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SUMMARY

This dissertation focuses on the development of efficient first-order methods for func-
tion constrained convex optimization and their applications in a few different areas, includ-
ing healthcare, finance and machine learning. The thesis consists of three major studies.

The first part of the thesis considers the problem of minimizing an expectation function
over a closed convex set, coupled with a functional or expectation constraint on either de-
cision variables or problem parameters. We first present a new stochastic approximation
(SA) type algorithm, namely the cooperative SA (CSA), to handle problems with the con-
straint on devision variables. We show that this algorithm exhibits the optimal O(1/¢?) rate
of convergence, in terms of both optimality gap and constraint violation, when the objec-
tive and constraint functions are generally convex, where € denotes the optimality gap and
infeasibility. Moreover, we show that this rate of convergence can be improved to O(1/e)
if the objective and constraint functions are strongly convex. We then present a variant
of CSA, namely the cooperative stochastic parameter approximation (CSPA) algorithm, to
deal with the situation when the constraint is defined over problem parameters and show
that it exhibits similar optimal rate of convergence to CSA. It is worth noting that CSA
and CSPA are primal methods which do not require the iterations on the dual space and/or
the estimation on the size of the dual variables. To the best of our knowledge, this is the
first time that such optimal SA methods for solving functional or expectation constrained
stochastic optimization are presented in the literature. In addition, we apply the CSA and
CSPA methods to an asset allocation problem, and a combined classification and metric
learning problem, respectively.

The second part of the thesis is devoted to conditional gradient methods which have
attracted much attention in both machine learning and optimization communities recently.
These simple methods can guarantee the generation of sparse solutions. In addition, with-

out the computation of full gradients, they can handle huge-scale problems sometimes even



with an exponentially increasing number of decision variables. This study aims to signif-
icantly expand the application areas of these methods by presenting new conditional gra-
dient methods for solving convex optimization problems with general affine and nonlinear
constraints. More specifically, we first present a new constraint extrapolated condition gra-
dient (CoexCG) method that can achieve an O(1/¢?) iteration complexity for both smooth
and structured nonsmooth function constrained convex optimization. We further develop
novel variants of CoexCG, namely constraint extrapolated and dual regularized conditional
gradient (CoexDurCG) methods, that can achieve similar iteration complexity to CoexCG
but allow adaptive selection for algorithmic parameters. We illustrate the effectiveness of
these methods for solving an important class of radiation therapy treatment planning prob-
lems arising from healthcare industry.

In the third part of the thesis, we extend the convex function constrained optimization to
the multi-stage setting, i.e., multi-stage stochastic optimization problems with convex ob-
jectives and conic constraints at each stage. We present a new stochastic first-order method,
namely the dynamic stochastic approximation (DSA) algorithm, for solving these types of
stochastic optimization problems. We show that DSA can achieve an optimal O(1/e?) rate
of convergence in terms of the total number of required scenarios when applied to a three-
stage stochastic optimization problem. We further show that this rate of convergence can be
improved to O(1/€?) when the objective function is strongly convex. We also discuss vari-
ants of DSA for solving more general multi-stage stochastic optimization problems with
the number of stages 7' > 3. The developed DSA algorithms only need to go through the
scenario tree once in order to compute an e-solution of the multi-stage stochastic optimiza-
tion problem. As a result, the memory required by DSA only grows linearly with respect
to the number of stages. To the best of our knowledge, this is the first time that stochastic
approximation type methods are generalized for multi-stage stochastic optimization with
T > 3. We apply the DSA method for solving a class of multi-stage asset allocation prob-

lem and demonstrate its potential advantages over existing methods, especially when the
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planning horizon 7' is relatively short but the number of assets is large.

Xii



CHAPTER 1
INTRODUCTION

Much recent research effort have been devoted to the applications of the first-order methods
to problems in many areas such as operations research, finance, data analysis and machine
learning, etc. This dissertation aims to develop efficient first-order methods for function
constrained convex optimization and their applications in a few different areas.

The dissertation is driven by and concentrated on the following three different types of

problems.

1.1 Stochastic optimization with function or expectation constraints

For this type of problem, we study two related classes of stochastic programming with
function or expectation constraints.The first one is a classical SP problem with the function

constraint over the decision variables, formally defined as

min f(z) := E[F(z,§)]
st g(x) <0, (1)

r e X,

where X C R” is a convex compact set, £ are random vectors supported on P C RP,
F(z,6) : X x P — Rand g(z) : X — R are closed convex functions w.r.t. z for a.e.
¢ € P. Moreover, we assume that £ are independent of x. Under these assumptions, (1.1)
is a convex optimization problem.

In particular, the constraint function g(x) in problem (1.1) can be given in the form of

expectation as

g(x) = Ee[G(z, )], (1.2)



where G(z,£) : X x P — R are closed convex functions w.r.t. z for ae. £ € P.
Such problems have many applications in operations research, finance and data analysis.
One motivating example is SP with the conditional value at risk (CVaR) constraint. In an
important work [1], Rockafellar and Uryasev shows that a class of asset allocation problem

can be modeled as

min, , —ulx
.. 7+ sE{[~¢"x — 7]4} <0, (1.3)
S ox=1,2 >0,

i=1
where £ denotes the random return with mean ;1 = E[¢]. Expectation constraints also play
an important role in providing tight convex approximation to chance constrained problems
(e.g., Nemirovksi and Shapiro [2]). Some other important applications of (1.1) can be
found in semi-supervised learning (see, e.g., [3]). For example, one can use the objective
function to define the fidelity of the model for the labelled data, while using the constraint
to enforce some other properties of the model for the unlabelled data (e.g., proximity for
data with similar features).

While problem (1.1) covers a wide class of problems with constraints over the decision
variables, in practice we often encounter the situation where the constraint is defined over
the problem parameters. Under these circumstances our goal is to find a pair of parameters

«* and decision variables y*(z*) such that

y*(2*) € Argmin, oy {d(z%,y) := E[®(z",y, ()]}, (1.4)

z* €{zr € X|g(x) := E[G(z,£)] < 0}. (1.5)

Here ®(x,y,() is convex w.r.t. y for ae. ¢ € Q C R? but possibly nonconvex w.r.t.
(x,y) jointly, and g¢(-) is convex w.r.t. z. Moreover, we assume that ¢ is independent
of x and y, while ( is not necessarily independent of x*. Note that (1.4)-(1.5) defines a

pair of optimization and feasibility problems coupled through the following ways: a) the



solution to (1.5) defines an admissible parameter of (1.4); b) £ can be a random variable
with probability distribution parameterized by x*.

Problem (1.4)-(1.5) also has many applications, especially in data analysis. One such
example is to learn a classifier w with a certain metric A using the support vector machine
model:

min Bl (w; (A2, 0))] + 3w (16)

w

A€ {A = O|E[| Tr(A(u — v;)(u; — v;)") — by|] <0, Tr(A) < C}, (1.7)

where [(w; (0, y)) = max{0,1 — y(w, #)} denotes the hinge loss function, u, u;, u; € R",
v,v;,v; € {+1,—1}, and b;; € R are the random variables satisfying certain probability
distributions, and A, C' > 0 are certain given parameters. In this problem, (1.6) is used to
learn the classifer w by using the metric A satisfying certain requirements in (1.7), includ-
ing the low rank (or nuclear norm) assumption. Problem (1.4)-(1.5) can also be used in
some data-driven applications, where one can use (1.5) to specify the parameters for the
probabilistic models associated with the random variable &, as well as some other applica-
tions for multi-objective stochastic optimization.

In spite of its wide applicability, the study on efficient solution methods for expectation
constrained optimization is still limited. For the sake of simplicity, suppose for now that £
is given as a deterministic vector and hence that the objective functions f and ¢ in (1.1) and
(1.4) are easily computable. One popular method to solve stochastic optimization problems
is called the sample average approximation (SAA) approach ([4, 5, 6]). To apply SAA for
(1.1) and (1.5), we first generate a random sample &;,7 = 1,..., N, for some N > 1 and
then approximate g by §(z) = SV, G(x,&). The main issues associated with the SAA
for solving (1.1) include: 1) the deterministic SAA problem might not be feasible; ii) the

resulting deterministic SAA problem is often difficult to solve especially when [V is large,

requiring going through the whole sample {&;,..., &y} at each iteration; and ii) it is not



applicable to the on-line setting where one needs to update the decision variable whenever
a new piece of sample §;,7 = 1,... N, is collected.

A different approach to solve stochastic optimization problems is called stochastic
approximation (SA), which was initially proposed in a seminal paper by Robbins and
Monro[7] in 1951 for solving strongly convex SP problems. This algorithm mimics the
gradient descent method by using the stochastic gradient F”(z, &;) rather than the original
gradient f’(x) for minimizing f(z) in (1.1) over a simple convex set X (see also [8, 9,
10, 11, 12, 13]). An important improvement of this algorithm was developed by Polyak
and Juditsky([14],[15]) through using longer steps and then averaging the obtained iter-
ates. Their method was shown to be more robust with respect to the choice of stepsize than
classic SA method for solving strongly convex SP problems. More recently, Nemirovski
et al. [16] presented a modified SA method, namely, the mirror descent SA method, and
demonstrated its superior numerical performance for solving a general class of nonsmooth
convex SP problems. The SA algorithms have been intensively studied over the past few
years (see, e.g., [17, 18, 19, 20, 21, 22, 23, 24]). It should be noted, however, that none of
these SA algorithms are applicable to expectation constrained problems, since each itera-
tion of these algorithms requires the projection over the feasible set {x € X|g(x) < 0},

which is computationally prohibitive as g is given in the form of expectation.

1.2 Huge-scale convex optimization with function constraints

For this type of problem, we focus on the development of conditional gradient type methods

for solving the convex optimization problem in following form:

min  f(x)

st. g(z):=Azr—b=0,
(1.8)



Here X C R™ is a compact convex set, f : X — Rand h; : X - R,i=1,...,d, are
proper lower semicontinuous convex functions, A : R” — R"™ denotes a linear mapping,
and b is a given vector in R™. We assume that X is relatively simple in the sense that one
can minimize a linear function over X easily. Throughout this chapter we assume that an
optimal solution x* of problem (1.8) exists. For notational convenience, we often denote
h(z) = (hi(z);. .., hq(T)).

The conditional gradient method, initially developed by Frank and Wolfe in 1956 [25],
is one of the earliest first-order methods for convex optimization. It has been widely
used for solving problems with relatively simple convex sets, i.e., when the constraints
g(x) = 0 and h;(x) < 0 do not appear in problem (1.8). Each iteration of this method
computes the gradient of f at the current search point z, and then solves the subprob-
lem min,ex (V f(zx), z) to update the solution. In comparison with most other first-order
methods, it does not require the projection over X, which in many cases could be compu-
tationally more expensive than to minimize a linear function over X (e.g.. when X is a
spectrahedron given by X := {X > 0 : Tr(X) = 1}). These simple methods can also
guarantee the generation of sparse solutions, e.g., when X is a simplex or spectrahedron.
In addition, without the computation of full gradients, they can handle huge-scale problems
sometimes even with an exponentially increasing number of decision variables.

Much recent research effort has been devoted to the complexity analysis of conditional
gradient methods over simple convex set X. It is well-known that if f is a smooth convex
function, then this algorithm can find an e-solution (i.e., a point = € X s.t. f(z) — f* < ¢)
in at most O(1/e) iterations (see [26, 27, 28, 29, 30]). In fact, such a complexity result has
been established for the conditional gradient method under a stronger termination criterion
called Wolfe Gap, based on the first-order optimality condition [26, 27, 28, 29, 30]. As
shown in [26, 28, 31], this O(1/¢) iteration complexity bound is tight for smooth convex
optimization. In addition, if f is a nonsmooth function with a saddle point structure, one

can not achieve an iteration complexity better than O(1/€?) [28], in terms of the number



of times to solve the linear optimization subproblem. One possible way to improve the
complexity bounds is to use the conditional gradient sliding methods developed in [32] to
reduce the number of gradient evaluations. Many other variants of conditional gradient
methods have also been proposed in the literature (see, e.g.,[33, 34, 35, 36, 29, 37, 30, 26,
27,38, 39, 40, 41, 42, 43]) and Chapter 7 of [44] for an overview of these methods).

It should be noted, however, that none of existing conditional gradient methods can be
used to efficiently solve the more general function constrained convex optimization prob-
lem in (1.8). With these function constraints (g(z) = 0 and h;(z) < 0), linear optimization
over the feasible region of problem (1.8) could become much more difficult. As an exam-
ple, if X is the aforementioned spectrahedron and /i does not exist, the linear optimization
problem over the feasible region {x = 0 : g(x) = 0,Tr(X) = 1} becomes a general
semidefinite programming problem. Adding nonlinear function constraints h;(x) < 0 usu-
ally makes the subproblem even harder. In fact, our study has been directly motivated by
a convex optimization problem with nonlinear function constraints arising from radiation
therapy treatment planing (see [45, 46, 47, 48, 49, 50, 51] and Section 4.5 for more details).
The objective function of this problem, representing the quality of the treatment plan, is
smooth and convex. Besides a simplex constraint, it consists of two types of nonlinear
function constraints, namely the group sparsity constraint to reduce radiation exposure for
the patients, and the risk averse constraints to avoid overdose (resp., underdose) to healthy
(resp., tumor) structures. This problem is highly challenging because the dimension of the
decision variables can increase exponentially with respect to the size of data, which pre-
vents the computation of full gradients as required by most existing optimization methods

dealing with function constraints.

1.3 Multi-stage stochastic optimization problem

Multi-stage stochastic optimization aims at optimal decision-making over multiple periods

of time, where the decision in the current period has to take into account what will happen



in the future. This type of decision-making is very important to a few applications areas,
including finance, logistics, robotics and clinic trials etc. In this chapter, we are interested

in solving a class of multi-stage stochastic optimization problems given by

minh' (2!, ¢') +  Eja [minh?(2?, ) + E ¢tz [..+ E et [min AT (27, c")]]]
s.t. Azt — bt € Kt s.t. A%22%2 — b — B%z!' € K2, s.t. ATzT — o7 — BTxT-1 ¢ KT,

!t e X1 r? € X2, xT e XT.
(1.9)

Here T denotes the number of stages, h'(-, c") are relatively simple convex functions, K*
are closed convex cones, X' C R™ are compact convex sets for some n; > 0, bt : X! — R
are relatively simple convex functions, and A’ denote the linear mappings from R™ to
R™ for some m; > 0. Moreover, £ := (A', b, c') is a given deterministic vector, &' :=
(AL b, Bt ct),t = 2,...,T, are the random vectors supported on =" at stage ¢. Throughout
this chapter, we use £ := (€',.. ., €") to denote the stochastic process up to time period
t, and E g (-) = E[-|¢1] denote the expectation conditional on &), It is worth noting that
¢ = ¢ and that B[] = Epu[] = E[] since ¢! is deterministic. By defining value

functions, we can write problem (1.9) equivalently as

min h'(z', c') + v? (2!, M)
st. Alat — o' e K1, (1.10)

zt e X1,
where the value factions v? are recursively defined by

o ) = BV e, t=2,. ., T -,
Vt(xtfl’ é’[t}) = min ht(xta Ct) + Ut+1(:1jt7 S[t]) (1 11)
st. Alet — b — Bla'™! € K,

b e X,



and
o (@760 = B[V (@7, €]

VI ¢y = min AT(27, cT) (1.12)
st. AT —pT — BT2T-1 € KT,
xr e XT.

In particular, if h' are affine, K* = {0} and X" are polyhedral, then problem (1.9)
reduces to the well-known multi-stage stochastic linear programming problem (see, e.g.,
[52, 53]). The incorporation of the nonlinear (but convex) objective function h(x?, ¢*) and
conic constraints A'z? — b — Blz'~1 € K' allows us to model a much wider class of
problems. Moreover, if 7' = 2, then problem (1.9) is often referred to as a two-stage (or
static) stochastic programming problem.

In spite of its wide applicability, multi-stage stochastic optimization remains highly
challenging to solve. Many existing methods for multi-stage stochastic optimization are
based on sample average approximation (see Nemirovski and Shapiro [54] and Shapiro [55]).
In this approach, one first generates a deterministic counterpart of (1.9) by replacing the ex-
pectations with (conditional) sample averages. In particular, if the number of stages 1" = 3,
the total number of samples (a.k.a. scenarios) cannot be smaller than O(1/€*) in gen-
eral. Once after a deterministic approximation of (1.9) is generated, one can then develop
decomposition methods to solve it to certain accuracy. The most popular decomposition
methods consist of stage-based and scenario-based decomposition method. One widely-
used stage-based method is the stochastic dual dynamic programming (SDDP) algorithm,
which is essentially an approximate cutting plane method, first presented by Pereira and
Pinto [56] and later studied by Shapiro [57], Philpott et. al. [58], Donohue and Birge [59],
Hindsberger [60], and Kozmik and Morton [61] etc. This method has been shown to be
effective for solving multi-stage stochastic optimization problems with a large number of
stages, but a small number of decision variables. The progressive hedging algorithm by

Rockafellar and Wets [62] is a well-known scenario-based decomposition method, which



basically applies an augmented Lagrangian method to penalize the violation of the non-
anticipativity constraints. Other interesting bundle type decomposition methods have also
been developed (see, e.g., [63]). These methods assume that the scenario tree has been
generated and will go through the scenario tree many times. Usually there are no perfor-
mance guarantees provided regarding their rate of convergence, i.e., the number of times
one needs to go through the scenario tree. In SDDP, one also needs to assume that random
vectors are stage-wise independent.

Recently, a different approach called stochastic approximation (SA) has attracted much
attention for solving static stochastic optimization problems given in the form of

min { f(z) = Ee[F(,£)]} , (1.13)

zeX

where X is a closed convex set, £ denotes the random vecctor and F'(+, ) is a closed con-
vex function. Observe that when T' = 2, problem (1.9) can be cast in the form of (1.13)
and hence one can apply the aforementioned SA methods to solve these two-stage stochas-
tic optimization problems (see [64, 65]). The basic SA algorithm, initially proposed by
Robbins and Monro [7], mimics the simple projected gradient descent method by replacing
exact gradient with its unbiased estimator. Important improvements for the SA methods
have been made by Nemirovski and Yudin [66] and later by Polayk and Juditsky [14, 15].
During the past few years, significant progress has been made in SA methods (e.g., [64,
17, 18, 19, 67, 68, 69, 70, 71, 72]). In particular, Nemirovski et. al. [64] presented a
properly modified SA approach, namely, mirror descent SA for solving general nonsmooth
convex SP problems. Lan [17] introduced an accelerated SA method, based on Nesterov’s
accelerated gradient method [73], for solving smooth, nonsmooth and stochastic optimiza-
tion in a uniform manner. Novel nonconvex SA methods and their accelerated versions
have been studied in [67, 69, 74, 71]. Some interesting progresses have also been made

in [70, 72] for solving more complicated compositional stochastic optimization problems.



All these SA algorithms only need to access one single & at each iteration, and hence do
not require much memory. It has been shown in [64, 65] that SA methods can significantly
outperform the SAA approach for solving static (or two-stage) stochastic programming
problems. However, it remains unclear whether these SA methods can be generalized for

multi-stage stochastic optimization problems with 7" > 3.
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CHAPTER 2
ALGORITHMS FOR STOCHASTIC OPTIMIZATION WITH FUNCTION OR
EXPECTATION CONSTRAINTS

2.1 Introduction

In this chapter, we intend to develop efficient solution methods for solving expectation con-
strained problems by properly addressing the aforementioned issues associated with exist-
ing SA methods. Our contribution mainly exists in the following several aspects. Firstly,
inspired by Polayk’s subgradient method for constrained optimization [75] and Nesterov’s
note [76], we present a new SA algorithm, namely the cooperative SA (CSA) method
for solving the SP problem with expectation constraint in (1.1) with constraint (1.2). At
the k-th iteration, CSA performs a projected subgradient step along either F’(xy, &) or
G/ (13, &) over the set X, depending on whether an unbiased estimator G, of g(z;) satis-
fies &3 r < m or not. Observe that the aforementioned estimator G . can be easily computed
in many cases by using the structure of the problem, e.g., the linear dependence {7z in
(1.3) (see Section 4.1 in [65] and Section 2.1 for more details). We introduce an index set
B:={1<k<N: Gr < n,} in order to compute the output solution as a weighted
average of the iterates in B. By carefully bounding | 3|, we show that the number of itera-
tions performed by the CSA algorithm to find an e-solution of (1.1), i.e., a point z € X s.t.
E[f(z) — f*] < e and E[g(Z)] < ¢, can be bounded by O(1/¢?). Moreover, when both f
and g are strongly convex, by using a different set of algorithmic parameters we show that
the complexity of the CSA method can be significantly improved to O(1/¢). It it is worth
mentioning that this result is new even for solving deterministic strongly convex problems
with function constraints. We also established the large-deviation properties for the CSA

method under certain light-tail assumptions.
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Secondly, we develop a variant of CSA, namely the cooperative stochastic parameter
approximation (CSPA) method for solving the SP problem with expectation constraints on
problem parameters in (1.4)-(1.5). In CSPA, we update parameter = by running the mirror
descend SA iterates whenever a certain easily verifiable condition is violated. Otherwise,
we update the decision variable y while keeping = intact. We show that the number of
iterations performed by the CSPA algorithm to find an e-solution of (1.4)-(1.5), i.e., a pair
of solution (z,y) s.t. E[g(z)] < € and E[¢(Z,y) — ¢(Z,y*(Z)] < €, can be bounded by
O(1/€*). Moreover, this bound can be significantly improved to O(1/e¢) if G and ® are
strongly convex w.r.t. x and y, respectively.

To the best of our knowledge, all the aforementioned algorithmic developments are
new in the stochastic optimization literature. It is also worth mentioning a few alternative
or related methods to solve (1.1) and (1.4)-(1.5). First, without efficient methods to directly
solve (1.1), current practice resorts to reformulate it as min,ex Af(z) + (1 — \)g(x) for
some A € (0, 1). However, one then has to face the difficulty of properly specifying A, since
an optimal selection would depend on the unknown dual multiplier. As a consequence, we
cannot assess the quality of the solutions obtained by solving this reformulated problem.
Second, one alternative approach to solve (1.1) is the penalty-based or primal-dual ap-
proach. However these methods would require either the estimation of the optimal dual
variables or iterations performed on the dual space (see [77], [16] and [78]). Moreover, the
rate of convergence of these methods for function constrained problems has not been well-
understood other than conic constraints even for the deterministic setting. Third, in [79]
(and see references therein), Jiang and Shanbhag developed a coupled SA method to solve
a stochastic optimization problem with parameters given by another optimization problem,
and hence is not applicable to problem (1.4)-(1.5). Moreover, each iteration of their method
requires two stochastic subgradient projection steps and hence is more expensive than that
of CSPA.

The remaining part of this paper is organized as follows. In Section 2, we present the

12



CSA algorithm and establish its convergence properties under general convexity and strong
convexity assumptions. Then in Section 3, we develop a variant of the CSA algorithm,
namely the CSPA for solving SP problems with the expectation constraint over problem
parameters and discuss its convergence properties. We then present some numerical results
for these new SA methods in section 4. Finally some concluding remarks are added in

Section 5.

2.2 function or expectation constraints over decision variables

In this section we present the cooperative SA (CSA) algorithm for solving convex stochas-
tic optimization problems with the constraint over decision variables. More specifically, we
first briefly review the distance generating function and prox-mapping in Subsection 2.2.1.
We then describe the CSA algorithm in Subsection 2.2.2 and discuss its convergence prop-
erties in terms of expectation and large deviation for solving general convex problems in
Subsection 2.2.3. Then we show how to apply the CSA algorithm to problem (1.1) with ex-
pectation constraint and discuss its large deviation properties in Subsection 2.2.4. Finally,
we show how to improve the convergence of this algorithm by imposing strong convexity

assumptions to problem (1.1) in Subsection 2.2.5.

2.2.1 Preliminary: prox-mapping

Recall that a function wy : X — R is a distance generating function with parameter «,
if wy is continuously differentiable and strongly convex with parameter o with respect to
|| - || Without loss of generality, we assume throughout this paper that « = 1, because we

can always rescale wy (z) to wx () = wx(z)/«. Therefore, we have

(x = 2, Vwx (z) = Vwx(2)) = [lz — 2|, Vo, 2 € X.
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The prox-function associated with w is given by

Vx(z,2) = wx(z) —wx(z) — (Vwx(2),x — 2).

Vx (-, ) is also called the Bregman’s distance, which was initially studied by Bregman [80]
and later by many others (see [81],[82] and [83]). In this paper we assume the prox-function
Vx(x, z) is chosen such that, for a given = € X, the prox-mapping P, x : R" — R" defined
as

P, x(+) == argmin, v {(-, 2) + Vx(z,2)} 2.1

is easily computed.

It can be seen from the strong convexity of w(-, -) that

Vx(z,2) > Lz — 2||*, V2,2 € X. (2.2)

1
2

Whenever the set X is bounded, the distance generating function wx also gives rise to the

diameter of X that will be used frequently in our convergence analysis:

Dx = Dx ., = ,/max Vx(z, z). (2.3)

r,ze€X

The following lemma follows from the optimality condition of (2.1) and the definition

of the prox-function (see the proof in [16]).

Lemma 1 Foreveryu,x € X, and y € R", we have

Vi (Prx(y),u) < Vx(z,u) +y" (u—2) + 1|lyl?,

, L.e.,

where the || - || denotes the conjugate of || - yll. = max{{z, y)|||z| < 1}.
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2.2.2 The CSA method

In this section, we present a generic algorithmic framework for solving the constrained
optimization problem in (1.1). We assume the expectation function f(x) and constraint
g(x), in addition to being well-defined and finite-valued for every = € X, are continuous
and convex on X.

The CSA method can be viewed as a stochastic counterpart of Polayk’s subgradient
method, which was originally designed for solving deterministic nonsmooth convex opti-
mization problems (see [75] and a more recent generalization in [84]). At each iterate xy,
k > 0, depending on whether g(x)) < 7 for some tolerance 7, > 0, it moves either along
the subgradient direction f’(xy) or ¢'(z}), with an appropriately chosen stepsize 7, which
also depends on || f'(xy)||« and ||¢'(xk)||. However, Polayk’s subgradient method cannot
be applied to solve (1.1) because we do not have access to exact information about f’, ¢’
and g. The CSA method differs from Polyak’s subgradient method in the following three
aspects. Firstly, the search direction Ay, is defined in a stochastic manner: we first check if
the solution x;, we computed at iteration k violates the condition G < ny for some 7, > 0.
If so, we set the hy, = G'(xy, &) for a random realization &, of £ (Note that for deterministic
constraint in (1.1), hy = ¢'(x})) in order to control the violation of expectation constraint.
Otherwise, we set hy, = F'(xy, ). Secondly, for some 1 < s < N, we partition the indices
I ={s,..., N} into two subsets: B = {s < k < N|C¥k < ni}and N = I\ B, and define
the output 7y ; as an ergodic mean of x;, over B. This differs from the Polyak’s subgradient
method that defines the output solution as the best x;, k € B, with the smallest objective
value. Thirdly, while the original Polayk’s subgradient method were developed only for
general nonsmooth problems, we show that the CSA method also exhibits an optimal rate

of convergence for solving strongly convex problems by properly choosing {7} and {7 }.

Notice that every iteration of CSA requires an unbiased estimator of g(z). Suppose

there is no uncertainty associated with the constraint in (1.1), we can evaluate g(zy) exactly.
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Algorithm 1 The cooperative SA algorithm
Input: initial point z; € X, stepsizes {7} and tolerances {7 }.
fork=1,2,...,N
Let G, be an unbiased estimator of g(xy). Set

F'(zp, &), if G < s

= > Sk 2.4

for { G'(xy, &), otherwise. (2.4)
Thr1 =Py x (Vihi). (2.5

end for )

Output: Set B = {s < k < N|Gy < ni} for some 1 < s < N, and define the output
TN = (Cpes W)™ (X kes MTn), (2.6)

If g is given in the form of expectation, one natural way is to generate a J-sized i.1.d. random
sample of ¢ and then evaluate the constraint function value by Gy = %Z}le G(xy, &).
However, this basic scheme can be much improved by using some structural information for
constraint evaluation. For instance, one ubiquitous structure existing in machine learning
and portfolio optimization applications is the linear combination of £7z. For a given x €
X, we can define a new random variable £ = &2 and generate samples of ¢ instead of
€. € is only of dimension one and it is computationally much cheaper to simulate. Given
the distribution of ¢, below we provide a few examples where the distribution of £ can be
explicitly computed or approximated. For instance, if z € RY, &; are independent normal
N (3, 0;), then € follows N (30, s, [0, 2202]1/2). If & follows independent exp();),

then the probability density function of ¢ is

d .
TS
j 1T em1 GAg)

where \; = \; /x;. If & follows independent Uniform(a, b), then the cumulative distribution
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function of ¢ is

d +
y=a ) 1T d v d d
Fely) = (0ol )i 5 eyt

d
d —a § :z’: X
Zji,:jv,l_u{[y b—a 1 - (IJ& T Ty, + . F Iju)]—‘r}}'

If the &; are dependent normal random variables with mean p and covariance C' (by Cholesky
decomposition, C' = LL'), we can estimate >_,_, &a; by S°0 | iy + 7[>, (LT x)2]4/2,
where 7 follows N (0, 1). In fact, when the dimension d is large enough, by central limit the-
orem, we can use a normal distribution to approximate the new random variable £. These
are a few examples showing that to simulate ¢ can be much faster than to simulate the

original random variables for constraint evaluation.

2.2.3 Convergence of CSA for SP with function constraints

In this subsection, we consider the case when the constraint function g is deterministic
(i.e., Gy = ¢'(3)). Our goal is to establish the rate of convergence associated with CSA,
in terms of both the distance to the optimal value and the violation of constraints. It should
also be noted that Algorithm 1 is conceptional only as we have not specified a few algo-
rithmic parameters (e.g. {7} and {7, }). We will come back to this issue after establishing
some general properties about this method. Throughout this subsection, we make the fol-

lowing assumptions.

Assumption 1 Forany x € X, a.e. £ € P,

E[[|F"(z,§)I1:] < Mg and ||g'(2)|[; < MG,

where F'(x,€) € 0, F(x,§) and ¢'(x) € 0.9(x).

The following result establishes a simple but important recursion about the CSA method
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for problem (1.1).

Proposition 2 Forany 1 < s < N, we have

Zke/\/ Yl — g(x)) + ZkGB V(" (ke &k), 01 — )

2.7
<V (@5, @) + 5 2 eVl F (2 812 + 5 Zopen vEll g (@) |12,
forall x € X.
Proof. For any s < k < N, using Lemma 1, we have
Vi1, ) < V(g @) + (e, © — xi) + 37701 |7 (2.8)

Observe that if & € B, we have hy = F"(xy, &), and
(hig, T — ) = (F/(fﬁk;fk),lik — ).

Moreover, if k € N, we have hy, = ¢'(x;) and

(his vp — ) = (g (1), 21 — ) > g(21) — 9(x) > MK — g().

