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Abstract

We consider in this paper stochastic programming problems which can be formu-
lated as an optimization problem of an expected value function subject to deterministic
constraints. We discuss a Monte Carlo simulation approach based on sample average
approximations to a numerical solution of such problems. In particular, we give a sur-
vey of a statistical inference of the sample average estimators of the optimal value and
optimal solutions of the true problem. We also discuss stopping rules and a validation
analysis for such sample average approximation optimization procedures and give some
illustration examples.
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1 Introduction

We consider in this paper optimization problems of the form

%lg{g(w) = FEpG(z,w)}. (1.1)

Here x € IR™ is a (finite dimensional) vector of decision variables, S is a closed subset of
IR™ representing feasible solutions of the above problem, (2, F, P) is a probability space
and G : IR™ x Q — IR is a real valued function. We assume throughout the paper that
for every x € S the expected value function g(z) is well defined, i.e. the function G(z,-) is
F-measurable and P-integrable.

The above optimization problem gives an abstract formulation of a situation where the
considered system involves data which are subject to random variations, uncertainty, lack
of information etc., and one wants to optimize that system on average. We assume that
the probability measure (distribution) P is known, although may be not given explicitly,
or at least can be estimated from available data. For the most part of this paper one can
think about G(z, W) as a (known) function of z and a (finite dimensional) random vector
W = W(w), whose distribution can be continuous or discrete. We will use notation G(x,w)
or G(x, W), which one will be clear from the context.

The purpose of this paper is to give a survey of some recent developments in an approach
to a numerical solution of (1.1) based on Monte Carlo simulation techniques. The basic idea
of such methods is simple indeed, a random (or rather pseudorandom) sample w', ..., w" is
generated and consequently problem (1.1) is approximated by

N
Min {QN(@”) =N"! ZG(I,wi)} . (1.2)
i=1

We refer to (1.1) and (1.2) as the true (or expected value) and the sample average approx-
imation (SAA) problems, respectively. Let 0, be the optimal value and &, be an optimal
solution of the SAA problem (1.2). We discuss, in particular, statistical inferences of 0,
and Z, considered as estimators of their “true” counterparts v* and z*, respectively.

We assume that the feasible set S is given explicitly, typically by smooth (or even linear)
constraints. It is possible to extend the presented theory to situations where constraint
functions, defining the feasible set, are also given in a form of expected values and have to be
estimated say by the corresponding sample average functions. Quite often such constraints
can be incorporated into the objective function in a form of penalty or barrier terms.
Therefore, for the sake of simplicity, we restrict our attention to stochastic problems with
an explicitly given feasible set.

If for, every x € S, the function G(x, W) is linear in W, then we have that g(x) =
G(z,p), where p = IE{W}. In that case, provided the mean vector p is known, the
objective function of problem (1.1) is given explicitly, and hence it becomes a deterministic
optimization problem. In general, however, an optimal solution of (1.1) can be different
from an optimal solution obtained by replacing the involved random variables with their
means.

There is an extensive literature, in the statistics and optimization areas, dealing with
various aspects of the sample average approximation approach. The classical Maximum



Likelihood (ML) method of estimation can be considered in the framework of the SAA
problem (1.2) (see example 2.1 below), with an essential difference that in statistical esti-
mation procedures the random sample is provided by observed data rather than generated
in the computer. It is difficult to point out who first suggested the SAA approach to solv-
ing stochastic problems of the form (1.1). The idea is quite simple and natural, and it
seems that variants of the SAA method were discovered and rediscovered by various au-
thors over the years. In a context of simulation models a variant of the SAA method, based
on Likelihood Ratio transformations, was suggested in Rubinstein and Shapiro [33, 34].
Independently, and more or less at the same time, similar ideas were employed for calcu-
lating ML estimators by Monte Carlo techniques based on Gibbs sampling (see Geyer and
Thompson [12], Geyer [13] and references therein). Ad hoc algorithms, based on Monte
Carlo simulation, for two stage stochastic problems with recourse were developed by Higle
and Sen [14] and Infanger [19]. Statistical inference of v, and Z, was incorporated into nu-
merical algorithms, for purposes of error estimates, stopping rules and validation analysis,
in Shapiro and Homem-de-Mello [40].

Let us remark that the terminology “sample average approximation” is not uniform in
the literature. For example, the term “sample-path optimization” was used in Plambeck,
Fu, Robinson and Suri [29]. Let us also note that an alternative approach to solving (1.1) is
based on the Stochastic Approximation (SA) method combined with Monte Carlo simulation
(see Benveniste, Métiver and Priouret [4] and Kushner and Clark [24] for a basic discussion
of the SA method and Chong and Ramadge [8] and L'Ecuyer, Giroux and Glynn [25], for
example, for applications to queueing systems).

This paper is organized as follows. In the next section we give several illustrational
examples which motivate our discussion. In section 3 we discuss differentiability properties
of the expected value function. Section 4 is devoted to the Likelihood Ratio method.
Statistical inference of the SAA estimators is discussed in section 5. Finally, in section 6,
we give a brief discussion of stopping rules and validation analysis for the SAA method.

We use the following notation and terminology throughout the paper. For aset S C IR™,
dist(zx, S) := inf,c g ||x—z|| denotes the distance from a point x to the set S. For a real valued
function g : R™ — IR, by Vg(z) := (9g(z)/0z1,...,09(x)/0xm)T we denote its gradient
and by V2g(z) := [0?g(x)/0z;0x;] its Hessian matrix of second order partial derivatives.
For a number a, we denote [a]T := max{a,0}. The sign of a number a # 0 is defined as
sign(a) := 1 if a > 0 and sign(a) := —1 if a < 0.

2 Examples

In this section we introduce several examples which motivate and illustrate the subsequent
discussion.

Example 2.1 Our first example is motivated by the classical Maximum Likelihood (ML)
method of estimation. That is, let f(y, 6) be a family of probability density functions (pdf),
parameterized by the parameter vector # € © C IR™, and let Y'!, ..., Y™ be an i.i.d. random
sample with a probability distribution P. Define

gy (0) == =N"1>"In f(Y",0).

=1



By the Law of Large Numbers we have that, for any fixed value of 6, g, (6) converge to

9(0) == ~Ep{in f(V.0)} =~ [ 1nf(y.0)P(ay).

with probability one, as N — oo, provided of course that the above expectation exists.
This leads to the “true” and “approximating” optimization problems of minimizing ¢(6)
and g, (0), respectively, over the parameter set O.

In particular, suppose that the distribution P is given by a pdf f(y, 6*), 6* € O, from
the above parametric family, i.e. the parametric model is correctly specified. Then 6* is a
minimizer of g(6), and hence is an optimal solution of the “true” problem. Indeed, by using
concavity of the logarithm function, we obtain that

0 - 0) = [ [ JE2] s0miay < [ [FE05 1] 0y =

Note that 6* is an unconstrained minimizer of g(6), in the sense that it minimizers g(6) over
its domain, even if 8* lies on the boundary of the feasible region ©.

There exists a vast literature on the ML method, and the above derivation of optimality
of 6* is known of course. We will come back to this example later. Let us note at this point
that the corresponding random sample usually represents available data and the associated
minimizer éN of g, (), over O, is viewed as the ML estimator of the “true” value 6* of the
parameter vector. There are also various extensions of the ML method, in particular the
method of M-estimators introduced by Huber [16, 18].

Somewhat different type of examples is motivated by a Monte Carlo simulation ap-
proach to numerical solutions of stochastic programming problems of the form (1.1). The
probability distribution P is supposed to be known, although may be not given explicitly.
However, the expected value function g(x) cannot be calculated in a closed form and has
to be approximated. Monte Carlo simulation techniques provide such an approximation by
averaging a generated random sample. In the next example we consider a problem which,
on one hand, is sufficiently simple and can be solved analytically, on the other hand it
demonstrates various properties which hold in considerably more complex situations.

Example 2.2 Let W be a real valued random variable with cumulative distribution func-
tion (cdf) F(w) := P(W < w) and let G(z,w) := |x —w|, where x,w € IR. For any w € IR,
the function G(-,w) is convex, and hence the corresponding expected value function

+o0
o(@) = Bllo =Wy = [ o~ wldF(w) (2.1)

is also convex. A minimizer z* of g(z), over IR, is given by the median z* = F~1(1/2) of
the distribution of W, i.e. z* is such that F(z*) < 1/2 and F(z*) > 1/2, where F(z*)
denotes the left side limit of F'(z) at z = *. If F(w) is continuous, then z* is a median iff
F(z*) = 1/2, while if the event {W = z*} can happen with positive probability, then F'(z*)
can be bigger than half. Note also that it can happen that the minimizer £* is not unique.

If we replace W by its mean pu, then clearly the minimizer of the function G(x,u) =
|x — u|, over z € IR, is given by p. In general, the mean p can be different from the



median F1(1/2). Note that in this example a minimizer £, of the corresponding sample
average function g, (), over IR, is given by sample median F,'(1/2), where F}, denotes the
empirical cdf based on the considered sample.

