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Abstract

A popular approach for solving stochastic optimization problems is the stochastic gradi-
ent descent (SGD) method. Although the SGD iteration is computationally cheap and
its practical performance may be satisfactory under certain circumstances, there is recent
evidence of its convergence difficulties and instability for unappropriate choice of parame-
ters. To avoid some of the drawbacks of SGD, stochastic proximal point (SPP) algorithms
have been recently considered. We introduce a new variant of the SPP method for solving
stochastic convex problems subject to (in)finite intersection of constraints satisfying a linear
regularity condition. For the newly introduced SPP scheme we prove new nonasymptotic
convergence results. In particular, for convex Lipschitz continuous objective functions,
we prove nonasymptotic convergence rates in terms of the expected value function gap
of order O (kl—lm), where k is the iteration counter. We also derive better nonasymptotic
convergence rates in terms of expected quadratic distance from the iterates to the optimal
solution for smooth strongly convex objective functions, which in the best case is of order
@ (%) Since these convergence rates can be attained by our SPP algorithm only under
some natural restrictions on the stepsize, we also introduce a restarting variant of SPP that
overcomes these difficulties and derive the corresponding nonasymptotic convergence rates.
Numerical evidence supports the effectiveness of our methods in real problems.

Keywords: Stochastic convex optimization, intersection of convex constraints, stochastic
proximal point, nonasymptotic convergence analysis, rates of convergence.

1. Introduction

The randomness in most of the practical optimization applications led the stochastic opti-
mization field to become an essential tool for many applied mathematics areas, such as ma-
chine learning (Polyak and Juditsky, 1992), distributed optimization (Necoara et al., 2011),
control (Karimi and Kammer, 2017), and sensor networks problems (Blatt and Hero, 2006).
Since the randomness usually enters the problem through the cost function and/or the
constraints set, in this paper we approach both randomness sources and consider stochastic
objective functions subject to stochastic constraints. Usually, in the literature, the following
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unconstrained stochastic model has been considered:

min F(z) = (E[f(z;5)]), (1)
reR™
where the expectation is taken w.r.t. the random variable S. In the following subsec-
tions, we recall some popular numerical optimization algorithms for solving the previous
unconstrained stochastic optimization problem and set the context for our contributions.

1.1 Previous work

A very popular approach for solving the unconstrained stochastic problem (1) is the stochas-
tic gradient method (SGD) (Nemirovski et al., 2009; Moulines and Bach, 2011; Rosasco et
al., 2014; Polyak and Juditsky, 1992). At each iteration k, the SGD algorithm randomly
samples S and takes a step along the gradient of the chosen individual function:

$k+1 _ Jj‘k o ,LLk;Vf(fEk,Sk),

where uy is a positive stepsize. Convergence behavior of SGD for the last iterate sequence
has been analyzed in (Nemirovski et al., 2009) and for the average of the iterates sequence
has been given in (Polyak and Juditsky, 1992). However, there is a recent nonasymptotic
convergence analysis of SGD provided in (Moulines and Bach, 2011), under various differ-
entiability assumptions on the objective function. While the SGD scheme is the method
of choice in practice for many machine learning applications due to its superior empirical
performance, the theoretical estimates obtained in (Moulines and Bach, 2011) highlights
several difficulties regarding its practical limitations and robustness. For example, the step-
size is highly constrained to small values by an exponential term from the convergence rate
which could be catastrophically increased by uncontrolled variations of the stepsize. More
precisely, the convergence rates of SGD with decreasing stepsize p, = 42, given for the
quadratic mean {E[||z* — 2*||?]}1>0, where * is the optimal solution of (1), contains cer-
tain exponential terms (depending on the initial stepsize) of the following form (Moulines

and Bach, 2011):
C1eC2H 1
k *(2 1
Elle* -1 < S 40 (1), @

for pp > 2/a and for appropriate positive constants C7,Cy and «. Note that this conver-
gence rate holds under strong convexity and gradient Lipschitz assumptions on the objective
function F. From (2) we observe that {E[||z* — 2*|?]}x>0 can grow exponentially until the
stepsizes becomes sufficiently small, a behavior which can be also observed in practical
simulations.

Since these drawbacks are naturally introduced by the SGD iteration, other essential mod-
ifications of this scheme have been applied for avoiding the issues. One resulted method
is the stochastic proximal point (SPP) algorithm for solving the unconstrained stochastic
problem (1) having the following iteration (Ryu and Boyd, 2016; Toulis et al., 2016; Bianchi,
2016):

1
M = arg min | f(z; Sp) + =~z — 2F|?| .
24y,

z€R™
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Note that SGD represents a particular SPP iteration applied to the linearization of f(z; Sk)
in 2%, that is to the linear function l;(z;2%,S) = f(a%;Sk) + (Vf(2"; Sk), 2 — a*). Of
course, when f has an easily computable proximal operator, it is natural to use f instead
of its linearization ;. In (Ryu and Boyd, 2016), the SPP algorithm has been applied to
problems with the objective function having Lipschitz continuous gradient and the following
restricted strong convezity property:

[(@:5) 2 ;) + (VI S),w — 9+ 5(Ms(a —9), o —y) Vay R, (3

for some matrix Mg = 0, satisfying A = Apin(E[Mg]) > 0. In (Ryu and Boyd, 2016) the
asymptotic global convergence of SPP with decreasing stepsize py = “—ko is derived, followed
by a nonasymptotic analysis for the SPP with constant stepsize. In particular, it has been
proven that SPP converges linearly to a noise-dominated region around the optimal solution.
Moreover, the following asymptotic (i.e. for a sufficiently large k) convergence rate in the
quadratic mean have been given:

C .

1\ HoAIn (k+1) (,uo)\il)k if poA >1

Efla* - a2 < <) Cr{ SO pa =1
Oy if oA <1,

(1,#0)\)]{#0)\

where C7 and Cy are some positive constants. With the essential difference that no ex-
ponential terms depending on pg are encountered, these rates of convergence have similar
orders with those for the variable stepsize SGD method. Although in this paper we make
similar assumptions on the objective function, we additionally assume the presence of con-
vex constraints and provide a nonasymptotic convergence analysis of the SPP for a more
general stepsize pr = 2, with v > 0. Moreover, the Moreau smoothing framework used
in our paper leads to more elegant and intuitive proofs. Another paper related to the SPP
algorithm is (Toulis et al., 2016), where the considered stochastic model involves minimiza-
tion of the expectation of random particular components f(x;.S) defined by the composition
of a smooth function and a linear operator, i.e.:

f(@;8) = flaka),

where ag € R™. Moreover, the objective function F(z) = E[f(aLx)] needs to satisfy
Amin (VQF (:U)) > A > 0 for all z € R™ The nonasymptotic convergence of the SPP
with decreasing stepsize up = £5, with v € (1/2,1], has been analyzed in the quadratic
mean and the following convergence rate has been derived in (Toulis et al., 2016):

ki—
E[||lz* — z*||2] < C _ 7+0 S
- 1+ Moo kv )’

where C' and « are some positive constants. However, the analysis used in (Toulis et al.,
2016) cannot be extended to general convex objective functions and complicated constraints,
since it is essential in the proofs that each component of the objective function has the form
f (agx), where ag € R™. In our paper we consider general convex objective functions,
which lack the previously discussed structure, with (in)finite number of convex constraints.
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Further, in (Bianchi, 2016) a general asymptotic convergence analysis of several variants
of SPP scheme within operator theory settings has been provided, under mild convexity
assumptions. A particular optimization model instance analyzed in (Bianchi, 2016), related
to our paper, is:

mgn f(z) st zen X,

for which has been derived the following SPP type algorithm:

LR {argminzeRn f(z) + ﬁHz - :L‘kH2] if S, =0

Ixg, (z%) otherwise,

where Sy, is randomly chosen in 2 = {0,1,--- ,m} according to a probability distribution P.
Although this scheme is very similar to the SPP algorithm, only the almost sure asymptotic
convergence has been provided in (Bianchi, 2016). Convergence results of order O (%) in the
strongly convex case, as well as almost sure convergence results under weaker assumptions,
are also provided in (Rosasco et al., 2017) for the stochastic proximal gradient algorithm on
convex composite optimization problems. In (Combettes and Pesquet, 2016) the asymptotic
behavior of a stochastic forward-backward splitting algorithm for finding a zero of the sum
of a maximally monotone set-valued operator and a co-coercive operator in Hilbert spaces
is investigated. Weak and strong almost sure convergence properties of the iterates are
established under mild conditions on the underlying stochastic processes.

A particular case of the stochastic optimization problem (1) is the discrete stochastic model,
where the random variable S is discrete and thus, usually the objective function is given as
a finite sum of functional components. There exists a large amount of work in the literature
on deterministic and randomized algorithms for the finite sum optimization problem. Linear
convergence of SGD for solving convex feasibility problems is proven recently in (Necoara,
2017). Convergence analysis of SGD for minimizing an objective function subject to a finite
number of convex constraints is provided e.g. in (Necoara, 2017; Nedic, 2011). Linear
convergence results on a restarted variant of SGD for finite-sum problems is given in (Yang
and Lin, 2016). On the deterministic side, the cyclic incremental gradient methods were
extensively analyzed e.g. in (Bertsekas, 2011). Recently, highly efficient algorithms with
improved convergence estimates (compared to SGD) for finite sums have been developed
using aggregated (averaged) or variance reduction techniques. The first category is based on
the common idea of updating the current iterate along the aggregated (averaged) gradient
step: e.g. incremental aggregated gradient (IAG) (Vanli et al., 2017), stochastic averaged
gradient (SAG) (Roux et al., 2012) and its generalization SAGA (Defazio et al., 2014).
Regarding the second category, there are simpler schemes, but memory intensive, such as
stochastic variance reduced gradient (SVRG) method introduced in (Johnson and Zhang,
2013). It has been proved that all these schemes can achieve linear convergence under
strong convexity and gradient Lipschitz assumptions on the finite sum objective function.
Similar optimal performances on finite sum minimization, as for the previous two classes
of algorithms, are obtained also for the stochastic dual coordinate ascent (SDCA) method,
which has been analyzed in (Shalev-Shwartz and Zhang, 2013).