Summing up the inequalities in (2.8) from k = s to /N and using the previous two observa-

tions, we obtain

V(wpir, ) < V(s x) = S0l (b, o — o) + 5 20, il 12
< V(ws, ) = [Dpen Wl (@), 2 = 2) + Xpep Wl F' (T, &), 21 — )]
+ 3 s il
<V (@, @) = [ pen Wl — 9(2) + Y pep 1o F (2k, &), 2% — )]

+ 5 Yores W F (@, &) 12+ 5 pen 12 llg’ (@) 112
(2.9)
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Rearranging the terms in above inequality, we obtain (2.7) ]

Using Proposition 2, we present below a sufficient condition under which the output

solution T s is well-defined.

Lemma 3 Let x* be an optimal solution of (1.1). If
SR mingem > Dy + 5 Yes WME + 5 Xpen e Mé (2.10)

then B # 0, i.e., Ty s is well-defined. Moreover, we have one of the following two state-

ments holds,
a) Bl = (N—-s+1)/2,
b) ZkeB 'Yk<f,(37k)a Ty — x*) < 0.
Proof. Taking expectation w.r.t. § on both sides of (2.7) and fixing x = z*, we have
Y oken Vel — 9(@*)] + 2 pen Ve f (2r), 2 — %)

< V(vg, ") + % ZkeB ’VleJ% + % Zke/\f 7£M(% (2.11)

< D§( + % Zkels VI%MI% + % Zke/\/ VI%MCQJ

Suppose for contradiction that B = (). We then conclude from the above relation and the

fact g(z*) < 0 that

Ngélj{} Wil < Ppen el — 9(2)] < DX + 5 Xpen e Mp + 3 Dpen e Mé,

which contradicts with (2.10). Hence, we must have B # ().

Now if >, s W (f'(x), zx—2*) < 0, partb) holds. Otherwise, if >, s Vi (f' (T), T —

x*) > 0, we have

Zke,/\f Vk[nk - 9(33*)] < V(:Cs, :U*) + % ZkeB ’VI%MJ%“ + % ZkeN fVleéa
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which, in view of g(z*) < 0, implies that

2oken Wik < V(@6 0%) + 5 e WME + 5 2pen NME: (2.12)
Suppose that |B| < (N —s+1)/2,i.e., |N| > (N — s+ 1)/2. Then,

S wen Ve = = mingen e > V(s %) 4+ 5 Y pen VEME + 33 e VEME,

which contradicts with (2.12). Hence, part a) holds. [ |

Now we are ready to establish the main convergence properties of the CSA method.

Theorem 4 Suppose that {~} and {n} in the CSA algorithm are chosen such that (2.10)

holds. Then for any 1 < s < N, we have

~ . 2D% 4+ M2y 2
E[f(zns) = f(0")] € ey (2.13)

9(@n,s) < Cpen ) ke Wik, (2.14)

where M := max{Mp, Mq}.

Proof. We first show (2.13). By Lemma 2, if Lemma 2 part (b) holds, dividing both

sides by >, .5 V& and taking expectation, we have

E[f(Zn.) — f(z*)] < 0. (2.15)

If [B| > (N —s+1)/2, we have Y, s v > |B| minges v > ¥ mingep . It follows

from the definition of Zy 4 in (2.6), the convexity of f(-) and (2.11) that

IN

Y oken Vel + D wes WELf (Tns) — f(a*)] > ken Vel + 2 pen Bl (f (i) — f(27))]

< D§< + % ZkeB WEM% + % Zke/\/ 7}§M§;,
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which implies that

A min g + (Xkesm) Elf (@ns) = f(@)] < DX + 5 Xpep eMp + 5 2pen M.
(2.16)

Using this bound and the fact v, > 01in (2.16), we have

E[f(zy.) — f(o)] < 25 Doben WME + Do MG 20300 D ocicn e

(N—s+1) minger vk —  (N—s+1) minges vk

(2.17)
Combining these two inequalities (2.15) and (2.17), we have (2.13). Now we show that
(2.14) holds. For any k € B, we have g(x)) < ng. Then, in view of the definition of Z

in (2.6) and the convexity of g(-), then implies that

2 _ken Tk 2 kes Tk
n
Below we provide a few specific selections of {7}, {7} and s that lead to the optimal
rate of convergence for the CSA method. In particular, we will present a constant and

variable stepsize policy, respectively, in Corollaries 5 and 6.

Corollary 5 If s=1,v; = and ny, = — N k= ,...IN, then

Dx
VN(Mp+Mg)
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Proof. First, observe that condition (2.10) holds by using the facts that

Nestl . - _ N4D% 2
minvpme = 5 =2D
2 keNVU 2 N X

DX + 5 2 ke MR+ 5 ien TAME

2 1 Dg(MIZ, 1 Dg(Mé
< Dy + 2 ZkeB N(Mp+Mg)? +3 Zke/\/ N(Mp+Mg)?

2 1N D3 2
<Dx+32 401~ <2D%.

It then follows from Lemma 2 and Theorem 4 that

Dx M?2 Dx M2

_ . 2Dx (Mp+Ma)+ D _hep Noateie] T Doken
E[f(st) f(:C )] < € N(M%Mc) EN N(Mp+Mg) < 4DX(]\\§FN+MG)7
S < _ ADx(Mp+Mg)
9(@n,s) < max v
[ |
Corollary 6 Ifs = ¥, v, = m and ny, = “PXRUELNE) | — 1,2, N, then
1
_ . 4Dx (143 log 2)(Mp+Mg)
Elf (2x.) - /(")) < Lm0 e)
o) < BEDSIEENG)

Proof. The proof is similar to that of corollary 4 and hence the details are skipped. =

In view of Corollaries 5 and 6, the CSA algorithm achieves an O(1/+/N) rate of con-
vergence for solving problem (1.1). This convergence rate seems to be unimprovable as it
matches the optimal rate of convergence for deterministic convex optimization problems
with function constraints [76]. However, to the best of our knowledge, no such complex-
ity bounds have been obtained before for solving stochastic optimization problems with
function constraints.

In the Corollary 5 and 6, we established the expected convergence properties over many

runs of the CSA algorithm. In the remaining part of this subsection, we are interested in
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the large deviation properties for a single run of this method.

First note that by Corollary 6 and the Markov’s inequality, we have

1
4Dx (1475 log 2)(Mp+Mg)

Prob (f(:?:N,S) — fx*) >N\ i > < %I,V)\l > 0.

It then follows that in order to find a solution Z s € X such that
Prob (f(Zw,) — f(z7) <€) > 1 — A,
the number of iteration performed by the CSA method can be bounded by
0{}. (2.19)

We will show that this result can be significantly improved if Assumption Al is augmented
by the following “light-tail” assumption, which is satisfied by a wide class of distributions

(e.g., Gaussian and t-distribution).

Assumption 2 Forandr € X,

Elexp{|| F'(x, §)[|2/M}] < exp{1}.

We first present the following Bernstein inequality that will be used to establish the

large-deviation properties of the CSA method (e.g. see [16]). Note that in the sequel, we

denote &y = {&1, ..., &)

Lemma 7 Let &, &, ... be a sequence of i.i.d. random variables, and & = £(&)) be deter-
ministic Borel functions of {y such that E[&,] = 0 a.s. and Elexp{&}/o7}] < exp{1l} a.s,,

where o, > 0 are deterministic. Then

VA>0: Prob{Zivl &> M/, atz} < exp{—\?/3}.
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Now we are ready to establish the large deviation properties of the CSA algorithm.

Theorem 8 Under Assumption 2, VA > 0,

Prob{f(Zn,) — f(z*) > Ko+ K1} < exp{—A} +exp{—2}, (2.20)

1 2 2 2
5 D% +M; ZkeB Vi + M ZkeN ke and
D hen Yk

e M3 ZkeB%%"i_Mé Zke,/\/”yl%+U\/ZkeN7]3+MFDX\/ZkeB%3
1 = .

keB Tk

where Ky =

Proof. Let F'(zy, &) = f'(x1) + Ay. It follows from the inequality (2.7) (with z = z*)

and the fact g(z*) < 0 that

>owen Wk + O pen W) (f (@ns) — f(2%) < DX + 3 ien Vel F' (@r, &) |12

+ 3 hen Vellg @oll2 = Ypes (Bp, i — ). (221

Now we provide probabilistic bounds for >, s Vil F' (xk, & )|[F and Y, g Ve ( Ak, Tp—2*).
First, setting 0, = 7/ > _cp Vi using the fact that E[exp{|| F"(xk, &)||Z/M7}] < exp{1}

and Jensens inequality, we have

exp{ e O (1 F" (e, E) 12/ ME)} < 3pess O exp{ | F" (e, &) 12/ M},

and hence that

Elexp{} s Vil F' (2r, S 12/ME 3 hep i} < exp{l}.
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It then follows from Markov’s inequality that VA > 0,

Prob(ZkeB Vel F' (i, &) |17 > (14 X) M3 Zkeg V)
— Prob (exp {Zkelﬁ Vil (s, 66) 12 } > exp(l + )\)) (2.22)

)
M2 e Vi

exp{1}
— exp};l—',-/\} S eXp{_)\}

Then, let us consider ) _, -,z Vi (Ag, v — x*). Setting By = Y, (Ag, 7 — 2*) and noting

that E[|| Ax|I?] < (2MF)?, we have

Elexp{5;/(2MpyDx)*} < exp{1},

which, in view of Lemma 7, implies that

Prob {ZkeB By > 2AMpDx /3 e 7,3} < exp{—\2/3}. (2.23)
Combining (2.22) and (2.23), and rearranging the terms we get (2.20). ]

Applying the stepsize strategy in Corollary 5 to Theorem 8, then it follows that the number

of iterations performed by the CSA method can be bounded by

O{z(log )’}

We can see that the above result significantly improves the one in (2.19).

2.2.4 Convergence of CSA for SP with expectation constraints

In this subsection, we focus on the SP problem (1.1)-(1.2) with the expectation constraint.
We assume the expectation functions f(x) and g(z), in addition to being well-defined and
finite-valued for every x € X, are continuous and convex on X. Throughout this section,

we assume the Assumption 2 holds. Moreover, with a little abuse of notation, we make the
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following assumption.

Assumption 3 for and x € X,

Elexp{||G"(x, &)3/M&}] < exp{1}, (2.24)

Elexp{(G(z,¢) — g(z))?/0*}] < exp{1}. (2.25)

We will use (2.24) and (2.25) to bound the error associated with stochastic subgradient
and function value for the constraint g, respectively. As discussed in subsection 2.2, there
may exist different ways to simulate the random variable £ for constraint evaluation, e.g.,
by generating a J-sized i.i.d. random sample of ¢ or its linear transformation & = ¢7x.
However, regardless of the way to simulate the random variable &, the light-tail assumption
(2.25) holds for the constraint value G(x, £). Our goal in this subsection is to show how the
sample size (or iteration count) /V to compute stochastic subgradients, as well as the sample
size J to evaluate the constraint value, will affect the quality of the solutions generated by
CSA.

The following result establishes a simple but important recursion about the CSA method

for stochastic optimization with expectation constraints.

Proposition 9 Forany 1 < s < N, we have

> ken W (G (@, &) — G(2, &) + D pen Wl F (08, &), 21 — T)

(2.26)
S V(@6 @) + 5 2 pen T (@0, G + 5 D pen NG (2, &) 1I2, Vo € X
Proof. For any s < k < N, using Lemma 1, we have
V(:L‘k_H, l‘) < V(ZEk,ZE) + %(hk,x — Ik> + %’713||hk||3 (227)
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Observe that if k& € B, we have hy, = F'(xy, &), and
(hiy o, — @) = (F' (23, &), Th — T).

Moreover, if k € N, we have hy = G'(4, &) and

(hiy o — ) = (G (w1, &), 21 — ) > G2p, &) — G, &)

Summing up the inequalities in (2.27) from £ = s to N and using the previous two obser-

vations, we obtain

V(tp, o) S V(we ) — s, wlhe, o — ) + 5 S0, 2l 2
S V(xsa .Z') - [ZkeNVk(G,(xkafk%mk - ,I‘) + ZkEB ’Yk(F/(l'k, Sk)7xk - $>:| + % Zlivzs 7]%||h
=V(zg,x) = [Ypen (G (@r, &) — G(2,&)) + e el F (@, &), 2 — )]

+ 5 2 ke TN F (2, EI1Z + 5 D ken MR IG (2, &) 12
(2.28)

Rearranging the terms in above inequality, we obtain (2.26). ]

Using Proposition 9, we present below a sufficient condition under which the output

solution Ty s is well-defined.

Lemma 10 Let z* be an optimal solution of (1.1)-(1.2). Under Assumption 3, for any

given A > 0, if

A min g > V(25 07) 4 5 e ME + 3 e MG + 35 Xew W (2:29)

where J is the number of random samples to estimate g(xy) in each iteration, then B # (),

i.e., Ty s is well-defined. Moreover, we have one of the following two statements holds,

a) Prob{|B| > (N —s+1)/2} > 1 — |N]exp{-%},

27



b) > el f (wr), v — ) < 0.

Proof. Taking expectation w.r.t. & on both sides of (2.26), fixing x = z* and noting

that Assumption 3 implies that E[||G'(z, €)||?] < M2, we have

Y ken Velg(wr) — g(@)] + D e Wl f (2n), 21 — 27)

< V(wg, ") + % Zkels ’YI%MI% + % Zke]\/ 713M62:

(2.30)

It cn vkl f'(@n), xp — %) <0, part b) holds. If >,z v (f' (zx), 21 — 2*) > 0, we have
> ken Yelg(@r) — g(z7)] < V(zs, 27) + % D keB VM + % D keN M Mé,
which, in view of g(z*) < 0, implies that
Y oken Vg (wr) < V(wg, 2%) + % > ke M+ % > ken TeME. (2.31)

It follows from (2.4), Assumption 3 and Lemma 7 that, for k € N, we have ék > Mg
and Prob{G}, > g(x1) + Ao /v J} < exp{—A2/3}, which implies, Prob{g(z),) < n; —
Mo/ T} < exp{—A?/3}. Therefore,

Prob{> ", .\ 19(Tr) < D pen Vellk — \A/—% Doken Vet

< Prob{3k € N, vg(zr) < my — \’\/—‘}} <1—(1- exp{—)‘é})W' < |V exp{—%2 :
(2.32)

Combining (2.31) and (2.32), we have

PrOb{ZkeN VM < V<x87 x*> + % ZkEB ’VIEMI% + % Zke/\/’ VI%Mé + \)}_Uj Zke,/\/' ’Yk}

>1—|N| exp{—%2 .

* Suppose that |B] < (N — s+ 1)/2,ie., |[N| > (N — s+ 1)/2. Then, the condition in
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(2.29) implies that

+1

Zke/\/ Ve = mingepn Yk > V(ws, @ )+% Zkel’j’ v,fM%—F% Zke/\f %%MéWL\A/—% Zke/\/ V-

It then follows from the previous two observations that Prob{|B| > (N — s+ 1)/2} >
1— |V exp{—2}. m

Now we are ready to establish the large deviation properties of the CSA algorithm.
Theorem 11 Suppose that Assumptions 2 and 3 hold.

a) For any given partition B and N of I = {s,..., N}, we have, VA > 0,

Prob{ f(Zn,) — f(z*) > Ko+ AK1} < 2exp{-\} + (V| +2) exp{—2},

(2.33)

Prob {g(fzv,s) > (Shen ) (Tes ) + 5/—3} < |Blexp{—)*/3}, (2.34)

M2
where Ko = (3 ,c5 ’Yk:) <D§( + 5 ZkeB Mo+ D ken ’Y;%) and

Ky = (ZkeB Vk) ( Zkes Yk + e Zke/\/ Vi + 20\/ZkEN ol

+2MpDx\[ 3 e Vi + 5 2oken Th)-

b) Forany A € (0,1), if we choose \ such that N exp{—M\?/3} < A and set

— _ _D —
3—177k—fT)§W77k— \/ﬁ_’_ﬁa

- 20 4\2 6C 18D% M? 64M2D
N = max{=z(log 3)*, %5 log —35—, X1 (2.35)
802 2 24 18D% M2 3642 1 36 18D% M
J = max{%%(log 1), 2 log = 292 log 73, 2 log o)

where M = max{Mp, M¢} and C' = max{9D% M? 40*}, then we have

Prob{g(Zy.) <V} > 1— Aand Prob{f(Zn,) — f(z*) < e} > (1 — A)% (2.36)

Proof. Let us first show part a) holds. Observe that the constraint evaluation and hence
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the partition of B and N is independent of the trajectory. Let G(x,&;) = g(z) + dx and
F'(x, &) = f'(zx) + Ay. It follows from the inequality (2.26) (with z = x*) and the fact

g(z*) <0 that

> e WI(@k) + (Cpes W(f () = F(@%)) < V(@s, 2*) + 5 Xpep VellF (wr, &) |12

+ 2 3 ken VG (@r, EN12 + 2D jen WOk — Dopes Vel D,z — x*). (2.37)

2
*9

2 > ken Ml G (g, k)

> wen W0k and >, o (A, z — 2*). First, setting 0, = 77/ >, V7 using the fact that

Now we provide probabilistic bounds for >, s V2|l E (x, &)

Elexp{|| F'(xr, &) ||?/M2}] < exp{1} and Jensens inequality, we have

exp{3 e On(I1F (2, S 12/ M)} < 3 e Or exp{[1F” (x, &)1/ M}, and hence that
Elexp{> g VallF'(wr, &) 12/ M2 > e 72} < exp{1}. It then follows from Markov’s

inequality that YA > 0,

Prob(3", e Vil F' (2, &) 112 > (L 4+ N ME Y e i)

2 / 2
Vil F' (@, E) 5 ex
= Prob (exp {Z%@;%k; 6713 ol } > exp(1 + )\)) < exp{pl{Jli\} < exp{—A\}.
(2.38)

Similarly, we have

Prob (3o Vil G (h, &) 12 > (1 + N)MES o 7i) < exp{—A}. (2.39)

Second, for ), -\ V0, setting ¢ = Y/ >, Vk» and noting that E[d;] = 0 and
Elexp{d7/c*}] < exp{1}, we obtain E[xd] = 0, Elexp{:36?/&i0?}] < exp{1}. By

lemma 7, we have

Prob {zke O > A0S n 7,3} < exp{—)?/3}. (2.40)

Lastly, let us consider ), 7% {(Ak, 7p — x*). Setting 3y = Y1 (Ag, 7 — 2*) and noting
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that E[||Ax]|?] < (2MF)?, we have Elexp{3?/(2Mr7yDx)?*}] < exp{1}, which, in view

of Lemma 7, implies that

Prob {zm Bi > 2AMpDx /S yg} < exp{—)?/3}. 2.41)

Combining (2.38),(2.39), (2.40), (2.41) and (2.32), and rearranging the terms we get (2.33).
Let us show that (2.34) holds. Clearly, by the convexity of ¢(-) and definition of Zy 4, we

have

9(@ns) = 9 wes tn) < (Cres ) Soves 169 (Th)-

Using this observation and an argument similar to the proof of (2.32), we obtain (2.34).
Then, let us show part b) holds. First, easily observe that condition (2.29) holds by using
the selection of s, {7} and {n;}. From Lemma 10, we have either one of the following

two statements holds,

a) Prob{|B| > (N — s +1)/2} > 1 — [N]exp{-2} > 1 — A,

b) > s Vel f (zr), 2 —2*) < 0, which, in view of the convexity of f, implies, f(Zn,s) —
f(z*) <0.

Also, from (2.34) and (2.35), we have

Prob {g(n,.) > WDx 1 Ve < |Blexp{-X2/3}

Prob {g(Zns) > U} < A.

Moreover, conditional on that |B| > N/2, it then follows Theorem 11 and (2.35) that

Prob { f(x,s) — f(a7) > 28 4 \(M2MDx | 2422 4 Vig) |

< 2exp{-A} + (IN]+2) eXP{_%Z}a

By implementing the selection of NV and J, we have (2.36). ]

31



In view of Theorem 11, the complexity in terms of the number of iterations /N of the
CSA algorithm can be bounded by O(max{(log{)? 55 }), and the sample size J for
estimating constraint in every iteration of the CSA algorithm can be bounded by

O(max{ % (log 5)?, 55 log 15 }) for solving problem (1.1)-(1.2).

2.2.5 Strongly convex objective and strongly convex constraints

In this subsection, we are interested in establishing the convergence of the CSA algorithm
applied to strongly convex problems. More specifically, we assume that the objective func-
tion F' and constraint function g in problem (1.1), where ¢ is given in the form of function

constraint, are both strongly convex w.r.t. x, i.e., 3ur > 0 and pug > 0 s.t.

F(x1,8) > F(22,8) + (F'(22,8), 21 — %) + LE||lz1 — 2*, Va1, 22 € X,

g(m) > 9(962) + <9’($2),$1 - !L‘2> + ”7G||I1 - $2||2,V$1,$2 € X.

For the sake of simplicity, we focus on the case when the constraint function g can be
evaluated exactly (i.e., G = ¢'(zr)). However, expectation constraints can be dealt with
using similar techniques discussed in Section 2.2.4.

In order to estimate the convergent rate of the CSA algorithm for solving strongly con-
vex problems, we need to assume that the prox-function Vx(-,-) and Vy(-,-) satisfies a

quadratic growth condition
Vx(z,2) < £z — 2% Vo, 2 € X and Vo (2,y) < £z — y||*,Vz,y € V. (2.42)

Moreover, letting v, be the stepsizes used in the CSA method, and denoting

’“8’“, ke B, 1, k=1,
W = Ak: andpkzz_iu
ucng’ kelN, (1 —ap)Ap—1, k>2,
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we define

— 2eken PhT (2.43)

x
s Zkes Pk

as the output of Algorithm 1.

The following simple result will be used in the convergence analysis of the CSA method.

Lemma 12 Ifa, € (0,1}, k= 0,1,2,..., Ay, > 0,Vk > 1, and { A} satisfies
Ak+1 S (1 — Clk)Ak + Bk,VkZ Z 1,

then we have

A k :
< (1I—a)A + 0, R

Below we provide an important recursion about CSA applied to strongly convex prob-
lems. This result differs from Proposition 2 for the general convex case in that we use

different weight p; rather than .

Proposition 13 Forany 1 < s < N, we have

> ken Pk — G(2,80)) + D pen el (2r, &) — F(2,&)] < (1 — as) D%

+ 5 ke PN (@ E0) 12 + 5 pen ovellg’ (za) 2. (2.44)

Proof. Consider the iteration k, Vs < k < N. If £ € B, by Lemma 1 and the strong

convexity of F'(z, &), we have

V(wg, ) — yilhe, 2o — ) + 370 |1 F (2n, &) |12
=V (zp, ) — W F' (n, &) 2x — ) + 2% F (2, &) |12
V(e x) — v [Fan, &) — F(z, &) + 5o, — 2l]*] + 371 F (2, &)1

< (1 - %) V(n, x) = [ F(zn, &) — F@, 6] + 570 F (2n, &)1
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Similarly for & € AV, using Lemma 1 and the strong convexity of g(z), we have

V (i1, ) < V(g x) — yelbi, zp — ) + 2772119 (@) |2
= V(zp, ) — w(g (z), zr — ) + 372 llg (x|
< V(g x) — e [(9(zn) — g(2)) + L&z, — z||*] + 2illg (x|

< (1 - 252 ) V(@) = 2l — 9(2) + $2llg ()2

Summing up these inequalities for s < £ < N and using Lemma 12, we have

V(z T
Hesent) < (11— a) V(e @) = | Ciew 00 = 90)) + Vs 2 F (@0, &) — Fla. 6]
2 2
+ 5 Dken 219 @2+ 5 Xhen 2 I1F (2, &) 12,
Using the fact V(zy41,2)/Ax > 0 and the definition of py, and rearranging the terms in

the above inequality, we obtain (2.44). ]

Lemma 14 below provides a sufficient condition which guarantees Zy ; to be well-

defined.

Lemma 14 Let x* be the optimal solution of (1.1). If

S min e > (1= as) Dy + 5 Xpew AEME + 5 Xpen e1eMp,  (245)

then B # () and hence Ty s is well-defined. Moreover, we have one of the following two

statements holds,
a) B> (N—-s+1)/2,

b) > ep plf (x1) — f(z7)] 0.

Proof. The proof of this result is similar to that of Lemma 2 and hence the details are

skipped. |
With the help of Proposition 13, we are ready to establish the main convergence prop-
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erties of the CSA method for solving strongly convex problems.

Theorem 15 Suppose that {~} and {ny} in the CSA algorithm are chosen such that (2.45)

holds. Then for any 1 < s < N, we have

Elf(@ns) = f(2")] <(N —s+1) min p)~"

s<k<N

(201 = as) D% + Ypep PE1ME + Y pen oxME) ,  (2.46)

9(@N.s) S pen )™ (X kes Pr1k)- (2.47)

Proof. Taking expectation w.r.t. §;,1 < ¢ < k, on both sides of (2.44) (with x = z™)

and using Assumption 1, we have

> wen Pe(me — (@) + 2 cp pRE[f (z1) — f(2¥)]

< (1—as) D% + % > ken PEVEME + % > ken PEVRME.

(2.46) then immediately follows from the above inequality, (2.43), the convexity of f
and the fact that g(z*) < 0. Moreover, (2.47) follows similarly to (2.18). m
Below we provide a stepsize policy of s, 7, and 7, in order to achieve the optimal rate

of convergence for solving strongly convex problems.

2Q : .
20 ke B;
Corollary 16 Lets = X, ~;, = ur (k1) e = el 2% + max —M;”, —M;; ,
20 2Q . U k k K ~ HG
wotrm FREN,

then we have

. * 81 D? M2 M2
E[f (@) — ()] < %555 + 2562 max{{F, 55},

_ 16pcQD?2 4ucQ M? M2g
9(Tns) < = + T max i

Proof. Based on our selection of s, g, 7. and the definition of ay, A, and py, we have

k kQ itk e B;
2 I I 2 F’ i
ak = _k+1’ Ak = (1 - ai) = —k(k+1)’ pk et
. kQ :
i=2 Oifk eN,
2%
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For Vs < k < N, by the definition of s, v and 7, we have

(1 —as)V(xs,x) + % Zke/\f pk’YkMé +3 ZkeB pk’Yk-MI%
< D% +3 ZkeB 2 Mg+ 3 Zkel\/ X M¢,

< D% + QB + WISE) < D% + G max {3, 25 1,

NF el

— M M M2 M2
N ;H mlnpknk = ﬂmln sz“,fQ ( X —i—max{ , = }) > DX—l——maX{ , QG}.
ke keN MG NF HG “F [’

Combining the above two inequalities, we can easily see that condition (2.45) holds. It then

follows from Theorem 15 that

Elf(Zns) — f(z7)]

< ((N=s5+1) inin pr) (2(1 —a,) D% + D ken PEME + e PkaMCQT‘)

s<k<N
< _8;;\;;2%@ eQ max{M MQ}
_ _ 16 D32 M2z M?
9<$N,s) < (Zkeg Pk) 1(Zk63 Pknk) uGQ X+ 4“13Q max {u—;a u_g} .

[

In view of Corollary 16, the CSA algorithm can achieve the optimal rate of conver-
gence for strongly convex optimization with strongly convex constraints. To the best of our
knowledge, this is the first time such a complexity result is obtained in the literature and

this result is new also for the deterministic setting.

2.3 Expectation constraints over problem parameters

In this section, we are interested in solving a class of parameterized stochastic optimization
problems whose parameters are defined by expectation constraints as described in (1.4)-
(1.5), under the assumption that such a pair of solutions satisfying (1.4)-(1.5) exists.

Our goal in this section is to present a variant of the CSA algorithm to approximately

36



solve problem (1.4)-(1.5) and establish its convergence properties. More specifically, we
discuss this variant of the CSA algorithm when applied to the parameterized stochastic
optimization problem in (1.4)-(1.5) and then consider a modified problem by imposing
certain strong convexity assumptions to the function ®(x,y, () w.r.t. y and G(z, &) w.rt. ©
in Subsections 4.1 and 4.2, respectively. In Subsection 4.3, we discuss some large deviation

properties for the variant of the CSA method for the problem defined by (1.4)-(1.5).

2.3.1 Stochastic optimization with parameter feasibility constraints

Given tolerance n > 0 and target accuracy € > 0, we will present a variant of the CSA
algorithm, namely cooperative stochastic parameter approximation (CSPA), to find a pair
of approximate solutions (z,y) € X x Y s.t. E[g(Z)] < n and E[¢(Z,y) — o(Z,y)] <
€, Yy € Y, in this subsection. Before we describe the CSPA method, we need slightly

modify Assumption 1.

Assumption 4 Foranyx € X andy €Y,

E[|®'(z,y, O] < Mg and E[|G'(x,9)I[F] < Mg,

where ®'(z,,C) € 8,8 (z,y,() and G'(x,€) € 8,G(x,€).
We will also discuss the convergent properties under the light-tail assumptions as follows.

Assumption 5

Elexp{]|®’(z,y, ¢)|12/M3}] < exp{1},
Elexp{(®(z,y,¢) — ¢(z,y))*/o”}] < exp{1},

Elexp{(G(,£) — g(x))*/0"}] < exp{1}.

We assume that the distance generating functions wyx : X — R and wy : Y — R are

strongly convex with modulus 1 w.r.t. given norms in R" and R™, respectively, and that
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their associated prox-mappings P, x and P,y (see (2.1)) are easily computable.

We make the following modifications to the CSA method in Section 2.1 in order to ap-
ply it to solve problem (1.4)-(1.5). Firstly, we still check the solution (xy, yx) to see whether
2}, violates the condition Zle 7Gx, &)/ Zle i < ng. If so, we set the search direction
as G'(xy, & ) to update xj, while keeping y, intact. Otherwise, we only update ¥y, along the
direction ®'(zy, yx, (k). Secondly, we define the output as a randomly selected (T, y) ac-
cording to a certain probability distribution instead of the ergodic mean of {(Z, yx) }, where
7y, denotes the average of {z } (see (2.1)). Since we are solving a coupled optimization and
feasibility problem, each iteration of our algorithm only updates either ¥y or z; and requires
the computation of either &’ or G’ depending on whether Zle 7Gx, &)/ Zle Vi < M.
This differs from the SA method used in Jiang and Shanbhag [79] that requires two pro-
jection steps and the computation of two subgradients at each iteration to solve a different

parameterized stochastic optimization problem.

Algorithm 2 The cooperative stochastic parameter approximation method
Input: initial point (z1,y;), stepsize {7}, tolerance {n;}, number of iterations IV,
7(1) = 1.
for k=1,2,...N
if 7 G20, &)/ ST v <

Y1 = Pyk,Y(fYk(I)%jk’ykaCk)); T(k+1) = T(k), where Q_Zk = Z -1 ’}/,L.TZ/Z -1 ’}/,L,

2.1)
else
l= T(k)a Ti41 = Pa:l,X(rYZG%xl)gl))?yk-‘rl = Yk, T(k + 1) = T(k) + 1. (22)
end if
end for

Output: Set B := {s < k < N| Z:ikl) Vi ([L’l,fl)/z A )y, < mi} forsome 1 < s <
N, and define the output (Zg, yr), where R is randomly chosen according to

Prob{R = k} = k€ B. (2.3)

ZkeB Vi’

With a little abuse of notation, we still use 5 to represent the set

{s <k < NS 7G(0,6)) S v <} I = {s,...,N},and V' = I\ B. The
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following result mimics Proposition 2.