Following is an example of stochastic programming with recourse. The above median
problem (2.1) can be considered as a particular case of such programs.

Example 2.3 Consider the optimization problem
Min ¢z + E{Q(, h(w))}, (2:2)

where ¢ € IR™ is a given vector, Q(z, h) is the optimal value of the optimization problem

M>i€ qTy subject to Wy = h — Az, (2.3)
y>

and h = h(w) is a random vector with a known probability distribution. (For the sake of
simplicity we assume that only vector h is random while other parameters in the linear
programming problem (2.3) are deterministic.) This is the so-called two-stage stochastic
programming problem with recourse, which originated in works of Beale [3] and Dantzig
[9]. If the random vector h has a discrete distribution, then the expected value function
E{Q(-,h)} is representable as a weighted sum of values of Q(-,h), and problem (2.2) can
be written as a large linear programming problem. Over the years this approach was
developed and various techniques were suggested in order to make it numerically efficient.
An interested reader is referred to recent books by Kall and Wallace [20] and Birge and
Louveaux [5], and references therein, for an extensive discussion of these methods.

However, the number of realizations of i (the number of discretization points in case the
distribution of h is continuous) typically grows exponentially with the dimensionality of h.
Consequently, this number can quickly become so large that even modern computers cannot
cope with the required calculations. Monte Carlo simulation techniques suggest an approach
to deal with this problem. That is, a random sample k', ..., hY of N independent realizations
of the random vector h are generated, and the expected value function F{Q(x,h)} is
estimated by the sample average function Q, (z) :== N~ SN, Q(z, h?). Consequently the
“true” problem (2.2) is approximated by the SAA problem

19\E/[€i§1 o4 Qy(z). (2.4)

By calculating an optimal solution #, of the SAA problem, one obtains an estimator of an
optimal solution of the true problem.

By the Law of Large Numbers we have that the SAA function QN (z) converges, point-
wise, to IE{Q(x,h)} with probability one, as N — oo. The function Q(-, k), and hence the
function QN (+), are piecewise linear and convex. The function Q(-, h) is not given explicitly
and in itself is an output of an optimization procedure. Nevertheless, its value and a corre-
sponding subgradient can be calculated, at any given point x, by solving the linear program
(2.3). This allows to apply, reasonably efficient, deterministic algorithms in order to solve
the SAA problem (2.4).

Let us make the following observations. The above example is different from the ML
example 2.1 in several respects. In the above example the corresponding random sample
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is generated in the computer and can be controlled to some extend. The only limitation
on the number N of generated points is the computational time and computer’s memory
capacity. It is also possible to implement various variance reduction techniques which in
some cases considerably enhance the numerical performance of the algorithm. Usually the
feasible set S is defined by constraints. In this respect inequality type constraints appear
naturally in optimization problems.

In the maximum likelihood example the optimal solution of the “true” problem is an
unconstrained minimizer of the objective function. There is no reason for such behavior of an
optimal solution of the optimization problem (2.2). As we shall see later this introduces an
additional term in the asymptotic expansion of Z, , associated with a curvature of the set .S.
Let us finally note that the sample average function QN (z) is not everywhere differentiable.
If the distribution of A is discrete, this is carried over to the expected value function. On
the other hand, if the distribution of h is continuous, then the expected value function is
smooth (differentiable). This makes the asymptotics of Z,, quite different in cases of discrete
and continuous distributions of h. We shall discuss that later.

Example 2.4 Consider stochastic process Iy, t = 1,2, ..., governed by the recursive equa-
tion

It = [It—l + R(l‘t, V;:) — Dt]+, (25)

with initial value Iy. Here V; are random vectors, D; are random numbers, R(-,) is a real
valued function of two vector variables, and vectors x; represent decision variables. The
above process I; can describe the waiting time of ¢-th customer in a G/G/1 queue, where
D, is the interarrival time between the (£ — 1)-th and ¢-th customers and R(z, V;) is the
service time of (¢ — 1)-th customer. Alternatively, we may view I; as an inventory of a
certain product at time ¢, with D; and R(x, V;) representing the demand and production
(or reodering) of the product at time ¢.

Suppose that the process is considered over a finite horizon at periods t = 1,...,7. Our
goal then is to minimize (or maximize) the expected value of an objective function involving
Iy, ..., I7. For instance, one may be interested in maximizing the expected value of a profit
given by (cf. Albritton, Shapiro and Spearman [1])

T
Gz, W) =Y {mmin[l,_1 + R(z¢, Vi), D] — huly} . (2.6)
t=1
Here = := (z1,...,z7) is a vector of decision variables, W := (Vi,...,Vp, Dy, ..., D) is a

random vector of the involved random variables, and 7; and h; are non negative parameters
representing the marginal profit and the holding cost, respectively, of the product at period
t. Note that the profit function G(z, W) can be also written in the form

G(.%', W) = Zle {ﬁt(Dt + Inin[[tfl + R(l’t, ‘/;f) — Dt, O]) — htIt} =
SSE A{miDy + (Ii—1 4 R(x4, Vi) — Dy) — It] — hel;} = (2.7)
2321 meR(x, Vi) + ZtT:_ll (me41 — mp — he) Iy + Ty — (77 + hr) 7.

It is also possible to consider a stationary distribution of the process I; (if it exists)
and to optimize an associated objective function. Typically, probability measure of such



stationary distribution cannot be written in a closed form. This introduces additional
technical difficulties into the problem. In this paper we mainly deal with problems over a
finite horizon where involved probability distributions are governed by finite dimensional
random vectors.

If the initial value I is sufficiently large, then with probability close to one variables
Iy, ..., It stay above the zero. If, moreover, R(x, V};) are linear in V4, then I, ..., I7 become
linear functions of the random data vector W. In that case components of the random
vector W can be replaced by their means. In many practical situations, however, the
process I; hits the zero with high probability over the considered horizon T. In such cases
the corresponding expected value function g(z) := IF G(x, W) cannot be written in a closed
form and one needs to use say a Monte Carlo simulation procedure in order to evaluate

g().

3 Perturbation Analysis

In order to design an efficient numerical optimization algorithm, one needs to study a differ-
ential structure of the expected value function. Let us observe that for a given realization
w of the random vector W, the profit function G(-,w), defined in (2.6), is not everywhere
differentiable in x even if the function R(-,v) is differentiable for all v. This is because the
operations of taking maximum or minimum do not preserve differentiability of the involved
functions. For example, if R(xy,vi) := x4, then I; is a piecewise linear convex function of
x1,...,x¢ which is not everywhere differentiable. Nevertheless G(-,w) is directionally differ-
entiable in all directions. Such behavior of the objective function also happens in examples
2.2 and 2.3, and is typical in many interesting applications. Let us make a quick detour
into the theory of directional differentiability.

Consider a mapping (function) F' : IR™ — IR". It is said that F' is directionally differ-
entiable at a point x* € IR™ if the limit

F/(2*,h) = Tim F(z* +th) — F(z*)

1
t10 t <3 )

exists for all h € IR™. In that case F'(z*, h) is called the directional derivative of F(z) at
x* in the direction h. Note that F'(z*, h) is positively homogeneous in h, i.e. F'(z*,th) =
tF'(z*, h) for any t > 0. If F(x) is directionally differentiable at z* and F'(z*, h) is linear
in h, then it is said that F'(x) is Gateux differentiable at z*. Equation (3.1) can be also
written in the form

F(z* +h) = F(z*) + F'(z*,h) + r(h), (3.2)

where the remainder term r(h) is such that r(th)/t — 0, as t | 0, for any fixed h € R™. If,
moreover, F'(z*, h) is linear in h and the remainder term r(h) is “unifformly small” in the
sense that r(h)/||h|| — 0 as h — 0, then it is said that F(z) is differentiable at z* in the
sense of Fréchet, or simply differentiable at z*.

Clearly Fréchet differentiability implies Gateux differentiability. The converse of that is
not necessarily true. However, for locally Lipschitz continuous mappings both concepts do
coincide. Recall that F'(z) is said to be locally Lipschitz continuous near z* if there is a



positive constant K such that ||F(x1)—F(z2)| < K||z1—x2| for all x1, z2 in a neighborhood
of z*.

Let now F : IR™ — IR be a real valued convez function. In that case F(x) is always
directionally differentiable and locally Lipschitz continuous, and moreover the directional
derivatives can be written in the form

F(e*, h) = inf T8 TR = (@)

>0 t (3.3)

Therefore F(x) is differentiable at a* iff F'(x* k) is linear in h. It is said that a vector
a € IR™ is a subgradient of F(z) at x* if

F(z) — F(z*) > a (z — 2¥) (3.4)

for all x € IR™. The set of all subgradients of F(x), at x*, is called the subdifferntial and
denoted OF (x*). By duality theory of convex analysis we have that

F'(z*,h)= sup a’h. (3.5)
a€OF (z*)

Hence F(x) is differentiable at x* iff 0F(x*) is a singleton, i.e. contains only one ele-
ment, which then coincides with the gradient VF(z*) (see Rockafellar [32] for a thorough
discussion of convex analysis).

