) to some r.v. X* supported by the
set Z, as is shown by [24, Cor. 3.2]. The convergence of the (z!,), stated by Th. 8.3.1 will be shown in
the course of the proof.

Denoting g" the Moreau envelope of the convex function g, the mapping T.,; can be rewritten as

Toi(s,2) =2 =V fi(s,2) = 7Vg/(s,2 =7V fi(s, z)) (8.14)
The following lemma is proven in Appendix 8.8.1.

Lemma 8.3.2. Fori=1,... L, let
= (T (s’ ) o 0 Ty a(sh, ) ().

Then, with Assumption 8.3.3, there exists a measurable map x : Z% — R, s.t. E¢[k(£)?] < oo for all
a>1andst. forall 5= (s!,... s") e =L,

IV fi(s', 27N < 6(5) YNV A(s®, )| + Vgl (s%,2)|
k=1
Hng(Sza ji_l - ’val(‘gz?:fz_l))n
< w(3) DIV fi(s® )| + Vgl (s", 2.

k=1
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Recall that we are studying the iterations ., = T, ,, ({1, Z0,), fori=1,..., L, n € N*, with
0., = x, and 2,41 = TL, . In this section and in Appendix 8.8, we shall write for conciseness, for any
T, € Z,

ng = Vg’yn+1 (€n+17 _;L;l ’yn—i-lvfl(gnJrla _711+11))
PIOX,g, = PIOXyg, (el )( n+1 %+1Vfi(§n+1a _Z+11))

f sz(fnJrlv n+1)
V=V fi(& 1, 7.) where z, € Z,

@i = ¢i(€..1), (see Assumption 8.3.4) and
Y= Tnt1-

The following proposition is analogous to Prop. 1 of Chap. 6:
Proposition 8.3.3. Let Assumptions 8.3.2-8.3.4 hold true. Then the following facts hold true:

1. For each z, € Z, the sequence (||x,, — x4||) converges almost surely.

2. B[yl S IV P + VAP < oo
3. For each i, 7!, — x,, — 0 almost surely.

This proposition is shown in Appendix 8.8.2.
The proof of the APT property follows the same lines as in Sec. 6.3, using the following definition of
the function h:

L

hy((s', ..., s"),2) = — Z [Vfi(si, 7Y + Vgl (s, 7 — 4V fi(s, fi_l))] ,

=1

where we recall the notation z* = (7}, ;(s",) o - -- 0 T, 1(s', -)) (). Note that

Tp+l = Tn + ’YnJrlh’ynH (§n+17 xn)

Also note that since every functions f; and g; are assumed to take finite values, it is sufficient to prove
the APT property in the so-called full domain case, see Sec. 6.3.

8.4 The Snake Algorithm

8.4.1 Notations

Let £ > 1 be an integer. We refer to a walk of length ¢ over the graph G as a sequence s = (vg, vy, ..., v)
in V&1 such that for every i = 1,..., ¢, the pair {v;_1,v;} is an edge of the graph. A walk of length
zero is a single vertex.

We shall often identify s with the graph G(s) whose vertices and edges are respectively given by the
sets V(s) = {vo,...,ve} and E(s) = {{vo, v1}, ..., {ve—1,ve}}

Let L > 1. We denote by = the set of all walks over G with length < L. This is a finite set. Let &4
be the set of all subsets of =. We consider the measurable space (Z,¥).
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Let s = (vo,v1,...,v) € = with 0 < ¢ < L. We abusively denote by ¢4 the family of functions

=1,...

restriction of = to s that is

JJ Qbs Z¢{vq 1111} Ul 1) ( ))

Besides, R(x, ¢;) is defined to be 0 if s is a single vertex (that is £ = 0).

We say that a walk is a simple path if there is no repeated node i.e, all elements in s are different or if
s is a single vertex. Throughout this chapter, we assume that when s is a simple path, the computation
of proxp. 4.y can be done easily.

8.4.2 Writing the Regularization Function as an Expectation

One key idea of this chapter is to write the function R(x, ¢) as an expectation in order to use a stochastic
approximation algorithm, as described in Sec. 8.3.

Denote by deg(v) the degree of the node v € V, i.e., the number of neighbors of v in G. Let 7 be
the probability measure on V' defined as

deg(v)
w(0) = S

veV.

Define the probability transition kernel P on V? as P(v,w) = Ly, ujer/ deg(v) if deg(v) > 0, and
P(v,w) = 1,-,, otherwise, where 1 is the indicator function.

We refer to a Markov chain (indexed by N) over V' with initial distribution 7 and transition kernel
P as an infinite random walk over G. Let (vy)ren be an infinite random walk over GG defined on the
canonical probability space (2, F,P), with Q = VY. The first node v, of this walk is randomly chosen
in V" according to the distribution 7. The other nodes are drawn recursively according to the conditional
probability P(vg11 = w|vg) = P(vg, w). In other words, conditionally to vy, the node v ; is drawn
uniformly from the neighborhood of v;. Setting an integer L > 1, we define the random variable £ from

(Uk>k€N as 5 = (1)071)17 s 7UL>‘

Proposition 8.4.1. For every z € RV,

1. 0) = 7 B, 00)). (8.15)

Proof. It is straightforward to show that 7 is an invariant measure of the Markov chain (vg)ren. Moreover,

P(vr = w,vp—1 = v) = 7(v)P(v,w) = Lyyuwyer/(2|E|), leading to the identity

E [QS{kalyvk}(x(vk_l)? x(”’ﬂ))] = @R(xa gb) )

which completes the proof by summing and using the symmetry of ¢,.,Ve € E. O
This proposition shows that Problem (8.1) is written equivalently

min () + B[Rl 00) (8.16)
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Hence, applying the stochastic proximal gradient algorithm to solve (8.16) leads to a new algorithm to
solve (8.1), which was mentioned in Sec. 8.2, Eq. (8.5):

1
Tpi1 = prOX%H%R(,’%m)(:ﬁn — %HEVF(LL)) . (8.17)
Although the iteration complexity is reduced in (8.17) compared to (8.2), the computation of the
proximity operator of the ¢-regularization over the random subgraph &,.; in the algorithm (8.17) can
be difficult to implement. This is due to the possible presence of loops in the random walk £&. As an
alternative, we split £ into several simple paths. We will then replace the proximity operator over £ by the
series of the proximity operators over the simple paths induced by &, which are efficiently computable.

8.4.3 Splitting £ into Simple Paths

Let (vx)ren be an infinite random walk on (€2, F,P). We recursively define a sequence of stopping time
(Ti)ien as 7o = 1 and for all ¢ > 0,

Tivp =min{k > 7,1 v € {vy, 1, ..., Vk_1}}

if the above set is nonempty, and 7;,1 = +o0o otherwise. We now define the stopping times ¢; for all
i € N as t; = min(7;, L + 1). Finally, for all i € N* we can consider the random variable £ on (Q, F,P)
with values in (Z,%) defined by

gi - (Uti_l—la Uti_m K 7vti—1)~

We denote by N the smallest integer n such that ¢, = L + 1. We denote by /(&) the length of the
simple path ¢

Example 6. Given a graph with vertices V' = {a,b,¢,..., 2} and a given edge set that is not useful
to describe here, consider w € 2 and the walk {(w) = (¢, a,e, g, a, f,a,b, h) with length L = 8. Then,
to(w) = 1, t1(w) = 4, ta(w) = 6, t3(w) = t4(w) = ... = 9, and {(w) can be decomposed into

o

N(w) = 3 simple paths and we have }(w) = (c,a,¢,9), & (w) = (g,a, f), &(w) = (f,a,b,h) and
Ew) = ... =Ew) = (h). Their respective lengths are (¢ (w)) = 3, £(&%(w)) = 2, £(£3(w)) = 3 and
(& (w)) =0foralli=4,...,8. We identify {(w) with (£!(w),...,&8(w)).

It is worth noting that, by construction, &' is a simple path. Moreover, the following statements hold:
e Wehave ] < N < L as.
e These three events are equivalent for all i: {¢ is a single vertex}, {¢(¢) =0} and {i > N + 1}

e The last element of ¢V is a.s. vy,

o Sl U(¢)=Las.

In the sequel, we identify the random vector (€1, ..., &L) with the random variable € = (v, ..., vL).
As a result, £ is seen as a r.v with values in =%,
Our notations are summarized in Table 8.1. For every i = 1,..., L, define the functions f;, g; on
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Table 8.1: Useful Notations

G=(V,E) Graph with no self-loop
s walk on G
(v3) infinite random walk
E=(&...,¢h) random walk of length L
& random simple path
0(& length of &
R(z, ) ¢—regularization of z on GG
R(z, ¢s) ¢—regularization of = along the walk s

RY x = in such a way that

e
() = T P (5.18)
5(€,2) = 7 Rz, 0) (8.19)

Note that when i > N(w) then f;(¢'(w), z) = g;(£'(w), z) = 0.