Other stochastic proximal (gradient) schemes together with their theoretical guarantees
are studied in several recent papers as we further exemplify. In (Atchade et al., 2014)
a perturbed proximal gradient method is considered for solving composite optimization
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problems, where the gradient is intractable and approximated by Monte Carlo methods.
Conditions on the stepsize and the Monte Carlo batch size are derived under which the
convergence is guaranteed. Two classes of stochastic approximation strategies (stochastic
iterative Tikhonov regularization and the stochastic iterative proximal point) are analyzed
in (Koshal et al., 2013) for monotone stochastic variational inequalities and almost sure
convergence results are presented. A new stochastic optimization method is analyzed in
(Yurtsever et al., 2016) for the minimization of the sum of three convex functions, one of
which has Lipschitz continuous gradient and satisfies a restricted strong convexity condition.
In (Xu, 2011) a finite sample analysis for the averaged SGD is provided, which shows that
it usually takes a huge number of samples for averaged SGD to reach its asymptotic region,
for improperly chosen learning rate (stepsize). Moreover, simple strategies to properly set
the learning rate are derived in the same paper so that it takes a reasonable amount of
data for averaged SGD to reach its asymptotic region. In (Niu et al., 2011) it is shown
through a novel theoretical analysis that SGD can be implemented in a parallel fashion
without any locking. Moreover, for sparse optimization problems (meaning that the most
gradient updates only modify small parts of the decision variable) the developed scheme
achieves a nearly optimal rate of convergence. A regularized stochastic version of the BFGS
method is proposed in (Mokhtari and Ribeiro, 2014) to solve convex optimization problems.
Convergence analysis shows that lower and upper bounds on the Hessian eigenvalues of the
sample functions are sufficient to guarantee convergence of order O (%) A comprehensive
survey on modern optimization algorithms for machine learning problems is given recently
in (Bottou et al., 2016). Based on experience, theoretical results are presented on a straight-
forward, yet versatile SGD algorithm, its practical behavior is discussed, and opportunities
are highlighted for designing new algorithms with improved performance.

1.2 Contributions

In this paper we consider both randomness sources (i.e. objective function and constraints)
and thus our problem of interest involves stochastic objective functions subject to (in)finite
intersection of constraints. Given the clear superior features of SPP algorithm over the
classical SGD scheme, we consider the SPP scheme for solving our problem of interest. The
main contributions of this paper are:

(i) More general stochastic optimization model and a new stochastic proximal point al-
gorithm: While most of the existing papers from the stochastic optimization literature
consider convex models without constraints or simple (easy projection onto) constraints, in
this paper we consider stochastic convex optimization problems subject to (in)finite inter-
section of constraints satisfying a linear regularity type condition. It turns out that many
practical applications, including those from machine learning, fits into this framework: e.g.
classification, regression, finite sum minimization, portfolio optimization, convex feasibil-
ity, optimal control problems. For this general stochastic optimization model we introduce
a new stochastic proximal point (SPP) algorithm. It is worth to mention that although
the analysis of an SPP method for stochastic models with complicated constraints is non-
trivial and does not follow from the analysis corresponding to the unconstrained setting,
our framework allows us to deal with even an infinite number of constraints. To the best of
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our knowledge, our SPP method is the first stochastic proximal point algorithm that can
tackle optimization problems with complicated constraints.

(7i) New nonasymptotic convergence results for the SPP method: For the newly introduced
SPP scheme we prove new nonasymptotic convergence results. In particular, for convex
and Lipschitz continuous objective functions, we prove nonasymptotic estimates for the

rate of convergence of the SPP scheme in terms of the expected value function gap and

feasibility violation of order O (L), where k is the iteration counter. We also derive

k1/2
better nonasymptotic bounds for the rate of convergence of SPP scheme with decreasing
stepsize pp = 55, with v € (0,1], for smooth strongly convex objective functions. For

this case the convergence rates are given in terms of expected quadratic distance from the
iterates to the optimal solution and are of order:

k-
E[|z* — 2] < C (E _ V+c9 L
- 1+ aspo kv)’

where C and ag are appropriate nonnegative constants. Note that the derived rates of
convergence do not contain any exponential term in pg, as it is the case for the SGD
scheme, which makes SPP more robust than SGD even in the constrained case. This can
be also observed in numerical simulations, see Section 7 below.

(71i) Restarted variant of SPP algorithm and the corresponding convergence analysis: Since
the best complexity of our basic SPP scheme can be attained only under some natural
restrictions on the initial stepsize pg, we also introduce a restarting stochastic proximal
point algorithm that overcomes these difficulties. The main advantage of this restarted
variant of SPP algorithm is that it is parameter-free and thus it is easily implementable in
practice. Under strong convexity and smoothness assumptions on the objective function,
for v > 0 and epoch counter ¢, the restarting SPP scheme with the constant stepsize (per

€

epoch) t% provides a nonasymptotic complexity of order O ( i T )
ol

Paper outline. The paper is organized as follows. In Section 2 the problem of interest is
formulated and analyzed. Further in Section 3, a new stochastic proximal point algorithm is
introduced and its relations with the previous work are highlighted. We provide in Section
4 the first main result of this paper regarding the nonasymptotic convergence of SPP in the
convex case. Further, stronger convergence results are presented in Section 5 for smooth
strongly convex objective functions. In order to improve the convergence of the simple SPP
scheme, in Section 6 we introduce a restarted variant of SPP algorithm. In Section 7 we
provide some preliminary numerical simulations to highlight the empirical performance of
our schemes. Some long proofs are moved in the Appendix.

Notations. We consider the space R" composed by column vectors. For x,y € R™ denote
the scalar product (z,y) = x’y and Euclidean norm by ||z|| = VzTz. The projection
operator onto the nonempty closed convex set X is denoted by IIx(-) and the distance from
a given x to the set X is denoted by distx(x) = min,cx||z — 2|. Given any convex set
X, the function distx(-) is convex and the squared distance function dist% (-) has Lipschitz
gradient with constant 1. For some function f, we denote by df(x) the subdifferential set
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at . We also use the following definition of the indicator function of a set X:

0, ifxeX
Ix(z) = {

oo, otherwise.

Finally, we define the function ¢, : (0,00) — R as:

@ =1)/a, fa#0
pale) = {log(a;), if a = 0.

2. Problem formulation

In many machine learning applications randomness usually enters the problem through the
cost function and/or the constraint set. Minimization of problems having complicating con-
straints can be very challenging. This is usually alleviated by approximating the feasible set
by an (in)finite intersection of simple sets (Necoara, 2017; Necoara et al., 2017; Nedic, 2011).
Therefore, in this paper we tackle the following stochastic convex constrained optimization
problem:

P = min F(x) (= E[f(:5))
S (4)
st. z€X (:=NgeaXs),

where f(+;5) : R™ — R are convex functions with full domain dom f = R", Xg are nonempty
closed convex sets, and S is a random variable with its associated probability space (€, P).
Notice that this formulation allows us to include (in)finite number of constraints. We denote
the set of optimal solutions with X* and x* any optimal point for (4). For the optimization
problem (4) we make the following assumptions.

Assumption 1 For any S € Q, the function f(-;.S) is proper, closed, convex and Lipschitz
continuous, that is there ewists Ly g > 0 such that

|f(z;8) = f(y; 9)| < Lyslle—yll  Va,y € R™

Notice that Assumption 1 implies that any subgradient g¢(z;S) € 0f(x;S) is bounded,
that is ||gr(2; S)|| < Lys for all x € R" and S € Q. For the sets we assume:

Assumption 2 Given S € §Q, the following two properties hold:
(1) Xg are simple convex sets (i.e. projections onto these sets are easy).
(ii) There exists ( > 0 such that the feasible set X satisfies linear regularity:

distx (v) < (Eldistx,(z)] Vo eR™

Assumption 2 (i7) is known in the literature as the linear regularity property and it is es-
sential for proving linear convergence for (alternating) projection algorithms, see (Necoara,
2017; Necoara et al., 2017; Nedic, 2011). For example, when Xg are hyperplanes, halfspaces
or when X has nonempty interior, then the linear regularity property holds. In particular,
if the set X contains a ball of radius ¥ and X is contained in a ball of radius R, then the
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ratio R/7 can be taken as the linear regularity constant ¢ (Necoara et al., 2017). The linear
regularity property is related to the relaxation of strong convexity, the so-called quadratic
functional growth condition for an objective function, for smooth convex optimization in-
troduced in (Necoara et al., 2017). In (Necoara et al., 2017) it has been proved that several
first order methods converge linearly under functional growth condition and smoothness of
the objective function.

Notice that this general optimization model (4) covers a long range of applications from
various fields, such as optimization, machine learning, statistics, control, which we discuss
in more details below.

2.1 Convex feasibility problem

Let us consider the following objective function and constraints (Necoara, 2017):
A2
f(x;8) := §Hx|| VS eQ and X =NgeaXs,
where A > 0. Then, we obtain the least norm convex feasibility problem:

LA
Iin §H$H2 s.t. x € NgenXs.

We can also consider another reformulation of the least norm convex feasibility problem:

A
Fla;8) == ;w +Ix,(z) VS e,

where A\g > 0 and E[Ag] = A. Then, this leads to the stochastic optimization model:

. )\S 2
E|Z I
min B | =5 [lz]l” + Lxs (2)

Finding a point in the intersection of a collection of closed convex sets represents a modeling
paradigm for solving important applications such as data compression, neural networks and
adaptive filtering, see (Censor et al., 2012) for a complete list.

2.2 Regression problem

Let us consider the matrix A € R™*", For any S €  C R, let us define:
flx; ) = U(Afz),

where ¢ is some loss function and Ag € R™. This results in the following constrained
optimization model:

min  E[((ALz)] st. z € NgeqXs.
zeR?
Many learning problems can be modeled into this form, see e.g. (Toulis et al., 2016; Shalev-

Shwartz and Zhang, 2013). This type of optimization model has been also considered in
(Bianchi, 2016; Rosasco et al., 2014).
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2.3 Finite sum problem

Let Q ={1,--- ,m} and P be the uniform discrete probability distribution on €. Further,
we consider convex functions f(x;i) = ¢;(x). Then, the following constrained finite sum
problem is recovered:

RS m
min mz;&(x) s.t. v e ML X,

This constrained optimization model appears often in statistics and machine learning ap-
plications, where the functions ¢;(-) typically represent loss functions associated to a given
estimator and the feasible set comes from physical constraints, see e.g. (Defazio et al., 2014;
Roux et al., 2012; Vanli et al., 2017; Yurtsever et al., 2016). It is also a particular problem
of a more general optimization model considered in (Bianchi, 2016).