Let us come back now to the expected value function g(z), defined in (1.1). Unless
stated otherwise all probabilistic statements will be made with respect to the considered
probability measure P. We say that a property holds for almost every (a.e.) w if it holds
for all w €  except possibly on a set of P-measure zero. Another way of saying that a
property holds for almost every w, is to say that the property holds with probability one
(w.p.1). We sometimes write G () for the function G(-,w) and denote by G/, (x*, h) the
directional derivative of G, (-) at the point 2* in the direction h.

Proposition 3.1 Suppose that the expected value function g(x) is well defined in a neigh-
borhood of a point x*, that for almost every w the function G, (-) := G(-,w) is directionally
differentiable at x*, and that there exists a positive valued random variable K(w) such that
E{K(w)} is finite and for all x1, 2 in a neighborhood of =* and almost every w € ) the
following inequality holds

|G(21,w) = G2, )] < K(w)[lz1 — 22| (3.6)

Then the expected value function g(x) is Lipschitz continuous in a neighborhood of z*,
directionally differentiable at x*, and

g'(x*,h) = E{G (2", h)}. (3.7)

Moreover, if in addition the function G(-,w) is differentiable at x* w.p.1, then g(x) is
differentiable at x* and

Vy(a*) = B{V,G(z*,w)}. (3.8)



Let us quickly outline a proof of the above proposition. First, Lipschitz continuity of
g(z) follows directly from (3.6). Next, by the Lebesgue Dominated Convergence Theorem,
the limit of the corresponding ratio, defining the directional derivative of g(z), can be taken
inside the expected value, and hence formula (3.7) follows. Finally, if G/,(z*, h) is linear in
h for almost every w, i.e. the function G, () is differentiable at 2* w.p.1, then (3.7) implies
that ¢/(2*, h) is linear in h, and hence (3.8) follows (see, e.g., [34, p.70] for details). Note
that since g(x) is locally Lipschitz continuous, we only need to verify linearity of ¢’(z*,-) in
order to establish (Fréchet) differentiability of g(x) at x*.

The above analysis shows that two basic conditions for interchangeability of the ex-
pectation and differentiation operators, i.e. for validity of formula (3.8), are: (i) locally
Lipschitz continuity of the random function G, (x), and (ii) differentiablity of G, (x), at the
given point z*, w.p.1. The required regularity conditions are simplified even further if the
function G,,(+) is convex for almost every w. In that case the ratio [Gy,(z* +th) — Gy (z*)]/t
is monotonically decreasing to the directional derivative G/,(z*,h) as t is monotonically
decreasing to zero. Then by using the Monotone Convergence Theorem, instead of the
Lebesgue Dominated Convergence Theorem, it is possible to prove the following result.

Proposition 3.2 Suppose that the expected value function g(x) is well defined in a convex
neighborhood V' of a point x*, that for almost every w the function G,(-) := G(-,w) is
convex on' V', and that IE{G! (x*,h)} exists for every direction h. Then g(x) is convex on
V and formula (3.7) holds. Moreover, g(x) is differentiable at x* if and only if G, (z) is
differentiable at x* w.p.1, in which case formula (3.8) holds.

Let us observe that in the above convex case differentiability of G, (z), at *, w.p.1
is a necessary and sufficient condition for differentiability of the expected value function,
and validity of the interchangeability formula (3.8). Necessity of that condition follows from
formula (3.7) and since if G, (+) is convex, then the directional derivative G/, (z*, h) is convex
in h. Therefore if G, (z) is nondifferentiable at z* on a set of positive measure, then the
directional derivative ¢'(x*, h) is not linear in h, and hence g(z) is not differentiable at z*.

Suppose that the interchangeability formula (3.8) holds and consider the sample average
function g, (x), defined in (1.2). We have then

N N
E{Vi (@)} = N Y E{V.G@"w)} = NI YV, EG@E", W) = Vg(a*),

i=1 =1

i.e. Vg, (z*) is an unbiased estimator of Vg(z*).

Example 2.2 (continued) The function G(z,w) := |z — w| is piecewise linear and
differentiable at every x except at x = w, with 0G(z,w)/0zx = sign(x — w). Therefore g(x)
is differentiable at z* iff the cdf F'(-) is continuous at x*, in which case

dg(z* +00

9(z’) _ / sign(z* — w)dF(w) = 2F(z*) — 1. (3.9)
dzx oo

If F(-) is discontinuous at z*, i.e. the event {WW = z*} has a positive probability, then the

right side derivative of g(x), at «*, is 2F (2*) — 1, while the corresponding left side derivative

is 2F(x* ) — 1, where F'(x* ) denotes the left side limit of F'(-) at *. The gap between these



right and left side derivatives is given by twice the jump F(z*) — F(z*) of the cdf function
at © = x*, i.e. by the quantity 2P(W = z*).

Note that if F(-) is differentiable at z*, then it follows from (3.9) that g(z) is twice
differentiable at x*. However, second order derivatives cannot be taken inside the integral
n (2.1). This is because 0G(z, w)/0x is discontinuous at = w, and indeed 0*G/(z, w)/0x>
equals zero whenever it exists. The above differential behavior is typical for piecewise
smooth (differentiable) functions.

Example 2.3 (continued) Consider the function

G(z) :=inf{qTy : Wy =z, y > 0}. (3.10)

Clearly the function Q(z, h), given as the optimal value of the problem (2.3), can be written
as Q(x,h) = G(h — Ax). By duality arguments of linear programming we have that

G(z) =sup{zTe: WT¢ < ¢}, (3.11)

provided the set {& : WT¢ < ¢} is non empty. So let us suppose, for the sake of simplicity,
that this set is non empty and bounded. Then the function G(z) is a real valued piecewise
linear convex function, and its subdifferential is given by the set of optimal solutions of the
problem (3.11). It follows that the subdifferential of the function Q(-,h), at a point x, is
given by the set of vectors —AT¢, where

€ € arg max (h— Ax)T¢,
WTe<q
and that Q(-, h) is differentiable at z, with V,Q(x,h) = —ATE, iff £ is unique. Moreover,
the SAA function

N
gy (z) = e+ N1 Z Q(z, hY)
i=1

is a piecewise linear convex function with

N
g (@) = c+ N3 0,Q(w, ).

i=1

Suppose now that the random vector h has a continuous distribution with a pdf f(-).
Let us fix a point x € IR™. Since the function G(z) is convex, the set of points where
it is not differentiable has Lebesgue measure zero. Since random vector h = h(w) has
a density, it follows then that the function Q(-, h) is differentiable at x w.p.1. It follows
then by proposition 3.2 that the expected value function g(x) is differentiable at z and
Vg(z) = c+ E{V,Q(z,h)}, and hence Vg, (z) is an unbiased estimator of Vg(z).

On the other hand if the distribution of h is discrete, then g(z) is a convex piecewise
linear function. In that case g(z) cannot be everywhere differentiable, except in a trivial
case when it is linear. As we shall see later statistical properties of the SAA estimator
are completely different in cases of continuous and discrete distributions of h.

Example 2.4 (continued) Suppose that for every v the function R(-,v) is continuously
differentiable. In that case I; is a piecewise smooth function of x1,...,z;, for any given
realization of the random data vector W. That is, I; is differentiable except possibly at



such points where I 1+ R(x,,V;)—D; = 0 for some 7 < t. It follows that I is differentiable
w.p.1 if, for every 7 = 1, ..., ¢, the event “I._; + R(z,,V;) — D; = 0” occurs with probability
zero. In turn, probability of such event is zero if the conditional probability of “I_; +
R(z;,V;) — D; =0” given “I,_; = 2” is zero for all z in the support of the distribution of
I,_4. This happens, for example, if the conditional distribution of R(x,,V;)—D,, given I,
(or equivalently given Vi,...,V;_1, D1,...,D;_1), is continuous, and in particular if vectors
V1, ...,V are independent of Dy, ..., D;, and D1, ..., D, are mutually independent and have
continuous distributions. Clearly we have, by formula (2.7), that the profit function G(-, W)
is differentiable w.p.1, at a certain point, if all I;, t = 1, ..., T, are differentiable at that point
point w.p.1.

The condition (3.6) is also not difficult to verify. The corresponding Lipschitz constant,
for the function I, is given by the maximum of ||VR(z.,V;)| over all z,, 7 = 1,...,¢, in
a neighborhood of the considered point. (Here and afterwards the gradient VR(z,, V;) is
calculated with respect to x,.) Therefore we obtain that the corresponding expected value
function is differentiable and the interchangeability formula (3.8) holds if [|[VR(-, V)| are
locally bounded by positive variables having finite first order moments, and the conditional
distribution of R(x,,V;) — D, given Vi,...,V._1,D1,...,D;_1, is continuous for all 7 =
1,...,T.