Proposition 8.4.2. For every z € RV, we have
1 L , ,
E(F(l’) + R(z,¢)) = Y E[fi(&,2) + g:(¢,x)] . (8.20)
i=1

Proof. For every w € § and every z € RV,

1 N(W) L )
(l’ ¢§ w) Z R ¢£1 w) Zg (§l<w)7 I) :
=1

Integrating, and using Prop. 8.4.1, it follows that > | E[g;(¢, )] = ﬁR(m,@. Moreover, we have
S fi(E(w),z) = ﬁF(x) This completes the proof. O

8.4.4 Main Algorithm

Prop. 8.4.2 suggests that minimizers of Problem (8.1) can be found by minimizing the right-hand side
of (8.20). This can be achieved by means of the stochastic approximation algorithm provided in Sec. 8.3.
The corresponding iterations (8.7) read as 11 = T, ({541, ) where (&) are i.i.d copies of £. For
every i = 1,..., L — 1, the intermediate variable z’ ,, given by Eq. (8.8) satisfies

( - anfz(gnJrl? _iz 1)) '

Theorem 8.4.3. Let Assumption 8.3.2 hold true. Assume that the convex function F' is differentiable
and that V F'is Lipschitz continuous. Assume that Problem (8.1) admits a minimizer. Then, there exists
arv. X, st. X,(w) is a minimizer of (8.1) for all w P-a.e., and s.t. the sequence (z,) defined above
converges a.s. to X, as n — co. Moreover, for every i =0,..., L — 1, 7, converges a.s. to X,.

.fl;n+1 = prOX%gZ(EzH )
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Table 8.2: Proposed Snake algorithm.

procedure SNAKE(z, L)
Z < 2o
e «+RND ORIENTED EDGE
n <+ 0
(< L
while stopping criterion is not met do
¢,e < SIMPLE _PATH(e, ()
z + PrROX1D(z — 'ynm%g‘l(c)VF(z), ¢, 1)
¢ < { — LENGTH(c)
if £ =0 then
¢ < RND ORIENTED EDGE
(L
n<mn+1 > x, is z at this step
end if
end while
return z
end procedure

Table 8.3: SIMPLE PATH procedure.

procedure SIMPLE _PATH(e, ()
c< e
w <— UNIFORM _ NEIB(e[—1])
while w ¢ ¢ and LENGTH(c)< ¢ do
¢ [e,w]
w < UNIFORM _ NEIB(w)
end while
return c, [c[—1], w]
end procedure

Proof. It is sufficient to verify that the mappings f;, g; defined by (8.18) and (8.19) respectively fulfill
Assumptions 8.3.1-8.3.5 of Th. 8.3.1. Then, Th. 8.3.1 gives the conclusion. Assumptions 8.3.1 and 8.3.3
are trivially satisfied. It remains to show, for every minimizer z,, the existence of a (2+¢)-representation,
for some £ > 0. Any such x, satisfies Eq. (8.11) where (V fi(¢%, z,), ¢i(€"))i=1...1 is a representation of
the minimizer z,. By definition of f; and g;, it is straightforward to show that there exists a deterministic
constant C, depending only on z, and the graph G, such that ||V f;(¢%, z,)|| < Cy and [|p;(£9)]| < C..
This proves Assumption 8.3.4. Assumption 8.3.5 can be easily checked by the same arguments. O

Consider the general ¢-regularized problem (8.1), and assume that an efficient procedure to compute
the proximity operator of the ¢-regularization over an 1D-graph is available. The sequence (z,) is
generated by the algorithm SNAKE (applied with the latter 1D efficient procedure) and is summarized
in Table 8.2. Recall the definition of the probability 7 on V' and the transition kernel P on V2. The
procedure presented in this table calls the following subroutines.

e If cis a finite walk, ¢[—1] is the last element of ¢ and LENGTH(c) is its length as a walk that is
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c| — 1.

The procedure RND ORIENTED _EDGE returns a tuple of two nodes randomly chosen (v, w)
where v ~ 7 and w ~ P(v, ).

For every z € RY, every simple path s and every a > 0, PROX1D(z, s, ) is any procedure that
returns the quantity prox,p 4. )(7) -

The procedure UNIFORM _NEIB(v) returns a random vertex drawn uniformly amongst the neigh-
bors of the vertex v that is with distribution P(v,-).

The procedure SIMPLE PATH(e, ¢), described in Table 8.3, generates the first steps of a random
walk on G with transition kernel P initialized at the vertex e[—1], and prefaced by the first node
in e. It represents the ¢¥'s of the previous section. The random walk is stopped when one node is
repeated, or until the maximum number of samples ¢ + 1 is reached. The procedure produces two
outputs, the walk and the oriented edge ¢, (¢[—1],w). In the case where the procedure stopped
due to a repeated node, ¢ represents the simple path obtained by stopping the walk before the first
repetition occurs, while w is the vertex which has been repeated (referred to as the pivot node). In
the case where no vertex is repeated, it means that the procedure stopped because the maximum
length was achieved. In that case, ¢ represents the last simple path generated, and the algorithm
doesn't use the pivot node w.

Remark 4. Although Snake converges for every value of the hyperparameter L, a natural question is
the influence of L on the behavior of the algorithm. In the case where R( -, ¢) is the TV regularization,
[50] notes that, empirically, the taut-string algorithm used to compute the proximity operator has a
complexity of order O(L). The same holds for the Laplacian regularization. Hence, parameter L controls
the complexity of every iteration. On the other hand, in the reformulation of Problem (8.1) into the
stochastic form (8.15), the random variable |E|R(x, ¢¢)/L is an unbiased estimate of R(x,¢). By the
ergodic theorem, the larger L, the more accurate is the approximation. Hence, there is a trade-off
between complexity of an iteration and precision of the algorithm. This trade-off is standard in the
machine learning literature. It often appears while sampling mini-batches in order to apply the stochastic
gradient algorithm to minimize a finite sum (see [33, 34]). The choice of L is somehow similar to the
problem of the choice of the length of the mini-batches in this context.

Providing a theoretical rule that would optimally select the value of L is a difficult task that is beyond
the scope of this chapter. Nevertheless, in Sec. 8.6, we provide a detailed analysis of the influence of L
on the numerical performance of the algorithm.

8.5 Proximity operator over 1D-graphs

We now provide some special cases of ¢-regularizations, for which the computation of the proximity
operator over 1D-graphs is easily tractable. Specifically, we address the case of the total variation
regularization and the Laplacian regularization which are particular cases of ¢-regularizations.

8.5.1 Total Variation norm

In the case where ¢y; jy(x,2") = wy v — 2’|, R(x, ¢) reduces to the weighted TV regularization

R(x,¢) = Z w{i,j}|x(i)—$(j)|

{i,j}€E
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and in the case where ¢y; j3(x,2') = |x — 2’|, R(x, ¢) reduces to the its unweighted version
R(z,¢) = > (i) — (5]
{i.j}eE

As mentioned above, there exists a fast method, the taut string algorithm, to compute the proximity
operator of these ¢p—regularizations over a 1D-graph ([9, 50]).

8.5.2 Laplacian regularization

In the case where ¢y; ;1 (2, 2") = wy; ;3 (x — 2')?, R(x, ¢) reduces to the Laplacian regularization that is
R(r,¢) = Z wyi gy (x(2) — 2(5))*.
{i,j}eE

Its unweighted version is

R(z,¢) = > (a(i) — 2(j))*

{i,j}€E

In the case where ¢; 1 (2, 2") = wy; jy (x/y/deg(i) — 2’/\/deg(4))?,
R(z,0) = > wyy < it o0 )

e Jdeg(i)  \/deg())

is the normalized Laplacian regularization.

We now explain one method to compute the proximity operator of the unweighted Laplacian reg-
ularization over an 1D-graph. The computation of the proximity operator of the normalized Laplacian
regularization can be done similarly. The computation of the proximity operator of the weighted Laplacian
regularization over an 1D-graph is as fast as the computation of the proximity operator of the unweighted
Laplacian regularization over an 1D-graph, using for example Thomas’ algorithm.

The proximity operator of a point y € R**! is obtained as a solution to a quadratic programming
problem of the form:

‘
min <z — gl + A3 @k — 1) - 2(k)?,

TR 2 o
where A > 0 is a scaling parameter. Writing the first order conditions, the solution z satisfies
(T+2\L)z =y (8.21)

where £ is the Laplacian matrix of the 1D-graph with ¢ + 1 nodes and I is the identity matrix in R
Using [45], £ can be diagonalized explicitly. In particular, I + 2L has eigenvalues

144X (l—cos (ﬂ)),

(5) = L coS ( ki i )
=50+ ) 1 Ty 1))
for 0 < k < n. Hence, x = C*A~1Cy, where A gathers the eigenvalues of I +2\L and the operators C

and C* are the discrete cosine transform operator and the inverse discrete cosine transform respectively.
Therefore, = can be found in O(¢log(¢)) operations.

and eigenvectors e;, € R*!
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8.6 Examples

We now give some practical instances of Problem (8.1) by particularizing ' and the ¢-regularization
in (8.1). The ¢-regularizations considered in this section will be among the ¢-regularizations mentioned
in Sec. 8.5. We also provide some simulations to compare our method to existing algorithms. The code
is available at the address https://github.com/adil-salim/Snake.