2.4 Multiple kernel learning problem

In many classification problems we want to learn a convex combination of kernels x(x,z) =
Zj]\il Bjkj(x,x") (Bach et al., 2004). This approach is useful in complex classification prob-
lems, where we use polynomial kernels of different degrees or kernels on different domains.
The goal is to learn the weights 38; and they are usually found through SVM optimization:

2
N

I,%l?b)Q Zﬂﬂ”%l! +C;€¢

wZUm,”ﬂmHM%GRW,BZU%H.ﬂlesz”.ém

M M
S Buley+b| >1-&vi=1:N,£20 520 Y g =1

j=1 j=1

Note that this formulation is equivalent to linear SVM for M = 1. We usually obtain a
sparse solution in /3, where each component §; corresponds to one kernel ;. The dual of
this optimization problem takes the form:

. N
min = 2 E )
(%3 2 i

=1
N

0<a<C, Zaiyi =0, Zzapaqypyqﬁj(xpaxq) < '72 Vji=1:M.
=1 p=1g=1

This convex Quadratic Optimization problem with Quadratic Constraints can be easily
reformulated as a Linear Program with infinite number of simple constraints by introducing
the notation Q;(a) = ngv:l Zévzl QpgYpYqgkii(Tp, Tq) (Sonnenburg et al., 2006):

max 0
6,8)

M M 1 N
7j=1 7=1 =1
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where we use the notation

N
Q(y):{a: OgagC,Zaiyi:O}.

i=1

There are many methods for solving Linear Programs with infinite number of constraints,
in particular algorithms related to boosting (Sonnenburg et al., 2006). Note that in this
Linear Program formulation the sets Xg are simple hyperplanes.

2.5 Optimal control problem

In this section we briefly present the Hy optimal control problem for linear systems (see
(Karimi and Kammer, 2017) for a detailed exposition). In this application one aims at
finding a stabilizing controller K for a linear system which minimize an Hs performance
indicator. This problem can be formulated as:

s

min trace|l'(w)|dw
L / n®)

T

st : W(W)[(In + G(w)K (w)* (I, + Gw) K (w))] ' W*(w) < T(w) VYw e Q,

where the frequencies w are taken in the interval Q = [-7, Z], G(w), W (w) are the param-
eters associated with the linear dynamical system under consideration, I'(w) is a positive
semidefinite matrix and K (w) is the controller that needs to be identified. Note that the
previous Hs optimal control problem requires that the constraints, expressed through ma-
trix inequalities, to hold for all frequencies w in the interval 2. Moreover, the objective
function can be expressed as an expectation over the same interval 2. In control theory,
I'(w) and K(w) are taken as polynomial matrices in the frequencies w. Moreover, the pre-
vious matrix inequalities are usually convexified using Schur complement and linearization
techniques and then the interval € is discretized to get a finite number of constraints (linear
matrix inequalities) (Karimi and Kammer, 2017).

3. Stochastic Proximal Point algorithm

In this section we propose solving the optimization problem (4) through stochastic proxi-
mal point type algorithms. It has been proven in (Necoara et al., 2017) that the optimiza-
tion problem (4) can be equivalently reformulated under Assumption 2 into the following
stochastic optimization problem:

min E[f(x;5) + Ix,(x)]. (5)
zeR?
Since each component of the stochastic objective is nonsmooth, a first possible approach is to
apply stochastic subgradient methods (Duchi and Singer, 2009; Moulines and Bach, 2011),
which would yield simple algorithms, but having usually a relatively slow sublinear conver-
gence rate. Therefore, for more robustness, one can deal with the nonsmoothness through
the Moreau smoothing framework. However, there are multiple potential approaches in

10
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this direction. For a given smoothing parameter y > 0, we can smooth each functional
component and the associated indicator function together to obtain the following smooth
approximation for the nonsmooth convex function f(-;5) + Ix:

. 1
Ju(x; S) = min f(z:8) +1Ix4(2) + ﬂHz — x|

Let us denote the corresponding prox operator by z,(z;S) = arg mIiRn f(2:8) +Ix4(2) +
z€R™

i”z — z||2. Tt is known that any Moreau approximation f,(-;S) is differentiable having
the gradient Vf,(z;S) = i(aj — Zu(x;9)) (Rockafellar and Wets, 1998). Moreover, the

gradient is Lipschitz continuous with constants bounded by 1. Then, instead of solving the
nonsmooth problem (5) we can consider solving the smooth approximation:

in F =E[f.(x;9)]).
min Fy(z) (:=E[fu(x; 5)])
Notice that we can easily apply the classical SGD strategy to the newly created smooth
objective function, which results in the following iteration:

xk—H = xk - ﬂkvfuk (l'k§ Sk’) = Zu, (‘fk; Sk:)

. 1
= arg min f(z5k) +1xg (2) + %Hz — 2F|2.

However, the nonasymptotic analysis technique considered in our paper encounters difficul-
ties with this variant of the algorithm. The main difficulty consists in proving the bound
IV fu(@; S < Mlgg(;9)41x, (@) for all 2 € R™, where gy(.5)41,, (2) € O(f(55) + Ixs)(2).
We believe that such a bound is essential in our convergence analysis and we leave for fu-
ture work the analysis of this iterative scheme. Therefore, we considered a second approach
based on a smooth Moreau approximation only for the functional component f(-;5) and
keeping the indicator function Ix in its original form, that is:

QY i . L e
fulz;8) == min f(z5) + 2#Ilz x|

for some smoothing parameter > 0. Then, instead of solving nonsmooth problem (5), we
solve the following composite approximation:

min Fu(e) (= Elfu(;8) + Lxs (). (6)

Let us denote the corresponding prox operator by:

. 1
zu(z; S) = arg min f(z8) + ﬂHz —z|%

Further, on the stochastic composite approximation (6) we can apply the stochastic pro-
jected gradient method, which leads to a stochastic proximal point like scheme for solving
the original problem (4):

11
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Algorithm SPP (o, {ux }r>0)

For k£ > 1 compute:
1. Choose randomly Sy € 2 w.r.t. probability distribution P
2. Update: y* = z,,, (z%; Sy) and 2**1 = Ixg, (y*)

where 2 € R" is some initial starting point and {1x }r>0 is a nonincreasing positive se-
quence of stepsizes. We assume that the algorithm SPP returns either the last point z*

or the average point ¥ = ! Zf:_ol piz® when it is called as a subroutine. Since the

Zf:_ol Hi
update rule of the positive smoothing (stepsize) sequence {p}r>0 strongly contributes to
the convergence of the scheme, we discuss in the following sections the most advantageous

choices. We first prove the following useful auxiliary result:

Lemma 3 Let 1> 0, S€ Q. Then, for any gr(x; S) € 0f(x;5), the following holds:
IV fu(@; S < llge(z: S) Vo e R™

Proof The optimality condition of problem m]%n f(z8)+ ﬁ |z — z||? is given by:
z€R™

(2 = 2(2:.5)) € 01 (w3 813

The above inclusion easily implies that there is gf(z,(z;5); S) € 0f(2u(x; S); S) such that:

;|rzu<x;s> a2l = (g (2u(@ S): §), @ — (3 S))

= (97(z; S), @ — 2u(2;.9)) + (g7 (2u(25 5); S) — gr(2;.5), ® — 2(w; 9))
< (gr(z;5), x — zu(2; 5)),

where in the last inequality we used the convexity of f. Lastly, by applying the Cauchy-
Schwarz inequality in the right hand side we get the above statement. |

The following two well-known inequalities, which can be found in (Bullen, 2003), will be
also useful in the sequel:

(i) [Bernoulli] Let t € [0,1] and = € [—1,00), then the following holds:
(14 2) <1+ ta. (7)

(77) [Minkowski| Let z and y be two random variables. Then, for any 1 < p < oo, the
following inequality holds:

(Ellz +yP))P < (E[laP)"P + (Ely[") /7. (8)

12
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4. Nonasymptotic complexity of SPP: convex objective function

In this section we analyze, under Assumptions 1 and 2, the iteration complexity of SPP

scheme with nonincreasing stepsize rule to approximately solve the optimization problem
k—1 k—1

(4). In order to prove this nonasymptotic result, we define fiy x = > p;, fiog = Y. p? and
i=0 i=0

the averaged sequences ¥ = Hl—lk Zf:_ol pizt and §* = u%c Zf:_ol wiy'. Moreover, denote by

Fi, the history of random choices {Sk }x>0, i.e. Fr = {So,---, Sk}

Lemma 4 Let Assumptions 1 and 2 hold and the sequences {.Ik,yk}kz() be generated by
SPP scheme with positive stepsize {ug}tr>0. Then the following relation holds:

E [dié”%{sk (@’“)} > EIE [dis&(f’“)} - Zi: E[disty (&*)] \/EIL3 g].

Proof See Appendix for the proof. |

Now, we are ready to derive the convergence rate of SPP in the average sequence &*:
Theorem 5 Under Assumptions 1 and 2, let the sequence {xk}/@o be generated by the
algorithm SPP with nonincreasing positive stepsize {ju tr>0. Define R, = poC(||2° —z*||2 +
E[L%S][Q,k), then the following estimates for suboptimality and feasibility violation hold:

1 R R
—CE[L? <'lfQ’k+2 )— E[L2 | —X£ <E[F(#")] - F* < ——£
CE[L} g] . 1o (L7 6] g = [F'(2")] S SroCinn o
2,k 2 9R
E[dist} (&")] < 2¢*E[L7 5] ( ’ +2u0> + —*£.
M1k M1k
Proof See Appendix for the proof. [ |

Note that the right suboptimality bound (9), obtained for the SPP algorithm, is similar with
the one given for the standard subgradient method (Nesterov, 2004). Below we provide the
convergence estimates for the algorithm SPP with constant stepsize for a desired accuracy
¢ > 0. For simplicity, assume that ||z° — z*|| > 1 and E[L?,S] > 2.

Corollary 6 Under the assumptions of Theorem 5, let {xk}kzg be the sequence generated
by algorithm SPP with constant stepsize py, = i > 0. Also let € > 0 be the desired accuracy,
K be an integer satisfying:

E[L] sll2° — 27|

K > s max{l,(?)C-i—\/i)z},

€

and the stepsize be chosen as:

" TELZBC VD)

13
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K _ 1

K
Then, after K iterations, the average point & e

> xt satisfies:
=0

[E[F(25)] - F*| <e and \/E[disty(K)] <e.