Proposition 17 Forany 1 < s < N, we have

ZkeB ,Yk’<(b/('fkayk:a Ck)ayk - y) S D%/ + % ZkeB 7]3||q)/(i‘k7yk7<uk)||zv Vy € Y7 (24)

S ilGlai, &) — G, )] < Dy + F X100 2IG (@, &))2 Ve € X, (2.5)
where Dx = Dx , and Dy = Dy, are defined as in (2.3).
Proof. By Lemma 1, if k € B,
V(s 9) < V(o) + 9P (@, Y G)s ¥ — Ue) + 57019 (T, s Ge) 12

Alsonote that V (yx11,y) = V(yx, y) for k € N. Summing up these relations for k € BUN

and using the fact that V (y,,y) < D%, we have

V(yN+1> y) S V(ysv y) + % Zkeb’ ,)/iH(b/(jk? Yk, C/ﬁ)”i - ZkEB ’Yk<¢/(i'k7 Yk, Ck)) Yk — y>

S D§2f + % ZkEB ’V;%H‘I)/(jk,yk, Ck)”i - ZkEB ’Yk(q)/(i‘k’a Yk, Ck)7yk - y)
(2.6)

Similarly for 7(s) < ¢ < 7(N), we have

V(l"i-i-l, 37) < V(-T;ia 37) + 'Yi<G/(xia 51)733 - > 2% ||G/(xw£2)”2

Summing up these relations for 7(s) < i < 7(NN) and using the fact that V (z(y), z) < D%,

we obtain

V(@evy41,7) < D + Y000 221G (1, &) ]2 = 100 (Gl &) — G(x,&)). 27)

Using the facts V (yn41,y) > 0and V(z-(ny41,2) > 0, and rearranging the terms in (2.6)
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and (2.7), we then obtain (2.4) and (2.5), respectively. |

The following result provides a sufficient condition under which (Z g, yr) is well-defined.

Lemma 18 The following statements holds.

a) Under Assumption 4, if for any A > 0, we have
N-—s . 2 Mg —~7(N)

then Prob{|B| > ¥=s+1} > 1 —1/\,

b) Under Assumption 5, if for any \ > 0, we have
—s . M2 T(N T(N
A5 min g > DX+ (14 A) 5 )DHSERETEPYAVD DHALIE T R X))

then Prob{|B| > %} >1- 2exp{—§ )

Proof. First let us show part a), set 0, = G(z*, &) — g(x*), it follows from (2.5) and

fixing x = z* that

T T * T(N T(N
Sy G (@i, &) — I vg(a) < Dy + 5 100 211G (@i, )12 + ST vidie

For contradiction, suppose that |[B] < Y=2t je, 7(N) — 7(s) = [N| > 2=t The
above relation, in view of g(z*) < 0 and the fact ZZTSX()S) %G (24,&) > ey E:SX()S) Yis

implies that

—s . T(N T(N T(N
e TN YTk < T)r(N) Zk(:T)(s) M < D% + 3 Zk(:T)(S) Ml G (o, E)1IZ + Zk(:T)(S) ViOk-

Under Assumption 4, for any A > 0, taking expectation on both sides and using Markov’s
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inequality, we have

_s . M2 T
Prob{ =+ min v < DY + A5 SR =1 - 1/A

Hence, part a) holds. Similarly we can show part b), and the details are skipped. ]

Theorem 19 summarizes the main convergence properties of Algorithm 2 applied to

problem (1.4)-(1.5).
Theorem 19 The following statements holds for the CSPA algorithm.

a) Under Assumption 4, we have, Y\ > (),

_ e 2D2 + M2 2
Elp(Zr,yr) — ¢(Tr, ¥ (Tr))] < ——<= Lies i (2.10)
2Zk68 Yk
_ I 2D2 + M2 2
Prob { 6(ar, ) — olom (@) 2 A EEI I L <4 @
keB Tk

ISoT(N) 2

=T71(8s ’y
Prob ¢ g(Zr) = nr + Aa# <& (2.12)

k=7(s) Yk

b) Under Assumption 5, we have, VA > 0,

_ e 2D3+M3 D ien Vi
El6(Zn un) — &(Zn, < ke Yk 2.13
[p(Tr,yr) — &(Tr,y"(Tr))] < 2SOk (2.13)
Prob {¢(Zg, yr) — &(Zr, y* (Tr)) = Ko + AK1} < exp{—A} + exp{—)\?/3},

(2.14)

IT(N) 2
Prob ¢ g(Zr) > nr + )\0% < exp{—\?/3}, (2.15)

k=7(s) Yk

2 2
203 +M3 D ien Vi and I, = M3 hep Ve T AMaDy [ cp ’Vk'

where Ky =
0 2Zkeg Yk QZkeB Vk

where the expectation is taken w.r.t. R and (q, ..., .
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Proof. Let us prove part a) first. Set Ay = O (Zy, y, (k) — &(Tk, yx), it follows from
(2.4) (fix y = y*) that

> ke e [0(@n, yi) — S(@n, y* (2n))] < D43 D en Vil P (@ i, G+ e WAk (Y =)
(2.16)

Since conditional on (j;_}, the expectation of A, equals to zero, then taking expectation

on both sides of (2.16), and dividing both sides by >, ;s V&, we have (2.10). Hence, using

the Markov inquality, we have (2.11). Denote 6, = G(x, &) — g(zx). It then follows from

the convexity of ¢(-) and the definition of the set 3 that

Sity o) zz% 0y

Zk T(S ( )ﬁyk

g(T) <

Using the fact that E[0x|¢,—1)] = 0 and E[|6,|*] < o, we have

T(N '7k'5k

ZkZT(S) Tk

Zk T(S /yk
(Zk =7(s) )

E

From the Markov inequality, we have (2.12). Hence the part a) holds.

Under Assumption 5, (2.13) still holds. Using the fact that E[exp{||®’(Zx, yr, Cx)||?/M2}] <

exp{1} and Jensens inequality, we have E[exp{_, .5 e |®"(Zk, yr, Ce) |2/ M3 > rcs 1o} <
exp{1}. It then follows from Markov’s inequality that VA > 0,

Prob (3", Vil (T, yrs GoIIF > (L+ AN MG Y cp7i) < eﬁ;‘ffii} < exp{—A}.
(2.18)
Also,

PrOb{ZkEB ’YkAk(y — yk) > 2)\M¢DY\ / ZkEB "}/z} < exp{—)\z/B} (219)
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Combining (2.16), (2.18) and (2.19), we have (2.14). Similarly, we have

Prob{ 31" ) bk > Ao ly 72} < exp{—A2/3} (2.20)

Combining (2.17) and (2.20), we have (2.15). ]

Below we provide a special selection of s, {7} and {n;}.

Corollary 20 Let s = %—i—l, Ve = MZ)\(/E and ny, = %fork =1,...,N. Then we

have

E[¢(zr,yr) — ¢(vr.y*(xr))] < 5> max{v, ; },
where v := (MgDy)/(MeDx). Moreover, the following statements hold.
a) Under Assumption 4,

Prob { 6(zr. y) — 6(Tn,y" (2r)) < AL max{v, 1}} > (1= 12, @21)

Prob {g( ) < A;{G’f/&} > (1- 12 (2.22)

b) Under Assumption 5,

Prob {Qﬁ(.’fiR, yR) — ¢(§3R, y*(:iR)) S Ko + )\Kl}
> (1 - 2exp{—=N*/3})(1 — exp{-A} — exp{-)*/3}),

Prob {g(i’ ) < 220c AjCL} > (1= 2exp{=A2/3})(1 — exp{—\2/3}),

where Ky = SM\;’NDY max{v, 1} and K| = \/lﬁ (4M]§§)X + 10M¢.Dy).

Proof. Similarly to Corollary 5, we can show that (2.8) holds. It then follows from
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Lemma 18 and Theorem 19.a) that

— Dx DxN_1 _ DxVN
D keB Yk = Dkes Mok Z Ve a - :

* D M D2 1\42
E[¢(xR7yR) - d)(l’R,y )] < DQM\Gﬁ [QDY + ZkeB MZk } < DQM\GF [2DY + Zk N/2 M2k

< DQM\GF [2D3 + log2D% 52] < SM\}I’NDY max{v, L }.

Similarly, part b) follows from Theorem 19.b).
]
By Corollary (20), the CSPA method applied to (1.4)-(1.5) can achieve an O(1/v/N)

rate of convergence.

2.3.2 CSPA with strong convexity assumptions

In this subsection, we modify problem (1.4)-(1.5) by imposing certain strong convexity

assumptions to ® and G with respect to y and z, respectively, i.e., e, ptg > 0, s.t.

CI)(%?A, C) Z (I)(xay%g) + <(I),<x7y27g)7y1 - y2> + #Tq)”yl - y2H27 vleyQ ey. (223)

G(x1,8) > G(22,8) + (G (22, ), w1 — w2) + EE ||z — 2a|”, Vay, 20 € X, (2.24)

We also assume that the pair of solutions (x*, y*) exists for problem (1.4)-(1.5). Our main
goal in this subsection is to estimate the convergence properties of the CSPA algorithm
under these new assumptions.

We need to modify the probability distribution (2.3) used in the CSPA algorithm as
follows. Given the stepsize 7, modulus ug and jig, and growth parameter () (see (2.42)),
let us define

1, k=1;

ap = (M@’Vk)/Q and A, := (2.25)
Higk, ieB(l —a;), k>1,
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and denote

1, k=1,
bk = (/Lg’}/k)/Q and Bk = (226)
T, (1—b), k>1.

Also the probability distribution of R is modified to

Prob{R = k} = % keB. (2.27)

The following result shows some simple but important properties for the modified CSPA

method applied to problem (1.4)-(1.5).

Proposition 21 For any s < k < m, we have

> ke 1 (P(@h, Y, Ge) — Plan, y, G)] <(1 — %%)Vy(ys,y)
S B I — Gl 60)] < ( Q) Vi (., )

A G (&I Y € X, (2.29)

Proof. Using Lemma 1 and the strong convexity of ® w.r.t. y, for k € B, we have

Vo (U1, Y) < Vo (Ui, ¥) — P (@, Yo Go)s Uk — Y1) + 3721197 (2, ik, G012
<V (Wi, y) — e [ @@k, Y Ge) — @ (@0, y, G) + 22 |y — yl|]
+ 22D (ks Y, G|

< (1 - “w“) Vo (Wi, ) — e[ ® (s vk Ge) — (2, 4, 6] + 57019 (2, s i) 12

Also note that Vy (yr11,y) = Vy (yk, y) for all £ € A/. Summing up these relations for all

k € BUN and using Lemma 12, we obtain

Yy (uw ) < (1 - qﬂé) VY(y87 ) - EkeB X_I;[(I)(xka Yk, Ck) - q)(l'k,y, Ck)]

o (2.30)
i % > ien Z—Z||©/($k7yk7Ck)Hz'
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Similarly for 7(s) < k < 7(N), we have

Vi (w1, 2) < Vi (@, ) = (G (@, &) 2 — 2) + 591G (2, &) 12
< V(g @) — i [Glan, &) — G, &) + 52 [Jan — olP] + 39721 G" (2, &) 2

< (1 - 5% V(n, @) = G a1, &) = Gla, €] + 921G (v €0) 1,

Summing up these relations for 7(s) < k < 7(N) and using Lemma 12, we have

Vx(xN+1,T LG Ys T(N T(N 2

Dslornn) < (1 - s ) V(o 2)= S50 3 lm— G, €0)l+3 S F 16 0 12
(2.31)

Using the facts that Vy- (yn11,y)/An > 0 and Vx(xn41,2)/Axy > 0, and rearranging the

terms in (2.30) and (2.31), we obtain (2.28) and (2.29), respectively.

Lemma 22 below provides a sufficient condition which guarantees that the output solu-

tion (T g, yr) is well-defined.
Lemma 22 The following statements hold.

a) Under Assumption 4, if for any A > 0, we have

N—st+1 - s\ D2 Mg ~(N)
Fmin %% > (1-52) DY + A58 3 (2.32)

then Prob{|B| > ¥=*+1} > 1 —1/\,

b) Under Assumption 5, if for any \ > 0, we have

N—s+1 s\ P2 MZ ~7m(N) T(N) i
Fhlmin 2 > (1 29 ) DY + (1+ )% S0 & + 0y 0 %,

(2.33)
then Prob{|B| > ¥=2t1} > 1 — 2exp{—\?/3}.

Proof. The proof is similar to the one of Lemma 18 and hence the details are skipped.

46



Now let us establish the rate of convergence of the modified CSPA method for problem

(1.4)-(1.5).

Theorem 23 Suppose that {~;} and {n;} are chosen according to Lemma 22. Then

Elo(Tnys) — 0(Fn 0" (@) < (Sien ) (0 - 25203 + 2 7, 2).

(2.34)

Moreover, under Assumption 4, we have for any \ > 0,

_ _ %/ — -1 o M2 2
Prob {¢($R7 yr) — ¢(Tr,y"(Tr)) > A (ZkeB X_Z) [(1 - %)D% + 2 ken ZTIZ} }
(2.35)
(N) 22
Prob ¢ g(Tr) > nr + Ao \/Zk:T(S) i/ B < 53 (2.36)

T(N
Zk(:T)(s) Vi/ Br

In addition, under Assumption 5, we have for any \ > 0,

Prob {¢(Zr, yr) — ¢(Tr, y*(Tr)) > Ko + MK} < exp{—A} + exp{—A\?/3}, (2.37)

T(N
Vi R BE
T(N)
i) e/ B

Prob ¢ g(Zr) > nr + Ao < exp{—A\?/3}, (2.38)

-1 2 2
where Ky = (ZkeB ZTIZ) [(1 — “EWS)D%/ + % Y keB Z—’Z}
-1 2 2
and Ky = (Lhes ) [ME S o +4MoDyy[Spen 35|

Proof. The proof is similar to the proof of Theorem 19, and hence the details are

skipped. ]

Now we provide a specific selection of {7;} and {n;} that satisfies the condition of
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Lemma 22. While the selection of 7, only depends on iteration index k, i.e.,

M = Tl (2.39)

the selection of 7, depends on the particular position of iteration index % in set B or V.
More specifically, let 7() and 7(k) be the position of index % in set B and set \V, respec-
tively (for example, B = {1,3,5,9,10} and N = {2,4,6,7,8}. If k = 9, then 7p(x) = 4).

We define v, as

Lj ke B;
w=q T (2.40)
ot keN.

Such a selection of 7 can be conveniently implemented by using two separate counters in

each iteration to represent 7y and 7(k).

Corollary 24 Let s = 1, n and i be given in (2.39) and (2.40), respectively. Then we

have

El¢(7r, yr) — 6(Fn,y" ()] < o2l

Moreover, under Assumption 4, we have for any \ > 0,

Prob {67, yn) — 6(7n, " (70)) < Avgpi | = (1= 3,

Prob { g(7r) < MSELEL > (1 1)

Npa

In addition, under Assumption 5, we have for any A > 0,

Prob {¢(i’R, yR) — ¢(3_3R, y*(fR)) < Ko + )\Kl}
> (1 - 2exp{—X\*/3})(1 — exp{—-A} — exp{-)°/3}),

Prob {g(:zR) < QMG Aj—%} > (1= 2exp{—A2/3})(1 — exp{—\2/3}),

where Ko = 8QM2 J[(N + 2) o] and K1 = 8QM2/[(N + 2)ua) + 64Ms Dy /v/N.
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Proof. The proof is similar to the proof of Corollary 20 and hence the details are
skipped. |
Note that Corollary 24.a) implies an O(1/N ) rate of convergence, while Corollary 24.b)
show an O(1/ VN ) rate of convergence with much improved dependence on A. One pos-
sible approach to improve the result in part b) is to shrink the feasible set Y from time to

time in order to obtain an O(1/N) rate of convergence (see [19]).

2.4 Numerical Experiment

In this section, we present some numerical results of our computational experiments for
solving two problems: an asset allocation problem with conditional value at risk (CVaR)
constraint and a parameterized classification problem. More specifically, we report the
numerical results obtained from the CSA and CSPA method applied to these two problems

in Subsection 4.1 and 4.2, respectively.

2.4.1 Asset allocation problem

Our goal of this subsection is to examine the performance of the CSA method applied to
the CVaR constrained problem in (1.3).
Apparently, there is one problem associated with applying the CSA algorithm to this

model — the feasible region X is unbounded. Lan, Nemirovski and Shapiro (see [65]

Section 4.2) show that 7 can be restricted to [H + \/go, o+ \/ga} , Where p :=
min,ey{—&Ty} and ji == max,cy {—ETy}.

In this experiment, we consider four instances. The first three instances are randomly
generated according to the factor model in Goldfarb and Iyengar (see Section 7 of [85] )
with different number of stocks ( d = 500, 1000 and 2000), while the last instance consists
of the 95 stocks from S& P100 (excluding SBC, ATI, GS, LU and VIA-B) obtained from
[6], the mean & and covariance ¥ are estimated by the historical monthly data from 1996

to 2002. The reliability level 8 = 0.05, the number of samples to estimate g(z) is JJ = 100

49



and the number of samples used to evaluate the solution is n = 50, 000. It is worth noting
that, by utilizing the linear structure of (7 (where z € R?) in constraint function, in k-th
iteration we generate J-sized i.i.d. samples of £ := ¢”x;, (with dimension 1) to estimate
€Tz in constraint function, instead of J-sized i.i.d. samples of ¢ (with dimension d). For

SAA algorithm, the deterministic SAA problem to (1.3) is defined by

min,, —u’x
s.t. T+ BLN SN =T — 7], <0, (2.1)

Z?:l Ty = ]-7'T Z 07

We implemented the SAA approach by using Polyak’s subgradient method for solving con-
vex programming problems with function constraints (see [75]). The main reasons why we
did not use the linear programming (LP) method to (2.1) include: 1) problem (2.1) might
be infeasible for some instances; and 2) we tried the LP method with CVX toolbox for
an instance with 500 stocks and the CPU time is thousands times larger than that of the
CSA method. In our experiment, we adjust the stepsize strategy by multiplying vx and 7,
with some scaling parameters ¢, and c., respectively. These parameters are chosen as a re-
sult of pilot runs of our algorithm (see [65] for more details). We have found that the “best

parameters” in Table 2.1 slightly outperforms other parameter settings we have considered.

Table 2.1: The stepsize factor

best ¢, | bestc,
Number | 500 0.5 0.005
of stocks | 1000 0.5 0.05
2000 0.5 0.05

Notations in Tables 2.2-2.5.

N: the sample size( the number of steps in SA, and the size of the sample used to SAA

approximation).
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Obj.: the objective function value of our solution, i.e. the loss of the portfolio.

Cons.: the constraint function value of our solution.

CPU: the processing time in seconds for each method.

Table 2.2: Random Sample with 500 Assets

N=500 N=1000 N=2000 N=5000
Ob;. -4.883 -4.870 -4.953 -4.984
CSA | Cons. 5.330 4.096 5.167 2.859
CPU | 1.671e-01 | 3.383e-01 | 6.271e-01 | 1.470e+00
Ob;. -4.978 -4.981 -4.977 -4.977
SAA | Cons. 4.372 3.071 2.330 2.249
CPU | 2.031e+00 | 9.926e+00 | 4.132e+01 | 2.591e+02

Table 2.3: Random Sample with 1000 Assets

N=500 N=1000 N=2000 N=5000
Ob;. -4.532 -4.7704 -4.838 -4.949
CSA | Cons. 27.660 24.901 23.825 20.785
CPU | 4.193e-01 | 8.578e-01 | 1.659e+00 | 4.001e+00
Ob;. -4.965 -4.981 -4.981 -4.977
SAA | Cons. 60.421 47.745 33.940 20.357
CPU | 1.513e401 | 5.954e+01 | 2.774e+02 | 1.524e+03

Table 2.4: Random Sample with 2000 Assets

N=500 N=1000 N=2000 N=5000
Ob;. -4.299 -4.077 -4.355 -4.859
CSA | Cons. 144.92 112.54 89.74 82.65
CPU | 1.374e+00 | 2.810e+00 | 5.538e+00 | 2.716e+01
Ob;. -4.752 -4.699 -4.721 -4.727
SAA | Cons. 279.43 218.96 147.93 94.46
CPU | 1.968e4+01 | 6.571e+01 | 2.940e+02 | 3.697e+03

The following conclusions can be made from the numerical results. First, as far as the
quality of solutions is concerned, the CSA method is at least as good as SAA method and
it may outperform SAA for some instances especially as N increases. Second, the CSA

method can significantly reduce the processing time than SAA method for all the instances.
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Table 2.5: Comparing the CSA and SAA for the CVaR model

N=500 N=1000 N=2000 N=5000 N=10000

Ob;. -3.531 -3.537 -3.542 -3.548 -3.560
CSA | Cons. | 3.382e+00 | 2.188e-01 | 1.106e-01 | 2.724e-01 | -7.102e-01
CPU | 8.315e-02 | 1.422e-01 | 2.778e-01 | 7.251e-01 | 1.415e+00

Ob;. -3.530 -3.541 -3.541 -3.544 -3.559
SAA | Cons. | 3.385e+00 | 7.163e-01 | 6.989e-01 | 6.988e-01 | 7.061e-01
CPU | 3.155e+00 | 1.221e+01 | 4.834e+01 | 3.799e+02 | 1.462e+03

2.4.2 Classification and metric learning problem

In this subsection, our goal is to examine the efficiency of the CSPA algorithm applied to
a classification problem with the metric as parameter. In this experiment, we use the ex-
pectation of hinge loss function, described in [86], as objective function, and formulate the
constraint with the loss function of metric learning problem in [87], see formal definition
in (1.6)-(1.7). For each i, j, we are given samples u;, u; € R? and a measure b;; > 0 of
the similarity between the samples w; and u; (b;; = 0 means u; and u; are the same). The
goal is to learn a metric A such that ((u; — u;), A(u; — u;)) ~ b;;, and to do classification
among all the samples u projected by the learned metric A.

For solving this class of problems in machine learning, one widely accepted approach
is to learn the metric in the first step and then solve the classification problem with the
obtained optimal metric. However, this approach is not applicable to the online setting
since once the dataset is updated with new samples, this approach has to go through all the
samples to update A and w. On the other hand, the CSPA algorithm optimizes the metric A
and classifier w simultaneously, and only needs to take one new sample in each iteration.

In this experiment, our goal is to test the solution quality of the CSPA algorithm with
respect to the number of iterations. More specifically, we consider 2 instances of this
problem with different dimension (d = 100 and 200, respectively). Since we are dealing
with the online setting, our sample size for training A and w is increasing with the number
of iterations. The size for the sample used to estimate the parameters and the one used to

evaluate the quality of solution (or testing sample) are set to 100 and 10, 000, respectively.
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Within each trial, we test the objective and constraint value of the output solution over
training sample and testing sample, respectively. Since R is randomly picked up from all
the series {Zx, yxr}, we generate 5 candidate R, instead of one, in order to increase the
probability of getting a better solution. Intuitively, the latter solutions in the series should
be better than the earlier ones, hence, we also put the last pair of the solution (Z y, yx ) into
the candidate list. In each trial, we compare these 6 candidate solutions. First, we choose
three pairs with smallest constraint function values, then, choose the one with the smallest
objective function value from these three selected solutions as our output solution.

Table 2.6 and Table 2.7 shows the CSPA method decreases the objective value and
constraint value as the sample size (number of iterations V) increases. These experiments
demonstrate that we can improve both the metric and the classifier simultaneously by using
the CSPA method as more and more data are collected.

Notations in Table 2.6 and 2.7.

Obj. Train: The objective function value using training sample at the output solution.
Cons. Train: The constraint function value using training sample at the output solution.
Obj. Test: The objective function value using testing sample at the output solution.

Cons. Test: The constraint function value using testing sample at the output solution.

Table 2.6: d = 100

N | Obj. Train | Cons. Train | Obj. Test | Cons. Test
100 3.175 3.056 1.042 3.068
200 2.737 3.058 0.811 3.006
600 0.654 3.077 0.157 3.104
800 0.529 3.087 0.126 3.102
1000 0.398 3.057 0.102 3.082

Table 2.7: d =200

N | Obj. Train | Cons. Train | Obj. Test | Cons. Test
100 0.716 1.137 0.699 1.132
200 0.374 1.061 0.371 1.030
1000 0.360 1.020 0.364 1.031
2000 0.351 1.016 0.355 1.030
5000 0.291 0.951 0.135 0.989
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2.5 Conclusions

In this chapter, we present a new stochastic approximation type method, the CSA method,
for solving the stochastic convex optimization problems with function or expectation con-
straints. Moreover, we show that a variant of CSA method, the CSPA method, is applicable
to a class of parameterized stochastic problem in (1.4)-(1.5). We show that these meth-
ods exhibit theoretically optimal rate of convergence for solving a few different classes
of function or expectation constrained stochastic optimization problems and demonstrated

their effectiveness through some preliminary numerical experiments.
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CHAPTER 3
CONDITIONAL GRADIENT METHODS FOR CONVEX OPTIMIZATION WITH
FUNCTION CONSTRAINTS

3.1 Introduction

This chapter aims to fill in the aforementioned gap in the literature by presenting a new
class of conditional gradient methods for solving problem (1.8). Our main contributions
are briefly summarized as follows. Firstly, inspired by the constraint-extrapolation (ConEXx)
method for function constrained convex optimization in [88], we develop a novel constraint-
extrapolated conditional gradient (CoexCG) method for solving problem (1.8). While both
methods are single-loop primal-dual type methods for solving convex optimization prob-
lems with function constraints, CoexCG only requires us to minimize a linear function,
rather than to perform projection, over X. In the basic setting when both f and h; are
smooth convex functions with Lipschitz continuous gradients, we show that the total num-
ber of iterations performed by CoexCG before finding a e-solution of problem (1.8), i.e.,
apointz € X s.t. f(Z) — f(z*) < eand | g(z)]]2 + ||[[M(Z)]+]l2 < €, can be bounded by
O(1/€?). Here [-], := max{-,0}.

Secondly, we consider more general function constrained optimization problems where
either the objective function f or some constraint functions h; are possibly nondifferen-
tiable, but contains certain saddle point structure. We extend the CoexCG method for solv-
ing these problems in combination with the well-known Nesterov’s smoothing scheme [89].
In general, even equipped with such smoothing technique, nonsmooth optimization is more
difficult than smooth optimization, and its associated iteration complexity is worse than
that for smooth ones by orders of magnitude. However, we show that a similar O(1/¢?)

complexity bound can be achieved by CoexCG for solving these nonsmooth function con-
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strained optimization problems. This seemly surprising result can be attributed to an inher-
ent acceleration scheme in CoexCG that can reduce the impact of the Lipschitz constants
induced by the smoothing scheme.

Thirdly, one possible shortcoming of CoexCG exists in that it requires the total number
of iterations N fixed a priori before we run the algorithm in order to achieve the best rate
of convergence. Therefore it is inconvenient to implement this algorithm when such an
iteration limit is not available. In order to address this issue, we propose a constraint-
extrapolated and dual-regularized conditional gradient (CoexDurCG) method by adding a
diminishing regularization term for the dual updates. This modification allows us to design
a novel adaptive stepsize policy which does not require /N given in advance. Moreover,
we show that the complexity of CoexDurCG is still in the same order of magnitude as
CoexCG with a slightly larger constant factor. We also extend CoexDurCG for solving the
aforementioned structured nonsmooth problems, and demonstrate that it is not necessary
to explicitly define the smooth approximation problem. We note that this technique of
adding a diminishing regularization term can be applied for solving problems with either
unbounded primal feasible region (e.g., stochastic subgradient descent [64] and stochastic
accelerated gradient descent [17]), or unbounded dual feasible region (e.g., ConEx [88]),
for which one often requires the number of iterations fixed in advance.

Finally, we apply the developed algorithms for solving the radiation therapy treatment
planning problem on both randomly generated instances and a real data set. We show that
CoexDurCG performs comparably to CoexCG in terms of solution quality and computation
time. We demonstrate that the incorporation of function constraints helps us not only to find
feasible treatment plans satisfying clinical criteria, but also generate alternative treatment
plans that can possibly reduce radiation exposure time for the patients.

To the best of our knowledge, all the algorithmic schemes as well as their complexity
results are new in the area of projection-free methods for convex optimization.

This chapter is organized as follows. Section 3.2 is devoted to the CoexCG method.
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We first present the CoexCG method for smooth function constrained convex optimization
in Subsection 3.2.1 and extend it for solving structured nonsmooth function constrained
convex optimization in Subsection 3.2.2. We then discuss the CoexDurCG method in Sec-
tion 3.3, including its basic version for smooth function constrained convex optimization in
Subsection 3.3.1 and its extended version for directly solving structured nonsmooth func-
tion constrained convex optimization problems in Subsection 3.3.2. We apply these meth-
ods for radiation therapy treatment planning in Section 4.5, and conclude the chapter with

a brief summary in Section 3.5.

3.2 Constraint-extrapolated conditional gradient method

In this section, we present a basic version of the constraint-extrapolated conditional gra-
dient method for solving convex optimization problem (1.8). Subsection 3.2.1 focuses on
the case when f and h; are smooth convex functions, while subsection 3.2.2 extends our

discussion to the situation where f and h; are not necessarily differentiable.

3.2.1 Smooth functions

Throughout this subsection, we assume that f and h; are differential and their gradients are

Lipschitz continuous s.t.

IV (1) =V (zo)lle < Lyllzy = 2o, Yoy, 25 € X, 3.1)

HVhl(Il) — Vhl(IQ)H* S Lh,inl — IQH,VQ?l,IQ (- X,’l = 1, e ,d. (32)

Here || - || denotes an arbitrary norm which is not necessarily associated with the inner

product (-, -) (|| - ||« is the conjugate norm of || - ||). For notational convenience, we denote

Ly = (Lna;...;Lna) and Ly, = || Ly ]2
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We need to use the Lipschitz continuity of the constraint function h; when developing
conditional gradient methods for function constrained problems. Clearly, under the bound-
edness assumption of X, the constraint functions h; are Lipschitz continuous with constant
My, i, 1.e.,

IVhi(z)]. < Mp,;, Vo € X. (3.3)

In particular, letting «* be an optimal solution of problem (1.8), we have M),; < V f(z*) +

Ly, iDx, where Dx denotes the diameter of X given by

Dx = max_|z; — 2] (3.4)
x1,x2€X

Note that a different way to bound on M}, ; will be discussed for certain structured non-

smooth problems in Subsection 3.2.2. For the sake of notational convenience, we also

My =\/>0, M2, (3.5)

Since we can only perform linear optimization over the feasible region X, one natural

denote

way to solve problem (1.8) is to consider its saddle point reformulation

min  max f(x) + (g(z),y) + (h(x), 2). (3.6)

d
zeX yeR™,zeRd

Throughout the chapter, we assume that the standard Slater condition holds for problem
(1.8) so that a pair of optimal dual solutions (y*, z*) of problem (3.6) exists.

In [28] (see also Chapter 7 of [44]), Lan presented a smoothing conditional gradient
method for solving problems in the form of (3.6). This method applies the conditional gra-
dient algorithm for a properly smoothed version of the objective function of (3.6). How-
ever, this scheme is not applicable for our setting due to the following reasons. Firstly,
the smoothing conditional gradient method only solves bilinear saddle point problems with

linear coupling terms given by (g(x), y) and cannot deal with the nonlinear coupling term
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(h(z), z). Secondly, even for the bilinear saddle point problems, the smoothing conditional
gradient method in [44, 28] requires the feasible set of y to be bounded, which does not
hold for problem (3.6).