8.6.1 Trend Filtering on Graphs

Consider a vector y € RY. The Graph Trend Filtering (GTF) estimate on V' with parameter k set to
one (see [127] for the definition of the parameter) is defined in [127] by

. 1 . .
g=argmin S|z —yl> + A Y |z(@) —2(j)l, (8.22)
z€RY 2 GgTCE

where \ > 0 is a scaling parameter. In the GTF context, the vector y represents a sample of noisy data
over the graph G and the GTF estimate represents a denoised version of y. When G is an 1D or a
2D-graph, the GTF boils down to a well known context [120, 41]. When G is a general graph, the GTF
estimate is studied in [127] and [69]. The estimate g is obtained as the solution of a TV-regularized risk
minimization with F'(z) = 1|z — y||* where y is fixed. We address the problem of computing the GTF
estimate on two real life graphs from [74] and one sampled graph. The first one is the Facebook graph
which is a network of 4039 nodes and 88234 edges extracted from the Facebook social network. The
second one is the Orkut graph with 3072441 nodes and 117185083 edges. Orkut was also an on-line social
network. The third graph is sampled according to a Stochastic Block Model (SBM). Namely we generate
a graph of 4000 nodes with four well-separated clusters of 1000 nodes (also called “communities”’) as
depicted in Fig. 8.2. Then we draw independently N2 Bernoulli r.v. E(i,j), encoding the edges of the
graph (an edge between nodes i and j is present iff E(i,j) = 1), such that P[E(i,j) = 1] = P(c;, ¢j)
where ¢; denotes the community of the node ¢ and where

P(c,d)= 01ifc=¢
P(c,d) = 0.005 otherwise.

This model is called the stochastic block model for the matrix P [68]. It amounts to a blockwise
Erdds-Rényi model with parameters depending only on the blocks. It leads to 81117 edges.

We assume that every node is provided with an unknown value in R (the set of all these values
being referred to as the signal in the sequel). In our example, the value y(i) at node i is generated as
y(i) = l(¢;) + o€; where [ is a mapping from the communities to a set of levels (in Fig. 8.2, [(7) is an
integer in [0, 255]), and € denotes a standard Gaussian white noise with o > 0 as its standard deviation.
In Fig. 8.2, we represent an example of the signal y (left figure) along with the “initial” values I(¢;)
represented in grayscale at every node.

Over the two real life graphs, the vector y is sampled according to a standard Gaussian distribution
of dimension |V|. The parameter X is set such that E[1||z — y|?] = E]A Y jyer [2(i) — 2(j)]] if 2,y
are two independent r.v with standardized Gaussian distribution. The initial guess x( is set equal to
y. The step size 7, is set equal to |V|/(10n) for the two real life graphs and |V'|/(5n) for the SBM
realization graph. We ran the Snake algorithm for different values of L, except over the Orkut graph
where L = |V|. The dual problem of (8.22) is quadratic with a box constraint. The Snake algorithm is
compared to the well-known projected gradient (PG) algorithm for the dual problem. To solve the dual
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Figure 8.2: The signal is the grayscale of the node. The graph is sampled according to a SBM. Left:
Noised signal over the nodes. Right: Sought signal.

problem of (8.22), we use L-BFGS-B [39] as suggested in [127]. Note that, while running on the Orkut
graph, the algorithm L-BFGS-B leads to a memory error from the solver [39] in SciPy (using one thread
of a 2800 MHz CPU and 256GB RAM).

Fig. 8.3 shows the objective function as a function of time for each algorithm.

In the case of the TV regularization, we observe that Snake takes advantage of being an online
method, which is known to be twofold ([33, 34]). First, the iteration complexity is controlled even
over large general graphs: the complexity of the computation of the proximity operator is empirically
linear [50]. On the contrary, the projected gradient algorithm involves a matrix-vector product with
complexity O(|E|). Hence, e.g the projected gradient algorithm has an iteration complexity of at least
O(|E|). The iteration complexity of Snake can be set to be moderate in order to frequently get iterates
while running the algorithm. Then, Snake is faster than L-BFGS-B and the projected gradient algorithms
for the dual problem in the first iterations of the algorithms.

Moreover, for the TV regularization, Snake seems to perform globally better than L-BFGS-B and the
projected gradient. This is because Snake is a proximal method where the proximity operator is efficiently
computed ([12]).

The parameter L seems to have a minor influence on the performance of the algorithm since, in
Fig. 8.3 the curves corresponding to different values of L are closely superposed.

Over the three graphs, the value L = O(|V|) is a good value, if not the best value to use the Snake
algorithm. One can show that, while sampling the first steps of the infinite random walk over G from
the node, say v, the expected time of return to the random node v is |V|. Hence, the value L = |V/|
allows Snake to significantly explore the graph during one iteration.

118



- oFhe Objective as a function of Time for the Facebook Graph The Objective as a function of Time for the Orkut Graph
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Figure 8.3: The algorithm Snake for the TV regularization is applied to different graphs, with different
values of the parameter L.

8.6.2 Graph Inpainting

The problem of graph inpainting has been studied in [43, 57, 134] and can be expressed as follows.
Consider a vector y € RY, a subset O C V. Let O be its complementary in V. The harmonic energy
minimization problem is defined in [134] by

min > (x(0) —=()
{i,j}eE

subject to  z(i) = y(i),Vi € O.

This problem is interpreted as follows. The signal 4 € RY is partially observed over the nodes and the
aim is to recover y over the non observed nodes. The subset O C V is the set of the observed nodes
and O the set of unobserved nodes. An example is shown in Fig. 8.4.

Denote by G5 = (O, Ep) the subgraph of G induced by O. Namely, O is the set of vertices, and
the set F is formed by the edges {i,j} € E s.t. i € O and j € O. The harmonic energy minimization
is equivalent to the following Laplacian regularized problem over the graph G4:

min F(a)+ Y (a(0) — o))

O
z€R (idYeEg
1<j

(8.23)
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Figure 8.4: Left: Partially observed data (unobserved nodes are black, data is the color of nodes). Right:
Fully observed data (the color is observed for all nodes).

where

Fz)= > (2(d) —y(5))*

i€0,j€0

{i,j}€E
The signal y is sampled according to a standardized Gaussian distribution of dimension |V'|. We compared
the Snake algorithm to existing algorithm over the Orkut graph. The set V' is divided in two parts of
equal size to define O and O. The initial guess is set equal to zero over the set of unobserved nodes O,
and to the restriction of y to O over the set of observed nodes O. We compare our algorithm with the
conjugate gradient.

Fig. 8.5 represents the objective function Y y; s1ep(2(i) — 2(j))° as a function of time. Over the
Facebook graph, the parameter L is set equal to |V|/10. The step size , are set equal to |V|/(10n).
Over the Orkut graph, L is set equal to |V'|/50. The step size are set equal to |V|/(5/n) on the range
displayed in Fig. 8.5. Even if the sequence (|V|/(5y/n))nen does not satisfies the Assumption 8.3.2, it is
a standard trick in stochastic approximation to take a slowly decreasing step size in the first iterations of
the algorithm ([88]). It allows the iterates to be quickly close to the set of solutions without converging
to the set of solutions. Then, one can continue the iterations using a sequence of step size satisfying
Assumption 8.3.2 to make the algorithm converging. There is a trade-off between speed and precision
while choosing the step-size. Snake turns out to be faster in the first iterations. Moreover, as an
online method, it allows the user to control the iteration complexity of the algorithm. Since a discrete
cosine transform is used, the complexity of the computation of the proximity operator is O(Llog(L)).
In contrast, the iteration complexity of the conjugate gradient algorithm can be a bottleneck (at least
O(|E])) as far as very large graphs are concerned.

Besides, Snake for the Laplacian regularization does not perform globally better than the conjugate
gradient. This is because the conjugate gradient is designed to fully take advantage of the quadratic

2
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Figure 8.5: Left: Snake applied to the Laplacian regularization over the Facebook Graph. Right: Snake
applied to the Laplacian regularization over the Orkut Graph.

structure. On the contrary, Snake is not specific to quadratic problems.

8.6.3 Online Laplacian solver

Let £ the Laplacian of a graph G = (V, E). The resolution of the equation Lz = b, where b is a zero
mean vector, has numerous applications ([123, 117]). This equation can be solved by minimizing the
Laplacian regularized problem

min —b*x + —x* L.

z€RY 2
In our experiment, the vector b is randomly chosen using a standardized Gaussian distribution of dimension
|V |. We compare our algorithm with the conjugate gradient over the Orkut graph.

|Lx-b| as a function of Time for the Orkut Graph
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5000 H-|---- e —a Conjugate Gradient H
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2000 oo
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0
0 5000 10000 15000 20000 25000 30000 35000 40000
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Figure 8.6: Snake applied to the resolution of a Laplacian system over the Orkut graph

Fig. 8.6 represents the quantity ||[Lx, — b|| as a function of time, where z,, is the iterate provided
either by Snake or by the conjugate gradient method. The parameter L is set equal to |V|. The step
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size 7y, are set equal to |V|/(2n). Snake appears to be more stable than the conjugate gradient method,
and has a better performance at start up.

8.7 Conclusion

A fast regularized optimization algorithm over large unstructured graphs was introduced in this chapter.
This algorithm is a variant of the proximal gradient algorithm that operates on randomly chosen simple
paths. It belongs to the family of stochastic approximation algorithms with a decreasing step size. One
future research direction consists in a fine convergence analysis of this algorithm, hopefully leading to a
provably optimal choice of the total walk length L. Another research direction concerns the constant step
analogue of the described algorithm, whose transient behavior could be interesting in many applicative
contexts in the fields of statistics and learning.