Proof We consider £k = K in Theorem 5 and, by taking into account that pp = u for
all £ > 0, we aim to obtain the lowest value of the right hand side of (9) by minimizing
over y > 0. Thus, by denoting that ro = [|z° — 2*||, we obtain for the optimal smoothing

parameter:
i
P\ KE[L2 ]
IS

the optimal rate

E[L2 .]r2
E[F(5)] — F* < ElLyslro. (10)
K
Also using the optimal parameter [ into the other relations of Theorem 5 result in:
42 (A K g 2
E[dist% (2")] < % (18¢* + 4¢) (11)
and
E[L2 .]r2
E[F (@) - F* > (3¢ + v/20) [f;] (12)

From the upper and lower suboptimality bounds (10), (12) and feasibility bound (11), we
deduce the following bound:

2 1.2
K> E[Lgés]%max{l,(?)f—k \/i)Q}

which confirms our result. [ |

In conclusion, Corollary 6 states that for a desired accuracy e, if we choose a constant stepsize
i = O(e) and perform a number of SPP iterations O (6%) we obtain an e-optimal solution for
our original stochastic constrained convex problem (4). Note that for convex problems with
objective function having bounded subgradients the previous convergence estimates derived
for the SPP algorithm are similar to those corresponding to the classical deterministic
proximal point method (Guler, 1991) and subgradient method (Nesterov, 2004).

5. Nonasymptotic complexity of SPP: strongly convex objective function

In this section we analyze the convergence behavior of the SPP scheme under smoothness
and strong convexity assumptions on the objective function of constrained problem (4).
Therefore, in this section the Assumption 1 is replaced by the following assumptions:

14
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Assumption 7 Each function f(-;S) is differentiable and oy g-strongly convex, that is
there exists strong convexity constant oy g > 0 such that:

f@i9) > fy:S) + (Vi S)w —y)+ Lo —y|? voyern

Moreover, the strong convexity constants oy g satisfy op = E[ofg| > 0.

Notice that if for some function f(-;S) the corresponding constant oy g = 0, then f(-;.5) is
only convex. However, relation E[os g] = op > 0 implies that the whole objective function
F of problem (4) is strongly convex with constant op > 0. In the sequel we will analyze
the SPP scheme under the following additional smoothness assumption:

Assumption 8 Each function f(-;S) has Lipschitz gradient, that is there exists Lipschitz
constant Ly g > 0 such that:

IVf(x;8) =V f(y; )| < Lyslle—yll  Va,y € R™

Note that Assumptions 7 and 8 are standard for the convergence analysis of SPP like
schemes, see e.g. (Moulines and Bach, 2011; Ryu and Boyd, 2016). We first present an
auxiliary result on the behavior of the proximal mapping z,(-;S).

Lemma 9 Let f(-;S) satisfy Assumption 7. Further, for any S € Q and p > 0, we define

Os(p) = m Then, the following contraction inequality holds for the prox operator:

12 (23 ) = 2u(y; ) < Os(p)llx —yll Y,y € R™.

Proof See Appendix for the proof. |

Notice that if all the functions f(-;S) are just convex, that is they satisfy Assumption 7 with
ofs = 0, then Lemma 9 highlights the nonexpansiveness property of the proximal operator
2u(+;S). We will further keep using the notation #g(u) for the contraction factor of the
operator z,(-;S). Moreover, in all our proofs below, regarding the results in expectation,
we use the standard technique of applying first expectation with respect to Sk conditioned
on Fi_1 and then apply the expectation over the entire history Fj_; (see the proof of
Theorem 5). For simplicity of the exposition and for saving space, we omit these details
below.

5.1 Linear convergence to noise dominated region for constant stepsize SPP

Next we analyze the sequence generated by the SPP scheme with constant stepsize p > 0
and provide a nonasymptotic bound on the quadratic mean {E[||z* — 2*||*]};>o0-

Theorem 10 Under Assumption 7, let the sequence {a:k}kzo be generated by the algo-

rithm SPP with constant stepsize p > 0. Further, assume a}ﬂax = supoysg < oo. Then,
SeQ

E[0%(n)] < Elfs(p)] < 1 and the following linear convergence to some region around the
optimal point in the quadratic mean holds:

20 °E[||V f (2% 9) %]
2
(1 - IE[Q%(M)])

Ellla* — 2% < 2 (E [03(1)])" [l2° — 2* | +

15
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Proof First, it can be easily seen that for any u > 0 and S € Q we have 6%(u) < 0g(p) <1

and assuming that a}nax < 0o we obtain:

1 MO f.S WO
0 < E[6% <E[f =E|l———|=1-E|————— | <1—-———-<1
< BRG] < Blos(0] = B || =1 B [ -

Then, by applying Lemma 9 with S = Sj, 2 = 2 and z = z*, results in:
|2ua"s 8 = zu(as 81| < 05, (Wlla* — 27
which, by the triangle inequality, further implies:

|t 50) = 2| < s, ()l — 271 + 1zl 81 = 71

By using the nonexpansiveness property of the projection operator we get that ||z¥T! —2*|| <
|ly* — x*||, then the last inequality leads to the reccurent relation:

ka—i-l o

z < Os, ()ll=* — 2| + llzu(2"; S) — 2™ (13)

< qu(aﬁk;&c) —a*

The relation (13), Minkowski inequality and Lemma 3 lead to the following recurrence:

VBl 2ol S B (5, llk — a1 + (e 84) — 21

< e[l —o12] + Bl 50 — o P
= VEBZWIVElz — 2|2 + p/E 1V £l 911
e B [82(0)]Ellet — 2] + uy/E IV @ )P

This yields the following relation valid for all g > 0 and k£ > 0:

VEllr+t — 2] < /E [02(0)] \Ellle* — «*2) + n/ETNVF @SSP, (14)

Denote ry = \/E[||z% — 2*[|]2], n=+/E[|[V f(z*; S)[?]] and 6(n) = /E [6%(1)]. Then, we get:

Trr1 < O(p)rk + pn.

Finally, a simple inductive argument leads to:

ri < 1o0(u)" + pm [T+ 0() + -+ 0(u)" ']

1—0(p)*
1—6(u)
i
1—0(u)

= rof(n)" +

< rof(p)* +

16



STOCHASTIC PROXIMAL POINT METHODS FOR CONVEX OPTIMIZATION

By squaring and returning to our basic notations, we recover our statement. |

Theorem 10 proves a linear convergence rate in expectation, without assuming any kind
of smoothness on the objective function, for the sequence {I‘k}kzo generated by SPP with
constant stepsize p > 0 when the iterates are outside of a noise dominated neighborhood

of the optimal set of radius 2 B/ (2*;S)Hz}. It also establishes the boundedness of the
1—/E[0% ()]

sequence {xk}kzo when the stepsize is constant. Notice that in (Ryu and Boyd, 2016) a
similar result has been given for an unconstrained optimization model with the difference
that the convergence rate was provided for E[||2* — 2*||]. However, our proof is simpler and
more elegant, based on the properties of Moreau approximation, despite the fact that we
consider the constrained case.

5.2 Nonasymptotic sublinear convergence rate of variable stepsize SPP

In this section we derive sublinear convergence rate of order O(1/k7) for the variable stepsize
SPP scheme, in a nonasymptotic fashion. We first prove the boundedness of {z¥},>q when
the stepsize is nonincreasing, which will be useful for the subsequent convergence results.

Lemma 11 Under Assumption 7, let the sequence {l‘k}kzo be generated by the algorithm
SPP with nonincreasing positive stepsize {py}tr>0. Then, the following relation holds:

E [jo* — o*)] < /Bl — 2] < max J a° a7, L ENVI S

1—/E [0%(po)]

Proof See Appendix for the proof. |

Furthermore, we need an upper bound on the sequence {E[||V f(z*; S)||]}r>0:

Lemma 12 Under Assumptions 7 and 8, let the sequence {xk}kzo be generated by the
algorithm SPP with nonincreasing positive stepsizes {p}x>0. Then, the following holds:

E[|Vf(z*; 8)|%] < 2E[|[V£(2*; $)II%] + 2E[LF 5] A%,

where A = max ”1,0 . x*H7 o/ E[||V £ (z*;9)]12] '
1=\ /E[03 (ko))

Proof From the Lipschitz continuity of Vf(+;S) we have that |V f(z;5) — Vf(z*; 9)| <
Ly sl — o*|| for all x € R™, which implies:

IVF (@™ 9)I° < (IVf (25 9)| + Lysllz® —2*)? < 2|V f(a*; 9)|° + 2LF gl — «*|*.
By taking expectation in both sides we get:

E[|Vf(z*; 8)%] < 2E[|V £ (2*; $)II] + 2E[LF s]E[l|z* — 2*[|?].

17
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Lastly, by using Lemma 11 we obtain our statement. |

Finally, we provide a non-trivial upper bound on the feasibility gap, which automatically
leads to a iterative descent in the distance to the feasible set of the sequence {z*};>q,
generated by the SPP scheme with nonincreasing stepsizes.

Lemma 13 Under Assumptions 2, 7 and 8, let the sequence {mk}kzo be generated by SPP
scheme with nonincreasing stepsizes {p }x>0. Then, the following relation holds:

k)2
E[dist% (zF)] < <1 — 2) [distx (2") + 2p0CB] + 2/~‘k—(§]CBv

where B = \/ZE[[V F(@% S)[P] + A, [2E[L3 ]

Proof See Appendix for the proof. |

Now, we are ready to derive the nonasymptotic convergence rate of the Algorithm SPP
with nonincreasing stepsizes. For simplicity, we denote n = /E[||V f(z*; S)||2] and keep the
notations for A from Lemma 12 and for B from Lemma 13.

Theorem 14 Under Assumptions 2, 7 and 8, let the sequence {;1: >0 be generated by the
algorithm SPP with the stepsize py, = %5 for all k > 1, with po > 0 and v € (0,1], and

denote 6y = E [Qg(uo)] =E {m} . Then, the following relations hold:

(i) If v € (0,1), then we have the following nonasymptotic convergence rates:
D4

ko1 k1
ko g < p1-~(k) 2 1~ (k) =01~ ("57) 2 -
E[||lz* — 2*||*] <6} ré + Do, P12y | +2| + 0= 6o

(ii) If v = 1, then we have the following nonasymptotic convergence rate:

2
6o ®p2 4 2o if 6y <1
b(n () 1)
E[||2* — 2*|?] < { 05°"r2 4 2ok if 6p=1
oM 4+ (2) (%) 8 gy > 1,

n(3)

where D = 4|V E(z))| ﬁﬁg—Wmmg]mn\/m + 2E[L2 (| A2 + 204, [E[L2 .