Note that I; are convex functions of the decision variables, for any realization of the
random vector W, if the function R(-,v) is convex for any v. This follows from (2.5) since
the operation of taking maximum preserves convexity of the involved functions. Moreover, if
R(-,v) is linear for all v and my11 —m—hy < 0,¢t = 1,...,T—1, then the profit function G(-, w)
is concave for all w. In that case the expected value of G(-, W) is also a concave function,
and hence an optimization problem of maximization of that expected value function, over
a convex region, is a convex programming problem.

Let us calculate now derivatives of I; in an explicit form. Denote by 71 the first time
the process I; hits zero, i.e. 7 > 1 is the first time I, 1 + R(z,, Vs, ) — D, becomes less
than or equal to zero, and hence I, = 0. Let 72 > 7 be the second time I; hits zero, etc.
Note that if ;11 = 0, then 72 = 71 + 1, etc. Let 1 <7 < ... < 7, < T be the sequence
of hitting times. For a given time t € {1,...,T}, let 7,_; < ¢ < 7;. Suppose that the events
I,y + R(z;,V;) — D; =0, 7 = 1,...,T, occur with probability zero. We have then that,
for almost every W, the gradient of I; with respect to the components of vector x; can be
written as follows

(3.12)

V. I — VR($t,‘/t), ft<s<m andt#n,l,
s 0, otherwise.

4 Likelihood Ratios Method

In many applications the objective function is piecewise smooth and its first order derivatives
are discontinuous. Usually in such cases the corresponding second order derivatives cannot
be taken inside the expected value. This happens, for instance, in the case of the objective
functions considered in examples 2.2, 2.3 and 2.4. In such situations one cannot estimate
second order derivatives of the expected value function by using the corresponding second
order derivatives of the sample average function. In this section we briefly discuss the
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Likelihood Ratios (LR) method which provides an alternative way of estimating derivatives
of the expected value function. For a thorough discussion of that method we refer to [34].
Suppose that the expected value function can be represented in the form

9(x) = Ep {H(W)}, (4.1)

where the probability distribution P, of random vector W, is a function of vector = of
decision variables, while H(-) does not depend on z. In some cases such a representation
either comes naturally or can be achieved by a suitable transformation. Suppose further
that P, has a probability density function (pdf) f(-,z), depending on vector z, and hence

o(@) = [ H(w)f(w,2)dv. (4.2)
Let 9 (-) be another probability density function such that the ratio
f(w,z)
L(w,x) = 4.3
(1,) = L2 (4.3

is well defined. That is, if ¢)(w) = 0, then f(w,z) = 0 and by the definition 3 =0, i.e. we
do not divide a positive number by zero. We can write then

o(@) = [ H(w)Liw,2)b(w)dw = B HW)LW,2)}, (4.4

where IEy, denotes the expectation with respect to the pdf ¢. In the above representation
(4.4) the probability distribution in the expectation operator is fixed (by the pdf ) and
only the objective function H(w)L(w,z) depends on x. The function L(w,x) is called the
likelihood ratio (LR) function.

Usually the pdf f(w,z) is given in a closed form and is a smooth function of . In that
case L(w,x) is also a smooth function of x, and hence first and higher order derivatives
can be taken inside the expected value under suitable regularity conditions. For instance,
if L(w,-) is s-times continuously differentiable and ||H (w)V*L(w,z)|| < K (w), k = 1, ..., s,
for all « in a neighborhood of * and such that E,{K (W)} is finite, then

Vig(a™) = Ey{H(W)V*L(W,z")}, (4.5)

where all derivatives are taken with respect to x (this follows by the Lebesgue Dominated
Convergence theorem).

Let W', ..., W" be an i.i.d. random sample with the common pdf ¢). Note that the pdf
1, and hence this random sample, do not depend on z. It follows then by (4.4) that

N
(@)= N> HW")L(W', z) (4.6)
=1

is an unbiased estimator of g(x). We also have that if the interchangeability formula (4.5)

holds, then
N

VEgy () = N7V HWHVFL(W!, 2) (4.7)

=1
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is an unbiased estimator of V¥g(z). Similar derivations can be performed in a case of
discrete distributions by replacing integrals with the corresponding sums.

Let us observe that although the mean (expected value) of g, (z) is equal to g(x),
and hence is independent of 1, its variance depends on a choice of the pdf ¢ as well as
on z. Therefore one may try to choose 9 in such a way as to minimize the variance of
gy (z). This is related to a variance reduction technique known as importance sampling.
It should be mentioned, however, that such an “optimal” choice of v is associated with a
particular (considered) point z. In fact the LR (importance sampling) techniques typically
are unstable, and an optimal (or rather reasonable) choice of 1) with respect to one value
of x can produce a huge variance for a different value of x.

In order to improve accuracy of Monte Carlo simulation based estimators it is possible to
employ various variance reduction methods. In particular, control variables techniques can
be quite efficient when applied to the LR estimators V¥g, (z). Note that Ex{L(W,z)} =1
for any x, and hence IE,{VL(W,z)} = 0. It follows that for any a € IR,

Vg(x) = B {[H(W) - o] VL(W, )} (4.8)

One can then choose « such as to minimize, say, the sum of variances of the estimated
components of Vg(x). Similar derivations can be applied to higher order derivatives as well
(see [34] for details). This method produces a considerable variance reduction if the main
variability of the LR estimators come from the derivatives of the LR function, and hence
H(W)VL(W,z) and VL(W, z) are highly correlated.

Example 2.3 (continued) Suppose that the random vector h has a pdf f(-). Since
Q(z,h) = G(h—Az), where G(-) is defined in (3.10), by using the transformation z = h—Ax

we obtain
EQ(z,h) = / G(h— Az) f(h)dh = / G(2)f (= + Az)dz = By {G(Z)L(Z, 2)).

Here 9 is a chosen pdf, Z is a random vector having pdf ¢, and L(z,z) := f(z + Ax)/¥(2)
is the corresponding LR function. For a discussion of the above LR transformation and a
numerical example see [40].

Example 2.4 (continued) Consider random variables Z; := Dy—R(xy, V4), t =1, ..., T.
We have that I; = [[;_1 — Z;]*, and hence we can consider I; as a function of the random
vector Z, := (Z,...,Z;). Clearly the distribution of Z; depends on x; and hence the
distribution of Z, depends on vector z; := (x1,...,2;). Suppose that Z, has pdf it(gt,gt).
We can write then

By (1} = [ 120 ] ez = [ Tz Lilz 26,20 dz, = By {ILi(Ze ),

where ¢, is a chosen pdf and
f, (24 24)
%t (Zt)

is the corresponding LR function. If f,(z,) is sufficiently smooth, it follows that

Li(z,24) :=

VFEs {1} = By {IiV"Li(Zy, 2,)}. (4.9)
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Of course in order to apply the above formulas we need to know the pdf f (z;,2;) in a
closed form. Suppose, for instance, that R(z,v;) := x¢ and that each random variable D;
has pdf f;(-), t =1,...,T, and that these variables are independent. Then Z; = D; — x4 has
pdf fi(z: + z¢) and hence

t
Iz z) = H fi(zi + @)
i=1

Suppose further that D; ~ N(u,02) are normally distributed, i.e.

ft(zt) — 1 exp { _(Zt - N’t)2 } 7

2
20f

and take ¢, (2;) = f, (2, 27) for some given (fixed) zy. Then, for r,s <t,

0*Li(Zy, x7) _ (Zr = pir + 23)(Zs — ps + 33) [ (0707), if r#5s
O0x 0z _1/0—7% + (ZT — xi)z/o—;& if r=s.

By using the corresponding sample averages, it is straightforward to construct unbiased
estimates of second order derivatives of IF{I;}, and hence of the expected value of the
profit function.

5 Statistical Inference

In this section we discuss statistical properties of SAA estimators of the optimal value v*
and the set of optimal solutions, denoted §*, of the true problem (1.1). Unless stated
otherwise, 9, and Z, denote the optimal value and an optimal solution, respectively, of the
SAA problem (1.2).

5.1 Consistency

Suppose that, for any given x € S, the sample averages g, (z) converge to their expected
value g(z) w.p.1 as N — oo. Usually such convergence is ensured by the Law of Large
Numbers (LLN). If the considered (generated) sample w®, i = 1, ..., is i.i.d., then this is
guaranteed by the classical LLN. There are also many extensions of the LLN for dependent
sequences, e.g. for regenerative processes etc. It is natural to expect that such pointwise
convergence of g, (z) to g(x) would imply convergence of Z, to S*, and in particular to z*
if §* = {2*} is a singleton. Unfortunately this is not true in general and some additional
technical conditions are required. Nevertheless, usually the required additional conditions
are mild and indeed in case the LLN can be applied pointwise (i.e. for any fixed 2 € S) one
may expect convergence of the corresponding SAA estimators.
It is said that the uniform LLN holds, on the set S, if

J\}im sup|gy () —g(x)] =0, w.p.1. (5.1)
—Ozes

Clearly we have that
|0y — v*| < sup gy (z) — g(=)].
zeS
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Therefore the uniform LLN implies that 0, — v* w.p.1 as N — oo. It is also not difficult
to show convergence of the corresponding SSA estimators Z,, .