8.8 Proofs for Sec. 8.3.3

8.8.1 Proof of Lem. 8.3.2

We start by writing ||V f;(s', 271 || < ||V fi(s', z072)|| —|—K( Nzt — 772||, where K;(s') is provided
by Assumption 8.3.3. Using the identity 21 = T, ;_1(Z"~2), where T, is given by (8.14), and recalling
that Vg] (s%,-) is v~ !-Lipschitz, we get

IV fi(s", 27D < IV Fils', 272 + 7K (s) 20V fima (s 27| + (Vg (s 2 72)).
Similarly,
Vgl (s', 7 = AV fils', 7)) <
IV fi(s', 27D + 20V fioa (s, 27 + [Vl (s, 2 + Vgl (s, 2 7).

lterating down to z° = z, we get the result since for every 4, since all the moments of K;(£%) are finite.

8.8.2 Proof of Prop. 8.3.3

Let =, be an arbitrary element of Z. Let i € {1,...,L}. We start by writing

151 = 2all® = (1 Thr — T 1P + 1705 — 2l + 2Ty — x;ri*ll?x:l;l )
= 7 — 2l + IV fi + VG P = 20V + 0, T2 — )
=20V i = VT — 2 = 20V — @i T — )
= 1755 — @l? + A+ As + A + Au
Most of the proof consists in bounding the A;'s. We shall repeatedly use Young's inequality |{(a, b)| <

n|lal| 2, where 7 > 0 is a constant chosen as small as desired, and C' > 0 is fixed accordingly.
Starting with A;, we have

AL <A+ IV P+ CPIV il
We have A3 < 0 by the convexity of f;. We can write

Ay = =29(Vg] — pi,prox,,, —x.) — 29(Vg] — @i, 7,y — 7V fi —prox,,) — 29(Vg] — i,V f;)
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By monotonicity of Jg;, the first term at the right hand side is < 0. Since :Ei;rll—nyfi—proxm =~Vy,.

Thus,

Ay < =292Vl |I? + 29% (i, Vi + V1) — 242(Vgl, V f,)
< —2=)V VG N? + CRIV P + C¥2 il

As regards A,, we have
Ay = =29V} + @i,z — z) = 29(V I} + 01, Ty — ).

Gathering these inequalities, we get

171 — z)® <1250 — 2> = =)V 1P + CYIV il + Cy el
— 29V [} + @i, T — 3a) — 29(V 7 + 05, T — ).

Iterating over i, we get
1751 = 2ull® < Nz — 2 * = (L =n)y* D IVGE + C* YOIV AN+ Cv* 3 lleell®
k=1 k=1 k=1

=293 AV 4 O T — 1) = 27 D AV Sh 4 Py Thg — ).
k=1 k=1

The summand in the last term can be written as

k-1

—29(V fi + or, kaz::ri — Tp) = — 27 Z<Vf1: + kawffﬁ-l - ff;lﬁ
=

k-1
=—29" > (Vfi+ o, Vi + Vg])
=1
k=1 k-1
<YCIV P+ Cllerl” +22C DIV fellP + 90 D VeI
=1 =1
where we used |(a, b)| < n||al|? + C||b]|* as above. Therefore, forall i =1,... L,
1Z5s1 = @ul® < e = 2] = (L=m)y* YOIV + O IV fill?
k=1 k=1
FCP Y NVEN+Cv Y Nlewll? = 29D Vi + ors 2 — 24). (8.24)
k=1 k=1 k=1
Consider the case i = L. Using Assumption 8.3.4,

L
E, (55,1 — 2.7 < 00 — )12 = (1 = p)2E, [z HngHQ]
k=1

L L
+ O Y EIVAI = 1 | (5 VA + v = 2| + O

k=1 k=1
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The last term at the right hand side is zero since
L L
(- + ona =] = @[S4+ ) =0
k=1 k=1
by definition of V f} and ¢j. Besides, using Assumption 8.3.3, for all k& we have
E,[|Vfell”] < CEA[IVfill?] + CE[KZ (&)1 Znn — 2]
Then,

L
Enllzn1 — 2l’] < llon — 2. = (1 = 0)7"En [Z HVQZHz}

+Cy’ ZE (R DIz — zdl?] + Cy2 (8.25)

k=1

We shall prove by induction that for all r.v P, which is a monomial expression of the r.v

Kk’( n+1) Kz( n+1)
there exists C' > 0 such that
[PkaM1 x*||2] <C(l+ ||z, — x*HQ), (8.26)

for all k = 1,..., L. Note that such a r.v P, is independent of .%,,, non-negative and for all o > 0,
E[P?] < oo by Assumption 8.3.3. Using Assumption 8.3.3, the induction hypothesis 8.26 is satisfied if
k = 1. Assume that it holds true until the step & — 1 for some k < L. Using 8.24 and Assumption 8.3.3,

En [PillzE ) — 2] < Cllzn — 2.2
k—1
+CPE, R Y VAR
/=1

k—1
OV, [Pk S el + ||Vf;||2]
/=1

k—1

— 29E Pu(D_ V7 + o, tn — ). (8.27)
=1

The last term at the right hand side can be bounded as

k-1
— QVEnPMZ Vf; + Yo, Ty — $*>
=1
k-1
<Cllzn = 2.]|* + CEy | P DIV + llepel?
=1
<C|zn — x> + C (8.28)

using Holder inequality and Assumption 8.3.4. Forall ¢/ =1,... k—1,

Eu[Pel|V fell’] < CEAPV f7IIP] + CEy [PoK7 (& 1) 12075 — 2]
<O+ ||z — 4]]?) (8.29)
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where we used Holder inequality and Assumption 8.3.4 for the first term at the right hand side and the
induction hypothesis (8.26) at the step ¢ with the r.v P, := P, K7(¢.., ) for the second term.

Plugging (8.28) and (8.29) into (8.27) and using again Holder inequality and Assumption 8.3.4
we find that (8.26) holds true at the step k. Hence (8.26) holds true for all & = 1,..., L. Finally,
plugging (8.26) into (8.25) with P, = KZ(¢k, ) forall k =1,..., L we get

L
Eullni - 2P < (14 0 — 2> = (1 = )y ’E, [z umuﬂ e
k=1

By the Robbins-Siegmund lemma [100], used along with (7,) € ¢2, we get that (||z,, — z,||) converges
almost surely, showing the first point.

By taking the expectations at both sides of this inequality, we also obtain that (E|z, — )
converges, sup, E||z, — z,[? < oo, and EY,, 72, SF, [|[V4]||? < co. As sup, E||z, — z,]|* < oo, we
have by Assumption 8.3.3 that sup, E||V f1]|> < co. Using Lem. 8.3.2 and iterating, we easily get that
E Y0 Y e [V fill? < oo for all i,

Since ||z} 1 — @nll <AV AL +7]IV4] ], we get that 3, E||zL,, — x,]|* < co. By Borel-Cantelli's
lemma, we get that Z,,,; — 2, — 0 almost surely. The almost sure convergence of Z/,,; — x,, to zero is
shown similarly, and the proof of Prop. 8.3.3 is concluded.
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Chapter 9

Conclusion and Prospects

In this thesis, we first generalized the Ordinary Differential Equation method to Differential Inclusions
for constant step size stochastic approximation. Two kinds of DI are considered : DI involving an
upper semicontinous operator and DI built upon a maximal monotone operator with possibly empty
values. For each DI, several discretization schemes are considered. These schemes include the explicit
implicit Euler scheme (Forward Backward algorithm) and a Douglas Rachford method. As randomness
is involved in every stage of the discretization, we brought tools from probability theory to study the
resulting algorithms. First, the dynamical behavior of the iterates is studied using weak convergence of
stochastic processes techniques. This result is not enough to study the long-run behavior of the methods.
Studying the sequence of iterates as a Markov chain, we provided a stability criterion that allowed to
state the asymptotic behavior of the algorithm. We finally showed that this criterion is satisfied in many
use cases, including the stochastic proximal gradient algorithm. In the second part of this thesis, we
designed and applied generalizations of the stochastic proximal gradient algorithm to solve two kinds
of problems. We first considered the saddle point problem of finding primal dual optimal points of
a stochastic optimization problem. The optimization problem is linearly constrained by matrices that
are also written as expectations. Then, we proposed an algorithm to address regularized optimization
problems over large and general graphs. The regularization term is tied to the graph geometry and our
proximal method allows to handle it stochastically.