Proof See Appendix for the proof. |

For more clear estimates of the convergence rates obtained in Theorem 14, we provide in
the next corollary a summary given in terms of the dominant terms:

18
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Corollary 15 Under the assumptions of Theorem 14 the following convergence rates hold:
(i) If v € (0,1), then we have convergence rate of order:

Elle* -1 <0 (57 )

(#i) If v = 1, then we have convergence rate of order:

O (%) if Oy < %
Effla" — 2% < { O (%) if = ¢
01" (@) ey > L.

Proof First assume that v € (0, %) This assumption implies that 1 — 2+ > 0 and that:

1-2 1-2
90127<k ) (5+2) 7_1<(§+2) 7. (15)

Z19) =
2+ 1—2v - 1-2y

On the other hand, by using the inequality e™* < H% for all x > 0, we obtain:

eé)olf’v(ICJrl)*%Olf’y(%)gol_zV (k +2> — e(<,01,.y(lc+1)74,01,,7(%))ln90801_2’y (k +2>

2 2
(k+4)1—2v
P12, (5 +2) as) ()
Tt k) o+ Dlng (k4 1) — (54 1) g
(k44)t—27
_ 25 (1-27) _ 11—y 2(k+4)7 ~0<1>
G - Gl L2 - G g AR
Therefore, in this case, the overall rate will be given by:
O(k1= 1 1
If v = 1, then the definition of ¢1_o,(% + 2) provides that:
2 oWk 2 . ,OWE) ( 1 ) ( 1 )
Ty, < 6 rg+0 Olnk)+O0|—=|=0O0|—).
k+1 = Y0 0 0 ( ) \/% \/%
When ~v € (%, 1), it is obvious that ¢1_a, (% + 2) < 27%1 and therefore the order of the
convergence rate changes into:
20 <0 romro( L) oL
k+1 = Y0 0 kY ~ kY .
1
Lastly, if v = 1, by using 05“ b+l < (%)ln % we obtain the second part of our result. |
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Notice that the above results state that our SPP algorithm with variable stepsize £% con-
verges with O ( k%) rate. Similar results have been obtained in (Toulis et al., 2016) for a par-
ticular objective function of the form f(akz) without any constraints and for v € (1/2, 1].
Moreover, for v = 1 similar convergence rate, but in asymptotic fashion and for uncon-
strained problems, has been derived in (Ryu and Boyd, 2016). As we have already men-

tioned in the introduction section, the convergence rate for the SGD scheme contains an

C 2
exponential term of the form %, which for a given iteration counter k£ grows exponentially

in the initial stepsize pg, see (Moulines and Bach, 2011). Thus, although the SGD method
achieves a rate O(%) for a variable stepsize 42, if g is chosen too large, then it can induce
catastrophic effects in the convergence rate. However, one should notice that for our SPP
method, Theorem 14 does not contain this kind of exponential term, therefore SPP is more
robust than SGD scheme even in the constrained case. This can be also observed in numer-
ical simulations, see Section 7 below. Clearly, Corollary 15 directly implies the following
complexity estimates for attaining a suboptimal point z* satisfying E[||z* — 2*||?] < e.

Corollary 16 Under the assumptions of Theorem 14 and ¢ > 0 the following estimates
hold. For ~ € (0,1), if we perform:
1
o ()]

iterations of SPP scheme with variable stepsize, then the sequence {x¥}y>o satisfies E[||z* —
x*||?] < e. Moreover, for v =1 and 6y < %, if we perform:

1
()]
€
iterations of SPP scheme with variable stepsize, then we have E[||z* — 2*||?] < e.

Proof The proof follows immediately from Corollary 15. |

6. A restarted variant of Stochastic Proximal Point algorithm

From previous section we easily notice that an O (%) convergence rate is obtained for the
SPP algorithm with variable stepsize p = 52 only when the initial stepsize jg is chosen

. o 1 1 . e .
sufficiently large such that g = E [W} < % However, this condition is not easy
1

to check. Therefore, if ug is not chosen adequately, we can encounter the case 6y > NG

which leads to a worse convergence rate for the SPP scheme of order O (eiﬁl/%)), that
is implicitly dependent on the choice of the initial stepsize pg. In conclusion, in order to
remove this dependence on the initial stepsize of the simple SPP scheme, we develop a
restarting variant of it. This variant consists of running the SPP algorithm (as a routine)
for multiple times (epochs) and restarting it each time after a certain number of iterations.
In each epoch ¢, the SPP scheme runs for an estimated number of iterations Ky, which
may vary over the epochs, depending on the assumptions made on the objective function.
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More explicitly, the Restarted Stochastic Proximal Point (RSPP) scheme has the following
iteration:

Algorithm RSPP

Let 19 > 0 and z%° € R™. For ¢t > 1 do:
1. Compute stepsize u; and number of inner iterations K

2. Set xt! the average output of SPP(z®-1¢=1 ;) runned for K; itera-
tions with constant stepsize p;

3. If an outer stopping criterion is satisfied, then STOP, otherwise t := t+1
and go to step 1.

We analyze below the nonasymptotic convergence rate of the RSPP algorithm under As-
sumptions 7 and 8.
6.1 Nonasymptotic sublinear convergence of algorithm RSPP

In this section we analyze the convergence rate of the sequence generated by the RSPP
scheme, which repeatedly calls the subroutine SPP with a constant stepsize, in multiple
epochs. We consider that SPP runs in epoch ¢ > 1 with the constant stepsize u; for K;
iterations. As in previous sections, we first provide a descent lemma for the feasibility gap.
For simplicity, we keep the notations of A from Lemma 12 and B from Lemma 13.

Lemma 17 Let Assumptions 2, 7 and § hold. Also let the sequence {a:Kt’t}tZO be gener-

ated by RSPP scheme with nonincreasing stepsizes { it }+>0 and nondecreasing epoch lengths
{Ki}t>1 such that Ky > 1 for allt > 1. Then, the following relation holds:

t

I\ T TV
E[disty (z511)] < (1 - c) distx (¢"°) +2 (1 — C)f—”ﬂ 10G*B + 241,11 B.

Proof See Appendix for the proof. [ ]

Next, we provide the non-asymptotic bounds on the iteration complexity of RSPP scheme.

Theorem 18 Let Assumptions 2, 7 and 8 hold and €, g > 0. Also let v > 0 and {z%t'}1>¢
be generated by RSPP scheme with yy = 59 and Ky = [t7]. If we perform the following

number of epochs:
285\ 1 2rHip, \'/1
T= 1 :
|Vmax{n< € )ln(1/90)7< € C) ’
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then after a total number of SPP iterations of %, which is bounded by

1 22\ 1 2+1p, '3
—— max ¢ In : 17 < C) )
T+ € In(1/6p)" "7 €

where Dy = 4| VF ()] | SR 4 378¢2 429, f2n? + 2E[L3 542 +-20.4\ [E[L3 ]

and C = 1 + e have E[||z5TT — 2%||?] < e
~ 2(1—y)In1/vo (1—6‘0)2’ -

Proof See Appendix for the proof. [ |

In conclusion Theorem 18 states that the RSPP algorithm with the choices (p, Ki) =

(141
(%)7 %) requires O <e <1+7 ) simple SPP iterations to reach an e optimal point. It is

important to observe that this convergence rate is achieved when the stepsize and the
epoch length are not dependent on any inaccessible constant, making our restarting scheme
easily implementable. Moreover, the parameter v can be chosen in (0, 00), i.e. our RSPP
scheme allows also stepsizes 49, with v > 1. By comparison, an (9( _1) complexity is
obtamed for SPP with stepsize p, = 42 only when g is chosen sufficiently large such that
Oy < e. However, this condition is not easy to check. Moreover, we may fall in the case

1
when 6y > é, which leads to a complexity of O (e 21“(1/90>> of the variable stepsize SPP

scheme. Observe that the last convergence rate is implicitly dependent on the constant pg
and can be arbitrarily bad, while for v > 1 sufficiently large the RSPP scheme achieves the
optimal convergence rate O (e_l).

Remark 19 Notice that there exists a connection between the quadratic mean residual
E[||z* — 2*||?] and the function value residual in a certain point. To obtain this relation,
denote v* = [zF — ﬁVF(mk)]X and observe that for some constant Lp > E[Ly g] we have:

F(oF) < F(a*) + (VE(b), o — o) + 25 ok — o¥)2

2
. L
= min F(2¥) + (VF(2"),y — %) + = ||y — 2F||?
yeX 2
< min F(y )+L—F\\y—xk||2
yeX 2
* Lp k ® (]2
< F(a*) + 5|2 — 27|

where in the second inequality we used the convexity relation. The last relation leads to
F(o%) = F(a*) < 3|2k — 7%,

7. Numerical experiments

We present numerical evidence to assess the theoretical convergence guarantees of the SPP
algorithm. We provide three numerical examples: constrained stochastic least-square with
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random generated data (Moulines and Bach, 2011; Toulis et al., 2016), Markowitz port-
folio optimization using real data (Brodie et al., 2009; Yurtsever et al., 2016) and logistic
regression using real data (Platt, 1998). In all our figures the results are averaged over 20
Monte-Carlo simulations for an algorithm.