Starting with a pioneering work of Wald [43], such consistency properties of the estima-
tor , were studied in numerous publications. In the context of stochastic programming,
consistency of Z, was investigated by tools of epi-convergence analysis in [11] and [31], for
example. Following is a relatively simple consistency result which is already sufficient for
many practical applications (e.g., [34]).

Theorem 5.1 Suppose that the uniform LLN (5.1) holds. Then v, — v* w.p.1 as N — oo.
If, moreover, the set S is compact and the expected value function g(x) is continuous, then
dist(z,,S8*) — 0 w.p.1 as N — oo.

Of course, if §* = {z*} is a singleton, then the convergence dist(Z,,S*) — 0 means
that Z, — x*. Note also that if g(x) is continuous and S is compact, then the set S*, of
optimal solutions of true problem (1.1), is non empty and compact.

It is possible to give various conditions ensuring the uniform LLN. This is in particular
simple in the convex case. Let us recall the following result from convex analysis. If a
sequence of real valued convex functions converges pointwise on a dense subset of IR, then
it converges uniformly on any compact subset of IR™ (e.g., [32, Theorem 10.8]). By taking
a countable dense subset of IR™ we obtain that if the functions g, (-) are convex and the
LLN holds pointwise, then it holds uniformly on any compact subset of IR™. It also follows
that the function g(-) is convex, and hence is continuous.

In the convex case it is also relatively easy to deal with situations where the feasible set
S is not necessarily compact. That is, suppose that the SAA problem is convex, i.e. the
set S and the function g, (-) are convex, and that the set S* is non empty and bounded.
For some & > 0 consider the neighborhood V := {z : dist(z,S*) < &} of §*. Since S* is
bounded it follows that V' is compact. Consequently by the above discussion we have that
restricted to the set S’ := SNV a corresponding SAA estimator &, converges to S* and
hence dist(z,,S*) < € w.p.1 for N large enough. Since in the convex case a local minimizer
is also a global minimizer, it follows that z, = Z,, w.p.1 for N large enough. Therefore, in
the convex case, we have that if the set §* is non empty and bounded and the LLN holds
for every x in a neighborhood of §*, then dist(Z,,S*) — 0 w.p.1 as N — oo.

For not necessarily convex problems consider the following conditions: (i) the set S is
compact, (ii) for P-almost every w the function G(-,w) is continuous on S, and (iii) the
family G(z,w), x € S, is dominated by a P-integrable function K(w), i.e. IEpK is finite
and |G(z,w)| < K(w) for all z € S and P-almost every w. It is possible to show that in the
i.i.d. case, the above conditions ensure continuity of g(x) on S and the uniform LLN (5.1)
(e.g., [34, pp. 67-68]).

In nonconvex situations there is an additional problem of local optima. That is, the SAA
problem can be trapped in a locally optimal solution. Suppose, for example, that g(z) = 22,
x € IR, while g, (v) = 2% + N~ !sin(Nz?). We have then that |, (z) — g(z)] < N~L, for all
x € IR, and the global minimizer of g, (x), over IR, converges to zero. On the other hand
gy () has an infinite number of local minimizers which become dense on IR as N tends to
infinity. The above example, of course, is pathological and such situations cannot happen
if the (uniform) LLN holds for derivatives of the sample average functions and the feasible
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set S is “sufficiently regular”. Let us remark that this problem can be non trivial and its
thorough discussion will lead outside the scope of this paper.

5.2 Asymptotic Analysis of the Optimal Value

Consider the optimal values U,, and v* of the SAA and the true problems, respectively. We
have that mingegs g, (z) < g, (x) for any = € S, and hence

B{,) = B {ming, (o)} < min B {5, (0)} =min Elg(a)) =", (52)

Moreover, if the set §* of optimal solutions of the true problem is non empty, then the
equality in (5.2) holds iff for almost every realization of the random sample there exists
z* € 8§ such that g, (z) > g, (z*) for all x € S. This, of course, is unlikely to happen.
Therefore typically the bias IE{0, } — v* of the SAA estimator of the optimal value is
negative.

In order to have a better understanding of the above bias problem let us consider the
following construction. Suppose that for almost every w the function G(-,w) is continuous
and that the feasible set S is compact. Then the SAA function g, (z) is continuous on S
and hence can be viewed as a point in the Banach space C(S). (Recall that C(S) denotes
the linear space of continuous functions ¢ : S — IR equipped with the sup-norm |[¢| :=
Sup,eg |¥(x)].) Moreover, under mild measurability conditions, g, (z) can be considered
as a random element in the space C(S) equipped with its Borel sigma algebra. Suppose
further that a functional Central Limit Theorem (CLT) holds for g, . That is, the random
elements N'/2(g, — g) converge in distribution to a random element Y of C(S). In the i.i.d.
case such functional CLT can be ensured by the following conditions (e.g., [2]):

(A1) For every xz € S, the function G(z, ) is measurable.
(A2) For some point Z € S the expectation IEp{G(Z,w)?} is finite.

(A3) The Lipschitz continuity condition (3.6) holds for all z1,z9 € S and almost every w,
and the random variable K (w) has a finite second order moment.

Note that in such i.i.d. case, for any points zi,...,xr € S, the random vector
(Y(z1), ..., Y(xr)) has a multivariate normal distribution with covariance matrix given by
the covariance matrix of the random vector (G(z1,w), ..., G(xg,w)). In particular, for any
x € S, it follows that

NV2[g, (@) - g(x)] = N(0,0*()),

where 02(x) := var{G(z,w)} and “ =" denotes convergence in distribution. We have the
following result (which can be proved by employing a Generalized Delta Theorem) [37].

Theorem 5.2 Let {g, } be a sequence of random elements in C(S), and g € C(S). Suppose
that N'/2(g, — g) converges in distribution to a random element Y of C(S). Then

NY2(5, —0v*) = min ¥ (z). (5.3)
resd*
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It follows that if the set S*, of optimal solutions of the true problem, is a singleton
S* = {z*}, and the above conditions (A1)-(A3) hold in the i.i.d. case, then

N'Y2(p, —v*) = N(0,02(z")). (5.4)

In general convergence in distribution does not imply convergence of the corresponding
expected values. Therefore we need an additional condition in order to conclude that
(5.4) implies convergence to zero of the expected values of the random variables V, =
N/ 2(%,, — v*). Such implication is ensured if we assume that the random variables V,, are
uniformly integrable, which in turn follows, for example, from the condition that the second
order moments of V,, are bounded (by a constant independent of N) (e.g., [30]). Therefore,
if the second order moments of V,, are bounded, then it follows from (5.4) that IF {V, } — 0,
and hence IE{0,} —v* = o(N~1/2).

On the other hand if the set S* is not a singleton, then the random variable V :=
mingecs+ Y(x) has a distribution which is given by the distribution of a minimum of a
number of (correlated) normally distributed random variables with zero means. In that
case the expected value of V' is negative. Assuming that the second order moments of V
are bounded, we obtain from (5.3) that £ {V, } — IE{V}, and hence that the bias of 0, is
of order O(N~'/2). This indicates that the (negative) bias IE{?, } — v* tends to be bigger
if the true problem has a large set of optimal or “almost optimal” solutions.

The asymptotic result (5.3) is based on a first order approximation of the optimal value
function. Clearly it does not distinguish between feasible sets which produce the same set
of optimal solutions. That is,

by = min g, () + 0, (N~?), (5.5)

TES*
i.e. the first order asymptotics of 9, is the same if the feasible set S in (1.1) is replaced by
the (smaller) set S*. In particular, if S* = {2*} is a singleton, then o, = g, (z*)+o0,(N~1/2).

Example 5.1 Consider the framework of the maximum likelihood example 2.1. Let O
and O1 be subsets of IR™ and suppose that we wish to test the null hypothesis Hg : 0 € Qg
against the alternative Hy : 0 € ©4. Let

N N
=2 | inf Y Inf(Y"60)— inf > Inf(Y’ :
b= 2|t ST g (070 — g S F000) (5.6)
be the corresponding log-likelihood ratio test statistic. Suppose that

9(0) .= —IEp{In f(Y,0)} (5.7)

has unique minimizers 6y and 6 over the sets ©p and ©1, respectively. Recall that if the
distribution P, of the random sample, is given by a pdf f(y, 6*), then 6* is an unconstrained
minimizer of g(#). Moreover, if the parameter vector  is identified at 6*, then 6* is such
unique minimizer. We have by (5.5) that

N
N-2g =N~} [1nf(w’,00) —In f(Y7, 91)} + 0,(1), (5.8)
=1
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provided the corresponding regularity assumptions (A1) - (A3) hold. It follows that

N=Y2(0, — ty) converges in distribution to normal N(0,0?), where £y and o2 are the mean

and the variance, respectively, of the random variable Z := 21n {;ggﬁﬂ

Note that if 8y = 01, then this variable Z degenerates into Z = 0. This happens if the
distribution P is given by pdf f(y,6*) with 6* € ©9 N O;. That is, if Op is a subset of ©1
and the model is correctly specified, then the asymptotic distribution of N—%/ 2¢,, under
Hy, degenerates into identical zero. Therefore in the likelihood ratio testing procedures a
second order expansion of the optimal value function is needed in order to obtain useful
asymptotics of £,,. However, in stochastic programming applications the asymptotic result
(5.4) is very useful due to its simplicity and generality. The asymptotic variance o%(z) can
be consistently estimated at each iteration point £ = x* of a simulation based optimization
algorithm. This allows to incorporate t-test type procedures into such algorithms and to
construct confidence intervals for the true optimal value v* (see [40]).