In this thesis, we chose to tackle general problems using general compactness techniques that give
asymptotic results. Non asymptotic bounds could be obtain for particular subproblems. Such bounds
has already be obtained from a dynamical system point of view for several algorithms, including Langevin
algorithm or FISTA. The underlying (stochastic) differential equation can often be cast in the framework
of Hamiltonian dynamics. Another direction of research is the adaptation of the tools used in this thesis
to study optimization in measure spaces. Such problems arise in machine learning and can be at the
core of sampling methods. Finally, many algorithms in the fields of control or reinforcement learning
can be seen as stochastic approximation algorithm, with a more general assumption on the noise (i.e a
case where the sequence of random variables is not i.i.d). The algorithms studied in this thesis could be
analyzed under these more general assumptions.
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Appendix A

Technical Report : Stochastic Douglas
Rachford

Notations

A.1 Statement of the Problem

Consider ¢ a random variable defined on some probability space (€2, F,P) into an arbitrary measurable
space (=, G) with distribution p. Let f,g : 2 x X — (=00, +00]| two normal convex integrands and
assume that f(&, z) is integrable. We define F' and G by

F(z) = Ee(f(€ 7))
G(z) = Ee(g(€, 7)) -

Denote by (£,), an i.i.d sequence of copies of . In the sequel, we use the notation f, := f(&,,-) and
Gn = g(&n, +). The adaptive Douglas-Rachford algorithm is given by

e = pros, ., )
Znpl = prOX%gnH(QunH —Ty)

Tntl = Tp + Znt1 — Unt -

We denote by D(s) the domain of g(s,-), and by D the set defined by the relation z € D «—
x € D(§) ass. We denote by d(z) = d(z,D). We also denote F¥(z) = [ f,(s,x)u(ds) and
GV (z) = [ g4(s,x)p(ds). We assume that f(&,-) has a.s a full domain (equal to X) and is continuously
differentiable. Under these assumptions, Z(0(G+ F)) = Z(0G+VF) = Z(E(0g(&, ) +E(Vf(E,))),
see Chap. 2.

A.1.1 Useful facts

We first observe that the process (x,) described by Eq. (4.4) is a homogeneous Markov chain with
transition kernel denoted by P,. The kernel P, and the initial measure v determine completely the
probability distribution of the process (z,,), seen as a (2,.%) — (XN, Z(X)®N) random variable. We
shall denote this probability distribution on (XY, 2(X)®Y) as P7. We denote by E*” the corresponding
expectation. When v = §, for some a € X, we shall prefer the notations P*? and E*? to P’+7 and
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[E%7. From nom on, (x,,) will denote the canonical process on the canonical space (XY, Z(X)®N). We
denote by .%, the sub-o-field of .7 generated by the family {x¢,{&] : 1 < k < n}}, and we write
E,['] = E[-| #,] for n € N. In the remainder of the paper, C' will always denote a positive constant
that does not depend on the time n nor on . This constant may change from a line of calculation
to another. In all our derivations, v will lie in the interval (0, ~,] where ~q is a fixed constant which is
chosen as small as needed. Then, we observe that the Markov kernels P, are Feller, i.e., they take the
set Cp(X) of the real, continuous, and bounded functions on X to Cy,(X). Indeed, for each f € Cy(X),
Eq. (4.5) shows that P, (-, f) € C,(X) by the continuity of prox and prox, sy, and by dominated
convergence. For each 7 > 0, we denote as

v9(s,")

Z(Py) ={me M(X) : m=nP,}
the set of invariant probability measures of P,. Define the family of kernels P := { P} ,c(0,1o), and let

ZP)= |J Z(P

7€(0,70]

be the set of distributions 7 such that 7 = 7P, for at least one P, with v € (0, y].
Finally, we shall often refer to the Differential Inclusion (DI)

{k(t) € —(0F 4+ 0G)(x(t)) (A.1)

xo.

and to the associated semiflow .

A.2 Theorem

H1 There exists z, € Z(0G + VF') admitting a £?(11) representation (i, 1)) i.e EI(p Y € L2(u), such
that ¢(s) € dg(s, z.) p-as, b(s) = Vf(s,z.) pra.s and E(p(£) +(S)) =

H2 There exists L > 0 s.t. Vf(s,-) is a.s L-Lipschitz continuous.
H3 The function '+ G satisfies one of the following properties:

(a) F + G is coercive.
(b) F'+ G is supercoercive.

H4 For every compact set K C X, there exists £ > 0 such that

sup_ [ long(s, )] u(ds) < o0,

zekl

H5 For every compact set K C X, there exists £ > 0 such that

sup IV £ (s, 2) || u(ds) < oo
H6 For all v € (0,7] and all z € X,
1
S (19259l + 2 1p105%,5) = ooy @) ulds) < O+ |7 (2) +67 ().
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H7 vz € X, / d(z, D(s))? u(ds) > Cd(z)2.

H8 For every compact set K C X, there exists € > 0 such that

1 €
iz [ 1010%, s () = Moy (@)1 pu(ds) < oo

sup
’YE(O:’YO]:IEK ’}/

Theorem A.2.1. Let Hypotheses H1-H8 hold true. Then, for each probability measure v having a
finite second moment, for any € > 0,

1 n
liflris;}p o kz::OI[wﬁ (d(zy,argmin(F + G)) > ¢) m 0.

Moreover, if Hypothesis H3—(b) is satisfied, then

limsup P*7 (d (z,,argmin(F + G)) > ¢) — 0 and
gl

n—oo

limsup d(E"(z,),argmin(F + G)) — 0.

n—00 v—0

where z,, = %zgzl T}

A.3 Proof of Th. A.2.1

In this section, we study the iterations given by the adaptive Douglas Rachford algorithm. Let v, > 0,
a € X and (&,)nen be an i.i.d sequence of random variables from (2, F,P) to (=, G) with distribution
1. The adaptive Douglas Rachford algorithm with step size v > 0 writes o = a and for all n € N,

Tp+1 = Tn — ’}/vf’y(gn—l—la :Bn) - 7v97<5n+17 Tpn — 27vf’y<€n+l7 l’n)) (A2)

Define
hy(s,x) := =V fy(s,z) — Vg,(s,x — 29V £, (s, 2)).

The algorithm (A.2) can be rewritten as

Tpi1 = Tp + 7y (€nt1sTn). (A3)

In Sec. A.3.1, we show that the linearly interpolated process constructed from the sequence (z,) with
time frame 7 converges narrowly as v — 0 to the DI solution in the topology of uniform convergence
on compact sets. The main result of this section is Th. A.3.1, which has its own interest. To prove this
theorem, we establish the tightness of the linearly interpolated process (Lem. A.3.2), then we show that
the limit points coincide with the DI solution (Lem. A.3.3-A.3.5). In Sec. A.3.2, we start by establishing
the inequality (A.15), which implies the tightness of the set of invariant measures Z(P) in Lem A.3.7.
Then, we show that the cluster points of Z(P) are invariant measures for the flow induced by the DI
(Lem A.3.9). In the different domains case, this lemma requires that the invariant measures of P, put
most of their weights in a thickening of the domain D of order . This fact is established by Lem. A.3.8.
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A.3.1 Dynamical behavior

For every v > 0, we introduce the linearly interpolated process

X, : (XY, B(X)7") = (C(R4,X), B(C (R4, X)))
defined for every x = (2, : n € N) in XY as

Xy(@) st e+ (t/y = [/ ) (@0 — 212 ))

This map will be referred to as the linearly interpolated process. When = = (x,,) is the process with
the probability measure P**" defined above, the distribution of the r.v. X, is P*»7X_!. The set C(R, X)
of continuous functions from R, to X is equipped with the topology of uniform convergence on the
compact intervals, who is known to be compatible with the distance d defined as

dley)i= X0 2 (1 s o) = y(01 )
neN* tE[O,n]

If S is a subset of X and ¢ > 0, we denote by S. := {a € X : d(a,S) < ¢} the e-neighborhood of S.

The aim of the beginning section is to establish the following result:

Theorem A.3.1. Let Assumptions H4, H5, H7 and H8 hold true. Then, for every n > 0, for every
compact set K C X s.t. KND # 0,

VM >0, sup P (d(X,,®(Ham(a), ) >n) — 0. (A.4)

aGK:ﬂD,\/ M 7—=0

Choose a compact set K C X s.t. KNcl(D) # (. Choose R > 0 s.t. K is contained in the ball of
radius R. For every z = (x, : n € N) in XY, define 7z(z) := inf{n € N : x, > R} and introduce the
measurable mapping B : XY — XN given by

Br(z) :n = Tplicrp(a) + Trpa) Lnzrg(a) -

Consider the image measure P%7 := P%7 B!, which corresponds to the law of the truncated process
Br(z) and denote by E*" the corresponding mathematical expectation. The crux of the proof consists
in showing that for every > 0 and every M > 0,

sup P (d(X,, @(ap)(a), ) >n) — 0. (A.5)

aGICI'TD,Y M 7—0

Eq. (A.5) is the counterpart of Th. 3.5.1. Once it has been proven, the conclusion follows verbatim from
the End of the proof of Th. 3.5.1, Chap. 3. Our aim is thus to establish Eq. (A.5). The proof follows the
same steps as the proof of Th. 3.5.1 up to some confined changes. Here, the steps of the proof which
do not need any modification are recalled rather briefly (we refer the reader to Chap. 3 for the details).
On the other hand, the parts which require an adaptation are explicitly stated as lemmas, whose detailed
proofs are provided.