7.1 Stochastic least-square problems using random data

In this section we evaluate the practical performance of the SPP schemes on finite large scale
least-squares models. To do so, we follow a simple normal (constrained) linear regression
example from (Moulines and Bach, 2011; Toulis et al., 2016). Let m = 10° be the number
of observations, and n = 20 be the number of features. Let z* be a randomly a priori
chosen ground truth. The feature vectors ay,- - ,am ~ N, (0, H) are i.i.d. normal random
variables, and H is a randomly generated symmetric matrix with eigenvalues 1/k, for k =
1,--+,n. The outcome bg is sampled from a normal distribution as bg|ag ~ /\/'(a:‘g:c*, 1), for
S =1,---,m. Since the typical loss function is defined as the elementary squared residual
(afz —bg)?, which is not strongly convex, we consider batches of residuals to form our loss
functions, i.e we consider ¢(x,S) of two forms:

0z, 5) = | Aj(s):5(8)tn® — bj(s)yi(s)4nll® or Lz, 8) = (afz — bg)?,

where ag is the Sth row of A and Aj(g).j(s)4n € R™*" is a submatrix containing n rows
of A so that the function = — [|A;()(s)4nT — bj(5):j(s)4+nll* is strongly convex. In our
tests we used round (m/2n) batches of dimension n and we let the rest as elementary
residuals, thus having in total p = m/2 + m/n loss functions. Additionally, we impose on
the estimator x also p linear inequality constraints {x | Cx < d}. This constraints can be
found in many applications and they come from physical constraints, see e.g. (Censor et
al., 2012; Rosasco et al., 2014). We choose randomly the matrix C' for the constraints and
d=C-2*+[000v"]", where v > 0 is a random vector of appropriate dimension, i.e. three
inequalities are active at the solution z*. Besides the SPP and RSPP algorithms analyzed
in the previous sections of our paper, we also implemented SGD and the averaged variant
of SPP algorithm (A-SPP), which has the same SPP iteration, but outputs the average
of iterates: #¥ = (1/ Zle 1) Zle wizi. Convergence behavior of the averaged iterates of
stochastic gradient has been initially proposed in the seminal paper (Polyak and Juditsky,
1992).

In Figure 1 we run algorithms SPP, RSPP, A-SPP and SGD for two values of the initial
stepsize: pg = 0.5 and g = 1. Each scheme runs for two stepsize exponents: v; = 1 (left)
and 2 = 1/2 (right). From Figure 1 we can asses one conclusion of Theorem 15: the best
performance for SPP is achieved for stepsize exponent v = 1. Moreover, we can observe
that algorithm RSPP has the fastest behavior, while the averaged variant A-SPP is more
robust to changes in the initial stepsize pg. The performance of SGD is much worse as
exponent v decreases and it is also sensitive to the learning rate pg. Notice that both tests
are performed over m iterations (i.e. one pass through data).

In the second set of experiments, we generate random least-square problems of the form
ming.cr<q 1/2||Az — b||?, where both matrices A and C have m = 103 rows and generated
randomly. Now, we do not impose the solution z* to have the form given in the first test. We
let SPP and RSPP algorithms to do one pass through data for various stepsize exponents
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Figure 1: Performance comparison of SPP; A-SPP, RSPP and SGD for two values of initial
stepsize p10=0.5 and po=1 and for two values of exponent y=1/2 (left) and y=1 (right).

~. From Figure 2 we can assess the empirical evidence of the O(1/€!/7) convergence rate
of Theorem 15 for SPP and O(1/e'*1/7) convergence rate of Theorem 19 for RSPP, by
presenting squared relative distance to the optimum solution. Moreover, the simulation
results match other conclusions of Theorems 15 and 19 regarding the stepsize exponent
v: (i) the performance of SPP deteriorates with the decrease in the value of the stepsize
exponent ~; (i7) from our preliminary numerical experiments we observed that RSPP scheme
runs faster for higher values of v and it has a more robust performance with respect to the
variation of 4 than SPP algorithm.

—SPPy=1
—SPP y=34
SPP y=112 —RSPPy=1
—SPPy=14 —RSPP y=413
RSPP y=3/2
—RsPPy=2

S

10* )
Iterations (k) Iterations (k)

Figure 2: Performance of: SPP for four values of the stepsize exponent v = 1, 3/4, 1/2 and
1/4 (left); RSPP for four values of the stepsize exponent v =1, 4/3, 3/2 and 2 (right).

7.2 Markowitz portfolio optimization using real data

Markowitz portfolio optimization aims to reduce the risk by minimizing the variance for a
given expected return. This can be mathematically formulated as a convex optimization
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problem (Brodie et al., 2009; Yurtsever et al., 2016):

jgﬂig% E[(alz —b)?% st. zeX={x: >0, Tz <1, al,x >b},
where aq, = Elag] is the average returns for each asset that is assumed to be known (or
estimated), and b represents a minimum desired return. Since new data points are arriving
on-line, one cannot access the entire dataset at any moment of time, which makes the
stochastic setting more favorable. For simulations, we approximate the expectation with
the empirical mean as follows:

m

1 T 2
gﬁ%m;(agx—b) st. reX=X1NXyN X3,

where X1 = {z: 2 >0}, Xo = {r: ez <1} and X3 = {z: al,x > b}. In this application
we have the number of samples m larger than the number of constraints. However, by taking
a certain partition of [m] = Q U Qg U Qg3, then one can consider: Xg = X; for all S € Q,
with i € {1,2,3}. We use 2 different real portfolio datasets: Standard & Poor’s 500 (SP500,
with 25 stocks for 1276 days) and one dataset by Fama and French (FF100, with 100
portfolios for 23.647 days) that is commonly used in financial literature, see e.g. (Brodie et
al., 2009). We split all the datasets into test (10%) and train (90%) partitions randomly.
We set the desired return ag, as the average return over all assets in the training set and
b = mean(aq,). The results of this experiment are presented in Figure 3. We plot the value
of the objective function over the datapoints in the test partition Fieqt along the iterations.
We observe that SGD is very sensitive to both parameters, initial stepsize (uo) and stepsize
exponent (), while SPP is more robust to changes in both parameters and also performs
better over one pass through data in the train partition.

7.3 Logistic regression using real data

Finally, we consider the logistic regression problem. In this task we train an estimator over
a given dataset (A,b), where A € R™*" is the observations matrix and b € R™ is the labels
vector. For any S € {1,--- ,m} we define the logistic loss function:

((akz) =log (1 + e*bS(aga’)) ,

where ag € R" is the Sth row of matrix A. Notice that the logistic loss function ¢(alx)
is only convex and smooth. However, in logistic regression we also consider a quadratic
regularization term (Toulis et al., 2016; Bach, 2010):

1 & A
. - § 1 (1 —bs(agzt)) N 2
2R m 8 ¢ 2”xH ’

where A > 0 is taken small, which makes the objective function A-strongly convex. We
have tested the four schemes (SGD, SPP, ASPP and RSPP), on the Adult datasets (a2a
with m = 2265,n = 123 and aba with m = 6414,n = 123) from LIBSVM/UCI database
(Platt, 1998). We set the initial stepsize at value o = 0.6 and the regularization parameter
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Figure 3: Performance on Markowitz portfolio using real datasets (SP500 - top and FF100
- bottom) for the SPP, A-SPP, RSPP and SGD schemes for several values of the initial
stepsize pg and for two values of the exponent (y = 1/2 - left and v = 1 - right).

A = 1073. Once an approximate solution Z* of the logistic regression problem is obtained,
we evaluate the resulted estimator on the test dataset, i.e. ﬁ Ly lsgn(akz*)— bs|, where
A € RP*™ and b are the testing dataset. The results are displayed in Figure 4. We observe
that for large stepsize (7 = 1/2) the performances of all four methods (SGD, SPP, A-SPP
and RSPP) are similar. However, when we use a smaller stepsizes (y = 1), the RSPP
algorithm outperforms the other methods. We also observe that the variation of stepsize
exponent v does not influence too much the performance of RSPP algorithm, showing once

more the robustness of this scheme against variations in the stepsize choices pg/k7.

Since we used different parameter values in our experiments, we want to provide some details
on the parameter choices. From the theoretical viewpoint, Theorems 15 and 19 show that
the stepsize exponent v has to be chosen as large as possible to obtain the best convergence
rate. Let us consider for simplicity that oy g = o > 0 for all S € Q. Then, for the initial

stepsize po Corollary 16 indicates that the best convergence rate is obtained for po > \/%;1.
Therefore, in the case when o is known (e.g. regularized logistic regression) we can choose
o appropriately so that we obtain the best convergence. However, when this parameter o
is not known, then there is an inherent need for parameter tuning. From practical point

of view, our plots show that the performance of SPP/RSPP deteriorates with the decrease
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Figure 4: Performance on logistic regression using real datasets (a2a - top and aba - bottom)
for the SPP, A-SPP, RSPP and SGD schemes for two values of the exponent (y = 1/2 - left
and v =1 - right).

in value of the exponent . That is, they indicate that the higher values of this parameter
the better performance. However, there is empirical evidence in the literature regarding
the SGD performance which shows that values v < 1 provide a better performance than
the choice v = 1. In these cases, the choice of initial stepsize pg requires a detailed tuning
procedure. As a general conclusion of our experiments, we can state that both parameters
o and y are strongly linked to the problem conditioning and, up to some extent, they have
to be tuned accordingly to the problem datasets.

8. Appendix

To make the paper more readable, in this Appendix we provide the proofs of some lemmas
and theorems.
Proof of Lemma 4:

Proof By using the convexity of the function I, s(z) = idist?x < (7) and taking the condi-
tional expectation w.r.t. Sy over the history Fr_1 = {So, -, Sk_1}, we get:

Ells s, (7)1 Fe-1] 2 E [T, () + (VI (), 5* = #) 1 Fia -
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Taking further the expectation over Fr_; we obtain:

<

Elly s, (5)] > E :]11,3,c (i“k) +E [(V}ILSk (%), 9% — jkﬁ

k-1 ‘
L E[(Rs 6N S @S]
- . M1k
i . D k—1 12
N 27 R - .
> B |l ()| — B | =25 VILs, (39| D ==V (@' Si)
L . b1k i—o M2k
- - IEL k k‘—l M2
A 2, . - .
>E L5 (&) - 7= E ||VH1,sk<x’€>||Zﬂ;k HVfui(x%Si)H],
i i ' i=0 "%

where in the second inequality we used the Cauchy-Schwarz inequality and in the third
the convexity relation regarding || - ||. Further, using as well Lemma 3, Assumption 2 and
Cauchy-Schwarz inequality, we have:

1 . . Lemma 3 1 . N ﬂQ,k . R
E |:2d18t-2XSk (yk)] > E [lestggsk (:L'k):| — E [dlstxsk (:L'k)Lf7Sk:|

2f11
Assump. 2 ] ) ﬂ2k -
> "R [dlst2 f’“]— 2k JE[dist2 (24)] /E[L2 .,
s [ds3:64)] - g2y B (9] I3
which proves the statement of the lemma. |

Proof of Theorem 5:
Proof Since the function z — f(z;5) + i”z — z||? is strongly convex, we have:

1 2 1 2 1 2
. . _ > . . — . _ - . —
F(z:8) + gl =2l 2 Flau(w:8): ) + ol ) = 2l + - zu(a: §) — 2|

1
qu($;5)+ﬁl|zu($;5)—»2|l2 vz e R™ (16)