5.3 Second Order Expansion of the Optimal Value

As we have seen in the previous section, first order asymptotics of ¢, do not involve local
structure of the feasible set S. In this section we discuss asymptotics of 9, based on a
second order expansion. In order to proceed with the second order analysis we need the
following technical details.

Suppose that the function g(z) is twice continuously differentiable and that the true
problem has unique optimal solution x*. Then the following first order necessary conditions
hold at the point z*:

wlVg(z*) >0, forallw e Tg(z*). (5.9)

Here Ts(x) denotes the contingent (Bouligand) cone to the set S at = € S, that is
Ts(z) :={d € R™ : 3ty | 0such that dist(z + t,d,S) = o(t,)} . (5.10)

Note that if we replace in the above definition the condition: “there exists a sequence
t, | 07, by the condition: “for any sequence ¢, | 07, we obtain the following cone

Ts(z) = {d € R™ : dist(x + td, S) = o(t), t > 0}. (5.11)

The cone Ts(x) is known under various names. Clearly T's(z) C Ts(x), and it can happen
that T's(z) is strictly included in Ts(x).

It is said that the second order growth condition holds, at z*, if there exist a constant
¢ > 0 and a neighborhood U C IR™ of x* such that

g(x) > g(z*) + cl|z — 2*||?, forallz € SNU. (5.12)
This condition is closely related to second order optimality conditions. The set
C(z*) := {w € Ts(z*) : wl'Vg(a*) = O} (5.13)

is called the critical cone of the problem (1.1). It represents those directions for which
first order conditions (5.9) do not provide information about optimality of z*. Note that
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if Vg(z*) = 0, then C(2*) = Tg(x*). If the distribution P, in the maximum likelihood
example 2.1, is given by a pdf f(y,0%), 0* € O, then 6* is an unconstrained minimizer of
g(0) and hence Vg(6*) = 0. Therefore in that case the critical and contingent cones to the
parameter set © coincide at the point 6*.

It turns out that second order optimality conditions, as well as second order expansions
of the optimal value, involve a term related to the curvature of the set S. There are several
ways how the curvature of S can be measured. We approach that problem from the following
point of view. The set

T3(z,d) = {w € B™ : dist (2 + td + t*w, S) = o(?), t > 0} (5.14)

is called the second order tangent set, to the set S at the point x in the direction d. Note
that T2(z,d) can be non empty only if z € S and d € Ts(x). Yet even if S is convex and
r € S and d € Tg(x), it can happen that the corresponding second order tangent set is
empty. Note also that for d = 0 the second order tangent set T2(x,0) coincides with the
cone Tg(x).

We also need the following technical condition. We say that the set S is second order
regular at a point = € S if for any vector d € Ts(x) and any sequence z,, € S of the form
Ty =X+ t,d + %tiwn, where t, | 0 and t,w, — 0, the following condition holds

lim_dist (wn, T3(x,d)) = 0. (5.15)

n—oo

If w, — w, then w € Tg(ac,d) by the definition of second order tangent sets, and hence
(5.15) holds. The sequence wy,, however, can be unbounded and it is only required that
the term 2wy, in the expansion of z,, is of order o(t,). The above second order regularity
condition ensures that Tg (z,d) provides a “sufficiently tight” second order approximation of
the set S at the point « in the direction d. This condition and a related second order analysis
of optimization problems is extensively discussed in the forthcoming book by Bonnans and
Shapiro [6]. Note that the second order regularity condition implies that the set T2(x, d) is
non empty, and that the contingent cone T (z) coincides with the cone T's(z).

Under the second order regularity condition, at the point z*, the following second order
optimality conditions are mecessary and sufficient for the second order growth condition
(5.12) to hold ([6]):

d'V2g(z*)d+ inf wlVg(z*) >0, forallde C(z*)\ {0}. (5.16)
weTZ(z*,d)
Apart from the quadratic term, corresponding to the second order Taylor expansion of
the function ¢, an additional term, associated with the second order tangent set Tg(x*, d),
appears in the left hand side of (5.16). This terms vanishes if Vg(z*) = 0. That is what
happens in the maximum likelihood example 2.1.

Example 5.2 Suppose that the set .S is defined by equality and inequality constraints
S:={x:hi(zx)=0,i=1,....q¢; hi(z) <0, i=q+1,...,p}, (5.17)

with the constraint functions h;, i = 1, ..., p, being twice continuously differentiable. Let

P

L(z,\) == g(x) + Z Aihi(z) (5.18)
i=1
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be the Lagrangian function of the true problem and
I(z*):={i:hi(z*)=0,i=q+1,..,p} (5.19)

be the set of active at z* inequality constraints. Suppose that the following, Mangasarian-
Fromovitz [27], constraint qualification holds, at the point x*:

e the gradient vectors Vh;(xz*), i = 1, ..., q, are linearly independent,

e there exists a vector w € IR™ such that w!Vhi(z*) = 0, i = 1,...,q, and
wl'Vhi(z*) <0, i€ I(x*).

Then Ts(z*) = Ts(x*) and
To(a") = {d € R™: d"Vhi(a*) =0, i = 1,...q; d"Vhi(2") <0, i € T(a*)},

and first order (KKT) necessary optimality conditions take the form: there exists a vector
A = (A1, ..., Ap) such that

VoL(z*,X) =0, X\; >0, \Nhi(z*)=0,i=q+1,....p. (5.20)

Under the Mangasarian-Fromovitz (MF) constraint qualification, the set A(z*) of all La-
grange multipliers vectors A, satisfying the above conditions (5.20), is non empty and
bounded, and for any A € A(z*) the critical cone can be written as

Ca*) = {d: d"Vhi(@") =0, i € {1,..,q} UL, (N), d"Vhi(a") <0, i € To(V) |, (5.21)

where

Zi(N)={ieZ(z"): N >0} and Zp(A) :={i € Z(z¥) : \; = 0}.

Moreover, the set S is second order regular at z*, and for d € Ts(z*),

T * T2 * .
2 % m . w Vhi(x*)+d" Vhi(z*)d=0,i=1,---,q,
Ts(a",d) = {w R Tk (a) + dTV2hi(2)d < 0, i € Ty (a*,d) [ (5-22)
where
Ti(a*,d) = {i € Z(2") : d"Vhy(a") = 0} (5.23)

It follows then by duality arguments that, under the MF-constraint qualification, the second
order conditions (5.16) can be written in the following equivalent form:

sup dTV2,L(z*,\)d >0, foralld e C(z*)\ {0}. (5.24)

AEA(z™)
We are prepared now to discuss second order expansions of the optimal value. We assume
that the set S is compact and work in the Banach space C*(S) of real valued continuously

differentiable functions ¢ (z), defined on a neighborhood of the set S, and equipped with
the norm

[9]] := sup [¢(x)[ + sup || V()]
€S z€eS

The following result is obtained by employing a Generalized Delta Theorem together with a
formula for a second order expansion of the optimal value function [42] (the corresponding
second order expansions of the optimal value function are discussed in [6]).
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Theorem 5.3 Let {j,} be a sequence of random elements in C1(S), and g € C*(S). Sup-
pose that: (i) N'/2(g, — g) converges in distribution to a random element Y of C(S), (ii)
the true problem has a unique optimal solution x*, (iii) the function g is twice continuously
differentiable in a neighborhood of the point x*, (iv) the second order growth condition (5.12)
holds, (v) the set S is second order regular at x*. Then

Oy = Gy (@) + N 9(Zy) + 0p(N ) (5.25)

and
N[y — gy (@")] = 30(2), (5.26)

where Z := VY (2*), Z, := NY2[Vg, (z*) — Vg(z*)] and the function ¢ : R™ — IR is
defined as follows

= inf {2d7¢+d'V%g(z*)d+  inf T g(z*) ). 5.27
v(¢) delcn(x*){ ¢ g9(z") werbte g ¥ g(z7) (5.27)

Note that, because of the second order conditions (5.16), the function ¢(-), defined in
(5.27), is finite valued, continuous, ¢(0) = 0 and ¢(-) is positively homogeneous of degree
2, i.e. p(t¢) =t>p(¢) for any t > 0 and ¢ € R™.