Define h., r(s,z) := hy(s,2)Lg<r. First, we recall the following decomposition, established in
Chap. 3:

Xy =To+GyroXy+ X, 0 Mg,
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P+ almost surely, where I1y : XN — C(Ry,X), G, g : C(Ry,X) = C(Ry,X) and M, g : XN — XV are
the mappings respectively defined by

y(x) : t — xg

M, g(z) :n— (x, —x0) — ’y:z:: /h%R(s,xk),u(ds)

t
Gonl) it [ [ Bl x(v L)) ulds)du
for every x = (2, : n € N) and every x € C'(R, X) .

Lemma A.3.2. For all v € (0,7] and all z € XY, define Z) ;(2) := v (xns1 — x,). There exists
€ > 0 such that:

3 d T, 1+e
sup fFa ((HZZH + ( >1||xn||s5:> > < +o0
(07701 "}/

nGN,aE’Cﬁ'Dvhj,’YG

Proof. Let ¢ be the smallest of the three constants (also named ¢) in Assumptions H4, H5 and H8
respectively where K is the ball of center 0 and radius R. For every a,~, the following holds for P*7-
almost all z = (x,, : n € N):

A1) Ljen i<k = ATne1) Lol <R(Lanl <k + Lieal>R) = AZnt1) Loy <rLjeal<r
< d(@n41) Lz, <
= [[zns1 — Mp(@nt ) 1L, <r
< N @nga = Tp (@) | 1<k -

Using the notation E&7 = E*(. |z, ..., z,), we thus obtain:
(A1) L,y <n) < / 2 + Yha (5, 20) = D (@) I Lz, < dps(s) -

By the convexity of || - ||'T¢, for all @ € (0,1),

e —€ 1+¢ —€ 1+e
<ozl (=)l

|z +y|'T = ar + (1 — «)

(6%
i Y
al-i—&‘ —

1
Therefore, by setting 0,(s,x) := ||z 4+ vh(s,2) — Lps ()|,

E2 N (d(2n1) " gy 1<r) < 04_5/57(8717n)1+€1||xn||§1% dp(s)
+(1=)7 [ IMpgo () = () * e, <r duls).
Note that for every s € =, x € X,

0y(s, @) = [[ prox gy (@ = 29V (s, 2)) + 7V [, (s, 2) — Hps)(2) + prox,g .y (2) — prox, g ()|

Hence,
0y (s, ) <3V L (s, 2)|| + | prox, g o (2) — pes) ()]
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And, by Assumptions H4 and H5, there exists a deterministic constant C' > 0 s.t.
Sup/57<57xn)1+sl||xn||§R dp(s) < Oy,

Moreover, since Il (p(s)) is a firmly non expansive operator [12, Chap. 4], it holds that for all u € cl(D),
and for p-almost all s,

Mapy (wa) = ull® < llan — ull® = [Magp) (2a) — zal*.
Taking u = ILyp)(z,), we obtain that
HHcl(D(S))(xn) — o) (xn)Hz < d(xn)Q — d(zn, D(S))Q‘ (A.6)
Making use of Assumption H7, and assuming without loss of generality that ¢ < 1, we obtain

(1+e)/2
[ Moo (2a) = Ty () 14 duats) < ([ 1o (@) = ey (@)1 dp(s))

< Oé/d(ilin)1+€ ’

for some o € [0,1). Choosing « close enough to zero, we obtain that there exists p € [0, 1) such that

(AT d(z, )+
57 <+ﬂllrn+1I|SR> < p——tLjan<r + C.

/71“1‘5 /'}/ +
Taking the expectation at both sides, iterating, and using the fact that d(xy) = d(a) < M+, we obtain
that e
_ d(x,
sup E®Y << ( )> :H'|$n<R> < 400. (A?)
neN,aeND.ar,7€(0,70) Y

Since Vg, (s,-) is v *-Lipschitz continuous, ||h,(s,z)|| < [[Vg,(s,2)|| + 3|V fy(s,2)||. Moreover,
choosing measurably € D in such a way that ||z —Z|| < 2d(z), we obtain || Vg, (s, z)|| < [|0g0(Z, s)||+
2@. Therefore, there exists R’ depending only on R and D s.t.

- d(z
1V, (5, 2) Ly < 10095, Bl Ljaycre + 2Ey)]1||x§R-

In the following, C'is a positive constant that can change from a line to another. Choosing ¢ > 0 enough
small and using Assumption H4, H5 and Eq. (A.7), we have

En (127 al) =/ 1 (5, 2 )| s < dpa(s)
S/(HV%(&%)H + 3V £ (s, 20) ) Ly < r dia(s)
SC/HVQ'V(Sv$n>H1+ElenHSR+ IV £y (s, 2) [ L o<k dia(s)

<C [ 1009, 3Ly, < dia(s) + C [ 19605, 00) I n dpls)
d(l’n) 1+e€

+C Lz, y<r

d($n> 1+e

<C+C

Lz, <R - (A.8)

Taking expectations, the bound (3.21) is established.
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Using Lem. 3.6.2, the uniform integrability condition (3.21) implies’ that {P*7X ! : a € KND,y, 7 €
(0,70]} is tight, and for any 7" > 0,

sup I?"W(HX7 o M, glloor > €) 220, 0, (A.9)
aEICﬁDA/M

where the notation ||x||. 7 stands for the uniform norm of x on [0, T7].

Lemma A.3.3. For an arbitrary sequence (a,,7,) such that a,, € KND,, » and 7, — 0, there exists a
subsequence (still denoted as (a,, 7,,)) such that (a,,~,) — (a*,0) for some a* € K Ncl(D), and there
exist r.v. z and (x,, : n € N) defined on some probability space (,.%#", ) into C(R, X) s.t. x, has
the distribution P X ! and x,(w) — z(w) for all w € . Moreover, defining

Unp, (t) = Xp (’Yn Lt/'VnJ) )

the sequence (a,,7,) and (x,) can be chosen in such a way that the following holds P’-a.e.

T d(un(t o
sgp/0 (Wﬂllun(t)§R> dt < +oo (VT >0), (A.10)

where € > 0 is the constant introduced in Lem. A.3.2.

Proof. The first point can be obtained by straightforward application of Prokhorov and Skorokhod's
theorems. However, to verify the second point, we need to construct the sequences more carefully.
Choose £ > 0 as in Lem. A.3.2. We define the process Y7 : XN — RN s.t. for every n € N,

n—1 d($k>1+€/2

Y (z) = ——— 1y <R »
2 e s

and we denote by (X,Y7) : XN — (X x R)N the process given by (X,Y7),(z) := (x,,Y7(z)). We

o n

define for every n, 7,1 := v 1 ((X,Y")1 — (X,Y7),). By Lem. A.3.2, it is easily seen that

sup BT (12111 2354) 55 0.
neN,aeKND~ ar,v€(0,70]
We now apply Lem. 3.6.2, only replacing X by Xx R and P*? by P47 (X, Y")~!. By this lemma, the family
{Pe7(X, YV)‘1X;1 ca € KN Dy, v € (0,7)]} is tight, where X;l (X xRN = C(R, X x R) is the
piecewise linear interpolated process, defined in the same way as X, only substituting X x R with X in the
definition. By Prokhorov's theorem, one can choose the subsequence (a,,y,) s.t. P (X, Y””)*X;nl
converges narrowly to some probability measure T on X x R. By Skorokhod's theorem, we can define a
stochastic process ((X,,yn) : n € N) on some probability space (€',.#',[P) into C(R,,X x R), whose
distribution for a fixed n coincides with P (X, YV")_lxjnl, ands.t. forevery w € ', (x,(w),yn(w)) —
(z(w),w(w)), where (z,w) is a r.v. defined on the same space. In particular, the first marginal distribution
of P (X Y””)‘li;j coincides with P X_1. Thus, the first point is proven.
For every v € (0, 7], introduce the mapping

F’Y : C(R+7X) - C(R-H]R)

<o (0 [T Ol L prcnda )

!Lem. 3.6.2 was actually shown with condition [a € K] instead of [a € K N D. ], but the proof can be easily adapted
to the latter case.
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We denote by X;l :RY — C(R,,R) the piecewise linear interpolated process, defined in the same way
as X, only substituting X with R in the definition. It is straightforward to show that X oY =T', 0 X,
For every n, by definition of the couple (x,,yy,), the distribution under P’ of the r.v. I, (x,,) —y,, is equal
to the distribution of I'; oX, —X, oY under P Therefore, P"-a.e. and for every n, y, = I, (x,).
This implies that, P'-a.e., I, (x,,) converges (uniformly on compact set) to w. On that event, this implies
that for every ' > 0, I, (x,,) (T") — w(T), which is finite. Hence, sup, I';, (x,)(7") < oo on that event,
which proves the second point. m

Define
Un(8,1) = =V [, (8, un (1)) Ljjun ()< -
and
W (5, 1) = =V s, (8, un(t) = 29V fr, (8, un () Ljun )<k -

Thanks to the convergence (A.9), the following holds P'-a.e.:

z(t) = z(0) + lim / /vn s, u) + wy(s,uw) p(ds) du (Vt >0). (A.11)

n—oo

We now select an w € €)' s.t. the events (A.10) and (A.11) are all realized, and omit the dependence in w
in the sequel. Otherwise stated, u,,, v, and w,, are handled from now on as deterministic functions, and
no longer as random variables. The aim of the next lemmas is to analyze the integrand v,,(s, u)+w, (s, u).
Consider some T' > 0 and let Ay represent the Lebesgue measure on the interval [0,7]. To simplify
notations, we set £ 1= L1*(Z x [0,T],9 @ A([0,T)), 1 @ Ir; X).