By taking x = 2%, S = S,z = x*, 1 = pp in (16) and using the strictly nonexpansive
property of the projection operator, see e.g. (Nedic, 2011):
lz = Txg, (2)] < [l = 2| = ||z = g, (2)|* V2 € Xs,, x €R", (17)
then these lead to:
Pl Sl = 2" 2 (4 8 + 5l 2P
’ 241, TR 241y,

(17) 1 1
> k. g I ky )2 kg N
2 fue (@5 Sk) + Zuk” xs, (47) — 7|7 + 2Mclly xs, ()

1
Syt — a2, (18)

1
= fu (2% k) + —— ||+ — 2*|2 +
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where in the second inequality we used (17) with z = y* and 2z = 2*. For simplicity we
denote I, (x) = ﬁ”x —IIx,(z)|*. From relation (18), it can be easily seen that:

i (f (%5 Sk) = £ 80) + s, () = 5 L s,
2
< w5 5) = ("3 50) + s, (89) = BE VT @F S0P
= (7@ 8) = F(75500) + T, () + min (95 50), 2 = 2¥) + S = — o2

< (¥ S1) = F(0%550) T, () + 1 £ 840, 4 — )+ 2 — o2

= i (f (2% Sp) + (V (¥ Sk), 4 — %) + —|ly* — 2" = f(a*; Sk)) + Tus,. ()

24,
conv. f

< (fu (2% Sk) = f(2*Sk)) + g, (%)

(18)
< 1 k x*HQ

1
sl = 22,

2

Taking now the conditional expectation in Sy w.r.t. the history Fr_1 = {So,- - ,Sk—1} in
the last inequality we have:

pk(F(z%) = F(2¥)) + Bl s, (4")| Fr_s] — *;’%E[L?ask]

1 . 1 "
< Slla — P = SRl - 7|2 )

Taking further the expectation over F;_; and summing over ¢ =0,--- ,k — 1, results in:
k—1
20 — a*|? 1 i * i M?
T 2 Elpi(F(2*) = F(z"))] + E[l,s(y")] - 7E[L2,s]
2% > pi =0
i=0 i=0
1 k-l . . 'LLQ 9
= —— > E[u(F(a") = F(@"))] + wE L, s(y")] - < E[L.s]
> =0
i=0
1 k-1 . . luz 9
> o Y Eu(F(@) — Fa))] + miEllu,s(v)) - SEILY
> pi =0
i=0
Jensen . N . E[L2 S][j‘Q,k
EIF(#%) ~ F(a)] + Ellus(57)] - 55 = (19)

where in the second inequality we used that I, s(y) > L,,,s(y) for all S € Q,i > 0. The
relation (19) implies the following upper bound on the suboptimality gap:

2% — 2*[|* + E[L} glfi2

~ 20
211 k (20)

E[F(2") - F(a")] <
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On the other hand, recalling VF (z*) = E[V f(z*; 5)], we use the following fact:
E[F(2")] - F(z*) 2 E(VF(a*),8" — 2 >]
= E[(VF(2"), ILx(2") — 2")] + E[(VF (a"), 2" — ILx (&"))]
> —E[Lf S]E[dlstx( )]

Jensen k
> —\[BIL o] Eldistd (%)) vk >0, (21)

which is derived from the optimality conditions (VF(z*),z — 2*) > 0 for all z € X, the
Cauchy-Schwarz and Jensen inequalities. By denoting rg = ||z — 2*|| and combining (19)
with Lemma 4 and the last inequality (21), we obtain:

E[dist} (#*)] ¢ /E[L ](Z“’ ) E[dist2 (£*)]

Lemma 4+4(21) & N K
< 200CE[F (27) — F(2")] + 2p0CE[Lu,5(5")]

20 MOCT’O + noCE[LF, s]uz k

1,k

This last relation clearly implies an upper bound on the feasibility residual:
110¢75 + poCE 2,k
E[dist} (#%)] <¢y/E[L? ](“2’“ I >+\/ ‘ sl (22)

o Ak

Also, combining (21) and (22) we obtain the lower bound on the suboptimality gap:
/7 110¢73 4 110CE[LF gl fia
o S 1 ke

From the upper and lower suboptlmahty bounds (20), (23) and feasibility bound (22), we
deduce our convergence rate results. |

Proof of Lemma 9:

Proof Let 75 > 0 be the strong convexity constant of the function f(-;.5). Notice
that we allow the convex case, that is oyg = 0 for some S. Then, it is known that the
Moreau approximation f,(-;.S) is also a ¢ ¢ g-strongly convex function with strong convexity
constant, see e.g. (Rockafellar and Wets, 1998):

. 0f.8

Org=—"2—.
£5 1+ poyrs

Clearly, in the simple convex case, that is oy g = 0, we also have 6y 5 = 0. By denoting
Lis= i the Lipschitz constant of the gradient of f,(-;.5), the following well-known relation
holds for the smooth and (strongly) convex function f,(-;5), see e.g. (Nesterov, 2004):

1
<Vfu(33§5) - Vfu(CU;S)aCC —y) > 7||vfu(x S) — Vfu(?J%S)H2
O'fg—l-Lfs
L
L Orshes e ey et (24)
Lfs+ars

30



STOCHASTIC PROXIMAL POINT METHODS FOR CONVEX OPTIMIZATION

By using Assumption 7, then it can be also obtained that:
IV ful@; 8) =V fuly: S = Gpslle —yll - Va,y € R™ (25)
Using this relation, we further derive that:

2025 8) — 2u(y; I = |z — y + u(V fuly; S) = V fulz; 9)) ||
= |z =yl + 2V fu(y; S) = V fu(2; ),z — y) + 1|V ful2; S) — V fu(y; 9) |12

e [ uspsiys 2
< (1= LSS N o — g2 4 = | IV fu(@: ) = V fuly; S)|)?
Lys+aoys Lys+oys
= PP O S TR B[/ E175 )
< S H - = = - Y
ors+Lys Lys+oays

=1 —6p50)° lz—yl>  Va,y €R",

which implies our result. |

Proof of Lemma 11:
Proof By taking p = puy in relation (14), we obtain:

VEIlet — o) < \JE [63(a0)] Ella* — 2] + i VE IV F @5 ST

By using the notations r, = \/E[||z* — 2*||], 6 = 1/E [62(px)] and n = /E[||V f(z*; S)[?],

the last inequality leads to:

Pk
1—0,"

Mk Ho K
< . 26
_ekn}max{r()al_eonv 71_9k77} ( )

By observing the fact that ¢t — E [ a :tf;; 2+ 14?{&? S} is nonincreasing in ¢, and implicitly:

Trt1 < Opri + (1 — 6k)

< max {rk, 1

Hk—1 1
1—6,_1 91,8 9t.5
E (I4+pp—107,5)? T T+pg—10y.s
1
> =t
91,5 9t,5 1—6;
(A+uprors)? ' 1+pkoy,s

then we have max £~ = -£9- and the relation (26) becomes:
0<i<k 1-6; 1—6o

) < max < 7o, al ne Vk>0, (27)
1— 6

which implies our result. u

We also present the following useful auxiliary result:
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Lemma 20 Let v € (0,1] and the integers p,q € N with ¢ > p > 1. Given the sequence of
stepsizes p = &5 for all k > 1, where po > 0, then the following relation holds:

q
g+ D) —p1—
[T E6% (1)) < (B [03(n0)]) 7@ =91
i=p
Proof From definition of fg(u) for any k£ > 1 we have:
(T e
1 + ,Uk(Tf,S (1 + %Uf’s)z
2

(i) | < Clrrmr])” = oo

By taking into account that E[6%(ug)] = E [m} < 1 and that

E[62 ()] = E —E

(7)
< E

q+1
~ 1 - La- In 432 toy=
Z: =2 01-4(q+1) —p1_4(p) = / o t= (qul)lljﬂ’1 if v<1,
i=p P ’

then the relation (28) implies:

q a.
> 7 B o
[T e} < (B [30)]) 5 < (B[]0
i=p
n 21 .
(E [eg(ﬂo)])l E if v=1
- [ e e A (29)
(E [eg(ﬂo)] 1= if ~v<1,
which immediately implies the above statement. -

Proof of Lemma 13:

Proof By using the strictly nonexpansive property of the projection operator (17), with
z =Ix(y*),z = ¢, and the linear regularity assumption, we obtain:

_ (17)
E[dist% (") < B[~ Ix (y")IP) < Ellly* — Dx(")1%) - Ellly" - 2"

L By - e () - élamy’f ()

— (1 - 2) E[dist3 (v*)]. (30)
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On the other hand, from triangle inequality and Minkowski inequality, we obtain:
VEIist ()] < \/Elly* — Tx (@) [2) < /E(ly* — 2¥] + distx (%))
2 VEl 2 (255 51) — 2] + /Efdist ()]
= VEldist ()] + i\ JELIV i, (2% 51) 2]
2 JEldist (@) + i /ELNV S (s S0 12
o VEIdis (20)] + i (VIEIV A S + Ay 2E(ERS]) . (31)

For simplicity we use notations: o = /1 — l, di, = /E[dist% (z%)] and B = \/2E[|[V f (z*; S) |||+
A, /2E[ |- Combining (30) and (31) yields:
k+1

dj1 < ady, + apB < o dy + B Z o flp—i1- (32)
i=1

Define m = [%} By dividing the sum from the right side of (32) in two parts and by
taking into account that {uy}r>0 is nonincreasing, then results in:

k41 k+1
Zauk i+l = Zauk i+1+ Z a' i
i=m+1
k—m
< Hg— m+1ZO€ + oMt Zauk i—m
=1 =0
all = a™ 1— akferl
< ,Uk—m-i-l(l_a) + poa ™t 1~ 4
@ Ho
< _ am-‘rli‘
> Hk—m+1 1— + 1— o

By using the last inequality into (32) and using the bound %, < 2¢, then these facts imply
the statement of the lemma. |

Proof of Theorem 14:
Proof Let p >0,z € R" and S € (Q, then we have:

1 .
5llzu(a: $) — |
1 * * * * 1 * *
= Sllzu@:9) = 2u(@*s )P + (a3 9) = 2u(a™; ), 2u(a™; 8) = 2"} + S 2@ 8) — 2|
< S Lo — |2 = w(VF ("5 S) = 2) + (2u(a”; §) 2" + pVF (" S) 7 — 27)
2
+ (ou(@s S) = @, 22" 8) = &) = S|V A" S)IP (33)
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Now we take expectation in both sides and consider = z* and p = pu;. We thus seek a
bound for each term from the right hand side in (33). For the second term, by using the
optimality conditions (VF(z*),z — z*) > 0 for all z € X, we have:

E[(Vf(2";5), 2" —a")] = E[(VF(2"),2" — Tx(a"))] + E(VF(2"), Tx (a*) — 2¥)]
< E[(VF(2*), Ix (aF) — 2*)]
S IVF @) Bldistx (0] < [VF()] /Bldist (o)

k

Lemma 13 y 1\2 . 0
L wrE | (1 F) @ste(a) + 20068) + 2368

Y

where in the second inequality we used the Cauchy-Schwarz inequality. By using that
e >1+uw , for all x > 0, and the fact that % < k% when k£ > 1 and v € (0, 1], then the
last inequality implies:

2dist x (2%) + 4p0(B
Fnc/c-1) 2"'@—(5134

2distx (20) + 4poCB . 2Hp—£15C
poIn (¢/(¢ = 1)) [k

E[(Vf(z";8),2" —a*)] < |VF(z")| [

< | VE ()]

. (34)

For the third term in (33) we observe from the optimality conditions for z,, (*;S) that:

|-k Gna'55) = ) 4 915 8)| = 1977 90:8) - Vo331

As.