Our development has been inspired the constraint extrapolation (ConEx) method re-
cently introduced by Boob, Deng and Lan [88] for solving problem (3.6). ConEx is an
accelerated primal-dual type method which updates both the primal variable z and dual
variables (y, z) in the each iteration. In comparison with some previously developed ac-
celerated primal-dual methods for solving saddle point problems with nonlinear coupling
terms [90, 91], one distinctive feature of ConEXx is that it defines the acceleration (or mo-
mentum) step by extrapolating the linear approximation of the nonlinear function h. As a
consequence, it can deal with unbounded feasible regions for the dual variable 2 (or y) and
thus solve the function (or affine) constrained convex optimization problems. However,
each iteration of the ConEx method requires the projection onto the feasible region X, and
hence is not applicable to our problem setting.

In order to address the above issues for solving problem (1.8) (or (3.6)), we present a
novel constraint-extrapolated conditional gradient (CoexCG) method, which incorporates
some basic ideas of the ConEx method into the conditional gradient method. As shown
in Algorithm 3, the CoexCG method first performs in (3.9) an extrapolation step for the
affine constraint g. Then in (3.10) it performs an extrapolation step based on the linear

approximation of the constraint function h given by

I, (Z,2) == hiy(Z) + (Vhi(Z),z — T), (3.7)

Ih(z,x) == (I, (T, 2);. .., ln, (T, x)). (3.8)

Utilizing the extrapolated constraint values g and hy, it then updates the dual variables
qr and 7 associated with the affine constraint g(x) = 0 and the nonlinear constraints

h(z) < 01in (3.11) and (3.12), respectively. With these updated dual variables and linear
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approximation l(x_y1, ) and l;,(zx_1, ), it solves a linear optimization problem over X
to update the primal variable p, € X in (3.13). Finally, the output solution xj, is computed

as a convex combination of z;_; and py in (3.14).

Algorithm 3 Constraint-extrapolated Conditional Gradient (CoexCG)

Let the initial points py = p_1 € X, zp =21 =2 2 € X, q € R™and ry € R‘i be
given. Also let the stepsize parameters \;, > 0, 7, > 0 and o, € [0, 1] be given.

fork=1 to N do

9k = 9(Pr-1) + Ae[g(Pr-1) — 9(Pr—2)], (3.9)
hie = bn(@—2, Pre1) + Melln (T2, Pe—1) — In(ks3, Do—2)], (3.10)
g = argming cpm{ (= Jk, y) + Zlly — qe-1l3}, (3.11)
r, = argmin, e {(~hx, 2) + %1z = rea |3}, (3.12)
pr = argminge x{l(zr-1, %) + (9(2), @) + {ln(zr-1,2), ) }, (3.13)
T = (1 — ag)xp—1 + gy (3.14)

end for

It is interesting to build some connections between the CoexCG method and the ConEx

method in [88]. In particular, by replacing the relations in (3.13) and (3.14) with

Pk = argminxeX{lf(pk—la l’) + <g($)7 Qk> + <lh(pk’—1a :E)y Tk) + %Hl‘ - pk—l”%}a

then we essentially obtain the ConEx method. Comparing these relations, we observe that
the CoexCG method differs from the ConEx method in the following few aspects. Firstly,
p¢ in CoexCG is computed by solving a linear optimization problem, while the one in the
ConEx method is computed by using a projection. The use of linear optimization enables
the CoexCG method to generate sparse solutions in feasible sets X with a huge large num-

ber of extreme points (see Section 4.5). Secondly, the linear approximation models ; and
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[, in the ConEx method is built on the search point p;_;, while the one in the CoexCG
method is built on z;_;, or equivalently, the convex combination of all previous search
points p;, i =1,..., k — 1.

We need to add a few more remarks about the CoexCG method. Firstly, by (3.11) and

(3.12), we can define g, and r; equivalently as

Gk = Qr—1 + %gka

T = max{ry_1 + %ﬁk, 0}.

It is also worth noting that we can generalize the CoexCG method to deal with conic in-

equality constraint i(z) € K, by simply replacing the constraint z € R% in (3.12) with

z € —K*. Here K C R'is a given closed convex cone and K* denotes its the dual cone.
Secondly, in addition to the primal output solution z;, in (3.14), we can also define the

dual output solutions y; and 2 as

Uk = (1 — o)yp—1 + gy, (3.15)

2L = (1 — Oék;)Zk;_l + QT (3.16)

Different from zy, these dual variables y; and z; do not participate in the updating of any
other search points. However, both of them will be used intensively in the convergence
analysis of the CoexCG method.

Thirdly, even though we do not need to select the parameter 7, when defining p;, as
in the ConEx method, we do need to specify the stepsize parameter 7, to update the dual
variables g and r;. We also need to determine the parameters \; and ay, respectively, to
define the extrapolation steps and the output solution x;. We will discuss the selection of

these algorithmic parameters after establishing some general convergence properties of the

61



CoexCG method.

Our goal in the remaining part of this subsection is to establish the convergence of the
CoexCG method. Let zy, yi, and 2 be defined in (3.14), (3.15), and (3.16). Throughout

this section, we denote wy = (g, Yk, 2x) and w = (x,y, z), and define the gap function

Q(wg, w) as
Q(wy, w) == f(xx) — f(x) + (9(zr),y) — (9(x), yr) + (h(zr), 2) — (W(x), 2).  (3.17)

We start by stating some well-known technical results that have been used in the conver-
gence analysis of many first-order methods. The first result, often referred to “three-point
lemma” (see, e.g., Lemma 3.1 of [44]), characterizes the optimality conditions of (3.11)

and (3.12).

Lemma 1 Let g, and ry, be defined in (3.11) and (3.12), respectively. Then,

(=0 @ — Y) + Zllae — a5 < Zlly — qualls — Zlly — all3. Vy € R™, (3.18)

(—ﬁk,rk -2y + %’“Hrk — rk_1||§ < Z|z— rk_1||g — %"Hz — rk||g,‘v’z = R‘i. (3.19)

The following result helps us to take telescoping sums (see Lemma 3.17 of [44]).

Lemma 2 Let oy, € (0,1],k =0,1,2,..., be given and denote

1, ifk=1;
T, = / (3.20)

(1 — Oék)rk_l, lfk > 1.

If { Ay} satisfies
Ak—H S (1 — Ozk)Ak + Bk,\V/kI Z 1,

then we have

A kB
% <l —a)Ai+ 3, %'
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We now establish an important recursion of the CoexCG method.

Proposition 3 For any k > 1, we have

Ly+2Ly)of Dy | crXfOMi+|AI?) DY
2 27,

Qg w) < (1 — 0p)Q(wg—y,w) +
+ o [(A(pe — Pr—-1):Y — @) — Me{APr-1 — Pk—2), Y — Qi—1)]

+ ag[(ln(xk—1,p8) — n(Tk—2,Dk-1), 2 — Tk)

- )\k<lh($k72apk71) - lh<$k73apk72)> z = ka1>]

+ 25 (ly — qeall3 — lly — aell3 + 12 = reaall3 = llz = mill2), Yo € X x R™ x RY,

where Dx is defined in (3.4).
Proof. 1t follows from the smoothness of f and h (e.g., Lemma 3.2 of [44]) and the
definition of x;, in (3.14) that
flg) < lp(xp—1, k) + %H-fk — x|

Lra?
= (1 — o)lp(@p—1, Tp—1) + orly(Tp—1,pr) + fz ok — $k71H2

a2
= (I — o) f(wp—1) + Oéklf(l'kflapk) + sz Elpe — JquHZ-

A2
Lh,zak

hi(xr) < (1 — ag)hi(wp—1) + apln, (Te—1, pr) + =55 ||Dr — Tp1|]?

Using the above two relations in the definition of Q(wy,w) in (3.17), we have for any
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w=(z,y,2) € X X R™ x RY,

Q(wy, w) = f(wg) — f(z) + (g(wk),y) — (9(x), yx) + (M(w1), 2) — (h(x), 2)
< (= o) f(wp—1) + arlp(@r—1,p1) — f(x) + (9(zr), y) — (9(z), y)

+ (1 — ap)h(xp_1) + aplp(xp_1,pr)), 2) — (h(z), 21)

Le+2TLp)a2
+ (Ly+ 5 ) k”pk _xk—1||2
L Tr 2
= (1= a)Q(wp—1,w) + MHM — zp|)?

+anllf(zr—1,p) — f(2) +{9(pr), ) — (9(7), qr) + (n(Tr—1, k), 2) — (M(2), )]

Moreover, by the definition of xj, in (3.14) and the convexity of f and h;, we have

li(wh—1,0k) + (9(Pr)s ar) + (n(Tr—1,pr); 78)
<lp(wp—1,7) +(9(2), qr) + (In(Th-1,2), k)

< f(2) + (glx), gu) + (h(z), ), ¥z € X

Combining the above two relations, we obtain

ZT 042
Q(wy, w) < (1 — aR)Q(wp_, w) + LI g )12

+ ar[{g(or), v — aqr) + (n(Tr-1, pr), 2 — 72)]
Ly+2TLp)o2 D%

<1- ak)@(wk—h w) + ( 2

+ ar[{g(pr), vy — ) + (In(zh_1,p8), 2 — T8)], Yw € X x R™ x R%.
3.21)

Multiplying both sides of (3.18) and (3.19) by a; and summing them up with the above

64



inequality, we have

2TL Va2 D2
Q) < (1 ) Qutr, ) + LT L

+ a(g(pr) — G)s v — a) + o (ln(Th_1, pr) — Iy 2 — 7
+ %[Hy - C]k—1||§ — |y — %H% — [lgr — %—1”%]

+ 2% e = reeally = Ml = 7l = e = riecafl3], Vo € X < R™ x RY.

(3.22)

Now observe that by the definition of g in (3.9) and the fact that g(z) = Az — b, we have

(9(pK) — 1)y — ak) — Zllar — ar—1ll3
= (Al(pr — pr-1) = Me(Pe-1 — Dr2)], ¥ — @) — Fllax — ae1 I3
= (A(pr — Pe-1),Y — @) — M{ADR—1 — Pr—2), ¥ — @1)
+ M (ADr = Pr2)y @ — Ge1) — Fllak — a3
< (A(pr — Pe-1),Y — @) — M{APr—1 — Pr—2), ¥ — Q1)
+ 5 AP o — pr-a 3

< (Alpr = Pe-1), Yy — ar) — MeAPr-1 = Pr—2), ¥ — Ge—1) + %HAHQD?(, (3.23)

where the first inequality follows from Young’s inequality and the last one follows from the

definition of Dx in (3.4). In addition, by the definition of iLk in (3.10), we have

(1, pk) = Py 2 — 13) — Ll — -l

< ln(wr—1,pr) = (Tr—2,Pr-1)5 2 = Th) — Melln (T2, Pr—1) — ln(Th—3,Pk—2), 2 — Th—1)
+ Ne(ln(@h—2, pr—1) — (s, Pr—2), e — 1) — Z ||k — mal3

< (ln(h—1,pr) — (T2, Pk—1), 2 — T1)

— Me{n (=2, Pk—1) — ln(Th—3, Pr—2), 2 — Th—1) + %, (3.24)
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where the last inequality follows from

Ne{ln(Th—2, Pe—1) — Un(Th_3, Pr—2), Tk — The1) — Z[Jre — re |5

< 2)\7’; [ (@re2, pr1) — U (23, Pr2))?

= ;TZ @ hi(@r—2) = hi(xr_3) + (Vhi(h—2), Pro1 — Th_2) + (Vhi(4_3), Pr_s — T_3)]?
< 9A2;c::x Z?:l Mf%z = %- (3.25)
The result then follows by plugging relations (3.23) and (3.24) into (3.22). ]

We are now ready to establish the main convergence properties for the CoexCG method.

Theorem 4 Let ', be defined in (3.20) and assume that the algorithmic parameters o, Ty,

and Ay, in the CoexCG method satisfy

A — 1 Tk—
p =1, M = Bl gpg W < BT > 9 (3.26)

Then we have

N (Ly+2TLp)o2 D% ap AR (OMP+||A|?) D%
Qwy,w) TNy [ 2T, + 276l

o 72 2\ 2 - - m
- ORI 4 mly — qoll3 + 252 — roll3, Vw € X x R™ x R,
(3.27)
where Dx is defined in (3.4). As a consequence, we have
* N [Lja2D? apAZ(9M2+]||A||?) D3
f(xN> _ f(:L’ ) S FN Zk:l fQIIfk X 4 kAR ( Q:RI‘IIIC 1) D%
an (9M2+||A||?)D? -
o SRR 4 n (|gof13 + [lroll3) (3.28)
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and

N [Ls+(||2*]|2+1) Ly]a? D2 A2 (9MZ+]|Al|?) D3
lgCen)la + N[a(@x)]slla < Ty 0L, |l ol Dy i OF AR

an (OMz+|A|*) D3
2TN

+= N[yl + 1) + llaoll2 + (127l + 1)* + lIroll2], - (3.29)

where (x*,y*, 2*) denotes a triple of optimal solutions for problem (3.6).

Proof. It follows from Lemma 2 and Proposition 3 that

Q , (Ly+2T Ly)a2 D? a2 (9M32+|| Al|2) D2
) <(1 = 1) Q(wo, w) + Yopl, [ 4 AR AEX

+ Zévd %[(A(Pk — Dk=1),Y — Gk) — M APr—1 — Pk—2), Y — Qi—1)]
+ Zk 1T, (U (wk—1, pk) — W (Th—2,Dk—1), 2 — Tk)

- >\k<lh(~ka2apk71> - lh($k73apk72); z— Tk71>]

N
+ 2 k=1 Sy = aeall3 = My — all3 + 1z = re—all3 = 12 =l

which, in view of (3.26), then implies that

N (Lp+zTLp)aiDy | apAR(9ME+|AI*) D%
Qwy,w) < Ty Yo, [P v

+ an(A(py —pNn-1), ¥ — an) — %Hy - QN“g

a]\]2TN ||Z

+ OZN<lh($N—lapN) - lh(mN—QapN—l)a z— TN) - - 7”N||§

+ A5 [ly = qoll3 + 12 = roll3]

N [ (Lg+2TLp)ai D% A (OME+||A|I*) D%
<Tn Dl + ]

2Fk 27’ka
9NIZay D?
27—N||A|| Ipn — py—1ll3 + %

+ A lly — qoll3 + [z = roll3],

where the last relation follows from Young’s inequality and a result similar to (3.25). The

result in (3.27) then immediately follows from the above inequality.
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Note that by the definition of Q(wy,w) in (3.17), and the facts that g(z*) = 0 and
h(z*) <0, wehave f(zy) — f(2*) < Q(wy, (2*,0,0)). Using this observation and fixing

r=2xa"y=0,z=01in(3.27), we obtain (3.28). Now let us denote

v = (ly"ll2 + D)2, (3.30)
A * h xr

ZN = (HZ “2 + 1) H[L((:C]f,\f))]bha (3.31)
Wy = (27, YN, 2N)- (3.32)

Note that by the optimality condition of (3.6), we have

0 < Q(wn,w") = flen) = f(@") + (g(zn), y") + (h(zn), 27)

< flan) = F&7) + lg(@n)lla - 1yl + [IGn)]ellz - 1272

In addition, using the fact that g(z*) = 0 and (h(x*), Zy) < 0, we have

Qwy,wy) > f(zn) — f(z¥) + {g9(zn), In) + (h(zN), Zn)

= flen) = F&") + llg(en)ll2(ly"ll2 + 1) + [ACen)] (1272 + 1)

Combining the previous two observations, we conclude that

lg(@n)llz + [[[A(xn)] 4]l < Qwn, W) (3.33)

The previous conclusion, together with (3.27) and the facts that

lgn — aoll3 < 2[lgn 15 + llaoll3] = 2[(ly*[l2 + 1)* + || g0I3], (3.34)
12n — roll3 < 202w I3 + Ilroll3] = 2[(12*]l2 + 1) + [Iol13], (3.35)
ENLn < 1282l Lallz = (2% ]|2 + 1) La, (3.36)

68



then imply that

lg(zn)ll2 + [[R(zn)]+]]2

N (Lf+2£Lh)aiD§( alc)\i(gMg“HlAHQ)Dg(
<Tn Zk:l [ 20, + 27,1,

aN(gM}2L+||A||2)D§( 1N (|4 2 1IN || 2 2
+ 27N + 2 HyN - QOHQ + 2 ||ZN - TOHQ
N [[Lg+(lz*ll2+1) La]ei DY | arAZ(OME+[|A|*) DY
S FN Zkil |: 2l + 27 g

an (OME+A]?)
2TN

_|_

D2 * *
X+ nDn[(ly*ll2 + 1) + ol + (12" [l + 1) + [[roll3).

Below we provide a specific selection of the algorithmic parameters oy, Ay and 7 and

establish the associated rate of convergence for the CoexCG method.

Corollary 4.1 If the number of iterations N is fixed a priori, and

ap = 25,0 = B = DO 2+ ARk =1,... N,

k= %11 2 k

then we have

2L;+2TLy)D% | Dxr/IMZ+|A|?

Quy, w) < =R+ =Vt ([ly = aoll + [z = roll3 +1)

Vw € X x R™ x R%,

Flaon) — fla®) < 22l g DVOMRHIAR oo 2 4 1),

N+1 VN

2[L z* L, 1D2
lg@n) s + |[h(zn)]s o < 2otz DInDS

N+1
2D \/SNEATAR (o) v
+ =N 1201(ys 2915+ [ (q05 7o) 13 + 5)-

(3.37)

(3.38)

(3.39)

(3.40)

Proof. By (3.20) and the definition of oy, in (3.37), we have T'y, = 2/[k(k + 1)] and

ar /Ty = k. We can easily see from these identities and (3.37) that the conditions in (3.26)
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hold. It is also easy to verify that

Zklak_QZklk <2N

2

Zi\f ) i Zk:l( — 1)2 < N3/2

= nele aN3/2Dx /9| My|2+][A2 T 6Dx /9| M2+ A[2

Using these relations in (3.27), (3.28) and (3.29), we conclude that

2L;+2TL,)D% | VNDxy/IMZ+|A|?

Qwy,w) < N1 + 6(NT1)
D ,/9M2+HA\2 VNDx /9M2+| A|]2
+ X(N+1) = N+1 (Hy QOHg + HZ - TOH%)
2(L¢+2TLy,)D% VN

2
- N+1 +[ 6(N+1) + (N+1)VN + NH(H?J Qll2

+ |z = roll2)] Dxy/ 9M; + || A2

Ly+2TLy,)D% Dx/9MZ+||A|?
2yt Dy (ly = @oll2 + 1z =m0l + 1),

< N+1 VN
Fow) - flat) < B2 4 ZETEAR (gg| 2 4 o3 + 1),
and
lg(en)llz + A+ 2
2[Lf+(||z 2+1) L] D% \/NDX OMZ+]| A2 Dx+/9M2+[| A2
= N+1 6(N+1) (N+1)v'N
4+ 2D PRI ]y + 1)% + laol3 + (112"]12 + 1) + I3
< At DbiDy | DVIAR L 4+ 2(y" 2 + 1% + 2ol
+2(]12" |2 4+ 1)% + 2]|rolf3]
< ALl DEDR 2 MR i 2 )12 2) 4 g2 + [lroll3 + 5.

]
A few remarks about the results obtained in Theorem 4 and Corollary 4.1 are in place.
Firstly, in view of (3.38), the gap function Q(wy, w) converges to 0 with the rate of conver-

gence given by O(1/ VN ). This bound has been shown to be not improvable in [28] (see
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also Chapter 7 of [44]). Secondly, in view of (3.39) and (3.40), the number of iterations
required by the CoexCG method to find a e-solution of problem (1.8), i.e., a pointz € X
s.t. £(Z) — f(2*) < eand ||g(Z) |2 + |[[R(Z)]4 |2 < €, is bounded by O(1/€?). Thirdly, it is
interesting to observe that in both (3.39) and (3.40), the Lipschitz constants L; and L;, do
not impact too much the rate of convergence of the CoexCG method, since both of them
appear only in the non-dominant terms. We will explore further this property of the Co-
exCG method in order to solve problems with certain nonsmooth objective and constraint
functions. Finally, it is worth noting that in the parameter setting (3.37), we need to fix the
total number of iterations N in advance. This is not desirable for the implementation of
the CoexCG method, especially for the situation when one has finished the scheduled N
iterations, but then realizes that a more accurate solution is needed. In this case, one has to
completely restart the CoexCG method with a different parameter setting that depends on

the modified iteration limit. We will discuss how to address this issue in Section 3.3.

3.2.2 Structured nonsmooth functions

In this subsection, we still consider problem (1.8), but the objective function f and con-
straint functions h; are not necessarily differentiable. More specifically, we assume that
f(+) and h,(+) are given in the following form:

f(2) = max{(Bz,q) - f(a)},

hi(x) = max{(Ciz, s) — hi(s)y,i=1,...,d,

sSES;

(3.41)

where () C R and S C R™ are closed convex sets, and f and 712 are simple convex
functions. Many nonsmooth functions can be represented in this form (see [89]). In this

chapter, we assume that f and h; are possibly strongly convex w.r.t. the given norms in the
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respective spaces, i.e..

~

fla) = f@) = (f(e),a — @) > Bl — @’ Vo, € Q  (3.42)

iLZ‘(Sl) — iLi(Sg) — <}Al;(82), S1 — 82> Z % S1 — 82||2,\V/81, So € SZ,Z = 1, e ,d, (343)

for some p; > 0. If pg > 0 (resp., u; > 0), then f (resp., h;) must be differentiable with
Lipschitz continuous gradients. Therefore, our nonsmooth formulation in (3.41) allows
either the objective and/or some constraint functions to be smooth.

Our goal in this subsection is to generalize the CoexCG method to solve these struc-
tured nonsmooth convex optimization problems. In fact, we show that that the number of
CoexCQG iterations required to solve these problems is in the same order of magnitude as if
f and h;’s are smooth convex functions.

Since f and h; are possibly not differentiable, we cannot directly apply the CoexCG
algorithm to solve problem (1.8). However, as pointed out by Nesterov [89], these nons-
mooth functions can be closely approximated by smooth convex ones. Let us first consider
the objective function f. Assume that v : () — R is a given strongly convex function with

modulus 1 w.r.t. a given norm || - || in R, i.e.,

u(qr) > u(q) + (W' (q2), 1 — q2) + %Hch — |, Va1, 42 € Q.

Let us denote ¢, := argmin, cou(y), U(q) := u(q) — u(cy) — (Vu(cy),q — cy) and

Dy = [mezgc U(y))?, (3.44)
and define
foo() = I&%HB% a) — f(q) —mU(q)]} (3.45)

for some 79 > 0. Then, we can show that f, is differentiable and its gradients satisfy (see
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[89])

IV fao (1) = V fu(22) 1+ < Lpyllar = 22|, Yy, 20 € X with Ly, = 1EL (346

In addition, we have
fao(@) < f(2) < foo(2) +moDf, Yo € X. (3.47)

In our algorithmic scheme, we will set 1y = 0 whenever f is strongly convex, i.e., po > 0.
Similarly, let us assume that v; : S; — R are strongly convex with modulus 1 w.r.t.
a given norm || - || in R™, ¢ = 1,...,d. Also let us denote c,, := argmin, g v;(s),

Vi(s) = vi(s) — vi(cy,) — (Vui(ey,), s — ¢,) and

Dy; = [max Vi(s)]"/?, (3.48)
and define
i, () = max{(Ciz, s) — hi(s) — nVi(s)} (3.49)

for some 7; > 0. We can show that forall: =1,...,d,

[V him(21) = Vhigo(@a)lle < Loy — |, Va5 € X, (3.50)
hin () < hi(x) < hyp(x) + niD‘z/i, Vo e X. (3.51)

In our algorithmic scheme, we will set ; = 0 whenever h; is strongly convex, i.e., i; > 0.
For notational convenience, we denote
o .. (e . lca”? T
hﬁ(x) - (hl,m (l’), cee hd,ﬂd(x»? Lhﬂ? " (N;}liﬂll’ R “hdi”d) and Lhﬁ] " HL’M]HQ'
(3.52)

Different from the objective function, we need to show that the gradient of the h; ,, is
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bounded. Note that the boundedness of the gradients for smooth constraint functions (with
1; > 0and hence 7; = 0) follows from the boundedness of X (see Section 3.2.1). For those
nonsmooth constraint functions h; (with p; = 0), we need to assume that 5;’s are compact.

For a given x € X, let s*(x) be the optimal solution of (3.49). Then

IVhi (@)l = 1C - 5™ (@)l < NCilllls" ()]
< NCill el + ls*(2) = cull)

< |ICill(llew, | + V2Dy) =: Me,vii = 1,...,d. (3.53)
For notational convenience, we also denote

Mey =/ M2 . (3.54)

1= iy Vi

Observe that the Lipschitz constants M, v, defined in (3.53) do not depend on the smooth-
ing parameters 1;, ¢ = 1, ..., d. This fact will be important for us to derive the complexity
bound of the CoexCG method for solving convex optimization problems with nonsmooth
function constraints.

Instead of solving the original problem (1.8), we suggest to apply the CoexCG method

to the smooth approximation problem

min  f,,(z)
s.t.  g(z) =0,
(3.55)
hLm(.Z') < O,V’l = 1, . ,d,

reX.

More specifically, we replace the linear approximation functions [, and [y used in (3.10)
and (3.13) by lp,,, and [y, , respectively. However, we will establish the convergence of

this method in terms of the solution of the original problem in (1.8) rather than the approx-
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imation problem in (3.55). Our convergence analysis below exploits the smoothness of f,,
(resp., h; ), the closeness between f and f,,, (resp., h; and h;,,), and also importantly, the

fact that h; ,,(x) underestimates h;(x) for all z € X.

Theorem 5 Consider the CoexCG method applied to the smooth approximation prob-
lem (3.55). Assume that the number of iterations N is fixed a priori, and that the pa-
rameters {cy.}, {7} and {\.} are set to (3.37) with M, replaced by M¢y in (3.54). Then

we have

. D% | Dx/ONZ  +TAT?
flan) = fla) < Hpgx 4 2V (ol + llroll3 + 1) +noDf,  (3.56)

N+1 VN
2L ¢ (|2 |2+ 1) Lp 1) D2 2Dx/IME |, +]|A]|? £ %
(@)l + [[Azy | < 2ot Ut DEnaDPy | Z2VEZ00 220 (9 (47 2) |3
+ 11(q03 7o) 13+ 5) + mo DG + (Il2"[l2 + DL, (m D))V, (3.57)

where (x*,y*, 2*) is a triple of optimal solutions for problem (3.6), L, and Ehm are defined
in (3.46) and (3.52), respectively, and Dx, Dy and Dy, are defined in (3.4), (3.44) and

(3.48), respectively.

Proof. Denote Q,(wy, w) = fo,(xn)—fo () +{(g(xNn), y)—(9(x), yn)+{hp(TN), 2)—

(hy(z), zn). In view of Corollary 4.1, we have

Lyo+2T Ly ) )D2 Dx+/9IME \,+I|A]?
Quwy,w) < Lt Doally  SXVEGV D ((ly — g2+ [z — nol3+ 1) (3.58)

for any w € X x R™ x ]Rﬂlr. Using the relations in (3.47) and (3.51), and the fact that

2, zy € R?, we can see that

Qwy,w) < Qylwy,w) +noDf + ZL(m%D%)
< Qy(wy, w) + 1D + || 2]2(ZL, (D)) Y2, Yw € X x R™ x RYL,
(3.59)
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By letting x = 2*, y = 0 and z = 0, we have

flzn) = f(@*) < Q(wn, 2) < Qy(zn, 2) +no Dy,

which, in view of (3.58), then implies (3.56). Now let w}, be defined in (3.32). By (3.33),
(3.58) and (3.59), we have

lg(zn)llz + [[[a(zn)] 4]z < Q(wy, dyy)

< Qulwn, @) + mDf + [|2x 2 (20 (0:D7,))/?

< WLy tihin)D% | Dxy/OMZ v +IAP

= N+1 VN (||@N—QO||§+ ||2N—7"0||3+1)

A~ d
+ 1m0 Df + 12w [l2( 5 (n:DE)?)H/?

Ly +(z*l241) Ln ) D% | 2Dx+/IME y+[|A|]2 .. %
< (el il 4 SR (25 2R + laws o) 3 + )

+n0DF + ([[2%]l2 + D)X, (mD3,)%) 2,

where the last inequality follows from the bounds in (3.34) and (3.35), and the facts that

12nll2 < ll2*]l2 + L and 23 Ly < 125 12| Lngll2 = (12*]12 + 1) Lny- =

We now specify the selection of the smoothing parameters 7;, ¢ = 0,...,d. We con-
sider only the most challenging case when the objective and all constraint functions are
nonsmooth and establish the rate of convergence of the aforementioned CoexCG method

for nonsmooth convex optimization.
Corollary 5.1 Suppose that the smoothing parameters in problem (3.55) are set to
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Then under the same premise of Theorem 5, we have

" Dx+/9IMZ |, +||Al?
flan) = flav) < 2xBulBl 4 VR (g2 + Inoll3 +1) (361

d 9
+ DXD B 2(llz*ll2+1)Dx i (‘DVz ||CZ||)

2Dx \/IMZ |, +][|Al]2
+ 7 @I 203+ laoi mo) I3 +5) . (3.62)

VN

Proof. 1t follows from (3.46), (3.52) and (3.60) that

_IBI> _ D HBH\F
Lfﬂ? - 70 - v )
7 d
Lh,n = \/Zz 1

Also notice that

Dy, |CiIVN i—1( )
\/Zz 1 Dx > Dx

noDfy = PXoulEl

@-)2.

1/2 d
d s ICIPDADY, Dxy 21 (Dv;
(i (DY) 2 = ( i=1 %) - \/ 1\/N

Using these identities and the assumptions in (3.56) and (3.57), we have

* xA/IMZ , +[| A2
Jlaw) = fla*) < 22gulBl 4 SRR (flgoll3 + firll3 + 1) + 221

IN

VN+1 VN VN
< 3DX\1/)%HB|| + DX,/gl\f/NvHIA (||q0||2 +rol2 + 1)
o)}l + Ay < 22speet y U000 s OO
1 22 VAR (9 (y*; )13 + 103 ro) 3 + 5)
, panyp) | U l00xy S (DG
VN VN

< 3DxDu|Bl | 2(|‘Z*||2+1)DX\/Z?ZI(D%||Ci||)2
- VN VN

1 22 ()]s 2111 + l(goi o)1 + 5)
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[

We add a few remarks about the results obtained in Theorem 5 and Corollary 5.1.
Firstly, in view of Corollary 5.1, even if f and h; are nonsmooth functions, the number
of CoexCQG iterations required to find an e-solution of problem (1.8) is still bounded by
O(1/€?). Therefore, by utilizing the structural information of f and h;, the CoexCG can
solve this type of nonsmooth problem efficiently as if they are smooth functions. Sec-
ondly, if either the objective function or some constraint functions are smooth, we can set
the corresponding smoothing parameter to be zero and obtain slightly improved complex-
ity bounds than those in Corollary 5.1. Thirdly, similar to the CoexCG method applied
for solving problem (1.8) with smooth objective and constraint functions, we need to fix
the number of iterations /N in advance when specifying the algorithmic parameters and

smoothing parameters. We will address this issue in next section.