If the set S is defined by smooth constraints, as in (5.17), and the MF-constraint qual-
ification holds, then the set S is second order regular at z* and the second order growth
condition (5.12) is equivalent to the second order optimality conditions (5.24). Recall also
that, under the MF-constraint qualification, the set A(z*) of Lagrange multipliers is non
empty and bounded. Moreover, it is possible to show, by using formula (5.22) and duality
arguments, that the second order expansion (5.27) can be written then in the following
equivalent form

©(¢) = inf {QdTC + sup d'VZ,L(z", )\)d} : (5.28)
deC(z*) AeA(z*)
In that form formula (5.25) was derived in Shapiro [35] by a different method.

Clearly, if Vg(z*) = 0, then the last term in the right hand side of (5.27) vanishes.
Another situation where this term vanishes is if the set S is polyhedral, i.e. is defined by a
finite number of linear constraints. In such cases V2, L(z*,\) = V2g(2*) for any A € A(x*)
and

p(0) = dnf {2"C+d"VE,g(")d} (5.29)
In general this term is related, through the second order tangent set Tg(aj*,d), to the
curvature of the set S at the point x*.

In order to ensure that g, are random elements of the space C'(S) we need to assume
that the functions g, () are continuously differentiable on S with probability one. This
rules out many interesting applications where, in fact, the approximating functions are
not everywhere differentiable. That is the case, for instance, in examples 2.2, 2.3 and 2.4.
Nevertheless, formulas (5.25), (5.26) and (5.27) make sense if the expected value function
g(+) is twice differentiable at z* and the SAA functions g, (-) are differentiable at z* with
probability one. As it was discussed earlier this often happens if the underline probability
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distribution is continuous. In such cases formulas (5.25) and (5.26) give correct asymptotics
which can be proved by different methods (cf. [17],[38]).

Note that in the i.i.d. case it follows by the multivariate CLT that the random vectors
N2 [V, (x*) — Vg(z*)] converge in distribution to multivariate normal N (0,¥), with the
covariance matrix

% = Bp {[V.G (2", )][VaG(a*,w)] "} = V(") Vg(a)T, (5.30)

provided the interchangeability formula (3.8) holds and this covariance matrix exists. In
that case the random vector Z in formula (5.26) is distributed N(0,%). Also under an
additional condition, e.g. that random variables N [0, — g, (z*)] have bounded second order
moments, it follows from (5.26) that the expected values of these random variables converge
to 2IE{¢(Z)}. In such case we obtain that

E{i,} —v* = INTTE{p(Z)} +o(N 7). (5.31)

Example 5.1 (continued) Consider the log-likelihood ratio statistic £ = defined in
(5.6). Suppose that the distribution P is given by pdf f(y,6*) with 6* € ©¢ N ©;. Then,
under suitable regularity conditions, we have by the above discussion (see formulas (5.25)
and (5.29) in particular) that

_ T T * s T T *
L, = Zléljfo {Qz Zy+ 2" 1(0 )z} Zléljfl {22 Zy+ 2" 1(0 )z} +0,(1), (5.32)

where I(6%) := V2g(0*) with g() being defined in (5.7),

N
Zy:=N""23"Vinf(Y',07),
i=1

and TO = T@O (9*), T1 = T@l (9*)
Under standard regularity conditions, ensuring that second order derivatives can be
taken inside the expected value in the definition of I(0*), we also have that

1(07) = —E{V?In f(Y,0")} = E{[VIn f(Y,0")][VIn f(Y,0")]"},

i.e. I(6*) is Fisher’s information matrix, and that Z, = N(0,1(6*)). Assuming further that
the matrix 7(0*) is nonsingular and substituting W,, := I(§*)1Z,, we can write (5.32) in
the form

¢ = inf (W, —2)"1(0*) (W — 2) — inf (W, — 2)"1(6")(W, — 2) + 0p(1). (5.33)

z€To zeTh
Since W,, = N(0,I(6*)71), it follows that

b, = Zléljf (W —=2)T1(6")(W — 2) — Zléljf (W = 2)T1(6%)(W - 2), (5.34)

where W ~ N(0,I(6*)~1). This result is due to Chernoff [7].

21



Let us observe that from the point of view of general stochastic programming problems
the above example is quite specific. This is because 6* is the unconstrained minimizer
of g(f) and consequently Vg(0*) = 0. Therefore the contingent cones coincide with the
critical cones at the point 8* € ©pNO1, and the term corresponding to the curvature of the
sets ©p, O, at #*, vanishes in the second order asymptotics (5.32) - (5.34). Also, because
Vg(6*) = 0, instead of second order regularity of the sets ©p and ©; we only need to
assume that the contingent cones Tg, (6*) and T, (6*) coincide with the cones Tg,(6*) and
To,(0%), respectively.

5.4 Asymptotics of the Optimal Solutions

Let us discuss now asymptotics of optimal solutions Z, of the SAA problem. It turns out
that first order asymptotics of &, are closely related to second order expansions of the
optimal value discussed in the previous section.

Let d(¢) be a minimizer of the right hand side of (5.27). That is,

d(¢) € arg min {QdT( +d"V?g(z*)d +  inf wTVg(ac*)} . (5.35)
deC(x*) weT2(z*,d)

Suppose further that the minimizer d(¢) is unique for any ¢ € IR™. We will discuss condi-
tions for such uniqueness later.

Theorem 5.4 Suppose that the assumptions of theorem 5.3 hold and that for any ¢ € IR™
the optimization problem in the right hand side of (5.35) has unique optimal solution d(().
Then

NY2(@n —20) = d(Z,) + 0,(1), (5.36)

and -
NY2(2n —x0) = d(2), (5.37)

where Z := VY (z*) and Z, := N2 [V, (z*) — Vg(x*)].

Recall that Z, = Z and that in the i.i.d. case Z ~ N(0,%), where the covariance

matrix ¥ is given in (5.30). The optimal solution d(¢) can be a nonlinear function of ¢ even
if this optimal solution is unique. In that case the distribution of d(Z) is not normal and
hence Z is not asymptotically normal. In the context of general stochastic programming
problems asymptotics of SAA estimators were derived in King [21], King and Rockafellar
[23], Shapiro [35, 38]. The above formulation is taken from [42].

For instance, consider the ML example 2.1. Suppose that the distribution P is given
by pdf f(y,0*) with * € ©. Then, under suitable regularity conditions, we have that
NY2(9, — 6*) = d(W), where W ~ N(0,1(#*)~") and d(W) is the optimal solution of the
problem

- T 7(p*
der%lel?g*)(W d)" I(6)(W —d). (5.38)
Note that this optimal solution d(W) is unique for every W if Fisher’s information matrix
1(0*) is nonsingular (and hence is positive definite) and the cone Tg(6*) is convex. If 6*
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lies on the boundary of © and the contingent cone Tg(0*) is not a linear space, then the
function d(-) is not linear and éN is not asymptotically normal.

Now let S be defined by constraints, as in (5.17), and suppose that the the gradient
vectors Vhi(z*), i € {1,...,q} UZ(z*), are linearly independent. Then A(z*) = {\*} is a
singleton and ¢(¢) and d(¢) are the optimal value and an optimal solution of the problem

dlé/[ﬂi?’r}n 2d7¢ + dTV2, L(x*, \*)d subject to d € C(z*). (5.39)

Recall that, in the present case, the critical cone C'(z*) can be written in the form (5.21),
with A = A*. Problem (5.39) is a quadratic programming problem. It has a unique optimal
solution d(¢) if the Hessian matrix V2, L(z*, \*) is positive definite over the linear space
defined by the first ¢ + |Z4(A*)| (equality) linear constraints in (5.21). Also, because of the
linear independence condition, this problem has a unique vector @(¢) of Lagrange multipliers
associated with d(¢).

If, furthermore, the strict complementarity condition holds, i.e. A} > 0 for all ¢ € Z(z*),

or in other words Z; (A*) = Z(2*) and Zo(\*) = 0, then d(¢) and @({) can be obtained as
solutions of the following system of linear equations

MT 54Hi =—[§]. (5.40)

Here H := V2, L(z*,A\*) and A is the m x (¢ + |Z(2*)|) matrix whose columns are formed
by vectors Vh;(z*), i € {1,...,qtUZ(x*). We obtain in that case, provided the block matrix
in the left hand side of (5.40) is nonsingular, that N/2(, — x*, A, — A\*) converges in
distribution to normal with zero mean and the covariance matrix

-1 -1
el 1S ella ] 1)

It can happen that the critical cone C'(z*) consists of the single point 0, i.e. C'(z*) = {0}.
In that case the functions ¢(-) and d(-) are identically zero, and hence the corresponding
asymptotics (5.25),(5.26) and (5.36), (5.37) become trivial. For example, if the set S is
defined by constraints, as in (5.17), and the MF-constraint qualification holds, then it
follows from formula (5.21) that C'(z*) = {0} if, for some A € A(z*), the gradient vectors
Vhi(xz*), i € {1,...,q} UZ(\), generate the space IR™. In particular this happens if the
number of active inequality constraints at z* is m — ¢ (i.e., |Z(x*)| = m — q), the gradient
vectors Vh;(z*), 1 € {1,...,q} UZ(x*), are linearly independent and all Lagrange multipliers
corresponding to the active inequality constraints are positive.