1
< Lysllzu (25 S) — 2| = peLys

IV [ (25 S) |
Lemma 3 .
< wLys||Vf("59)],
which yields the following bound:
(2 (2758) — 2% + iV f(2%5.9), 2" — &%) < |z, (2% 9) — 2™ + iV f (2% 9)|| - [[2* — 27|
As.1
< iV F " 8) = eV f G (@75 S | - o = 2|l S nLyslla” — 2 (@ )] - ok = 2|
Lemma 3
<LV @ ) - 2 ot S Ly sV A )] - ok — ]

where in the first inequality we used the Cauchy-Schwarz. By taking expectation in both
sides and using Lemma 11, we obtain the refinement:

E[(z (2% 8) — 2™ + iV f(2*5 8), 2% — 2*)]
= wE[(V f (2" 8) = V [ (2, (2" 5); 5), 2" —a¥)]
< WE(IVf(2*;8) = V(2. (2" 8); S)[|l2* — 2*]
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As. 1 . . & .
< meE[Lyslla™ — 2, (275 9)|l[|2" — 27|]
= E[Ls ||V fu (2% )| 2" — 27|
Lemma 3 . k N

< wE[Ls||V (@92 — 2]

< 13/ EILS SIWVE[IVf (2 ) PE([[l«* — 2*]
< 13/ EILG SIWE[IVf (2% 9)PE([[l«* — 2*]

Lemma 11 9 2
SN URY. E[Lf,s]nA (36)

where in the first inequality we again used Cauchy-Schwarz relation and in the second we
used Assumption 1. Finally, for the fourth term in (33) we use Lemma 12:

E[(2y, (25 8) — 2%, 2, (2% 8) — 2*)] = pRE(V f, (¥ S), V £, (2%: 5))]
< PZE[|V fup (23 SV (%5 S]]

Lemma ¢
2 PRE[IV £ (®; SV f (@5 )] < M%\/E[va(x’“; S)IPIE[IV f(z*; S)|?]
Lemga 12 uin\/2772 + 2E[L?75]A27 (37)

where in the first inequality we used Cauchy-Schwarz. By taking expectation in (33), using

the relations (34)-(37) and taking into account that m “kk < 37 for all k£ > 1, we obtain:
k=51

E[l| 2y, (z*; 5) — 2*||?]
ist x (2
<B[63 et ] e | SR

- 2#277\/ 22 + 2E[L3 ) A% + 2pin A, [E[LF ¢]

— E [62(u)] Ellc* — " |7 + 13D.

+ 3”6{}

For simplicity, we use further in the proof the following notations: ry = /E[||z* — 2*||2] and
0r = E[0%(ux)]. Then, through the nonexpansiveness property of the projection operator,
the previous inequality turns into:

k
<ille+n> I o] w2 (39)

i=0 i=0 \j=i+1
To further refine the right hand side in (38), we first notice from Lemma 20 that we have

k

[16; < 980 1=y (kD p hen, from (38) we can derive different upper bounds for the two cases
i=0

of the parameter v: v < 1 and v = 1.
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Case (i) v < 1. From Lemma 20, we derive an upper approximation for the second term in
the right hand side of (38). Therefore, if we let m = (ﬂ we obtain:

2
k k m k k k
o\ Lo =2 w| IL 0]+ > wl| 11 0
i—0 j=it1 i—0 j=itl i=m+1 j=it1
Lemma 20 - 2 71—~ (k+1)—p1 - (i+1) k k
<Y e T i D0 | 1] 0
i=0 i=m+1 j=i+1
(h4+1) =1 (m+1) X - .
<o Mot ZM%‘*’MmH Z i H 0;
i=0 i=m+1 j=it1
(h+1) =1y (m+1) S -
_ pP1—~(k+1)—p1—~y(m+ 2 i _N. .
=05 ¥ Zlu,i —|—,um+1'z 1—0i<1 0;) H 0 | . (39)
=0 i=m+1 j=i+1

We will further refine the right hand side of (39) by noticing the following two facts. First,
the constant lfiei can be upper bounded by:

1/~Li9: 1 S1/%;1 S"'Slﬂog'
¢ E [(1‘*‘;;305)2 T 1+Llfjas] ot 0
Second, the sum of products is upper bounded as:
k k k k k k
- [Teo)=> (TIe-1]¢)|=1-]] i<t
i=m-+1 Jj=i+1 i=m—+1 \j=i+1 Jj=t j=m+1
By using the last two inequalities into (39), we have:
k k . ) m
Z“? H 0; | < 95014( +1) =1~ (m+ )ZMZ? Tl N (40)
i=0 j=it1 i=0 0

m
Since Y- 47 < pg(w1-27(m) +2) < pg(p1-2,(m) +2) < pglpr—2y (5 +1) + 2] and using
=0

(40) into (38), we obtain the above result.

Case (ii) v = 1. In this case we have:

k ) k Lemma 20 2 np0(k+1)—po(i+1)
A 2 S Y
i=1 j=i+1 =1
1
oy g oy (kY"1 ")t
= i—1 =11 0
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Therefore, the variation of 6 leads to the following cases:

2
K if g < 2

k k
2 w2 Ink . 1
> | ] 0] < °k<> if By = 1
i=1 j=i+1 14 In % w3 . 1
- —0—— iffy > =
(k) 1—In ( % ) e’
which leads to the second part of the result. |

Proof of Lemma 17:
Proof The proof follows similar lines with the one of Lemma 30. Therefore, by using

notations: o = /1 — % and d,; = 1/E[dist% (z%1)] results in:

k1
g1 < adpy + B < ooy + B Z o
i—1

«
< Oék—Hdo’t + ,U,tlgi.
11—«
By setting k = K; — 1, then the last inequality implies:
Q@
tht S aththl,t—l + /’[/th

t—1
e a tK
< azi=1Fidyo + B o > arimmm gy,
=0

1—

Now set m = [%] By dividing the sum from the right side of (32) in two parts, by taking
into account that {4 }+>0 is nonincreasing and {K;}+>0 is nondecreasing, then results in:

t—1 . m . t—1 .
Z aZi:t—jH Kiﬂt—j _ 2 :a mt— i1 Ki/it—j + E azz':t—jﬂ Kiﬂt—j
j=0 j=0 J=m+l

m t—1
t t—1 )
S /th—m § azi:t,jﬂ K; + MOaKt § azizt,jﬂ K;

7=0 j=m+1
1— am+1 11— Oétfm+2
< fu-m + poai=i-m K
1-— 11—«
t .
< Ht—m ,U'Oazizi_m Ki
+ .
T 11—« 1l—«

By using the last inequality into (32) and using the bound 12~ < 2¢, then these facts imply
the statement of the lemma. [ |

Proof of Theorem 18:
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Proof First notice that from e* > 1 + z for all x > 0, we have (1 - l) e <

t

5 =,

_ 1 2 _ 1)i=t=T3]

(1 c) < ‘Km(c/eon and (1 c) ’
that Lemma 2 becomes

K

2

2t
1 2 2 . .
< (1 — Z) < R (c/c=1)” which imply

L 20 4B
E[dist% (z501)] < B (c/c—1) "M mc/c—1)

It can be seen that by combining (41) with a similar argument as in Theorem 14 we obtain
a similar descent as (38). Therefore, let k& > 0 and z®! be the kth iterate from the tth
epoch. Then, by denoting r? , = E[||z%* — 2*||?], results in:

7"1%+1 ¢+ < E[0s(pet) ]rl%,t + 117 Dy

Now taking k = K; results in:

k
D 2
r 1= th < t9 + Dy ZG < TOtHKt 1 :’uett. (42)
=0

Recalling that we chose p; = 22 and K; = [t7], then (7) leads to:

Ky

1 o
ok < (B|— < 0,.
¢ _< [(1+u00f,s)2D =70

Therefore, (42) leads to:

(42) D 13 29t1
TO 41 < 9070t+1ru‘9t < 0yrg + Dy 21—9
=1

2
Note that & 47 is nonincreasing in i. Then, if we fix m = (1], then the sum Z 09 can

be bounded as follows:
m 2 t Zet,i

1—(91-

05"

m 2

=4 1— 1—9 ZHO

=1

00" 11 M?n
=10, (Z’“> ) (1~ 00)

00" 11 “ M1
<9 .
S (Z m) o g (44)
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v—1 :
= , the previous

2 and that 0] <

m
Taking into account that Y p; < [[" Lds < gE=T:
i=1

1
t 1
1+§ 11’1 %

relation (44) implies:

M?Gt_i 2\ 7 1 M2
i=1 1 _092' : <t> [2(1 —7)In1/v0o i (1 —190)2] ' )

By using this bound in relation (44), then in order to obtain r&t 41 < € it is sufficient that
the number of epochs t to satisfy:

23\ 1 27+1p, \'/7
> | : . 4
t_max{n( ; >ln(1/90)’< - C> (46)

Finally, the total number of SPP iterations performed by RSPP algorithm satisfies:

t1+’Y

t t t
K > i7>/s7ds:
2z )

1+ 1
1 28,\ 1 2r+lp, \ '
> —— max< In . > C ,
1+ Y € In (1/90) v €

which proves the statement of the theorem. |
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