3.3 Constraint-extrapolated and dual-regularized conditional gradient method

One critical shortcoming associated with the basic version of the CoexCG method is that
we need to fix the number of iterations /N a priori. Our goal in this section is to develop
a variant of CoexCG which does not have this requirement. We consider the case when f
and h; are smooth and structured nonsmooth functions, respectively, in Subsections 3.3.1

and 3.3.2.

3.3.1 Smooth functions

In order to remove the assumption of fixing N a priori, we suggest to modify the dual
projection steps (3.11) and (3.12) in the CoexCG method. More specifically, we add an
additional regularization term with diminishing weights into these steps. This variant of

CoexCQG is formally described in Algorithm 4.
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Algorithm 4 Constraint-extrapolated and Dual-regularized Conditional Gradient (Coex-
DurCG)
The algorithm is the same as CoexCG except that (3.11) and (3.12) are replaced by

@ = argming cgn {(— gk, y) + Zlly — ae1ll3 + Ly — w3}, (3.63)

ry, = argmin, cpe {(~hx, 2) + %z = riall3 + 22 = roll3}, (3.64)

for some v, > 0.

Clearly, we can write g; and 7 in (3.63) and (3.64) equivalently as

G = 7= (TeGe—1 + Mo + Jr),

L = max {Tk}r% (TkT’k—1 + YKo + ﬁk), 0}

Similar to the CoexCG method, it is also possible to generalize CoexDurCG for solving
problems with conic inequality constraints. The following result, whose proof can be found

in Lemma 3.5 of [44], characterizes the optimality conditions for (3.63) and (3.64).
Lemma 6 Let q;. and rj, be defined in (3.63) and (3.64), respectively. Then,
(=36 ak — ) + Fllar — g ll3 + Ll — oll3
< Flly — analls = 252y — allz + % lly — @ollz, ¥y €R™, (3.65)

(~hw, i = 2) + Flire = riall3 + Bl — roll3

< Flle = a3 = 252 2 = rall3 + B lly — roll3, V2 € R (3.66)

We now establish an important recursion about the CoexDurCG method, which can be

viewed as a counterpart of Proposition 3 for the CoexCG method.
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Proposition 7 For any k > 1, we have

Li+2TLy)a? D2 a2 (9M2+||Al12) D2
Q(wy, w) < (1 — o) Q(wy_1, w) + L& 2h> ED% | i ka” 1) D%

+ ax[{A(Pr — Pr—1),Y — @) — Me{APr—1 — Pr—2), ¥ — Qi—1)]
+ a[(h(xp—1,08) — lh(Th—2, Pk—1), 2 — T%)
— Nelln(@p—2, Pk—1) — ln(Th—3, Pr—2), 2 — Th—1)]

BB ||y — gull5 + 12 = rell3)

S (ly = geall3 + 12 = reall3) —

(lly — qoll2 + 1|2 = roll3], Vw € X x R™ x RY,

where Dx is defined in (3.4).

Proof. Multiplying both sides of (3.65) and (3.66) by «; and summing them up with

the inequality in (3.21), we have

(Ly+2TLp)o2 D%
2

Q(wr, w) < (1 — ag)Q(wi—1,w) +
+arlg(pe) — ),y — ar) + a{ln(Tr—1,pr) — hi, 2 — 73

ak(Tk;F'Yk) ||y _

+ 5 [y — qrallz = llax — ae-1[l2] — a3

+ B[z = v 13 = [Ire — rial[3) — SO 2 — 13

Py = qoll* = llgx — aoll”] + 5= [z = roll* — Iz — roll?]

ZT a2 2
< (1 = ap)Q(wi—1,w) + M

+ o {g(pr) — k)Y — qr) + ol (21, pi) — i, 2 — k)

+ 2% |ly — goo1 13 — gk — geall3) — 22y — gif3
+ 8|2 = |3 — [lre = e |3] — SRz — 13
(lly = qoll + 12 = roll3], Yw € X x R™ x RY. (3.67)
The result then follows by plugging relations (3.23) and (3.24) into (3.67). |

We are now ready to establish the main convergence properties of the CoexDurCG
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method.

Theorem 8 Let ', be defined in (3.20) and assume that the algorithmic parameters ,, Ty,

and A, in the CoexDurCG method satisfy

A — — —1+7k—
ap =1, M = 2=l gpg AT < W1t g > o (3.68)

Then we have

N [ (Lgte"Lp)oi DY | ardZ(OME+]A|?) DY an (IME+|A|?) DY
Qwn,w) < TNy [ o, + 27eT % + 2(rn+7N)

+ T (340 %) (ly — wl3 + [12 = rol), Yw € X x R x RE,

k

(3.69)
where Dx is defined in (3.4). As a consequence, we have
* N Lia?D? a2 (9M32+| A)|?) D2 an(9M?+| Al|2) D2
flan) — fz*) < Ty N [ f21zjk X oy oA Q:kF‘L DY | 4 en 2<%+w> X
+ Doy (3 + 00 % ) (laoll3 + ol (3.70)

and

N Le+(||z*l2+1)Ly] a2 D2 ar A2 (9M32+||Al|%) D2
lg@n)lla + N(en))s 2 < T S, [eHUlsnblaibh e OV AP |

an (9ME+||A|*) D3 - N o .
o BHADDE T (3 4+ 200 %) [yl + 1% + ol

+ (I1z*ll2 + 1)% + [Imoll3], (3.71)

where (x*,y*, z*) denotes a triple of optimal solutions for problem (3.6).
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Proof. It follows from Lemma 2 and Proposition 7 that

, (L 42T Ly)a? D? A2 (9M32+||Al|?)D?
Q(ﬁgzw) <(1 = a1)Q(wo, w )+Zk 1[ ! 221“2 e Ty X]

+ 3y AWK = pre1),y — @) — MlADr-1 — Pre2),y — Ge1))]

+3 1 [{n (@1, pr) — (-2, PE-1), 2 — k)

— MNe(ln (22, pr—1) — In(Th—3, Ph—2), 2 — Tk—1)]

N QT ayg (T,
+ S [ B2 ly = a3+ U= = e l3) — 2B (y — g3 + 11 = ml3)

N «
+ 2= e llly = goll + [z = 7oll3],

which, in view of (3.68), then implies that

N (Ly+2TLy)a2D% ar AL (OME+[|Al?) D%
Q(wNaw) <TI'y Zk:l[ 2T, + 273, T ]

aN(TN+’7N ||y

+ an(A(py — PN-1),Y — qN) — CJNH%

—TN||§

+an(h(@n-1,08) = ln(Tx—2,pn—1), 2 — r) — O

+ A ly — qoll3 + |2 — roll3]

N «
+ T 30 Sy — qoll® + 112 = moll?]

N [ (Ly+z"Ly)aiD3 apAR (OME+||Al1?) DY
< I > ohel I — *

2Ty, 27Ty
9M D
+ oy | AP — palf + e

+ amFN lly — qoll3 + |z = oll3]

N «
+ T 30 S llly — qoll3 + 112 = roll3],

where the last relation follows from Young’s inequality and a result similar to (3.25). The
result in (3.27) then immediately follows from the above inequality. We can show (3.70)

and (3.71) similarly to (3.28) and (3.29), and hence the details are skipped. ]

Corollary 8.1 below shows how to specify the algorithmic parameters, including the

regularization weight -y, for the CoexDurCG method. In particular, the selection of 73, was
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inspired by the one used in (3.37), and 7, was chosen so that the last relation in (3.68) is

satisfied.

Corollary 8.1 If the algorithmic parameters ., Ay, Ti and v, of the CoexDurCG method

are set to
o = 21, M = 52 = BVE, and y = Bk + OVE+ 1 - kVE,  (372)

with 8 = Dx+/9IM? + || A||2 for k > 1, then we have, Vw € X x R™ x R4,

2(L 42T L) D? Dx +/9M?+]| A2
Q(z, 2) <X f+N+1h) X, Dxy/ >, 3(lly — qoll2 + |1z — roll3) + 1] . (3.73)

In addition, we have

" L.D2 Dx/9IM2+||A|2
flan) = f@®) < T 4+ 22 [3(1lgoll3 + Irol13) + 1] (3.74)
and
2(L 2* 1)L, ) D2
lg(an) s + [Tz [lo < 2ol DI DY

Dx A/ 9IMZ+|| A2 * *
+ = Byl + 12+ (27l + 1+ llaollz + [lroll2] + 1], (3.75)

where (z*,y*, 2*) denotes a triple of optimal solutions for problem (3.6).

Proof. From the definition of o, in (3.72), we have T'y, = 2/[k(k 4+ 1)] and oy, /Ty, = k.
Hence the first two conditions in (3.68) hold. In addition, it follows from these identities

and (3.72) that %7 = Bk\k and

weaaGertua)  (p - 1) [BVE =1+ 2 [kvVE - (k= D)VE—1]| = 8kVE,
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and hence that the last relation in (3.68) also holds. Observe that by (3.72),

SN =N B <o, (3.76)
S e = BN [k + DVE T —kvVE =B(N+ DVN+1-1], (377
Sl S = L Gk < AN VR TS [ Vi = ZNVL (BT8)

Tk

Using these relations in (3.69), we have

2(Ly+2TLy,)D% 2V N(9MZ+| A||?)D% N(9MZ+| A|%)D%

Qwy,w) < Nt1 3B(N+1) B(N+1)2/N+1
+ 2Ly — gol|2 + |z — roll?)
= etk PSR (2 ol + 208y — a0l + 1z = rol)]
< vk o DIRIAR (3] — o3 + Iz = roll) + 1].

The bounds in (3.74) and (3.75) can be shown similarly and the details are skipped. [ |
In view of the results obtained in Corollary 8.1, the rate of convergence of CoexDurCG
matches that of CoexCG. Moreover, the cost of each iteration of the CoexDurCG is the

same as that of CoexCG.

3.3.2 Structured Nonsmooth Functions

In this subsection, we consider problem (1.8) with structured nonsmooth functions f and
h; given in (3.41). One possible way to solve this nonsmooth problem is to apply the Co-
exDurCG method for the smooth approximation problem (3.55). However, this approach
still requires us to fix the number of iterations /N when choosing smoothing parameters 7;,
1=0,...,d.

Our goal in this subsection is to generalize the CoexDurCG method to solve this struc-
tured nonsmooth problem directly. Rather than applying this algorithm to problem (3.55),

we modify the smoothing parameters 7,;, ¢ = 0, ..., d, at each iteration. More specifically,
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we assume that

> ek =0, .4, (3.79)

and define a sequence of smoothing functions f, () and h; x(x), i = 1,. .., d, according

to (3.45) and (3.49), respectively. For simplicity, we denote

FE() = Fe), A = Do) and B4 @) = (B ()5 ()

Also let us define the Lipschitz constants

_ |IBJ? _ /e Cal? Tk —
Ly = oes Li = (ohms i etye), and L = ||l

It can be seen from (3.79) that
@) < M) < fH2) + (g~ = mo) D, Vo € X (3.80)

Indeed, it suffices to show the second relation in (3.80). By definition, we have

= fFNa) + (g —ng) D,

where the inequality follows from the definition of Dy in (3.44) and the assumption n’g_l >

n¥ in (3.79). Similarly, we have

hi N x) < hf(x) < RSN @)+ (f Tt —nf)DY, VaX, i=1,...,d. (3.81)

7

Note that in our algorithmic scheme, we can set ¥ = 0,7 = 0, 1,. .., d, if the correspond-
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ing objective or constraint functions are smooth (i.e., p; = 0).
We now describe the more general CoexDurCG method for solving structured nons-

mooth problems.

Algorithm 5 CoexDurCG for Structured Nonsmooth Problems
The algorithm is the same as Algorithm 4 except that the extrapolation step (3.10) is

replaced by

P = Lpso1 (T2, Pr—1) + Nllns—1 (Th_2, Pr_1) — lpk—2(Th—3, Dr—2)], (3.82)

and the linear optimization step is replaced by

pr = argming oy {lpx (xp—1,2) + (9(2), @) + (Ipr(Tp—1, ), 7%) }. (3.83)

In Algorithm 5 we do not explicitly use the smooth approximation problem (3.55).
Instead, we incorporate in (3.82) and (3.83) the adaptive linear approximation functions
[, and [ g« for the objective and constraints, respectively. The convergence analysis of this

algorithm relies on the adaptive primal-dual gap function:

Q (0, w) = Qur(@,w) := f(T) — [*(2) +(9(7),y) — (9(2), 7) + (h*(T), 2) — (h* (=), 2),
(3.84)

as demonstrated in the following result.

86



Proposition 9 For any k > 1, we have

k ZT k a? 2
Q" (wpy w) < (1 — ) Q" (wy_y, w) + L LREDE
+ (1= ap) [~ — b)) D + S (! — k)2 D2 ]
a2 (12ME, |, +||Al|?) D2 A2 _ _
o G (0 — )P DY,

275
+ ar[(APr — Pe-1), ¥ — @) — MCAWPE-1 — Pr—2), ¥ — Gr—1)]
+ g [(lpr (T—1, pr) — e (Th—2, Pr—1), 2 — 78)
= Ak(lpr—1 (T2, Pk—1) — lpp—2(Th—3, Pk—2), 2 — Tk—1)]
+ 25 (lly — Gallz + 12 = rall3) — m(Hy aell3

+ 1z = rall2) + 252 {lly — qollz + llz = roll3], Yw € X x R™ x Ry,

where Dx is defined in (3.4).
Proof. Similar to (3.67), we can show that
k ZT k O(2 2
QF (wr, w) < (1 — ) Q (w1, w) + LEE TN
+ o (9(pr) — Gk)> ¥ — @) + ol (T—1, Pr) — ilk, Z—Ty)

muy

+ 2% ly — qrall2 = lae — @e-all2) — arll3

+ am [z = 7% 1”2 — || — kang] — mHz — rkHz

+ 2B [|ly — go|3 + ||z — rol3], Yw € X x R™ x RY. (3.85)
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Moreover, by the definition of Bk in (3.82), we have

(U (pe, i) — gy 2 — 1) — 2|7 — 1 |13
= (Ipr (=1, Pr) — lpp—1(Tp—2, Pr—1), 2 — Tk (3.86)
= Mellpr—1 (T2, Pk—1) — lpr—2(Th—3, Pk—2), 2 — Th1)
+ Mo (Uit (Th—2, Poo1) — Upi2 (Ths, Dr2), Tk — The1) — Z|Ire — real
< (lpe (-1, 08) — 1 (Th—2, Pr-1), 2 — Tk)
= Mellpr—1 (T2, Ph—1) — lpr—2(Th—3, Ph—2), 2 — Th—1)

6A2 D3, M2 3X2 - -
WM L SRS )PDY, (.87

Tk

+

where the last inequality follows from

(s (T2, Pk—1) — lpr—2(Th—3, Pk—2), Tk — Th—1) — %k 7% — 7’#1”%

<YL (@ )~ lya(a )2
= 27, Zui=11"pt k—2; Pk—1 nh=2(Tk—3; Ph—2
2
:;7’; L P (whme) — B (24s) (3.88)

+ (VRN 2 0), peo1 — Tpa) + (VR (21 3), o — Tp_3)]?

\2 _ _
< PES [0 whe) — 2 (as)) + 2M3, DY)
A2 _ B - -
< 27: ;‘1:1 [Q(hf 2(%—2) - hf 2(%—3))2 + Q(Uf 2 - 775 1)2D§L/i + QMé,ViD@]
612 D2 d 322 d B B
< K > e MCQJzVZ + = Zizl(ﬁf R I)QD{Z

212 2
6, Dx ME

XGPS (nf 2 -t )2DY (3.89)

Here, the first inequality follows from Young’s inequality, the second inequality follows
from the cauchy-schwarz inequality, the definition of Dy in (3.4) and the bound of V¥ in
(3.53), the third inequality follows by the relation between h* ' and 22 in (3.81) and the
simple fact that (a + b)?> < 2a® + 2b%, and the last inequality follows from the Lipschitz

continuity of hf’Q and the bound in (3.53). In addition, it follows from (3.80) and (3.81)
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that for any w € X x R™ x R%,

Q" (wi—1,w) < Q" Nwyr,w) + (" = mg) Dfy + iy (T = )z DY. (3.90)
The result follows by combining (3.85), (3.87), (3.90) and the bound in (3.23). |

Theorem 10 Let 'y, be defined in (3.20) and assume that the algorithmic parameters ., Ty,
and N\, in the CoexDurCG method in Algorithm 5 satisfy (3.68). Then we have, Yw €
X x R™ x R4,
(L5 +2"Ly)aj D% a2 (12ME, |, +||Al|?) D2 322 d _ _
Q(wy,w) <T'y Zk 1 [ 2T% + = 2crk‘{“k = Tkrkk i71(77]'€ ? _77@(6 I)QD?@]

N o d ax (202 HIAI)DY, | Sax S = aN)2D}
+ Ty Ek:l r_k<77§D%7 + Zi:l nleD%/z) 2(7C'NV+’YN) ' (TN+"/N) .

F T (3 + 50022 ) (ly — ol + 12 — rol) + 7 D3 + 2|, (Y D))
(3.91)

where Dx is defined in (3.4). As a consequence, we have

" N Lka?2D? apA?(12M3, ., +||Al|?) D? 3A2 _
f(xN) - f(‘r ) S FN Zk:l |: leljk = + = 2?',1:%1@ = + Tkak 1= 1(?75 ’ nlk 1)2D€/zj|
N kp2 4 ax(2ME +HAP)D | oo S (Nt =)D},
+I'n Zk 1 Fk UODU + 2(TN+YN) (TN+7N)
+ T (3 + 200 25 (laol3 + lroll3) + n D3 (3.92)
and
lg(@n)l2 + [[[A(zn)]+[]2
N [[EE+(lz*[l241) LE]af D3 apAp (12ME, 1+ AlI?) D3 32 d —
S FN Zk:l [ : 22Fk — + — 26711;‘1@ = + Tkrkk 1= 1(775 ? 77’16 1)2D€/i
N o d . an (1262, ,+]|A|?) D% | Sy ZZ (n n)?Dy,
+1Ly Zk:l F_k<n§D[2J T Zi:l anzD%/l) ™ 2(7’NV-|-’YJ\7) 12(7'N+’YN)

+Ty (ﬁ + 3%1’“) [l Il + 1% + llgollz + (1212 + 1) + [IrolI3]

10 D + ([127]|l2 + D) (i (0 DY, )*)' 2, (3.93)
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where (z*,y*, 2*) denotes a triple of optimal solutions for problem (3.6).

Proof. It follows from Lemma 2, Proposition 9 and (3.68) that

QP )< Ty 5 LT Xt
+ DL (g gt 2DE] + Ty 0, (DY + S b DY)
+an(A(py —PN-1),Y — aN) — MHQ - QNHg
+ an(lpy (en-1,pn) — lpv-1(TN_2, PN-1), 2 — TN) — wﬂz — TN||§

258y =l + = ol + T S0 3l =l + = = ol

k+zTLk)a a2 (12ME ,+||Al%)D
<TIy Zk 1[ o, : + - 2CTk‘i“k x
322 d - - N
o S (T = 2D + T o, S (DY + Yo f DY)
12MZ, yan Dy, | 6an Zz‘:1(77i B —m- V)2 D%/i
+ (TNJF’YN HAH lpx = p- 1”2 2(TN+N) 2(Tnv+N)

+ a1y — o3 + ||z — roll3)

N «
+ T D S llly = qoll3 + 1z = moll3],

where the last relation follows from Young’s inequality and a result similar to (3.89). The
result in (3.91) then immediately follows from the above inequality and the observation
that Q(w", w) < QV(w™,w) + i D + ||2[|(L, (n¥ D%.)?)"/? due to (3.59). We can
show (3.92) and (3.93) similarly to (3.56) and (3.57), and hence the details are skipped. m

Corollary 10.1 below shows how to specify the smoothing parameter {n*} in (3.79)
and other parameters for the CoexDurCG method in Algorithm 5. We focus on the most
challenging case when the objective function f and all the constraint functions are nons-
mooth (i.e., u; = 0,7 = 1,...,n). Slightly improved rate of convergence can be obtained

by setting 7% = 0 for those component functions with y; > 0.

Corollary 10.1 Suppose that the parameters oy, A\, T, and vy in Algorithm 5 are set to

(3.72) with 8 = Dx \/12J\7[(2;7V + ||A||2 for k > 1. If the smoothing parameters 0} are set
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to

- H\f;llg; nk = “%)DVX Vi=1,...,d, (3.94)

then we have, Vw € X x R™ x R4,

8(||B||D 1 %G5 || Dy,) D 12M2, ,+]A?D
Q) < 00 Fiy 5ICI DDy | I Dy,

N VN — ol

1221 ||C’||2DXD2
s = rol?) + 2+ Sl Ok B 111Dy + 20/ 1CHP DR

(3.95)
In addition, we have
* \/12MZ ., +||Al|2D
flaw) = fla") < BEREE 4+ =280l | + ro*) + 2]
d 2 2
Dx Dy,
12 ZZ 1 HO || X (396)

V12M, V+||A||2(N+1)\F

and
d 212 d
7(\\J.fquu+<||z*||+1>\/Zi:1 |Cill?Dy)px - 1235 | ||Cy||2Dx D3,
lg(@n)llz + [I[h(zn)] 42 < SN M TAR(N VN
2./12M2, ., +||A||2D N N
+ Ay ll2 + 1)% + (llz"ll2 + 1)* + llgol3 + lI7oll3] + 2], (3.97)

where (x*,y*, 2*) denotes a triple of optimal solutions for problem (3.6).

Proof. From the definition of «y, in (3.72), we have 'y, = 2/[k(k + 1)] and ay, /Ty, = k.
Similarly to Corollary 8.1, we can check that condition (3.68), and the bounds in (3.76)-
(3.78) hold. In addition, it follows from the definition of nf in (3.94) that

(2 — )2 = ||C¢||2D§<( 1,1 2 ) ICilI*D%
M; 7i Dy \k-1 T k=2 Vi ivR2) = (-1)(k—2)DF,

k= HBHZIDD}I;\/E’ and Lt = ”C”%f, Vi=1,...,d.
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Using these relations in (3.91), we have

Qwy, w) < 2(|B||Du+ Z?Zl 2;||Ci|| Dy, ) Dx Ziv EE n 2, /12MZ, , +][ A2 Dx
’ o =1 k+1

N(N+1) 3vVN

ICil|2D% D3,

3 N d
+ avovED S (VE(k+1)30, =N )
d _
-~z Cil| Dy ) D 1202 Al2D
21B1Du+ Y 5y Zl|Cil| Dv,) Dx SV VE+ /20 FTAEDx

+ N(N+1) (N+1)vVN+1

d 212 N2
321 |Gil*Dx Dy, B8 /N L1 2 2
(N+1)\/1N+1(N—1)(N—2) + N(N+1)[<N + 1) N+ 1][||y - qO” + ||Z - TOH ]

d
+no D + 121 (2 (Y DF,)*) 2,

+

which implies (3.95) after simplification. (3.96) and (3.97) can be shown similarly and the
details are skipped. |

Comparing the results in Corollary 10.1 with those in Corollary 5.1, we can see that the
rate of convergence of CoexDurCG is about the same as that of CoexCG for nonsmooth
optimization. However, it is more convenient to implement CoexDurCG since it does not

require us to fix the number of iterations a priori.

3.4 Numerical Experiments

In this section, we apply the proposed algorithms to the intensity modulated radiation ther-

apy (IMRT) problem briefly discussed in Section 1.

3.4.1 Problem Formulation

In IMRT, the patient will be irradiated by a linear accelerator (linac) from several angles
and in each angle the device uses different apertures. In traditional IMRT, we select and
fix 5-9 angles and then design and optimize the apertures and their corresponding inten-
sity. Following [47], we would like to integrate the angle selection into direct aperture
optimization in order to use a small number of angles and apertures in the final treatment

plan.
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To model the IMRT treatment planning, we discretize each structure s of the patient into
small cubic volume elements called voxels, V. There are a finite number of angles, denoted
by A, around the patient. A beam in each angle, b,, is decomposed into a rectangular grid
of beamlets. A beamlet (i, j) is effective if it is not blocked by either the left, /;, and right,
r;, leaves. An aperture is then defined as the collection of effective beamlets. The relative
motion of the leaves controls the set of effective beamlets and thus the shape of the aperture.
The estimated dose received by voxel v from beamlet (4, j) at unit intensity is denoted by
D; j)» in Gy. The dose absorbed by a given voxel is the summation of the dose from each
individual beamlet.

Let P, be the set of allowed apertures determined by the position of the left and right
leaves in beam angle a. Suppose that the rectangular grid in each angle has m rows and n
columns, and the leaves move along each row independently. Then the number of possible
apertures in each angle amounts to (@)m We use x*, comprised of binary decision
variables x‘étj) to describe the shape of aperture ¢ € F,. In particular, x‘(”]) = 1 if beamlet

)

(1,7) is effective, i.e., falling within the left and right leaves of row i, otherwise x?i’fj) =
0. In addition to selecting angles and apertures, we also need to determine the influence
rate y*' for aperture ¢ € P,, which will be used to determine the dose intensity and the
amount of radiation time from aperture ¢. The dose absorbed by voxel v is computed by
Zo = D aen 2otepy Dict 2aje1 BD(jyo 3'y", based on the dose-influence matrix D, the
aperture shape x*, and the aperture influence rate y*. We measure the treatment quality by
flz) =3, cpw, [T, — 2,)% +W, [z, — T,]? via voxel-based quadratic penalty, where [-]
denotes max{0, -}, and T, and T, are pre-specified lower and upper dose thresholds for
voxel v.

We also need to consider a few important function constraints. Firstly, in order to
obtain a sparse solution with a small number of angles, we add the following group sparsity

constraint y_ _ , max,ep, y** < ® for some properly chosen ® > 0. Intuitively, this

constraint will encourage the selection of apertures in those angles P, that have already
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contained some nonzero elements of y*!, t € P,. Secondly, we need to meet a few critical
clinical criteria to avoid underdose (resp., overdose) for tumor (resp., healthy) structures.
These criteria are usually specified as value at risk (VaR) constraints. For example, in
the prostate benchmark dataset, the clinical criterion of “PTV56:V56> 95%” means that
the percentage of voxels in structure PTV56 that receive at least 56 Gy dose should be at
least 95%. Similarly, the criterion of “PTV68: V74.8< 10% implies that the percentage of
voxels in structure PTV68 that receive more than 74.8 Gy dose should be at most 10%. One
possible way to satisfy these criterions is to tune the weights ((w,, w,)) in f(z). However, it
would be time consuming to tune these weights to satisfy all the prescribed clinical criteria.
Therefore, we suggest to incorporate a few critical criteria as problem constraints explicitly.

Instead of using VaR, we will use its convex approximation, commonly referred to as
Conditional Value at Risk (CVaR) in the constraints [1]. Recall the following definitions of

VaR and CVaR

Upper tail: VaR,(X) = inf{7 : P(X < 7) > a},CVaRo(X) = inf 7 + =E[X — 7],

Lower tail: VaR,(X) = sup{r : P(X > 7) > a},CVaR,(X) = supT — =E[r — X],.

The upper (resp., lower) tail CVaR will be used to enforce the underdose (resp., overdose)
clinical criteria. For example, letting S; and S5 denote structures PTV68 and PTV 56, and
N; and N, be the number of voxels in these structures, we can approximately formulate
the criterion of “PTV68: V74.8< 10%” as inf, 7 + m > ves, 20 — T]e < b for
some b > 74.8. Separately, the criterion of “PTV56:V56> 95%” will be approximated by
sup, 7 — m > ves, [T — Zu]+ > b, or equivalently inf, —7 + m > ves, [T —

Zp]+ < —0b for some b < 56. Putting the above discussions together and denoting [ngt =
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> im1 2i=1 Dy a5, we obtain the following problem formulation.

min - f(z) =5 ey w, [T, — 25 + W, [z, — T.J% (3.98a)
st. oz, = > 3 RD%tyst, (3.98b)
a€EALEP,

—Ti 537 s [T — 2]+ < —bi, Vi € UD, (3.98¢)

Ti+ 58 Doves; [20 — il < bi, Vi € OD, (3.98d)

> acaMaxiep, yo < @, (3.98¢)

D ea 2er, YT S (3.98f)

y™ >0, (3.98¢2)

7; € [1,,7],Vi € UD & OD, (3.98h)

where OD and UD denote the set of overdose and underdose clinical criteria, respectively.
Clearly, the objective function f is convex and smooth. Constraints in (3.98c), (3.98d)
and (3.98e) are structured nonsmooth function constraints, while (3.98f)-(3.98¢g) define the
simplex constraint. The bounds 7 and 7 in constraints (3.98h) can be obtained from the
corresponding clinical criteria. For example, the criterion of “PTV68:V68> 95% implies
that value at risk > 68. By the definition of CVaR, the optimal 7 equals to the value at risk,
hence we set 7 = 68. In a similar way, we set 7 = 74.8 in view of the criterion of “PTV68:
V74.8< 10%”.

We can apply the CoexCG and CoexDurCG methods described in Subsections 3.2.2
and 3.3.2, respectively, to solve problem (3.98a)-(3.98h). Since the number of the potential
apertures (i.e., the dimension of ') increases exponentially w.r.t. m, we cannot compute
the full gradient of the objective and constraint functions w.r.t. y*'. Instead, we will per-
form gradient computation and linear optimization simultaneously. Let us focus on the Co-
exCG method for illustration. Denote the constraints (3.98¢)-(3.98¢) as h;, i € OD UUD,

and let the corresponding smooth approximation A, ,, be defined by (3.49) (using entropy
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distances for smoothing). For a given search point 7, := ({y{*,}, {7ix_1}) and dual
variable {r;;_1}, let us denote {_, = df(x;_1)/0z and 7l | = Oh, ,, (Xx_1)/0z. Clearly,
in view of (3.13), ygfl will be updated to a properly chosen extreme point of the simplex

constraint in (3.98f)-(3.98g). In order to determine this extreme point, we need to find the

aperture with the smallest coefficient in the linear objective of (3.13) given by:

at . __f 0z . hi 0z
w '_ﬂ-k—l 8ya»t + ZZ 7“7’>k717Tk}—1 6ya,t

=R Y (X, Doy (T iy + 3 riami )@y, @y € {0, 1}

This can be achieved by using the following constructive approach. For any row ¢ of the
rectangular grid in angle a, we find the column indices c¢; and co, respectively, for the
left and right leaves, that give the most negative value of > ;. >, D(i,j)v(ﬂf,kq +
> ri7k7rﬁf,€_1). Repeating this process row by row, we construct the aperture with the
smallest value of 1! in angle a. We construct one aperture similar to this for each angle,

and then choose the one with the most negative value of ¢** among all the angles.