Suppose that C(z*) = {0}. In that case there exists a neighborhood U of Vg(z*) such
that if Vg, (z*) € U, then the first order optimality conditions for the SAA problem hold at
the point x*, and x* is a locally optimal solution of the SAA problem. By the strong Law
of Large Numbers, we have that Vg, (z*) converges to Vg(z*) w.p.1. Consequently, w.p.1
for N large enough, Vg, (z*) € U, and hence z* is a locally optimal solution of the SAA
problem. It follows then that £, = z* w.p.1 for N large enough. Moreover, by the Large
Deviations theory (e.g., [10]) we have, under mild regularity conditions, that the probability
of the event Vg, (z*) € U tends to zero exponentially fast as N — oo. Therefore in such
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cases we have that the probability of the event {Z, = x*} approaches one exponentially
fast as N — oo, and the bias of 0, approaches zero at an exponential rate.

Such asymptotic behavior of optimal solutions of SAA problems is typical in case of
discrete distributions. That is, the following results hold (Shapiro and Homem-de-Mello
[41]).

Theorem 5.5 Suppose that: (i) the set §2 is finite (and hence the distribution P is discrete),
(ii) for every w € Q the function G(-,w) is piecewise linear and convez, (iii) the feasible set
S is closed, conver and polyhedral, (iv) the true problem (1.1) has a non empty bounded
set 8* of optimal solutions. Then the set S* is compact convexr and polyhedral, and with
probability one for N large enough the SAA problem (1.2) has a non empty set SN of optimal
solutions and S’N forms a face of the polyhedron S*. Moreover, there exists a constant 3 > 0
such that )

lim sup N log [1 — P8y C S*)} < —g. (5.42)

N—oo

The upper bound (5.42) means that with probability approaching one exponentially
fast, with increase of the sample size IV, an optimal solution of the SAA problem provides
an ezact optimal solution of the true problem. That is what happens in examples 2.2-2.4 if
the corresponding probability distribution is discrete. This shows that asymptotics of the
optimal solutions can be completely different for continuous and discrete distributions.

6 Numerical Algorithms and Validation Analysis

In this section we discuss some numerical aspects of the SAA method. Recall that after
a random sample is generated, the corresponding SAA problem becomes a deterministic
problem and can be solved by an appropriate optimization algorithm. Asymptotic results
of the previous section suggest that one can use somewhat different strategies in cases of
continuous and discrete distributions. If the probability distribution is continuous, and
consequently Z, converges at a rate of Op,(N -1/ 2), then there is no point in trying to solve
the corresponding SSA problem very accurately. That is, it makes sense to stop the (iter-
ative) deterministic procedure when the corresponding stochastic error starts to dominate
a deterministic precision of the current iterate. On the other hand if the distribution is
discrete, then one can try to solve the SAA problem exactly since in that case (under the
assumptions of Theorem 5.5), with probability approaching one exponentially fast, z, is an
exact optimal solution of the true problem.

Closely related to such stopping rules is validation analysis. That is, suppose that we
are given a point & which is suggested as a possible solution of the true problem. Can
we evaluate (validate) accuracy of & in that respect? Suppose that the assumptions of
Proposition 3.1 are satisfied, so that the interchangeability formula (3.8) holds. Suppose
also that z* is an interior point of S and hence, at least locally, the true problem can be
considered as unconstrained. Then by the first order optimality conditions we have that
Vg(z*) = 0. Consequently we can approach the problem of verifying validity of & by testing
the null hypothesis Hy : Vg(Z) = 0 against the alternative H; : Vg(Z) # 0. By generating
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an i.i.d. random sample W', ... W we can estimate Vg(&) by

N
W= Vi (&) = N V.G(E,W). (6.1)
=1

By the CLT we have that N'/2 [y, — Vg(2)] = N(0,%). The covariance matrix ¥ can
be consistently estimated, from the same sample, by the sample covariance matrix

N
Sy = (N =1) 7Y IVeG(@, W) = 1, ][VaG(@, W) =, )" (6.2)
=1

It follows then that under the null hypothesis Hy, the statistic
T:=N 7}3 ﬁ)]}lny

has asymptotically a chi-square distribution with m degrees of freedom (e.g., [28]). There-
fore we reject Hy if T' is bigger than a critical value X(Q)z,m' Alternatively we can calculate
the corresponding p-value of the test statistic 7. In a similar way it is possible to construct
asymptotically chi-square test statistics for testing the first order (KKT) optimality con-
ditions in case the feasible set is defined by smooth constraints as in (5.23) (see [40] for
details).

It should be understood that by accepting (i.e. by failing to reject) Hp, we do not
claim that the gradient vector Vg(z) is exactly zero. By accepting Hy we rather assert
that we cannot separate Vg(Z) from zero given precision of the generated sample. That is,
statistical error of the estimator -, is bigger than a possible difference between Vg(z) and
the null vector. Also rejecting Hy does not necessarily mean that & is a poor approximation
of the true optimal solution z*. A calculated value of the statistic 1" can be large simply
because the estimated covariance matrix N™'Sy of 4, is “small”, i.e. 7, is an accurate
estimator of Vg(z). The above testing procedure could be combined with considering the
corresponding 100(1 — «)% confidence region

2
{z € R™: (z— ) SR (= — ) < XT’”} (6.3)

for Vg(z). This confidence region can give an idea of how small or large Vg(z) could be.
The above statistical testing method can be also used as a stopping criterion in a numer-
ical procedure. That is, given a current solution z¥ at v-th iteration, of the SAA problem,
a new (independent of the previous calculations) sample is generated and accuracy of =¥
is evaluated by magnitude of the test statistic T" and size of the corresponding confidence
region (6.3). Then either the algorithm is stopped, if the user is satisfied with the achieved
precision, or a larger sample is generated and a few iterations of the numerical procedure
are performed for the obtained SAA problem. Confidence region (6.3) can give an idea of
how large the sample size is needed in order to improve a current solution . The sample
size should be large enough such that, with a given confidence, vectors v, = Vg, (z¥) and
Vg(z") form an acute angle and consequently —v, is a direction of descent, at the point
x¥, for the “true” (expected value) function g(z). This is guaranteed if the corresponding
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confidence region does not include the null vector. This suggests the following formula for
a required sample size N':

N' > 32 0/ (ESR ). (6.4)

This analysis can be extended to situations where the feasible set is defined by smooth
constraints as well (see [40] for details).

The above approach to stopping criteria has the following drawbacks. A new sample
should be generated and the gradients V.G (z¥,W?), i = 1,...,N, should be calculated
every time the corresponding test is applied. In some cases formula (6.4) can give a sample
size which is too large. And, finally, such testing of first order (KKT) optimality conditions
cannot be applied in situations where the corresponding distributions are discrete and hence
the expected value function g(z) can be non differentiable at the optimal solution.

An alternative approach to stopping a numerical algorithm is to compare successive
values vy := g (2") calculated during an iterative procedure applied to the SAA problem.
If vl’frl is not significantly smaller than v7, then the algorithm may be stopped. The
significance of the improvement can be tested by a paired ¢-test in case the same sample is
used for calculation of both v and vZ*t! (cf. [40]).

So far we did not discuss numerical algorithms which could be applied to the SAA
problems. Choice of a particular numerical optimization technique is, of course, problem
dependent. Nevertheless some general remarks are in order. As it was mentioned earlier,
in many interesting applications the function G(-,w) is piecewise smooth for almost every
w € ). This is the case in examples 2.3 and 2.4. In such cases the objective function
gy () of the corresponding SAA problem is also piecewise smooth. In such situations first
order methods, based on calculated gradients of g, (), could be reasonably efficient. In
particular, if G(-,w) and hence g, (-) are convex piecewise linear functions, then bundle
or cutting type optimization algorithms work quite well (see, e.g., [15] for a discussion of
bundle type methods).

Let us recall that in some cases, typically if the probability distributions are continu-
ous, the expected value function g(-) is twice differentiable and its second order derivatives
can be estimated, say by the LR method (see section 4). In such cases one may think
about employing second order (like Newton or quasi-Newton) type methods. In our expe-
rience Newton type methods did not work well, mainly because estimates of second order
derivatives were not accurate enough. Anyway this requires further investigation.

Estimated gradients of the expected value function g(z) can be also employed in con-
junction with Stochastic Approximation (SA) optimization techniques. Let us remark that
SA algorithms are very sensitive to a choice of the involved step sizes and typically are
unstable. In that respect the described above SAA techniques are more numerically robust.
Moreover, the SAA method has an advantage of good stopping crireria. From a theoretical
point of view both methods, SA with optimal stepsizes, and the SAA method converge
asymptotically at the same rate provided the true optimization problem (1.1) is smooth,
[39]. On the other hand in case the probability distributions are discrete, and consequently
the function g(x) is not differentiable at the optimal solution, the SAA method can give
an ezact optimal solution for sample size large enough, while SA converges at an asymp-
totic rate determined by the corresponding choice of stepsizes. In such cases, whenever
applicable, the SAA method would be preferable.
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