Lemma A.3.4. The sequences (v, : n € N), (w, : n € N) form bounded subsets of EHE/Q.

Proof. By the same derivations as those leading to Eq. (A.8), there exists C' > 0 such that

£ £ d(un(t))1+£/2
/(an(s,t)l\1+ 2 lwa (s, 0)]?) du(s) < C + T COIEE

The proof is concluded by applying Lem. A.3.3.
[

The sequence of mappings ((s,t) — (vn(s,t),w,(s,t))) is bounded in EHE/Z and therefore admits
a weak cluster point in that space. We denote by (v, w) such a cluster point, where v:EX[0,T] =X
and w : £ x [0,T7] — X. Let Hg(s,z) := Vf(s,x) + dg(s,x)) if ||z]| < R, {0} if ||a|| > R, and
Hg(s,x) := X otherwise. Denote the corresponding selection integral as Hz(a) = [ Hg(s, a) u(ds).

Lemma A.3.5. For every (s,t) u® Ar-a.e., (z(t), (v +w)(s,t)) € gr(Hg(s, .)).

Proof. To S|mpI|fy notations, we now omit the dependence in (s,t) in the sequel and write u,, := w,(t),

Up 1= (s, 1), w, = wy(s,t), hy := hy(s,-), Og = 0g(s, ) Vf = Vf(s,+), v = Yn, Prox,; =
PrOX. (s, y V= Vfw( ), z:= z(t). Moreover, we write prox. () := prox,  y(z — 27V f,(s, 7))

and ng = Vg, (s,x — 29V f,(s,x)), for all z € X.
There exists a subsequence of (7,,) that is decreasing and such that d,, := sup,cpo 7 [|un(t) — 2(?)]|
is decreasing to zero. We still denote by (+,,) such a subsequence. The sequence

(Vs oy [onlls [[wnll))n
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- alte)2 i
converges weakly to (v, w,v,w) in Lxéri{Rg along some subsequence (n.b.: compactness and sequential

compactness are the same notions in the weak topology of Li&fRﬂ). We still denote this subsequence

by ((vn, Wa, ||vnlls [|wnll))n. By Mazur's theorem, there exists a function J : N — N and a sequence of

sets of weights {ay,,, :n € Nk =n...,J(n) : ap, >0, ZJ(” = 1} such that the sequence of
functions
J(n)
(77”7 W, @m ﬁ}n) : (57 t) = Z O‘km(vk<57 t)? wk(‘97 t)? Hvk(sa t) H> Hwk(‘s? t) ”)
k=n

converges strongly to (v, w, v, w) in that space, as n — oo. Taking a further subsequence (which we still
denote by (U, W, U, W,)) we obtain the ;1 ® Apr-almost everywhere convergence of (¥, Wy, Up, W,) to
(0,w,0,w). Consider a negligible set 4" € Y®%([0,T]) such that for all (s,t) & A", (U, Wy, O, Wy,) —
(v, w,0,w) and D, are finite.

If ||z(¢)|| = R, obviously (z(t), (v + w)(s,t)) € gr(Hg(-,s)). If ||z(¢)|| > R, then, (v + w)(s,t) =0
since ||u,(t)|]] > R for n enough large. We just need to consider the case where ||z(t)|| < R. Besides,
the condition (z(¢), (v 4+ w)(s,t)) € gr(Hg(-, s)) is equivalent to:

(z(t), =(v +w)(s,1)) € gr(A(f (-, 8) +9(- 5))) = er(VS(-,8) + Ig(-,5)) - (A-12)

To show Eq. (A.12), consider an arbitrary (p,q) € gr(Vf(-,s) + dg(-,s)). There exists (¢s,q,) € X?
such that ¢ = g5 + g4, (p,qy) € gr(Vf(-,5)) and (p, qy) € gr(Ig(-, s)).

Recall that —h. () = V f,(z) + Vg, (z =29V f,(x)). We start by decomposing (z —p, —h.(x) —q)
for any z € X. On the one hand,
(@ +7hy (@) = p, —hy(2) = q) = =7(hy (@), @) = Yllh (@) [I* + (& — p, Dy (2) — q)
On the other hand,
(@ =YV [y (2) =7V gy () = p, V f1(2) + Vgy () = (g5 + gp))
=(prox, ; () = YVg,(x) = p, V£, (x) = q5) + (prox. ,(z) + 7V f(2) = p, Vg, () - g,)
=(prox, ;(z) — p, Vf2(2) — ¢5) + (prox () — p, Vg, () — g5)
— Vg, (2), V(@) = ar) + 1V f(2), Voo () — qp)
=(prox, ;(x) = p, V f(x) = ¢5) + (Prox,,(x) — p, Vg, (z) — ¢,)
+7(Voy (@), 45) = ¥V fo(@), g5)-

Using the monotonicity of V f and dg, we finally have

0 <(z —p,—h\(z) —q)
— (Vg (), ar) + YV f1(2), 45) — V{hy(2), q). (A.13)

As ||z|| < R, it holds that ||u,|| < R for every n large enough. Thus, —v, = Vf, (u,) and —w,, =
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Vg, (un — 27,V £y, (uy)). Using (A.13) with w, instead of z and +, instead of y, we have

J(n)
0< 1; U ((2 = p, = (v +wi) — @) + (up — 2, — (v +wi) — q))

J(n)
+ Z Ak (<wk> C]f> - <Uk7 QQ> - <h”Yk- (uk’)v (]>)
k=n
J(n)
<(z = p, = (00 + @) — q) + D @ ndi ([orll + [lwi]l +[lgl])
k=n
J(n)
+ > arnyi (lwellllag + Nvellllggll + lloxll gl + llwsllllal)
k=n
+ Yo (Wnll g5l + Onllagll + Vnllgll + wnllal]) - (A.14)

Letting n — 400, since (v,) and (w,) are a.e bounded sequences in X, we conclude that (z — p, —(v +
w) —¢q) >0a.e As Vf+ dg € #, this implies that (z, (v +w)) € Vf + g a.e.

O
By Lem. A.3.5 and Fubini's theorem, there is a A\p-negligible set s.t. for every ¢ outside this set,
v(-,t) is an integrable selection of Hy(-,z(t)). Moreover, as v is a weak cluster point of v, in £>1(+€/2, it

holds that .
z(t):z(O)—l—/O /Eu<s,u)+w(s,u)u<ds)du, (vt € [0,7])).

By the above equality, z is a solution to the DI x € Hg(x) with initial condition z(0) = a*. Denoting by
$r(a*) the set of such solutions, this reads z € Pr(a*). As a* € KNcl(D), one hasz € Pr(KNcl(D))
where we use the notation ®z(.S) := UuesPr(a) for every set S C X. Extending the notation d(z,S) :=
inf,cs d(x,y), we obtain that d(x,, (K Ncl(D))) — 0. Thus, for every n > 0, we have shown that
Pann(d(X,,,, Pr(K Ncl(D))) > n) — 0 as n — co. We have thus proven the following result:
Vn >0, lim sup P*7(d(X,,Pr(KNcl(D))) >n)=0.
7—0 a€KND s

Let 77 > 0 and R > sup{||®(a,t)|| : t € [0,T],a € KNcl(D)} (the latter quantity being finite, see
e.g. [36]). Consider any solution x to the DI x € Hg(x) with initial condition a € I N cl(D). Consider
the set F' = {t € [0,T],x(t) = ®(a,t)}. Then, 0 € F. Let ¢ = sup F' and assume that ¢ < T'. Since
F is closed, ¢ € F and we have |x(t)|| < R, hence there exists ¢ > 0 such that ||x(¢)|| < R for all
t € [t,t +¢]. Then, x and ®(a,-) are solutions to the DI x € H(x) over [t,t + €] and x(t) = ®(a,t),
therefore x(t) = ®(a,t) for all ¢t € [t,¢ + ¢]|. Hence, t +c € F. Finally, t =T and F = [0,7T]. By the
same arguments as in [28, Section 4 - End of the proof], Th. A.3.1 follows.

A.3.2 Stability of the Markov chain

Theorem A.3.6. Assume hypotheses H1 and H2. Let x, € Z(9G + VF) that admits a £? represen-
tation. Then, there exists o, C' > 0 such that

By |zns — 2ll* < llon — 2l — ay(F(@n) + G7(za)) +97C. (A.15)

for v enough close to 0.
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Proof. To 5|mpI|fy notations, we now omit the dependence in (s,t) in the sequel and write u,, := u,(t),
0 = a(s,8), Wy = wy(s,8), by = ho(s,-), 99 = Og(s."), VF = V(5,), 7 i= G, pros, =
ProX, sy, Vfy == Vf,y(s, ), z 1= z(t). Moreover, we write prox. (z) := prox .  (z — 27V f,(s, 7))

and 697 = Vg,(s,x — 29V f,(s,x)), forall z € X.
By assumption, there exists a £? representation (¢, ) of z,. We write
(V) z —z) = (V@) ¢, — 2 + (b, 2 — 2.)
= (V@) =, prox, ;(2) — z.) + (V3 (2) — 1,7V [ (2))
+ (¥, — )
= (Vf(x) = ¥, prox,;(z) — z.) — v(¢, VS5 (z))
+ {2z —z) + V()]

We also write

(Vo,(2), 2 —2.) = (Vg,(2) = p,0 = 2.) + (0,2 — )
= (Vg, () — ¢, Prox,,(z) — SU*> +(Vgy(2) — o, = prox,, () — 29V f,(x))
+ (o z — > (Voo (@) = 0. 29V f, ()
= (Vg,(2) — . prox, ,(x) — SE*> — 7, Vg, (2))
+29(Vgy(2), V() + (0,7 — 2.) + 7 Vs ()P = 29{p, V I ().