3.4.2 Comparison of CoexCG and CoexDurCG on randomly generated instances

Due to the privacy issue, publicly available IMRT datasets for real patients are very lim-
ited. To test the performance of our proposed algorithms we first randomly generate some
problem instances as follows. Let V' = [—[,[]*> C R? be a cube with length [. Viewing V" as
the human body, we then arbitrarily choose two (or more) cuboids as healthy organs, and
randomly choose 2 cubes inside V" as the target tumor tissues. For a given accuracy ¢ > 0,
we discretize all these structures into small cubes with length § to define a voxel. Around
the cube V/, we generate a circle with radius 2/ on the plane {x = 0}, and define every
two degrees as one angle for radiation therapy. In each angle, we consider the aperture

as a square in [—/, []?, and also discretize it with small squares with length §, resulting in

2

a grid with size %

X % After that, we randomly generate N, beamlets with coordinate
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Table 3.1: Data Instances with ® = (0.2

Index # of voxels # of apertures b; & p;

Ins. 1 4096 46080 [30,40,200] & [0.05,0.05,0.05]
Ins. 2 4096 46080 [40,50,100] & [0.01,0.01,0.05]
Ins. 3 4096 46080 [50,60,80] & [0.01,0.01,0.01]
Ins. 4 262144 737280 [40,50,100] & [0.01,0.01,0.05]
Ins. 5 262144 737280 [50,60,80] & [0.01,0.01,0.01]

(2',y') € [—1,1)* for each angle a. As for the matrix D (recording the dose received by
voxel v from each beamlet), we first check if the voxel is radiated by the beamlet since
each beamlet is a line perpendicular to the aperture plane. If so, the dose received by the
voxel from this beamlet will be set to 2/d, where d is the distance between the voxel and
the aperture plane; otherwise, the dose is 0. By choosing different accuracy 9, we can cre-
ate instances with different sizes in terms of the number of voxels and potential apertures.
Table 3.1 shows five different test instances generated with [ = 8. We set 6 = 1 and 0.25
for the first three instances (Ins. 1, Ins. 2 and Ins. 3), and the last two instances (Ins. 4
and Ins. 5), respectively. Note that we consider 2 underdose and 1 overdose constraints
and their corresponding r.h.s. b and p are shown in the last column of Table 3.1. We set the
T, = T, = 56 for tumor tissue and 7' = T, = 0 for healthy organ in (3.98a). In addition,
we set & = (.2 for the group sparsity constraint in (3.98e).

We implement in Matlab the CoexCG and CoexDurCG algorithms for structured non-
smooth problems, and report the computational results in Table 3.2. Here we use zy :=
(yn,7n), f(xn) and ||h(xy)]||, respectively, to denote the output solution, the objective
value and constraint violations. The CPU times are in seconds on a Macbook Pro with 2.6
GHz 6-Core Intel Core i7 processor. As shown in Table 3.2, both CoexCG and CoexDurCG
exhibit comparable performance in terms of objective value, constraint violation and CPU
time for different iteration limit /N. However, unlike the CoexDurCG algorithm, we need

to rerun CoexCG for all the experiments whenever /N changes.
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Table 3.2: Results for different Instances

Index N CoexCG CoexDurCG
fan)  lh@y)]  CPUK)  flan)  llh(zy)|  CPUGs)

1 46.8723 1.7237e+03

Ins. 1 100 0.0683 0.4234 34 0.0616 0.3705 33
1000 0.0197 0.0319 323 0.0210 0.0219 327
1 46.8723 1.7237e+03

Ins. 2 100 0.0568 0.4424 33 0.0583 0.5002 34
1000 0.0224 0.0426 327 0.0232 0.0334 339
1 46.8723 1.7237e+03

Ins. 3 100 0.0625 13.7567 33 0.0604 7.3929 33
1000 0.0227 0.0514 332 0.0226 0.0193 332
1 47.7099 8.7850e+03

Ins. 4 100 0.4643 163.3043 1645 0.4643 163.3043 1645
1000 0.0398 12.1765 17254 0.0398 12.1765 17356
1 47.7099 8.7850e+03

Ins. 5 100 0.4866 253.9389 1644 0.4581 206.9143 1637
1000 0.0406 39.2051 17146 0.0417 38.6486 17607

3.4.3 Results for real dataset

In this subsection, we apply CoexDurCG to the real dataset for a patient with prostate
cancer (https://github.com/cerr/CERR/wiki), and evaluate the generated so-
lution from the clinical point of view. Dose volume histogram (DVH), a histogram relat-
ing radiation dose to tissue volume in radiation therapy planning, is commonly used as
a plan evaluation tool to compare doses received by different structures under different
plans [45, 46]. In this prostate dataset, there are totally 10 DVH criteria as follows, PTV56:
V56> 95%:; PTV68: V68> 95%, V74.8< 10%; Rectum: V30< 80%, V50< 50%,
V65< 25%; Bladder: V40< 70%, V65< 30%; Left femoral head: V50< 1%; Right
femoral head: V50< 1%. For this dataset, we have 3,047, 040 voxels, 180 angles and over
2 x 10% potential apertures in each angle.

Since a smaller number of angles results in shorter treatment duration, we study the
quality of the treatment plan generated when enforcing the group sparsity requirement with
different ® in (3.98¢). In order to balance the scale of the constraint violation, we normal-
ized all the constraints (3.98c¢)-(3.98e) by dividing both sides of the inequalities by the right

hand side b; or ®. The total number of apertures in a typical treatment plan for this dataset
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Table 3.3: Group Sparsity

P # of apertures # of angles Obj. Val. Con. Vio.
1 96 39 0.0902 0

0.1 96 39 0.0902 0
0.005 96 8 0.1027 0.098
0.0005 97 3 0.1357 0.0589

would not be greater than 100. Thus, we set the iteration limit to 100 since the CoexDurCG
algorithm generates at most one new aperture in each iteration.

Table 3.3 shows the number of apertures/angles, objective value and constraints vio-
lation for different solutions given different values of ®. Figure 3.1 plots the DVH per-
formance of the generated treatment plans by presenting how the percentage of voxels in
each organs changes over different iterations. If ® = 1, the constraint (3.98e) is redundant
and we obtain a solution with the smallest function value and zero constraints violation,
but with the largest number of angles as shown in Table 3.3. In addition, the plots in the
first column (i.e., parts (a), (d), (g), (j) and (m)) of Figure 3.1 show that the generated plan
satisfy all the DVH criteria. Comparing the first two rows in Table 3.3, we see that the
solutions remain the same when & > 0.1. By keeping decreasing ®, we can obtain solu-
tions with fewer angles. Plots in the second column of Figure 3.1 shows that most DVH
criteria are still satisfied even if the number of angles in the solution reduces from 39 to 8.
Moreover, the number of angles can be decreased to 3 if we are willing to sacrifice certain

DVH criteria as we can see from the plots in the third column of Figure 3.1.

3.5 Concluding Remarks

In this chapter, we propose new constraint-extrapolated conditional gradient (CoexCGQG)
methods for solving general convex optimization problems with function constraints. These
methods are simple and requires only linear optimization rather than projection over the
simple convex set X . We establish the O(1/¢?) iteration complexity of the CoexCG method

and show that the same complexity bound still holds even if the objective or constraint func-
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tions are nonsmooth with certain structures. We further present dual regularized algorithms
that does not require us to fix the number of iterations a priori and show that they can attain
similar complexity bounds to CoexCG. Effectiveness of these methods are demonstrated
for solving a class of challenging function constrained convex optimization problems aris-

ing from IMRT treatment planning.
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CHAPTER 4
DYNAMIC STOCHASTIC APPROXIMATION FOR MULTI-STAGE
STOCHASTIC OPTIMIZATION

4.1 Introduction

In this chapter, we attempt to shed some light on this problem by presenting a dynamic
stochastic approximation (DSA) method for multi-stage stochastic optimization. The ba-
sic idea of the DSA method is to apply an inexact primal-dual SA method for solving the
t-th stage optimization problem to compute an approximate stochastic subgradient for its
associated value functions v?. In the pursuit of this idea, we manage to resolve the follow-
ing difficulties. First, the first-order information for the value function v*! used to solve
the ¢-stage subproblem is not only stochastic, but also biased. We need to control the bias
associated with such first-order information. In addition, we need to develop a relationship
between the primal-dual gap and the error associated with approximate stochastic subgradi-
ents. Second, in order to establish the convergence of stochastic optimization subroutines
for solving the ¢-stage problem, we need to guarantee that the variance of approximate
stochastic subgradients and hence the dual multipliers associated with the (¢ + 1)-stage
problem are bounded, while no such results exist in the current SA literature. Third, we
need to make sure that the errors associated with approximate stochastic subgradients do
not accumulate quickly as the number of stages 7" increases. By properly addressing these
issues, we were able to show that the DSA method can achieve an optimal O(1/¢*) rate
of convergence in terms of the number of random samples when applied to a three-stage
stochastic optimization problem. We further show that this rate of convergence can be
improved to O(1/€%) when the objective function is strongly convex. To the best of our

knowledge, this is the first time that this improved O(1/¢?) complexity has been obtained
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for solving three-stage problems under the strong convexity setting. Even though the value
functions for these problems are still convex (rather than strongly convex), by exploiting the
structural information that the cost function h' at each stage is strongly convex, our algo-
rithm can compute the approximate stochastic subgradients more efficiently than the more
general situation where the cost function h' at each stage is convex. Moreover, we discuss
variants of the DSA method which exhibit optimal rate of convergence for solving more
general multi-stage stochastic optimization problems with 7" > 3. The developed DSA
algorithms only need to go through the scenario tree once in order to compute an e-solution
of the multi-stage stochastic optimization problem. As a result, the required memory for
DSA increases only linearly with respect to 7. To the best of our knowledge, this is the first
time that stochastic approximation type methods are generalized to and their complexities
are established for multi-stage stochastic optimization. It should be also mentioned that
although the main motivation and contribution of this chapter lie on the theoretical side of
stochastic optimization, the developed DSA algorithm provides an effective approach for
solving stochastic optimization problems with a large number of decision variables and a
relatively smaller number of stages such as for those arising from hierarchical operations
management and clinical trials.

This chapter is organized as follows. In Section 2, we introduce the basic scheme of
the DSA algorithm and establish its main convergence properties for solving three-stage
stochastic optimization problems. In Section 3, we show that the convergence rate of the
DSA algorithm can be significantly improved under the strongly convex assumption on
the objective function at each stage. and we then develop variants of the DSA method for
solving more general form of (1.9) with 7" > 3 in Section 4. Finally, some concluding

remarks are made in Section 4.6.
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4.1.1 Notation and terminology

For a closed convex set X, a function wy : X — R is called a distance generating function
with parameter oy, if wx is continuously differentiable and strongly convex with parameter

ay with respect to || - ||. Therefore, we have
(y — 2, Vwx (y) — Vwx(z)) > ax|ly — z||*,Vz,y € X.
The prox-function associated with wy is given by
Px(z,y) = wx(y) —wx(x) — (Vwx(x),y — z),Vx,y € X.

It can be easily seen that

Px(z,y) > 5|y — x|, Va,y € X. 4.1)
If X is bounded, we define the diameter of the set X as

O 1= may Px(,y). (4.2)

For a given closed convex cone K, we choose the distance generating function w, (y) =
ly||2/2. For simplicity, we often skip the subscript of || - ||» whenever we apply it to an
unbounded set (such as a cone).

For a given closed convex set X C R” and a closed convex function V' : X — R, g(z)

is called an e-subgradient of V at x € X if
V(y) 2 V(z) + (g(x),y —x) —€ Vy € X. (4.3)

The collection of all such e-subgradients of V' at « is called the e-subdeifferential of V' at
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x, denoted by 9.V (z).

Assume that V' is Lipschitz continuous in an e-neighborhood of X, i.e.,

V(y)—V ()| < Mylly—=z||, Ve,y € Xc :={peR" :p=r+z,z € X,||r|| < e}. 4.4

We can show that

llg(x)|l« < My+1 Vo e X. 4.5)

Indeed, if || - || = || - ||2, the result follows immediately by setting d = eg(z)/||g(z)||2
and y = = + d in (4.3). Otherwise, we need to choose d properly s.t. ||d|| = € and
(g(x),d) = €||g(z)||«. It should be noted, however, that if /' is Lipschitz continuous over

X (rather than X,), then one cannot guarantee the boundedness of an e-subgradient of V.

4.2 Three-stage problems with generally convex objectives

Our goal in this section is to introduce the basic scheme of the DSA algorithm and dis-
cuss its convergence properties. For the sake of simplicity, we will focus on three-stage
stochastic optimization problems with simple convex objective functions in this section.
Extensions to strongly convex cases and more general form of multi-stage stochastic opti-

mization problems will be studied in later sections.

4.2.1 Value functions and stochastic e-subgradients

Consider the following three-stage stochastic programming problem:

min h* (2!, c')+ Eje[min 7%(z?, %)+ Ejeizn [min 1% (2%, ¢%)]]
st Alzt — bt e Kt s.t.A%z? — b? — B?zt € K? s.t. A3x® — b — B32? € K3,
ot e X1, ? e X2, 3 e X3

(4.6)
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As a particular example, if h'(zf, ") = (¢!, 2'), K* = {0} and X" are polyhedronal, then
problem (4.6) reduces to a well-known three-stage stochastic linear programming problem.

We can write problem (4.6) in a more compact form by using value functions as dis-
cussed in Section 4.1. More specifically, let V3 (22, £3|€?) be the stochastic value function

at the third stage and v3(2?) be the corresponding expected value function conditionally on

5[2];

V322, &8l = min h3(23,c?)
s.t. A3x® — b3 — B32? € K3,
“4.7)
e X3,
F €)= BV, 69

We can then define the stochastic value function V?(z!, &%) and its corresponding (ex-

pected) value function as

V2(x', ¢R) = min {h2($2,02)+v3($2,5[2])}

s.t. A%2? — b? — Bz € K2,

(4.8)
r? e X2
Vatgh) = E[VE(eR)e'] = EV3(at, €2)).
Problem (4.6) can then be formulated equivalently as
min {A'(z!,c!) +0*(2", &)}
st. Azt — bt e KY, (4.9)

e XN

Throughout this chapter, we assume that the expected value functions v?(z!, £!) and v® (22, £),
respectively, are well-defined and finite-valued for a given £! and any ! € X!, and any
22 € X2, &2 € =2 almost surely. We observe that the assumption that the values func-

tions are well-defined holds under various regularity conditions (see Section 3.2 of [92]

for a more detailed discussion). It is also worth noting that in the above formulation, we
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assume that the value functions v depend on the immediately preceding decisions 2!,

rather than all earlier decisions z!, ..., 2'~! for the sake of convenience. In the latter case,
one can reformulate the problems in the form of (4.8) by introducing the so-called model
state variables (Section 3.1.2 of [92]).

In order to solve problem (4.9), we need to understand how to compute first-order

2 and v3. Since both v? and v? are given in the

information about the value functions v
form of (conditional) expectation, their exact first-order information is hard to compute.
We resort to the computation of a stochastic e-subgradient of these value functions defined

as follows.

Definition 11 G (u, ) is called a stochastic e-subgradient of the value function vt(u, £=1) =
E[V(u, &) |61 if G(u, €M) is an unbiased estimator of an e-subgradient of v*(u, 1)

with respect to u, i.e.,

E[G(u, &)|" ] = g(u, &) and g(u,£¥7Y) € Ot (u, 7). (4.10)

To compute a stochastic e-subgradient of v? (resp., v*), we have to compute an ap-
proximate subgradient of the corresponding stochastic value function V2(x', 1) (resp.,
V3(x2,£BD). To this end, we further assume that strong Lagrange duality holds for the
optimization problems defined in (4.8) (resp.,(4.7)) almost surely. In other words, these
problems can be formulated as saddle point problems:

V(2! €¥) = max min (0* + B2z — A%2 ) 4+ h2(2?, P) + % (2, €F),  (4.11)

y2€K2 x2€X?

V3(2?, &8 = max min (b® + B32% — A323, %) + h3(23, &P), (4.12)

y3eK3 x3eX3
where K2 and K2 are corresponding dual cones to K2 and K3, respectively. One set of
sufficient conditions to guarantee the equivalence between (4.8) (resp.,(4.7)) and (4.11)

(resp., (4.12)) is that (4.8) (resp.,(4.7)) is solvable and the slater condition holds [93].
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Observe that in order to solve (4.11) and (4.12), we need to solve a more generic saddle

point problem:

V(u,§) = V(u, (A,b,B,C)) := maxmin(b+ Bu — Az, y) + h(z,c) + 0(z), (4.13)

yeK* rzeX

where A : R" — m and B : R™ — m denote the linear mappings. For example, (4.12) is
a special case of (4.13) withu = 2%,y = 93, K, = K2,b=13, B = B3, A= A%, h = h?
and v = 0. It is worth noting that the first stage problem can also be viewed as a special

case of (4.13), since (4.9) is equivalent to

max min {(b' — A'z',y") + h' (', ") + (2t €M)} (4.14)

yeK! zleXx?

Let
(xs,y4) € Z =X X K,

be a pair of optimal solutions of the saddle point problem (4.11), i.e.,
V(u,&) = (Y, b+ Bu — Ax,) + h(xy, ¢) + 0(z.) = h(xy, ¢) + 0(z.), (4.15)

where the second identity follows from the complementary slackness of Lagrange duality.
Below we provide a different characterization of an e-subgradient of 1/ other than the one

in (4.3).

Lemma 25 Let z := (Z,y) € Z and u € R™ be given. If

Q(z; x,yx) == (Ys, b+ Bu — AZ) + h(z, c) + 0(x)
(4.16)
—(y,b+ Bu — Azx) — h(z,c) — 0(x) <€, Vo € X,

then BT is an e-subgradient of V (u, £) at w.

Proof. For simplicity, let us denote V (u) = V(u, ). For any u; € domV, we denote
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(x7,y;) as a pair of primal-dual solution of (4.13) (with v = u;). Hence,

V(ur) = (Y1, b+ Buy — Ax}) + h(z], ¢) 4+ 0(7). (4.17)

It follows from the definition of V' in (4.13) and (4.16) that

V(u) = (ys, b+ Bu — Az,) + h(z., ¢) + 0(zy)
< (Yu, b+ Bu — AZ) + h(Z,c) + 0(7) (4.18)

< (9,b+ Bu — Azy) + h(zy, ¢) + 0(27) + €

Observe that

<g7b+ Bu — A"L‘T> = <g’B(u - u1)> + <g7b+ Buy — AZL’T>

where the last inequality follows from the assumption that (z7,y}) is a pair of optimal
solution of (4.13) with u = u;. Combining these two observations and using (4.17), we
have

V(u) < (BT, u —uy) + V(up) + e,

which, in view of (4.3), implies that BT is an e-subgradient of V (u). ]

In view of Lemma 25, in order to compute a stochastic subgradient of v*(u, £f=1) =
E[V*(u, £M)|€F1] at a given point u, we can first generate a random realization ¢¢ condi-

tionally on &I~ and then try to find a pair of solutions (Z, ) satisfying

(s + Blu — A'Z) + h(z, ") + 0"+ (2,67)

—(7,b' + Blu — Alz) — h(z, ) — vtz ) < e, Vz € X,

where 4t = .(£M) denotes the optimal solution for the ¢-th stage problem associated
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with the random realization £[!. We will then use B”¢ as a stochastic e-subgradient of
v*(u, £871) at u. However, the difficulty associated with this approach exists in that the
function v'+1(z, £1) is also given in the form of expectation. We will explore this approach

and discuss how to address these issues in more details in the next subsection.

4.2.2 The DSA algorithm

Our goal in this subsection is to present the basic scheme of our dynamic stochastic ap-
proximation algorithm applied to problem (4.9).

Our algorithm relies on the following three key primal-dual steps, referred to as stochas-
tic primal-dual transformation (SPDT), applied to the generic saddle point problem in

(4.13) at every stage.

p 7d 7d :SPDT p7d7d776/7u’§7h/7X’K*79’T’ .
+5 G+ U

d=0(d—d)+d. (4.19)
py = argming (b + Bu — Az, d) + h(z, c) + (', z) + 7Px(p, z). (4.20)
d, = argmin . (—b— Bu+ Ap,,y) + Iy — d||*. (4.21)

In the above primal-dual tranformation, the input (p, d, d_) denotes the current primal
solution, dual solution, and the previous dual solution, respectively. Moreover, the input
v" denotes a stochastic e-subgradient for ¢ at the current search point p. The parameters
(u, &, h, X, K,) describes the problem in (4.13) and (6, 7, n7) are certain algorithmic param-
eters to be specified. Given these input parameters, the relation in (4.19) defines a dual
extrapolation (or prediction) step to estimate the dual variable d for the next iterate. Based
on this estimate, (4.20) performs a primal prox-mapping to compute p., and then (4.21)
updates in the dual space to compute d, by using the updated p, . We assume that the above
SPDT operator can be performed very fast or even has explicit expressions. The primal-

dual transformation is closely related to the alternating direction method of multipliers and
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was first formally presented by Chambolle and Pork in [94] for solving saddle point prob-
lems. Its inherent relationship with Nesterov’s acceleration has also been recently studied
by Lan and Zhou [95].

Observe that by the optimality conditions of (4.20) and (4.21) (see, e.g., Lemma 1 of

[78]), the solution (p,, d, d) obtained from SPDT satisfies

<—A(p+ - l‘), d> + h(era C) - h(:li', C) + <1~}/7p+ - l‘>
< 7[Px(p,z) — Px(ps,x) — Px(p,ps )],V € X, (4.22)

(=b— Bu+ Apy,dy —y) < 3lld = yl” = [ld — ylI* = [ldy — d|I’],Vy € K.. (4.23)

In order to solve problem (4.9), we will combine the above primal-dual transformation
applied to all the three stages, the scenario generation for the random variables £2 and &2 in
the second and third stage, and certain averaging steps in both the primal and dual spaces.

We are now ready to describe the basic scheme of the DSA algorithm.
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Algorithm 6 The basic DSA algorithm for three-stage problems

Input: initial points (z{, 22, 23).

51 = (A17 bl? Cl)'

fori=1,2,..., Ny do
Generate a random realization of £2 = (A?, B?,b?, ¢?).
forj=1,2,..., Ny do
ot 3_ (A3 B3 13 2
Generate a random realization of {7 = (A3, By, b, j) (conditional on &;).
fork=1,2,..., N3 do
([L’i, yl%7 gl?;) = SPDT(Iifla y}ip y]:3727 07 x?—l? 5]37 h3’ X37 Kfa 0]%7 T]ga T}]%)
end for
(73,97) = S wiad, v/ ok, wi.
(xjaijgjz'> = SPDT<$?717y]2717y]2727 (BS) yg? 7, 1 z7h2 X2 K2 027 ] 7773)-
end for
(@2.97) = 02, wi (a3, 97) ) 3002w
(xil7 yi17 gzl) = SPDT(xifla yiflv yi727 (BE)T@Q? 07 517 h‘17 Xl Ki? 9117 Ti» i )

end for

Output: (Zfl,gl) - = ( 17yz )/ Zz lw

This algorithm consists of three loops. The innermost (third) loop runs N3 steps of
SPDT in order to compute an approximate stochastic subgradient ((B3)T 3) of the value
function v* of the third stage. The second loop consists of N, SPDTs applied to the saddle
point formulation of the second-stage problem, which requires the output from the third
loop. The outer loop applies N; SPDTs to the saddle point formulation of the first-stage
optimization problem in (4.9), using the approximate stochastic subgradients ( (B2)7?) for
v? computed by the second loop. In this algorithm, we need to generate N; and N; x N,
realizations for the random vectors £2 and &2, respectively. Observe that the DSA algorithm
described above is conceptual only since we have not specified any algorithmic parameters

yet. We will come back to this issue after establishing some general convergence properties
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about this method in the next two subsections.

4.2.3 Basic tools: inexact primal-dual stochastic approximation

In this subsection, we provide some basic tools for the convergence analysis of the DSA
method. In particular, we will develop an inexact primal-dual stochastic approximation
(I-PDSA) method (see Algorithm 2), which consists of iterative applications of the SPDTs
defined in (4.19), (4.20) and (4.21) to solve the generic stochastic saddle point problem in
(4.13).

The I-PDSA method evolves from the primal-dual method in [94], an efficient and sim-
ple method for solving saddle point problems. While the primal-dual method in [94] can be
viewed as a refined version of the primal-dual hybrid gradient method by Arrow et al. [96],
its design and analysis is more closely related to a few recent important works which estab-
lished the O(1/k) rate of convergence for solving bilinear saddle point problems (e.g., [89,
90, 97, 98]). In particular, it is equivalent to a linearized version of the alternative di-
rection method of multipliers. The first stochastic version of the primal-dual method was
studied by Chen, Lan and Ouyang [77] together with an acceleration scheme and an ex-
tension to non-Euclidean projection. Using a special non-Euclidean geometry, Lan and
Zhou [95] further established an inherent relationship between the primal-dual method and
Nesterov’s accelerated gradient method. However, to the best of our knowledge, none of
existing stochastic primal-dual methods can deal with biased stochastic subgradient infor-
mation for the value function v. Moreover, in order to generate an approximate stochastic
subgradient of V (-, ¢) with bounded variance, we will show how to guarantee the bound-
edness of output dual solution, while none of existing stochastic optimization methods,
including stochastic primal-dual methods, can guarantee the boundedness of the generated

solutions.
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Algorithm 7 Inexact primal-dual stochastic approximation
£ =(A,B,b,c).
fork=1,2,---,Ndo
Let GGi_1 be a stochastic, independent of x;_,, e-subgradient of v, i.e.,

g([L‘k_l) = ]E[Gk_l] S 8g7j(l‘k_1>. (424)

(xka Yk, gk) = SPDT(xk—b Yk—1, Yk—2, Gk—la u, 57 h» Xv K*7 eka Tk, T/k)
end for

Output: zZy = (Ty,yn) = Z;ivzl wi(xk, yk)/ va\;l W.

Throughout this subsection, we assume that there exists M > 0 such that

E[||Gell2] < M? VE > 1. (4.25)

This assumption, in view of (4.24) and Jensen’s inequality, then implies that ||g(xy)||. <
M. For notational convenience, we assume that the Lipschitz constant of the function v
is also bounded by M. Indeed, by definition, any exact subgradient can be viewed as an
e-subgradient. Hence, the size of subgradient (and the Lipschtiz constant of v) can also
be bounded by M. Since the condition in (4.4) about the Lipschitz continuity of the value
function v over a neighborhood of X is hard to verify in practice, we will discuss different

ways to ensure that the assumption in (4.25) holds later in this section (see Corollary 31).

Below we discuss some convergence properties for Algorithm 2. More specifically, we
will first establish in Proposition 26 the relation between (xy_1,yx_1) and (xy,yx) after
running one step of SPDT, and then discuss in Theorems 27 and 29 the convergence prop-
erties of Algorithm 2 applied to problem (4.13). A few consequences of these results will
be discussed in Corollary 30 and Corollary 31. Moreover, we will establish some technical
results regarding our termination criterion and the size of the dual multipliers in Lemma 32

and Lemma 33, respectively.

Proposition 26 Let () be defined in (4.16). Forany 1 < k < N and (x,y) € X x K,, we
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have

Q(Zk, Z) + <A(35k - 35)7 Yk — yk—l) - 9k<A(96k—1 - $)7 Yk—1 — ykz—?)
< Ti[Px (Tr-1,7) — Px(2p, 7)) + 2(|ly — Y1 I” = lly — well®) — ATk ||, — Ty_1)?
- %Hykq — ka2 + (A1, oy — ) + (M + |Gz ||o) |oe — zp—1]| + €

+ 0 (A(xk — Tk—1), Y1 — Yi—2),
(4.26)

where

Proof. Denote £ = (A, B, b, c). By the Lipschitz continuity of ¢ and the definition of

an e-subgradient, we have

O(@g) < 0(wp-1) + Mz — 2|

IN

0(z) 4+ (g(zp—1), Th—1 — @) + M||zp — T4 + €

Moreover, by (4.27), we have

(9(zp—1), 2p—1 — ) = (Gr_1, Tpo1 — ) + (Dp_1, Tp1 — T)
= (Gr-1, 2 — ) + (Gr_1,Tp—1 — ) + (D1, Tp—1 — )

<A(Gr-1, 1 — ) + |Grallellzn — 2pal] + (Apo1, 21 — @),

Combining the above two inequalities, we obtain

fJ(ZEk) — f)(ﬂf) S <Gk—1>$k — 33) + <Ak_1, Tr—1 — ZB> + (M + HGk—1||*)||37k — Ik_;[H + €.
(4.28)
Moreover, by (4.22) and (4.23) (with input p = z4_1,d = yp_1,d_. = Yp_2,0 = Gp_1,u =

u,h=h, X =X, K, = K,,0 = 0x, 7 = 15,7 = 1, output (py,dy,d) = (Tg, Yg, U ), We
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have

(—A(xr — o), 9) + Mwg, ) — h(w,¢) + (Grr, 21 — 1)
S Tk[PX(xk—lax) - Px(ﬂfk,x) - PX(l'k_l,l'k)],vx S Xa
(4.29)
(b~ But Avi, i — ) < Ellcs — 0l — s~ I — s — wel) ¥y € K.

(4.30)

Using the definition of () in (4.16) and the relations (4.28), (4.29) and (4.30), we have

Q(zk, 2) + (Awy — @), yb — i) < Te[Px(xr-1,7) — Px (i, )] + Z{llys—1 — yl* = llyw — ylI*]

— 7 Px (et 2) — Zllyk—1 — vel|* + (Apc1 zpo1 — 2) + (M + |Gl |lae — zei || + &

Also note that by the definition of gy, (i.e., din (4.19)), we have g, = Op(yYx—1—Yr—2) +Yr_1

and hence

(A(zp — o), y0 — J) = (Alzr — ), Uk — Y1) — Ou{A(Tr — ), Yr—1 — Yr—2)
= (A(l'k - »’17)7 Yk — yk71> - 91{(14(3%71 - 513'), Yk—1 — yk72>
- 9k<A(SUk - xkq), Yr—1 — Z/k72>~

Our result then immediately follows from the above two relations and the strong convexity

of Px (see (4.1)). [ ]

We are now ready to establish some important convergence properties for the iterative

applications of SPDTs stated in Algorithm 2.
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Theorem 27 [f the parameters {0y}, {wy}, {m} and {ny.} in Algorithm 2 satisfy

wpby = wi_1,1 <k <N, (a)

WETE > Wei1Tha1, 1 <k < N —1, (b)

WENk = Wea1Mry1, 1 < k< N —1, () 4.31)
Wi Tke—10x > 2wp_1|| A2, 1 < k< N -1, (d)

nvax > 2| Al (e)

then we have

Q(zn,2) < =— <w171PX(5507$) + |y — y||* — L5 yy — y[* + X, Ak)
2 k1 Wk
(4.32)
forany z € Z, where
Ak = Wg [(M + ||Gk—1||*)2/(aXTk) + <Ak,$k—1 - J}> + E} . (433)

Proof. Multiplying both sides of (4.26) by wy, for each £ > 1, summing them up over
1 < k < N and using the relations in (4.31).a), (4.31).b) and (4.31).c), we have

Zi\;l ka<Zk7 Z)

<wim Px (20, ) + w12m o — ?JH2 - %H?JN - ?JH2 + 25:1 wy€

— wnTNPx(2n, 2) — wy(A(ey — x), yny — Yn—1) — 2 lyy — yn_1|]°
— D [ ST ||y, — g || 4 L gy — |
Fwp 1 {ATE — Tpo1), Yrot — Yroa)] — Soney SXUTE (|2 — 2y ||

+ 2 we(M A | Groall) g — wn |+ 2000 wilAp, zimn — ). (434)
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Now, by the Cauchy-Schwarz inequality and the strong convexity of Px and (4.31).e),

— v Px(zy,2) — (Alzy — 2), ynv — yv—1) — Zlyn — ynv—1|?

< — o5l — ol + | Allln = @llln — yv-all = By — [P <0

Similarly, by the Cauchy-Schwarz inequality and (4.31).d), we have

- Ziv:l[wf—m”xk - ka—lHQ + %Hyk—l - yk—QHZ

+ wk_1<A(«Tk — :Ek_1),yk—1 - yk—2>] <0.

Moreover, using the fact that —at?/2 + b < b*/(2a), we can easily see that

N axT N M+||Gr_1])?
— N [88T g — a2+ (M |Gra]l) |k — 2] < Sp, GGk,

TrOX

Using the above three inequalities in (4.34), we have

S weQ (2, 2) < wii Py (20, 7) + A1 lyo — yl|* — S |y — y]|?

+ 00w (AHEAE (A @y — ) ).

QX Tk

Dividing both sides of above inequality by Zszl wy, and using the convexity of () and the

definition of Z, we obtain (4.32). [ ]

We also need the following technical result for the analysis of Algorithm 2.

Lemma 28 Let z( = z( and

xy = argmin, . v {(Ag_1,2) + T Px(2;_;,2)} (4.35)
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forany k > 1. Then for any x € X,

w _ 2
25:1 Wi(Ag-1, 77 —x) < 2521 wiTk[Px (T-1,7) — Px (5, )] + Zivzl el el

200 x Ty

(4.36)

Proof. 1t follows from the definition of z7, in (4.35) and Lemma 2.1 of [64] that

2
TP (2, 2) < TPy (x)_1, ) — (Ap-1, 234 — 2) + H?S;E*;

for all £ > 1. Multiplying wy on both sides of the above inequality and summing them up

from k = 1 to N, we obtain (4.36). [ ]

Theorem 29 below provides certain bounds for the following two gap functions:

gap,(2) = gap,(z, X) = max {Q(z;z,y.) : x € X}, (4.37)

gaps(Z) = gaps(Z, X, K,) == max {Q(Z,z,y) + (0,y) : (v,y) € X x K,}. (4.38)

The gap function in (4.37) will be used to measure the error associated with an approxi-
mate subgradient, while the perturbed gap function in (4.38) will be used to measure both
functional optimality gap and infeasibility of the conic constraint. In particular, we will
apply the first gap function to the second and third stage, and the latter one to the first stage

when analyzing the DSA algorithm.

Theorem 29 Suppose the parameters {0y}, {wy}, {7} and {ny} in Algorithm 2 satisfy
(4.31).

a) Forany N > 1, we have

Elgap, (2v)] < (Cn, wi) ™! [ 2011 Q% + 00 1y, — o[> + Sp, Sl 1 g

X Tk

(4.39)
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b) If, in addition, win, = ... = wynN, then

Elgap,(zv)] < (X, wi) ! [meQ%( + g2+ e M} + €, (4.40)

X Tk

Y

E[IIéil]sE%—m[2||y*—yo||+2 0y o2 S (22 1)

k=1 Wk T
4.41)
N N k
Ellly. — gzl < llge —voll> + O _Jwe) ' Y 2 [2wmf2§( +Y wi(BE 49|
k=1 k=1 =1
4.42)

where § == (Zszl wi) " wim (Yo — yn))-

Proof. We first prove part (a). Letting y = y, in (4.32) and using the definition of {2x

in (4.2), we have

<m%mw0§6ﬁ;ww*Pﬁﬁ§+%FMrﬂﬂ”*%mMerP+ZiM4'
(4.43)

Maximizing w.r.t. x € X and then taking expectation on both sides of (4.44), we have

Elgap, (2v)] < (X, wi) ™! [w1719_2x + Uy, — o2 FE L Ak (4.44)

Now it follows from (4.33) and (4.36) that

2
S Ae =00 wi (w + e+ (Ap1, T — 2] q) + (D1, 2] — 55))

TrOX

N 2M24+2||G—1 ]2 | -~
< D k1 W (M + €+ (Bp1, Tp1 — 90%71))

Tk X

w||Ag 112
200x Ty

+wn Q%+ 0,

Note that the random noises Ay, are independent of z;,_; and E[A;] = 0, hence E[(Ay, xx_1—

z})] = 0. Moreover, using the relations that E[||Gy_1]|?] < M?, ||g(zx_1)|| < M and the
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triangle inequality, we have

El|Ar-1[lF] = E[IGr-1 — g(zx-1) 3] < E[(IGr-1lls + llg(zr-)[1.)*] < 4M*. (4.45)

Therefore,

B A < o+ 2w (2 +6). (a0

AX Tk

The result (4.39) then follows by using the above relation in (4.44).
We now show part (b) holds. Adding (d, y) to both sides of (4.32) and using the fact

that win; = wyny, we have

Q(zZn, 2) + (0, y) < (Caey wi) " un i Py (w0, 2) + wini (3 lyo — vl — Llyw — yl?
+ (Yo — yn, ) + chvzl Ay

< (Z]kvzl wy) " Hwy T Py (o, ) + “52 [|yol]* + ZkN:1 Ag].

Maximizing both sides of the above inequality w.r.t. (z,y) € X x K,, taking expectation

and using (4.38), we obtain

Elgaps (23)] < (Zl wi) ™ [wim O + 52 lyoll? + BIS, Al

The result in (4.40) then follows from the above inequality and (4.46). Now fixing z = x,

in (4.43) and using the fact Q(Zy; =, y«) > 0, we have
UMy, — yn|* < wrmQk + Sy — ol + Sy Ak

Taking expectation on both sides of the above inequality and using (4.46), we conclude

QX Tk

By, — yw?) < 200m e + 22y — ol + T v (S +€), @4
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which implies that

T 5 B
Bl — unl]) < 20/E0 + e —voll + /52 T e (22 +),

QX Tk

Using the above inequality and the fact that ||J]| < (ZkN:1 wy) " Hwim (|yo — yel| + Jys —
yn||), we obtain (4.41). Observe that (4.47) holds for any y;, k = 1, ..., N, and hence that

Sy, — yel?) < 200m D+ By, — woll? + Sy i (2L +€).

aXT;

Using the above inequality, the convexity of ||-||? and the fact that g = fozl (wryk)/ chvzl Wk,

we conclude that

_ N — N [4w1m10Q2 w k 2
Ellly. — gnl") < (Chmy wi) ™ Xhs [% + Tl,:tu* — ol + 77% D im1 wi(% + 6)]

N — N 4wy 103 k 2 _
= llg= = yoll? + (S w) 7 o, [0 250w (S 4+ )

where the second identity follows from the fact that wyn, = wyn;. [ |

Below we provide two different parameter settings for {wy}, {7} and {n;} satisfying
(4.31). While the first one in Corollary 30 leads to slightly better rate of convergence, the
second one in Corollary 31 can guarantee the boundedness of the dual solution in expecta-
tion. We will discuss how to use these results when analyzing the convergence of the DSA

algorithm.

Corollary 30 If

MV3N  V2|A| — =
QX\/@,M}WMW—U—M

wr =w = 1,7, = 7 = max{
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then

_ V2| A||(292 + ||y« —yo]|2 _
E[gap*(ZN)] < Il AIIC X ]‘l;/ yoll*) 4\\//§MQX 3 (449)
E _ V2||A 292;_.—&- 2 MQx _ 1.50
[ga‘pé(zl\/ )] <— ” ||1(/aXNHy0” ) 4f«/i¢xN € ( . )
23/ 2ax || A|llly«—yo||+42x || A 2M (V6| Al|++/3a / 3||All€
E[||5||] < x [ Alllly ]\7’0” x| All (el ||N x) NH Il , (451)

e} 2 €
Elly. — gn 2] < g — oll® + 40% + 2/0TRx o SaxBa M 4 (WE - (452

Proof. We can easily check that the parameter setting in (4.48) satisfies (4.31). It

follows from (4.39) and (4.48) that

_ _ Al|(292 «—yo||? _
Efgap. (2n)] < & 2705 + Hlly. — oll* + 222 | 4 & < VAAET el | /ey 4 g

Moreover, we have wyn; = wyny. Hence, by (4.40) and (4.48),

2 2
E[gapg(izv)] S % [QTQ§(+3”ZJOH2+6§£{1 +E§ ﬁ”m\%;”yo“ ) +4\\//§;1Zf]\2[X + €.

Also by (4.41) and (4.48),

Efljol] < % l2lly* —voll + 2\/59)( +/ 2 (% + E)

2v2| Alllly- ol +mTX<2||A|| +¢6WHAHM) L 2VM | VI [V2IA]
ax

IA

N, /ax Qxax Vax N VN Jax

which implies (4.51). Finally, by (4.41) and (4.48),

_ N 47 N k 2
Elly. — 5wl < llge — vl + & [0 2205 + DL 2 58, (28 +¢)]

« 2 e
< M —goll? + 4605 + 2R 4 SeEas 4 B
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In view of (4.52), ift M > 0 or N is not properly chosen, we cannot guarantee that
E[|lys — 7n||?] is bounded. In the following corollary, we will modify the selection of 7 and

n in (4.48) in order to guarantee the boundedness of E[||y. — 7 ||?] even when M > 0.

Corollary 31 If

wg=w=1,7, = T:max{%,%}andm =n= %”,Vl <k <N,
(4.53)
then
Elgap, (zv)] < 2040 | 1Al —olPeiviiax | g (4.54)
Elgaps(zy)] < 2@;‘}!% + LAl HSMEx | g (4.55)
E[|6]] < 2\/5\\AIIHy*—\z/zi\)\j;\/MllAHQx n z@?w . 49@;&\\2 n \/ﬂ (4.56)
Elly. — g l12) < lly. — goll? + 5 + LEEaMx | Yo (457)

Proof. The proofs of (4.54)-(4.57) are similar to Corollary 30 and hence the details are

skipped. ]

Note that by using the parameter setting (4.53), we still obtain the optimal rate of con-
vergence in terms of the dependence on N, with a slightly worse dependence on ||A|| and
||y«|| than the one obtained by using the parameter setting in (4.48). However, using the
setting (4.53), we can bound E[||7x — v.||?] as long as N = O(1/€?), while this statement

does not necessarily hold for the parameter setting in (4.48).

We now state one technical result regarding the functional optimality gap and primal

infeasibility, which generalizes Proposition 2.1 of [99] to conic programming.
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Lemma 32 [f there exist random vectors 6 € R™ and zZ = (Z,y) € Z such that

E[gap;(2)] < €, (4.58)

then
Elh(z,c) + 0(zZ) — (h(z", ) + 0(z7))] < €0,

AT — Bu—b—6 € K as.,

where x* is an optimal solution of problem (4.13).

Proof. Letting x = 2™ and y = 0 in the definition of (4.38), we can easily see that

h(z,c)+0(z) — (h(z",c) + v(z")) < gapy(Z2).

Moreover, in view of (4.16) and (4.38), we must have A7 — Bu—b— 0 € K almost surely.

Otherwise, E[gap;(Z)] would be unbounded as y runs throughout K™* in the definition of
gaps(2). -

In the next result, we will provide a bound on the optimal dual variable y.. By doing
so, we show that the complexity of Algorithm 2 only depends on the parameters for the

primal problem along with the smallest nonzero eigenvalue of A and the initial point yj,

even though the algorithm is a primal-dual type method.

Lemma 33 Ler (%, y*) be an optimal solution to problem (4.13). If the subgradients of

the objective function vy (z) = h(z,c) + 0(-) are bounded, i.e., |v)(x)||2 < M), for any

x € X, then there exists y* s.t.
[ (E—y (4.59)

wn(A) !

where 0 i, (A) denotes the smallest nonzero singular value of A.

Proof. We consider two cases. Case 1: ATy* = 0, i.e., y, belongs to the null space of

A. Since for any A > 0, A\y* is still an optimal dual solution to problem (4.13), we have
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(4.59) holds.

Case 2: ATy* # 0. By the definition of the saddle point, we have

(b+ Bu — Az",y*) + h(z",c) + 0(z") < (b+ Bu— Az, y") + h(z,c) + 9(z), Vz € X,

which implies

h(z*,c) +0(z*) + (ATy* 2 — %) < h(z,c) + (), Vo € X, (4.60)

Hence ATy* is a subgradient of vy, at the point z*. Without loss of generality, we assume
that y* belongs to the column space of AT (i.e., y* is perpendicular to the eigenspace
associated with eigenvalue 0). Otherwise we can show that the projection of y* onto the
column space of AT will also satisfy (4.60). Using this observation, we have

ATy 5 = ()" AATy" = (y")TUTAUY" 2 0min(AAT) Uy |* = 07,50 (A",
where U is an orthonormal matrix whose rows consist of the eigenvectors of AAT and A

is the diagonal matrix whose elements are the corresponding eigenvalues. Our result then

follows from the above inequality and the assumption that || ATy* ||, < M;,. [

4.2.4 Convergence analysis for DSA

Our goal in this subsection is to establish the complexity of the DSA algorithm for solving
problem 4.9.

The basic idea is to apply the results we obtained in the previous section regarding the
I-PDSA algorithm to the three loops stated in the DSA algorithm. More specifically, we
will show how to generate stochastic e-subgradients for the value functions v? and v in the
middle and innermost loops, respectively, and how to compute a nearly optimal solution

for problem 4.9 in the outer loop of the DSA algorithm .
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In order to apply these results to the saddle-point reformulation for the second and
first stage problems (see (4.11) and (4.14)), we need to make sure that the condition in
(4.25) holds for the value functions, v* and v? respectively, associated with the optimization
problems in their subsequent stages. For this purpose, we assume that the less aggressive
algorithmic parameter setting in (4.53) is applied to solve the second stage saddle point
problems in (4.11), while a more aggressive parameter setting in (4.48) is used to solve the
first stage and last stage saddle point problems in (4.14) and (4.12), respectively. Moreover,

we need the boundedness of the operators B2 and B3:

|B?| < By and ||B?|| < Bs (4.61)

in order to guarantee that the generated stochastic subgradients for the value functions v?
and v have bounded variance.

For notational convenience, we use 2; = Qy: and o; = ayi, i = 1,2, 3, to denote
the diameter and strongly convex modulus associated with the distance generating function
for the feasible set X" (see (4.2)). Lemma 34 shows some convergence properties for the

innermost loop of the DSA algorithm.

Lemma 34 If the parameters {w;}, {72} and {n}} are set to (4.48) (with M = 0 and
A= A3)and

3v2)| A3 [2(23)° + Iy, —vd %]
Jase ’

N3 = N3 ; = (4.62)

then B3y} is a stochastic (¢/3)-subgradient of the value function v* at x3_,. Moreover,
given random variable P, there exists a constant Ms such that |v3 (z 1, £#)—v® (29, £2)|| <

M|z — xo]], Vo, 29 € X? and

E[|Bg3)121€P] < M3, (4.63)
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In addition, there exists a vector § € R™’ .1,

E[1? (7%, %) — V3(2%, P [EP] < ¢/3,
A3z — B3 -1 — 5 € K3 as., (4.64)
E[[|[1€%] < €/3.

Proof. The innermost loop of the DSA algorithm is equivalent to the application of
Algorithm 2 to the last stage saddle point problem in (4.12). Note that for this problem, we
do not have any subsequent stages and hence v = 0. In other words, the subgradients of v
are exact. In view of Corollary 30 (with M = 0 and € = 0), the definition of N3 in (4.62)
and conditional on £, we have

_ V2|l A2(|[2(Q23)2+]ly2 g2
E[gap, (25)[¢?] < Ao e

IN
i

This observation, in view of Lemma 25, then implies that B35 is a stochastic (¢/3)-
subgradient of v* at #7_,. By the Lipschitz continuity of v*, the Lipschitz constant Ms
should satisfy

My > E[||Biy2 |16, vy2,; € Y2, (4.65)

where Y;? denotes the set of optimal dual solutions of problem (4.12). Moreover, it follows

from (4.52) (with M = 0 and € = 0) that

Ellly; — 7 1%16%] < Elllyd; — w3ll?16%] + 4(2s)%,
E[711716P] < 2B[lly ;1 + llv2; — wo11716™] + 893,

This inequality, in view of (4.61), implies that
E[| B} g2|I21€™] < BSE[(2lly2 1| + 2l ; — o I® + 893) [P, (4.66)
Hence, combining (4.63), (4.65) and (4.66), we can see that the latter part of our result
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holds with

My = max {IyTé%E[HB?yHK[Q]L BayJEl(@12, 1 + 20102, — 112 + 89%»5[21]} '

The results in (4.64) directly follow from Lemma 32. In view of Corollary 30 (with M = 0

and € = 0) and the definition of N5 in (4.62), we conclude that there exist 0 € R™ s.t.

E£2[H5|H < 2203 A% llyE—y5ll+4Qs 1 A% - ¢/3

azNs

which together with Lemma 32 then imply our result. ]

Lemma 35 describes some convergence properties for the middle loop of the DSA

algorithm.

Lemma 35 Assume that the parameters for the innermost loop are set according to Lemma 34.
If the parameters {w3}, {77} and {n?} for the middle loop are set to (4.53) (with M = Ms
and A = A?) and

2 2 2 2|2 2
Ny = Ny e (%ﬂ)s N [6(||Ai||||y*,i %:mzwgnz) | 4.67)

then B2y? is a stochastic (2¢/3)-subgradient of the value function v* at x}_,. Moreover,

there exists a constant My such that ||v*(x1) — v?(x9)|| < My||xy — 23||, Vay, 10 € X? and

E[|| B g7 ||21€M) < M3, (4.68)

In addition, there exists a vector § € R™ §.1.

E[h*(z%, ) + v*(2°]€%) — V(3! €P1)] < 2¢/3,
A272 — B2 — 12— 5 e K2 as.,

E[llo[lg®] < 2¢/3.
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Proof. The middle loop of the DSA algorithm is equivalent to the application of Algo-
rithm 2 to the second stage saddle point problem in (4.11). Note that for this problem, we
have © = v3. Moreover, by Lemma 34, the stochastic subgradients of v* are computed by
the innermost loop with tolerance € = €¢/3. In view of Corollary 31 (with M = M3 and
€ = ¢/3) and the definition of NV, in (4.67), we have

(1] 2v/2|| A2 1AZ11ly2 ;—v3 12 +4v3 M50
E{gap*( )‘f ]_ Nav/aaNa Vaz Ny

— 2e
+€§§

This observation, in view of Lemma 25, then implies that B?y? is a stochastic (2¢/3)-
subgradient v at x} ;. By the Lipschitz continuity of v?, the Lipschitz constant M, should
satisfy

M, > E[||Bry2, 1M, Vo2, € Y2, (4.69)

where Y;? denotes the set of optimal dual solutions of problem (4.11). Moreover, it follows

from (4.57) (with M = M; and € = ¢/3) that

_ 202 V6(1 M3Q
Eflly2; — g21PIEM) < Ellly2, — 31 + R2 + e + e,
_ 2v/6(14+as) M3 o €
E[|2/°[¢1] < E[2lly2[12 + 2lly2; — yil? + 52 + 2LoLrepiafle . voae el

This inequality, in view of (4.61), implies that

_ 402 2V6(1+a2) M3 « €
E{| 252 21€1) < B3R 2019212 + 2y, — 1> + o + 2L00onis . Yoearlee ]
4.70)
where [V, is defined in (4.67). Hence, combining these observations, we can see that the

latter part of our results holds with M5 satisfying both (4.69) and

My > By B[22 7 + 2052, — 1P + 42 4 2060seanty | vameic] |2

In view of Corollary 30 (with M = Mj and € = ¢/3) and the definition of N, in (4.67), we
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conclude that there exist § € R™' s.t.

2v202||A%||lly2 —vdll+42[ A%l | 2Ma(V6[|lA%[|I++/3az) 2]|A%]|e
EEZ[”(;H] S a2N20 + OQm + ]\[2\/0[—2 S 26/37

which together with Lemma 32 then imply our result. ]

We are now ready to establish the main convergence properties of the DSA algorithm

applied to a three-stage stochastic optimization problem.

Theorem 36 Suppose that the parameters for the innermost and middle loop in the DSA
algorithm are set according to Lemma 34 and Lemma 35, respectively. If the parameters

w; b, 17} and {n; } for the outer loop are set to (4. wit = My an = an
d h l (4.48) (with M = M, and A = A') and

Jaqe Jaqe

N, i max {6ﬂ||A1||[2<m>2+||y5||21 N (24\/§M291>27
) 4.71)
6] A || (v2ai ||yt —yd | +29143/@1) n <6\/§M2(\/§||A1||+\/E)) }

ae€e al€
then we will find a solution T+ € X' and a vector § € R™ s.1.

E[h(z!,c) +v*(@", &) — (h(z*, c) +v*(2*,£1))] < e,
Azt —b -5 € K as.,
Efl[oll] < e,

where x* denotes the optimal solution of problem 4.9.

Proof. The outer loop of the DSA algorithm is equivalent to the application of Algo-
rithm 2 to the first stage saddle point problem in (4.14). Note that for this problem, we
have © = v?. Moreover, by Lemma 35, the stochastic subgradients of v* are computed

by the middle loop with tolerance € = 2¢/3. In view of Corollary 30 (with M = M, and
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€ = 2¢/3) and the definition of N, in (4.71), we conclude that there exist § € R™ s.t.

1 2 12
Eez[gaps(Zy)] < valA ”jﬁ%{”y(’” )y —4%21 + X<

2v2a1||AM[lyt —ypl+H4u |AM] | 2Ma (V6| AM]|++v/3a1) 2|l At
Eer[[]]) < 22t MR Y TS

which together with Lemma 32 then imply our result. |

We now add a few remarks about the convergence of the DSA algorithm. Firstly, in view
of (4.67) and (4.62), N, and N3 are random variables since they depend on the random
variables £[? and £l respectively. The selection of N, and N5 allows us to remove the
boundedness assumptions for a few random variables such as A? and Ag-’. Secondly, if the
random variables appearing in the definition of Ns, i.e., Af and y, ;, are bounded, we can
see from Lemma 35 and Theorem 36 that the number of random samples 2 and &3 are
given by

N; = O(1/€*) and N; x Ny = O(1/€*), (4.72)

respectively. It is also possible to obtain an upper bound for NV, and N; X N in expectation
with respect to £ without assuming the boundedness of A? and v, ;. Thirdly, it appears
that the convergence of the DSA algorithm relies on y;, y2,, and y? ;. However, the size
of these dual variable can be estimated by using Lemma 33. and possibly some tools from
random matrix theory [100] to estimate the smallest singular values in case these quantities
are not easily computable.

It should be noted that our analysis of DSA focuses on the optimality of the first-stage
decisions, and the decisions we generated for the later stages are mainly used for computing
the approximate stochastic subgradients for the values functions at each stage. Except for
the first stage decision z', the performance guarantees (e.g., feasibility and optimality) that
we can provide for later stages (see Lemma 34 and 35) are dependent on the sequences of
random variables (or scenarios) we generated. We do not generate history-dependent policy

or suggest a prefixed sequence of decisions for general multi-stage stochastic optimization
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problems. However, in some cases such prefixed sequence can still be extracted from the
output of the algorithm. In particular, if one can separate the state and control variables,
then we can use the obtained solutions for the initial state variable and the ones for the
control variables in later stages as a prefixed control policy (see Section 4.5 for an example
in portfolio optimization). In general, one possible way to guarantee the feasibility and
optimality of the decisions in the later stages would be to re-run the DSA algorithm in each
stage. More specifically, at the beginning of each stage, we already know the realization
of the random variable at this stage and the decisions from the previous stage, we can run
the DSA algorithm now for a smaller multi-stage stochastic optimization problem, i.e.,
the number of stages will decrease by 1 every time we run the algorithm. One can see
that the computational cost for these subsequent runs of the DSA algorithm will decrease
exponentially with respect to the remaining number of stages. Therefore, the total amount
of computational cost over all these subsequent runs will be in the same order of magnitude

as that for the first run of the DSA method.

4.3 Three-stage problems with strongly convex objectives

In this section, we show that the complexity of the DSA algorithm can be significantly
improved if the objective functions hi, i = 1,2, 3, are strongly convex. We will first refine
the convergence properties of Algorithm 2 under the strong convexity assumption about

h(z, c) and then use these results to improve the complexity results of the DSA algorithm.

4.3.1 Basic tools: inexact primal-dual stochastic approximation under strong convexity

Our goal in this subsection is to study the convergence properties of Algorithm 2 applied

to problem (4.13) under the assumption that h(x, ¢) is strongly convex, i.e., Iuy, > 0 s.t.

h(xy,c) — h(xe, ) — (W (w9, ¢), 21 — 22) > pnPx(x2, 1), V1,29 € X. 4.73)
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Proposition 37 below shows the relation between (x_1, yx—1) and (z, y) after running

one step of SPDT when the assumption about / in (4.73) is satisfied.

Proposition 37 Let ) and Ay, be defined in (4.16) and (4.27), respectively. For any 1 <

k < N and (z,y) € X x K,, we have

Q2 2) + (Alxr — ), yp — Yr—1) — Ou(A(Tk—1 — ), Yr—1 — Yr—2)

< e Px (-1, 2) — (T + ) Px (21, ) + 2 || yp—1 — yll* = llyr — vlI?) 4.74)

— O o — @ l® = B llyn-r — wll® + €+ (M + |G L) l2n — 2|

+ Ok (Al — Tp1), Yo—1 — Yo—2) + (Dp—1, Tho1 — @),
Proof. Since h is strongly convex, we can rewrite (4.29) as

<—Ak(ZL’k — ZL’), gjk) + h(l’k, Ck) — h(CL’, Ck) + <G(5Ek_1, fk), T — J]>

< T Px (Tp—1,2) — (T + pin) Px (wh, ©) — T Px (-1, 2.
It then follows from (4.16), (4.28), (4.30) and the above inequality that

Q(2k, 2) + (Alxr — ), Yk — Uk) < ToPx (-1, 7) — (T + i) Px (2, )
— 7 Px (o1, 2) + Z{|lyk—1 — yl1> = llye — vlI* = llye—1 — yil|*]

+ (M + ||Gk_1||*)||l’k — [Ek_1|| + <Ak_1, Lh—1 — ZL‘> + €.

Similarly to the proof of (26), using the above relation, the definition of g in (4.19) and

the strong convexity of P in (4.1), we have (4.74). |

With the help of Proposition 37, we can provide bounds of two gap functions gap, (Zx)

and gap,d(Zy) under the strong convexity assumption of h.

Theorem 38 Suppose that the parameters {0y}, {wy}, {7} and {ni} satisfy (4.31) with
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(4.31).b) replaced by
wk(uh+7k) Zwk+1Tk+1, k= 1,...,N—1. (475)

a) For N > 1, we have

Elgap, (2n)] (00, wi) ™ Runn Q% + 252 lyo — wall? + s, L] + .
(4.76)

b) If, in addition, win; = ... = wyny, then

E[gap;s(Zy)] < (ZkN:1 wy) " 201 Q%+ lyoll? + Z;ﬁvzl GMQw'“] +¢e 477

2(1ka

Y

w T N 2 —
E[J6]] < = lzuy* = woll 230+ [k Dl (25 +€)
k=1

(4.78)

_ _ 2 _
Ellly. = anl*) < llys — woll* + (Z]kvz1 wi) ™! Z]kvzl nlk [21017—19%( + Z?ﬂ wi(% + 5)} ,

where § = (ij\f:1 wi) M wim (Yo — yn))-

Proof. We first show part a) holds. Multiplying both sides of (4.74) by wy, for every

k > 1, summing up the resulting inequalities over 1 < k < N, and using the relations in
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(4.31) and (4.75), we have

Z]kvz1 wiQ (2, 2)

< oo [Tk Px (g1, @) — wi(Th + i) P (g, )] — Sop ) “X%87%||y — g ||?

+ i [ s = yl? = 25 e = wlP] = 30 5 ks — well®
+ Zszl Wi—1(A(Tr—1 — Th), Yo—1 — Yr—2) + Zszl wr€ + Wy (AT — 2n), yn — Yn—1)
+ oy k(M + [|Gra |l — | + 2opsy walAg, 241 — )
< w1 Px (20, ) + 52 |Jyo — ylI” - Iy — yll?
+ chvzl W€ + Zivzl % + El]cvzl wip{Ag—1, Tp—1 — )
—wn (v + pn) Px (on, ) + wn(A(z — 2n), Ynv — Yn-1) — w—NgmHyN - yNAH2

< w1 Py (20, 2) + Y ||lyo — y||* — X ||yy — y||?

+ Zivzl WE€ + lecvzl (MGl o + 25:1 W (A1, Tp—1 — T),

AX Tk

where the last two inequalities follows from similar techniques in the proof of Theorem 27.

Dividing both sides of the above inequality, and using the convexity of () and the definition

of Zy, we have

max Q(Zn, z) < (Xp, wi) Hwim Q% + U |yo — y|2 — L |y — yl|?

2EX XK, 2
2w
+ lecvzl Wi€ + Zszl W + Zgzl wi(Ag—1, Th1 — T)],
(4.79)

which, in view of (4.36) and (4.37), then implies

gap, (2n) < (X, wi) " 2un Q% + 0 lyo — 3|2 — U |y — ys 2

N N [AklZ+2(M+|Gr—1]l)*|wk N v
Dt Wk Dy 20X Th + 2 k1 WAkt oo — 2} _4).

Taking expectation w.r.t. £ on both sides of above inequality, and using (4.45) and the fact
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that x;_; — x}_, is independent of Aj_;, we have

_ _ w 20 _
Elgap, (2n)] < (e, we) H2wim Q% + 8 lyo — ual 2 + a0, Bl e

QX Tk

The proof of part b) is similar to the one for Theorem 29.b) and hence the details are

skipped. ]

In the following two corollaries, we provide two different parameter settings for the
selection of {wy}, {7} and {n}, both of which can guarantee the convergence of Algo-
rithm 2 in terms of the gap functions E[gap,(zy)] and E[gaps(Zy)]. Moreover, the first

one in Corollary 39 shows that if M = 0 and N is properly chosen, then one can ensure

the boundedness of E[||y. — #n||?], while the other one in Corollary 40 can guarantee the
boundedness of E[||y. — yn]|?] by properly choosing N, even under the assumption that

M > 0.