Hence,
(Vfy(x)+ AV/gv(x), T — I,)
=(Vgy(x) — 0, Drox, o () — z,) + (V f(x) — ¢, prox, ;(z) — z.)
+ Vg, (@) + V@2 =7 {{e + 8, V(@) + (¢, Vg, (@) + V1 (2)) }

+{p+v,z -, (A.16)

By expanding

2011 = 2l1? = g = 2”4+ 2(@ng1 — 20, 20 — 20) + [[T0101 — 20|,

we obtain

|20 = @l = 29{V g (@), 2 — 22) = 29V (@), 0 — 2.)

[2ns1 — 2l* =
+ 9V gy (@) + VI (za) 2. (A7)

Using (A.16), we obtain

[ns1 = 24]* = |2 — 2]
-2y {<v9'y($n) - ¢ I/)?O—)/('yg(mn> - 33*> + <va($n) — 1, prOXn,f@jn) - 33*>}

— PV gy (@n) + V(@) + 2% {{e + ¥, V1 (20)) + (0, Voo (z0) + V5 (z0)) }
—2v{p + Y, x, — )
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where we used |la + b[|* = ||a||* + ||b]|* + 2(a, b). Then, since 2{a,b) < ||al|*/2 + 2||b||?,
Hanrl - x*HQ S Hxn - x*HQ (A18)
- 27 {<v9’y($n) - ¥, ]?)?O—}/(Wg(.%n) - IE*> + <Vf’y(xn> - 7% proxwf(xn) - $*>}
— V)2V gy (wn) + V fr (@) I + 72V £, (20) |
+ 292 [10l” + 292l + l1* = 27(p + ¥, 20 — 2.).

Observe that the term between the braces at the right hand side of the last inequality is nonnegative
thanks to the monotonicity of Vf(-,s) and dg(-, s).
Let 2 € X. By the convexity of g, and f,, we have

9:(x = 29V f5(x)) = g5 (1) < (Vo (), 2 = 29V [, (2) — ) (A.19)
and
fy(@) = fy(ze) <V (), z — ). (A.20)
Using the 1/~-Lipschitz continuity of Vg, we have
() = gy (x = 29V [,(2)) < (Vg (2), 29V [, (2)) + 29[|V f ()|, (A.21)
Summing the inequalities (A.19), (A.20) and (A.21) we obtain
[ (@) = fi(@) + g4(2) — g4 () < (Vfo(2) + /vvgv(x): T — Ty) + 27||va($)||2 (A.22)
Using (A.16),

fo(@) = [y (@) + g5(2) — g ()
< |V (@)]°

+(Vgy(x) = 0, prox, (z) — m.) + (V £, (x) — ¢, prox s (z) — z,)
+91Vgy (@) + V@) 1F =7 {{le + ¢, V(@) + (¢, Vg, (2) + V £y (2))}
+ <90 + ¢7 T — {L'*>

< SIVA@I
F(V0,(0) — i, 5705, () — ) + (T fy () = 1, prow, (2) — )
+ 2390, @) + VL @I+ (o bz — ) + el + Lo+ 0P
< = SAVE@IP + 3 IVA@I ~ (V@) ~ b, prox, () - o))
46 {(Va,(2) — . 5708, (2) — ) + (V) — 0, prox,  (a) — 2.}

3  ~
+ 2V, (@) + VE @) + o+ ,w —2) + Sllel + Sl + ]

since (Vg,(z)—¢, prox.,(z)—x,) and (V f, (z) =, prox, ;(z)—,) are nonnegative. Using 1) = V f(z.),
Vf,(x) = V f(prox,;(r)) and Assumption H2, there exists by Baillon-Haddad theorem ¢ > 0 such that
IV (z) = o|> < (Vfy(x) — ¥, prox, ;(x) — x,). Then,

(V5 (@) — ¥, prox,;(z) — z.) < ||V f5(z) = 9[I* < —c/2| V[, (@) + c]l¥]*.
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If v < ¢/2 we finally have

(@) = fi(2) + g4(2) — g4 (2s)
<= V@I + el
+6 {<’vav(x) — @, Prox,,(z) — z.) + (Vfy () — 9, prox, ;(x) — x*)}

3 i gl gl
+5Vey (@) + VL@ + (e + 2 =z + Sllell* + Sl + ¢I1
Using A.18, there exists o, C', C’ > 0 such that

[@n41 — 2l|? < g — 2)?
—ay{fy(wn) + gy(zn) — fr(20) — gy(24) }
+ CP ol + 112 + [l + ¥l + Clp + ¥, 0 — ).

Taking the conditional expectation, the last inner product vanishes, and we get the result. O
Lemma A.3.7. If Eq (A.15) hold, then the set of measures Z(P) is tight.

Proof. The following inequalities hold F°(z) 4+ G (z) < F(2) + G (z) < FY' (2) + G (z) < F(x) +
G(z) for all 0 <+ <~ <. Moreover H3 <= F° + G"°coercive <= F° + G coercive (see End
of the proof of Prop. 4.4.1, Chap. 4). Hence, condition (PH) in Chap. 3 is satisfied. The conclusion
follows from Prop. 3.8.7. O

Lemma A.3.8. Let Assumptions H7, H6, and H3 hold true. Then, for all ¢ > 0, there exists M > 0
such that

sup  sup 7((Dumy)¢) <e.
’YE(O,’Y()] WEI(P—Y)

Proof. We start by writing
d(7p11) < ||Zng1 — oy (@) || < [|2ns1 — Maonn) (@) | + [Henien ) (Tn) — Hapy (@n) |-

On the one hand, we have by Assumption H6 and the nonexpansiveness of the resolvent that

EX 201 — Haen) (@)l S EZprox e (@n) — Damie, ) (@) | + YEL IV £ (Engr, 70) |
< Cy(1+ F'(x,) + G (z,)),

On the other hand, since
Mg, (Tn) = ey (@) 1? < d(20)? = d(wn, D(€n11))?  (see (A.6)),
we can make use of Assumption H7 to obtain
B [Men(en ) (@) — Mooy () | < (B [Mer(pie, ) (n) — Hapy (za)[1)? < pd(n)

where p € [0,1). We therefore obtain that E%"d(z,1) < pd(x,) + Cvy(1 + F(z,) + G"(x,)). By
iterating, we end up with the inequality

B (d(wa1) < o d(0) + O7 3 M L4 B (P (@) + Cw)). (A23)
k=0

139



From Th. A.3.6 we have
Eann — 2l < [lon — 2l — ay(FY(2,) + G (2)) +~2C. (A.24)
for all v € (0,vo]. Using Prop. 3.8.7, it implies

sup  sup 7(F7° +G") < 0.
~e(0,v0] TEZ(Py)

Recall that ¢ € T'y(X) is coercive if and only if liminfj,|_ 0 q(x)/|z]| > 0 ([12, Prop. 11.11 and
11.12]). Noting that d(z) < ||z + [[Tlap)(0)[], we obtain that sup. ¢ ] SUPrez(p,) T(d) < 00 using
Assumption H3. Moreover, with a small adaptation of the proof of Prop. 3.8.7 to the case of Lem. A.3.6,
we can show the slightly stronger result that sup.¢ g, SUPrez(p,) 7(F7 + G7) < co. Let v € (0, 7]
and ™ € Z(P,). We can integrate w.r.t  in A.23 to obtain

7(d) < 7 m(d) + Oy 3 (1 + (B + G)).
k=0
Using Markov's inequality, we have for every n € N,

pn+1 n pn—i-lcv C
1 (F"+G7)) < —.
Z +7(F"+G")) < e + 27

n(d) _

w(Du)) < 0 < fe

By making n — oo, we obtain that 7((Dys,)¢) < C/M, and the proof is concluded by taking M as
large as required. O

Lemma A.3.9. Let the assumptions of the statement of Th. A.3.1 hold true. Assume that for all ¢ > 0,
there exists M > 0 such that
sup sup 7((Day)) <e. (A.25)

v€(0,70] TEZ(Py)

Then, as v — 0, any cluster point of Z(P) is an element of Z(P).

Proof. The proof is verbatim the same that the proof of Lem. 4.6.2. O

A.3.3 End of the proof

Assume H1-H6. By Lem. A.3.7, U (00 Z(Fy) is tight and by Lem. A.3.8 and Lem. A.3.9 any cluster
point of Z(P) is an element of Z(®) as v+ — 0. The rest of the proof follows word-for-word from
Sec. 3.8.4.
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