Corollary 39 If

2
wi = k, 7 = 5t and py = 2120 (4.80)

then for any N > 1, we have

Elgap, (2v)] < SEHRHY + ot + “81)
Efgaps(zv)] < ol Vhy + axaathr 6 (4.82)
EI91) < ¥+ aunTE + oD (483)

Ellly. — 1% < llye — yoll” + 25552 4 HEsxing, (4.84)

Proof. Clearly, the parameters wy, 7, and 7, in (4.80) satisfy (4.31) with (4.31).b)
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replaced by (4.75). It then follows from Theorem 38 and (4.80) that

. 2 AP lye—yol® | 12M2N | | -
Elgap, (2v)] = N(N+1) [ CYXy,uh n ox i, } te
8AI [lyo—v-? 24 M2 _
S Oéxp,h(yNO-‘rzlJ)N + O‘Xﬂh(N'i'l) + ¢
5 81l AI*[lyol? 24 M2
E[gap5(zN>] < aXﬂh(N?jrol)N ax pr(N+1) + €
8|l A[2 a 2 N 1
E[[3]] < ol 2l — woll + /5t (SL2N + Mg
< 1604y —voll | BVEIAIM | 4]AllVE
=  NW+Daxpn ' axppN3/2 T (N+1)yaxpin’
_ N ko 2 | N(N+1) -
Blly. — gwl?) < llge — woll> + ey S, st (2V12 4 MOl
2q N(N+1)a _
= |lys — voll” + 12A||4A||2XN + 2J|TA)||2XME
[
Corollary 40 If
2
wy =k, 7, = %uh and n, = 44@;:, (4.85)
then for any N > 1, we have
= 8]|4 «||2+24 M2
Efgap, (zv)] < WAL 1 (4.86)
- 8||A 2poaM? |
E[gap;(2y)] < SALLol 208 4 & (4.87)
16]|A[*ly«—woll 4lAllvE
[H(SH] (N+1)ax pp+16V/3|| Al M T V(N+Daxpn’ (4.88)
Elly. — gl < llye — oll® + 2> + Sgpptee (4.89)

Proof. The proofs of (4.86)-(4.89) are similar to Corollary 39 and hence the details are

skipped. ]
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4.3.2 Convergence analysis for DSA under strong convexity

Our goal in this subsection is to establish the complexity of the DSA algorithm for solving

problem 4.9 under the strong convex assumption about h?, i = 1,2, 3, i.e., Iu; > 0 s.t.

h'(z1,c) — hi(l'270> — <(hi)'(ac2,c),x1 — T9) > i Pxi(xo, 21), Yai, 29 € Xt (4.90)

We describe some convergence properties for the innermost and middle loop of the
DSA algorithm under the strong convexity assumptions in (4.90) in Lemma 41 and 42,
respectively. The proofs for these results are similar to those for Lemma 34 and 35.

Lemma 41 below describes the convergence properties for the innermost loop of the

DSA algorithm.

Lemma 41 [f the parameters {w;}, {12} and {n}} are set to (4.80) (with M = 0 and

A:A?)and

2V6) A3 l1v2 ;i
Vaspuse ’

N3 = Ng}j = (491)

then B;’g;’ is a stochastic (¢/3)-subgradient of the value function v* at x?q- Moreover,
there exists a constant Mz > 0 such that ||v3(z1, ) —v3 (29, )| < Ms||z1—a5||, Va1, 25 €
X3 and

E[| B77; |121€™] < Ms. (4.92)

In addition, there exists a vector § € R™’ .1,

E[WS(5%, %) — V2(, €9)] < /3,
A3z - B3 - -6 e K3 as.,
E[flofl|€®)] < /3.

Proof. In view of Corollary 39 (with M = 0 and € = 0) and the definition of N3 in
(4.91), we have

_3 2 8[| A% lyg —y3 |2 €
E[gap*(zj)|£[ ]] < a3;3(N311)N3 <3
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This observation, in view of Lemma 25, then implies that Bj?’g? is a stochastic (¢/3)-
subgradient of v® at 5 ;. Moreover, it follows from (4.84) (with M = 0 and € = 0)
that E[||y2  — 72]/|¢®] < ||ly3,; — yd|l. This inequality, in view of the selection of Nj in
(4.91), the assumption that yij is well-defined, and (4.61), then implies the latter part of
our result. The techniques are similar to the proof of Lemma 34 and the details are skipped.

Lemma 41 below describes the convergence properties for the middle loop of the DSA

algorithm.

Lemma 42 Assume that the parameters for the innermost loop are set according to Lemma 41.
If the parameters {w3}, {77} and {n}} for the middle loop are set to (4.85) (with M = Ms
and A = A?) and

x
Qo€ ’

2] 422153 2 , |12+ 7203

NQ = NQ,i = (493)

then B?y? is a stochastic (2¢/3)-subgradient of the value function v? at x} ;. More-
over; there exists a constant My > 0 such that ||v?(x1, €M) — v2(zy, EM)|| < My||zy —
2o, Ve, 0 € X? and

E(||B2g2)|?|€M] < M. (4.94)

In addition, there exists a vector § € R™ s.t.

E[h*(z%, %) + v (22]€%) — V2 (2", €PT)]eM] < 2¢/3,
A28 - B2 — 2 — 5 K?as.,
E[l|o]||€M] < 2¢/3.

Proof. By Lemma 41, the stochastic subgradients of v* are computed by the innermost
loop with tolerance € = €/3. In view of Corollary 40 (with M = Mj3 and € = ¢/3) and the
definition of N5 in (4.93), we have

=N 811 A2|12lly3—v2 |2 +24M3 | _ _ o
Elgap. ()| < == iman— tE< 5
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This observation, in view of Lemma 25, then implies that B?y? is a stochastic (2¢/3)-
subgradient v at z} ;. Moreover, it follows from (4.89) (with M = M and € = ¢/3)

that

_ 24M2a No+1)a
Ellly2; — g2 171€M) < o — wll” + et + Carpipe

This inequality, in view of the selection of N5 in (4.93), the assumption that yfvi is well-
defined, and (4.61), then implies the latter part of our result. The techniques are similar to

the proof of Lemma 35 and the details are skipped. ]

We are now ready to state the main convergence properties of the DSA algorithm for

solving strongly convex three-stage stochastic optimization problems.

Theorem 43 Suppose that the parameters for the innermost and middle loop in the DSA
algorithm are set according to Lemma 41 and Lemma 42, respectively. If the parameters

{w;}, {7} and {n;} for the outer loop are set to (4.80) (with M = My and A = A') and

N, = max {mnAlnnyéu | 4(6))?

Vaipre aipie 4.95
WA b+ | (2av6ar | 2 (4.95)
\/m Q1€ ’

then we will find a solution ' € X' and a vector § € R™ s.1.

E[h(z', ') +v*(2!,¢") — (h(a™, ') +0*(z", &) < e,

At —b -0 € K a.s.,
Efll6]]] <,

where x* denotes the optimal solution of problem 4.9.

Proof. By Lemma 42, the stochastic subgradients of v? are computed by the middle

loop with tolerance é = 2¢/3. In view of Corollary 39 (with M = M, and € = 2¢/3) and
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the definition of V; in (4.95), we conclude that there exist § € R™ s.t.

21 8IIAM 12 g2 24M3 2
E[gaps(zy)] < aml(N1+(1))N1 alul(Nf'H) T 36 <6
16] A2 llys—ygll | 8V6[lA| Mo 4| AM|lv2e
E[||5||] S Nl(Nl“Fl)al,ul al‘ule/z + (N1+1)\/3a1u1 —
which together with Lemma 32 then imply our result. ]

In view of Lemma 42 and Theorem 43, the number of random samples &> and &35 will be
bounded by N; and Ny X Ny, i.e., O(1/¢) and O(1/€?), respectively, under the assumption

that the random variables appearing in the definition of N, (i.e., A? and yf’i) are bounded.

4.4 DSA for general multi-stage stochastic optimization

In this section, we consider a multi-stage stochastic optimization problem given by

min {h'(z!, ct) + 02 (2t, €Y}

s.t. Alat — bt e K, (4.96)
xte X1,
where the value factions v?, ¢t = 2, ..., T, are recursively defined by
ot ) = B () 4 [V (@t €|, e =2, T -
Vit~ ey = min {hf(z?, &) + 0t ()}

s.t. Alat — bt — Bizt~l € Kt

b e X,
4.97)
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and

oI (@) = Ber [V (271, M) [6],

VI ¢y = min AT(27, cT) 4.98)

st. ATxT —p7 — BT2T-1 € KT,
2T e XT.

Here &' := (A", b, B, ¢!, p') are random variables, h'(-, ¢") are relatively simple functions,
F'(-,p") are general (not necessarily simple) Lipschitz continuous convex functions and
K are convex cones, Vt = 1,...,T. We also assume that one can compute the subgradient
F'(z*, p') of function F*(z*, p') at any point z* € X" for a given parameter p'.

Problem (4.96) is more general than problem (4.6) (or equivalently problem (4.9)) in the
following sense. First, we are dealing with a more complicated multi-stage stochastic opti-
mization problem where the number of stages 7' (4.96) can be greater than three. Second,
the value function v*(x'~1, ¢6=1) in (4.97) is defined as the summation of F*~!(z!~1 pt=1)
and B[V (2?71, €1 |¢lt=1], where F*~! is not necessarily simple. We intend to generalize
the DSA algorithm in Sections 4.2 and 4.3 for solving problem (4.96). More specifically,
we show how to compute a stochastic e-subgradient of v/t at 2, ¢t = 1,...,7 — 2,in a
recursive manner until we obtain the e-subgradient of v* at 271
We are now ready to formally state the DSA algorithm for solving the multi-stage

stochastic optimization problem in (4.96). Observe that the following notations will be

used in the algorithm:

e N, is the number of iterations for stage ¢ subproblem and k; is the corresponding

index, i.e., k; = 1,..., N;.

t _ t 4 t t 4 : : :
&, = (AL b, s Br,_, ¢, Pk, ) is the k;_; th random scenarios in stage ¢

subproblem, (z}, , ¥}, ) are the k, th iterates in stage ¢ subproblem.

e For simplicity, we denote & as &, (2}, ,v;,) as (], ;)
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Algorithm 8 DSA for multi-stage stochastic programs

Input: initial points {z}}, k; = 1, V¢, iteration number NN, and stepsize strategy {wy,}.
Start with procedure DSA(1,0).
procedure: DSA(t, u)
fork,=1,...,N;do
if t < T then

Generate random scenarios §,i+1.

(", g"*) = DSA(t + 1, 23) and G(x}_,, &) = (B) g
else
G@Z—p Z+1> = 0
end if
(J’Jltcﬂ yli:) = SPDT(ZEZ—D yltc—la yi—27 G(xlltc—la Ii—H)? Uu, fltc—lv ht7 Xt7 Ki? Qltw Tlfn T]Ii;)
end for

return: 2! = Zi\zl w2,/ fo; Wk-

In order to show the convergence of the above DSA algorithm, we need the following

assumption on the boundedness of the operators B:

IBY| < By, Vt=2,---T. (4.99)

Lemma 44 below establishes some convergence properties of the DSA algorithm for

solving the last stage problem.

Lemma 44 Suppose that the algorithmic parameters in the DSA algorithm applied to

problem 4.96 are chosen as follows.

a) For a general convex problem, {wl}, {7} and {n}'} are set to (4.48) (with M = 0 and

A= AT)and
TV2|| AT 1I12(27)*+llyL ), —vg 117]
Vare :

NT = ]\/vTJC = (4100)
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b) Under the strongly convex assumption (4.90), {wl}, {7} and {nl'} are set to (4.80)
(with M = 0 and A = AT) and
_ VBTIAT YL, —vd

NT = NT,k = JaThTe (4101)

Then Bl'yl is a stochastic (¢/T)-subgradient of the value function v* at x;‘g_’ll Moreover,
there exists a constant My > 0 such that ||v” (zy, 7)Y — o7 (2q, E7-N)|| < Myp||z) —
2o, Vo, 0 € X1 and

Eer (|| By i ||2] < M. 4.102)

Proof. The innermost loop of the DSA algorithm is equivalent to the application of
Algorithm 2 to the last stage saddle point problem in (4.12). Note that for this problem,
we do not have any subsequent stages and hence v = 0. In other words, the subgradients
of v are exact. To show part a), in view of Corollary 30 (with M = 0 and € = 0) and the

definition of Nt in (4.100), we have

Elgap, (zf)[¢T~1] < YAAEOD v 2w ] <

el

This observation, in view of Lemma 25, then implies that B{y] is a stochastic (¢/T)-
subgradient of v at ij:f. Moreover, it follows from (4.52) (with M = 0 and € = 0)
that

Ellly”, — gE1P1E7 ] < o7 — vl |17 + 4(Qr)? + Szte,

This inequality, in view of the selection of Ny in (4.100), the assumption that yfk is well-
defined, and (4.99), then implies the latter part of our result. Similarly, the result in (4.101)

follows from Corollary 39 (with M = 0 and € = 0) and the definition of Ny in (4.101). =

We show in Lemma 45 some convergence properties of the middle loops of the DSA

algorithm.
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Lemma 45 Assume that the parameters for the innermost loop are set according to Lemma 44.
Moreover, suppose that the algorithmic parameters for the middle loops are chosen as fol-

lows.

a) For general convex problem, the parameters {w'}, {7}} and {n.} for the middle loops

(t=2,...,T —1)are set to (4.53) (with M = M1 and A = Al) and

(4.103)

2 2
aaTat .\ 5 | [ 2 (IALII: —vb 12 +4v/3Ms1 2
Ny = Ny = (—f 14, t) + { (B4R vt =t )

A/ OtE £/ OtE

b) Under strongly convex assumption (4.90), the parameters {w'}, {7t} and {n.} for the

middle loops (t = 2, ..., T — 1) are set to (4.85) (with M = M1 and A = Al) and

8T AL [y —y" ,||2+24T M2
Ny = Ny, 1= —2 0 Ve Z2N (4.104)

Qi€

Then BLyt is a stochastic ((T + 1 — t)e/T)-subgradient of the value function v* at x_".

Moreover; there exists a constant M; > 0 such that |[vt(zy, E871) — vt (2, E7U)|| <

M|z — 3|, Va1, 22 € X' and
E[|| BLgil21€¥ 1] < M, (4.105)

Proof. The middle loops (t = 2,...,T — 1) of the DSA algorithm applied to multistage
stochastic optimization is equivalent to the application of Algorithm 2 to the second stage
saddle point problem in (4.11). Note that for this problem, we have © = v**1. Moreover,
by Lemma 44, the stochastic subgradients of v7 are computed by the innermost loop with
tolerance € = ¢/7". To show part a), in view of Corollary 31 (with M = M;,; and € =
(T — t)e/T) and the definition of N; in (4.103), we have

i eli—1 2v2) AL | ALY —vblIP+4VEMipa Qe
E[ga’p*(zk)‘g[ }] S Nt\/Oj:Ntt + : : \/OatNt
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This observation, in view of Lemma 25, then implies that By}, is a stochastic (7 + 1 —
t)e/T)-subgradient v' at z}_. Moreover, it follows from (4.57) (with M = M,,, and
€= (T —t)e/T) that

Byt — GPIE"] < Myt — ol + 5+ et 1 2T

t AL 32l AL

This inequality, in view of the selection of V; in (4.103), the assumption that y; i 1s well-
defined, and (4.99), then implies the latter part of our result. Similarly, in view of Corol-

lary 40, we have part b). |

We are now ready to establish the main convergence properties of the DSA algorithm

for solving general multi-stage stochastic optimization problems with 7" > 3.

Theorem 46 Suppose that the parameters for the inner loops in the DSA algorithm are set
according to Lemma 44 and Lemma 45. Moreover, assume that the algorithmic parameters

in the outer loop of the DSA algorithm are chosen as follows.

a) For general convex problem, the parameters {wy}, {7} and {ny} for the outer loop are

set to (4.48) (with M = My and A = A') and

Ny — max {2\/5T||A1[2(91>2+y5||2} N (8\/§TM2§21>2 |

Jaie Jale
6T || A |(v2ai [lys —ygll+2921)+27(T—1)/ar || AM]| + <6\/§1‘/fz(\/5llf41 ll++v/1) > 2
ar1Te 1€ :

(4.106)

b) Under strongly convex assumption (4.90), the parameters {wy}, {7} and {ny} for the

outer loop are set to (4.80) (with M = M, and A = A') and

4VT||AY|||yd 24T M2
N, := max VTIIAYlwdll 2
VO1p1E Q1€ (4 107)
VI =sdll (24764 |y 2/3+ 12)] AL || VT—T :
JaTH1E Qe vaipuTe '
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Then we will find a solution T* € X' and a vector § € R™ s.1.

E[h(z', ¢) +v*(2',¢") — (h(x",c) + v*(z*, 1)) < ¢,

Azl —b—-5€ K a.s.,
Efl[8ll] < e,

where x* denotes the optimal solution of problem 4.9.

Proof. The outer loop of the DSA algorithm is equivalent to the application of Algo-
rithm 2 to the first stage saddle point problem in (4.14). Note that for this problem, we have
0 = v?. Moreover, by Lemma 45, the stochastic subgradients of v? are computed by the
middle loop with tolerance € = (T'— 1)e/T. To show part a), in view of Corollary 30 (with
M = Mj and € = (T — 1)¢/T') and the definition of N; in (4.106), we conclude that there
exist & € R™ s.t.

1 2 12 —1e
Egapy(s4)] < YZAUCH A | sviine, | Iobe o

2v2a1||AM|llys —ypll+4Qa A | 2Ma(V6]|AM[|++/3ar) 3| ATI(T—1)e
]E[||5H] S a1N10 + al\/m +

— I

NT e = 6

which together with Lemma 32 then imply our result. Similarly, in view of Corollary 39,

we have part b). ]

In view of the results stated in Lemma 44, Lemma 45 and Theorem 46, the total num-
ber of scenarios required to find an e-solution of (4.96) is given by Ny x N3 x ... Np,
and hence will grow exponentially with respect to 7', no matter the objective functions are
strongly convex or not. These sampling complexity bounds match well with those in [54,
55], implying that multi-stage stochastic optimization problems are essentially intractable
for T" > 5 and a moderate target accuracy. Hence, it is reasonable to use the DSA algo-
rithm only for multi-stage stochastic optimization problems with 7" relatively small and e
relatively large. However, it is interesting to point out that the DSA algorithm only needs

to go through the scenario tree once and hence its memory requirement increases only
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linearly with respect to 7'. Moreover, the development of the complexity bounds of multi-
stage stochastic optimization in terms of their dependence on various problem parameters
may help us to further explore the structure of the problems and to identify special classes
of problems possibly admitting faster solution methods.

It is also interesting to compare the DSA method with some other decomposition type
algorithms. As discussed in Section 1, in the sample average approximation approach, we
can apply a few different decomposition methods for solving the deterministic counterpart
of the multi-stage stochastic optimization problem. These methods need to go through
the whole scenario tree many times and hence it is necessary to store the scenario tree
first. One widely used decomposition method is the stochastic dual dynamic programming
(SDDP). Under the stage-wise independence assumption, SDDP iteratively builds cutting
plane models to approximate the value functions starting from the last stage 7" until the
first stage (backward iteration), and then generates feasible solutions starting from the first
stage to the last stage (forward iteration). On the other hand, as a common drawback for
cutting plane methods, SDDP converges slowly as the number of decision variables in each
stage increases [76]. Improvement of cutting plane methods, e.g., based on the bundle-level
method, however, can only be applied to two-stage problems only (see [101] and references
therein). Moreover, the rate of convergence of SDDP, i.e., how many number of forward
and backward iterations it will take to achieve a certain accurate solution, still remains
unknown for multi-stage problems with 7" > 3, although its asymptotic convergence has

been established for multi-stage linear programming [57] .

4.5 Numerical experiment

Our goal in this section is to report the results from our preliminary numerical experiments
conducted to test the efficiency of the DSA method applied to a class of multi-stage asset
allocation problems.

We consider a classic multistage asset allocation problem due to Dantzig and Infanger
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[dantzig1993multi] given by

min,o p1 .1 E [min —u(}"17, }) + . A+ E [min—u(3X0 21)]]
st0<pl <P, stal=RN2? —p! +g), st.al = RI(al ' —pl +47), i=1,...,n,
0<¢q <7, Tyt = Tgr + 2oy (L= Pi)pi Thir = Tyt + 2y (1= pi)p]
=2 (1 + g, - 2in (1 + g
YAl =wy,  0<p! <P
) >0, 0<q <,

(4.108)
Here p! and ¢!, respectively, denote the amount of asset 7 that will be sold and purchased
in period ¢, p; and ¢;, respectively, denote the transaction costs for selling and purchasing
one unit of asset 7, and R§ represent the factor of random return for asset ¢ from time ¢
to time ¢ 4+ 1. Moreover, the utility function u(-) describes the investor’s risk preference.
In particular, a linear utility function u(-) describes risk neutrality while a concave utility
function models risk averseness. At the initial time period O the decision maker has a
total amount of wealth wg in assets © = 1,...,n and in cash (indexed as asset n + 1 for

notational convenience). The dollar values of these initially available assets are denoted by

2%, i=1,...,n+ 1. In each period of time, short-selling of assets and borrowing of cash
are allowed when x; < 0, but there exist upper bounds p and g on the selling and buying
amount, respectively. The goal of the decision maker is to maximize the expected utility

Eu(374 2T)] for the portfolio over T periods of time.

4.5.1 Stagewise dependent random return

Our goal in this subsection is to demonstrate that the DSA method does not require the
stage-wise independence assumption for the random returns. In this set of experiments, we

model the correlation between asset returns using a factor model

R' = FV!, (4.109)
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which relates the asset returns R* = (R%, ..., R.) to factors V! = (vl ... o}) through
a factor matrix ' € R™ ", This factor model will allow us to consider the stage-wise
dependence, e.g., given by

i =t e i =1, h, (4.110)

1

where ¢! denote the independent random variation of the factor v; in time t. We col-
lected the data of weekly returns for 1,887 assets from Thomson Reuters Datastream
(http://financial.thomsonreuters.com/), and use these data to fit the ran-
dom return model. We assume that the investor is risk averse with the utility function u(-)
defined as the classic concave quadratic utility function [102], i.e., u(W) = W — bW? with
W = Z;fll x;. The value of b = 1/(3W}) is chosen according to [102], where W} is the
initial total wealth. We generate three instances (Inst 1, Inst 2 and Inst 3) which have a
fixed number of stages 3, but with different number of assets (5, 200 and 400).

When implementing the DSA algorithm, we consider every outer mostest loop as one

iteration and run the algorithm for 100 iterations. For the sake of convenience, we set

N; = ... = Ny = 100. Note that in order to estimate the function values for an output
solution, we generate N realizations for the random vector {¢'},¢ = 1,...,7 — 1, and
form a scenario tree consisting of N7~! random returns R/ atlevel t Vt = 1,...,7T,j =

1,...,NT=1 according to (4.109) and (4.110). Then we will find a prefixed control policy
{2°p',¢'},t = 1,...,T — 1 based on the the output of the algorithm, and calculate other

state variables according to

' = RN - pl @), Yi=1,...,n. (4.111)

In other words, at stage 1, we will get N feasible {2/1},Vj = 1,..., N by (4.111), and at

stage 2, we will get total N? feasible {z?|z7!, R"**} Vi =1,..., N*by (4.111) and so on.
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Table 4.1: Problem parameters for stagewise dependent return

| [ n[h] w [p=q]p=4]T]
Inst1| 5 3 3 0.1 005 |3
Inst2 | 200 | 70 | 500 1 005 |3
Inst 3 | 400 | 240 | 1,000 1 005 |3
Table 4.2: Numerical results for DSA with stagewise dependent return
#. of Iter. 0 10 20 60 100
Inst 1 FV -4.0812 -4.1047 -4.1186 -4.1704 -4.2352
Time(s) 0 1.96 4.02 12.37 21.00
Inst 2 FV -665.79 -665.99 -666.13 -672.38 -675.80
Time(s) 0 12.38 24.77 77.40 126.55
Inst 3 FV -1.3326%e+3 | -1.3334*e+3 | -1.3337%e+3 | -1.3414%e+3 | -1.3493%e+3
Time(s) 0 56.65 114.64 339.21 565.73
Then we estimate the function value by
FV = %300 [—u(@™) + £ Sl —u@®) + .| (4.112)

It is worth noting that F'V estimates an upper bound on the objective value at {2°}. Nev-
ertheless, our experimental results reported in Table 4.2 indicates that DSA does converge

for these problems with stagewise dependent return.

4.5.2 Stagewise independent return

Our goal in the second set of experiments is to compare DSA with SDDP for solving prob-
lem (4.108). Since SDDP cannot be directly applied for solving problems with stagewise
dependent return, in order to compare these two algorithms, we assume the random returns

are stagewise independent given by

R=u+evt=1,...T, (4.113)

where o ~ Uniform|0.8, 1.2], and €' ~ Normal(0, o). Given starting point (Z1, Zo, . . . , T7)

and approximation of value function £, for¢ = 1, ..., T, each iteration of the SDDP algo-
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rithm consists of a forward step and a backward step to update the feasible solutions and the
approximate value functions, respectively. We implemented the standard SDDP algorithm
as described in [57]. In the forward step, for ¢ = 1 to 7', we randomly generate a sample
{RY} j = 1..., M with size M = 20, and call the convex optimization solver CVX in

Matlab 2017b to solve the subproblem

min — a3 ) Qi (2, prt gt st)

2t pt+1d gt+1.d gti
i ptigat—l _ ot o\ e
st.x) =R (z; " —pi+¢q), Vi=1,...,n,

SCZH = anrl + > (L= po)p; — > (1 + 40,

G _ gLy gtLd _ gt ,
z! —p g =5 =0,Vi=1,...,n

(2

T+ (= PP = L (1 + @) = sl =0,

tj i+l tlg otd
x,p g s >0,

where £, denotes the current approximation for the value function at the (¢ + 1)-th stage.
Denoting y/ = (2%, ptThi ¢tt1J st7), we then compute the solution ' = (7¢, p'™, gt 5) =
i Z _, 4. In the backward step, for t = T to 1, we call the CVX solver to solve the sub-
problem

. n+1l _tj tj o t+1,5 t+1,5 otj
2ti pt+1rgl£+1,j st B u<2i:1 i ) + Dt—"_l(x P j)

sttt g = RIGETY P+ @), Vi=1,...,n,
sz}f : :L]+1 Tor + 2y (U= po)ph = 2o, (1 + Gi) gt
atl g it Y =0, Vi=1,...,n
Tt wl i (L= = (4 @) = sl =0,

tj o t+Lg LG oti
r-,p 4 S 207
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Table 4.3: Problem parameters for stagewise independent data

— ~ ~

l | n | w [P=q[p=4
Inst 4 5 3 0.1 0.05 3 10.05
Inst5 | 200 | 500 1 005 | 3| 0.1
Inst 6 | 400 | 1,000 1 005 | 3] 02
4
5

T o |

Inst7 | 5 3 0.1 0.05 0.1
Inst8 | 5 3 0.1 0.05 0.1

for the fixed set of randomly generated scenarios Rtj, g = 1,..., N, with N, = 100,
and compute the optimal primal solution % = (2%, p'™1J ¢i+1J 5%) and dual solution
(7t 75t7), We then update the cutting plane model ;(-) = max{Q,(-),l;(-)}, where
Ly = Q) + gl = ) with QuiY) = o u(TE A +

Qt+1( t] t+1j th'f'lj Stj)] and

- ZNt Rt]Axt]’ 1§Z§TL,
N%Z;Vftﬂ%zif» t=n+1
(G1)i = Al,tz_ ~RYFIY 4 (1 —p)ast], n+2<i<2n+1;

=S RIATY — (L+g)antd, 2 4+2<i<3n+1;

0, 3n+2<i<dn+2.

We apply both DSA and SDDP to solve a few different problem instances of (4.108)
with parameters given in Table 4.3. In particular, we consider two groups of instances.
The first group (Inst 4, Inst 5 and Inst 6) has a fixed number of stages 3, but with different
number of assets (5, 200 and 400), while the second group (Inst 4, Inst 7 and Inst 8) has
the same parameter setting except that the number of stages changes from 3 to 4 or 5. Our
hypothesis is that the DSA method can scale up with the dimension of the problem (i.e.,
the number of assets), while SDDP can handle problems with a larger number of stages.

We first report the estimated function values in Figure 4.1a, 4.2a and 4.3a for the first
group of instances. Note that in order to estimate the function values for a generated

solution, we generate N sequences of random variables {¢'},+ = 1,...,7T, and com-
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pute the random returns R; e RVt =1,...,7,5 = 1,..., N according to (4.113),
then we compute feasible solution by (4.111) and estimate the function value by F'V =
~ Zjvzl S w3 27 with N = 1000. We observe from Figures 4.1a, 4.2a and
4.3a that SDDP generates slightly better solution quality, and that DSA significantly out-
performs SDDP in terms of computation time for instances with a small number of stages
(e.g., T' = 3) by comparing Figure 4.1b with 4.1c, and similarly Figure 4.2b with 4.2¢, and
Figure 4.3b with 4.3c. Moreover, by comparing Figures 4.1b, 4.4b, and 4.5b, with 4.1c,
4.4c, and 4.5¢, we can see that for problem instances with a small number of assets (i.e.,
Inst 4, Inst 7 and Inst 8), as the number of stages varies from 3, 4 to 5, the execution time
for DSA algorithm changes from 20, 2, 000 to 190, 000 seconds in 100 iterations, while the
one for SDDP only changes from 5, 000, 6, 000 to 7,000 seconds. From these preliminary
numerical results, we indeed confirm that DSA can be used to handle multi-stage stochastic
optimization problems with a large number of decision (or state) variables, but a relatively
smaller number of stages. On the other hand, SDDP type algorithms can be used to solve
problems with a larger number of stages but smaller number of decision (or state) vari-
ables. These two types of algorithms seem to be complimentary to each other for solving

multi-stage stochastic optimization problems.

Function value vs Iteration number
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Figure 4.1: Comparison for Inst 4
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4.6 Conclusion

In this chapter, we present a new class of stochastic approximation algorithms, i.e., dynamic
stochastic approximation (DSA), for solving multi-stage stochastic optimization problems.
This algorithm is developed by reformulating the optimization problem in each stage as a
saddle point problem and then recursively applying an inexact primal-dual stochastic ap-
proximation algorithm to compute an approximate stochastic subgradient of the previous
stage. We establish the convergence of this algorithm by carefully bounding the bias and
variance associated with these approximation errors. For a three-stage stochastic optimiza-
tion problem, we show that the total number of required scenarios to find an e-solution is
bounded by O(1/¢*) and O(1/€?), respectively, for general convex and strongly convex
cases. These bounds are essentially not improvable in terms of their dependence on the
target accuracy. We also generalize DSA for solving multi-stage stochastic optimization

problems with the number of stages 7' > 3. To the best of our knowledge, this is the first
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time that stochastic approximation methods have been developed and their complexity is
established for multi-stage stochastic optimization.

From the preliminary numerical results, we can see the DSA method is efficient for
solving high dimensional problems with a relatively smaller number of stages. However,
as the number of stages increase, the computing time would increase exponentially even
though it can handle the case when random variable are stage-wise dependent. Further
improvement on the practical performance of this method should be pursed along the di-
rections of better estimating problem parameters especially those related to the size of
subgradients and dual multipliers. It would be interesting to study whether one can esti-
mate these parameters in an online fashion while running these methods, and whether one
can further improve the convergence of DSA in terms of its dependence on these problem
parameters, e.g., by using accelerated SA methods and some other algorithmic schemes.

It is worth noting that there exist a class of alternative approaches based on linear deci-

sion rule models for solving multi-stage stochastic optimization problems. In these meth-
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ods we assume that the decisions linearly depend on the decisions previously made and the
realization of random variables that have been observed so far. Using this approach, one
can reformulate a multi-stage stochastic optimization problem into a two-stage problem,
and hence can significantly reduce the computational cost. In comparison with the exact
methods we focus on in this chapter, using linear decision rule models can only gener-
ate suboptimal solutions for the original multi-stage stochastic optimization problems in

general.
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