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Abstract

An algorithm is proposed, analyzed, and tested for solving continuous nonlinear-equality-constrained
optimization problems where the constraints are defined by an expectation or an average over a large
(finite) number of terms. The main idea of the algorithm is to solve a sequence of equality-constrained
problems, each involving a finite sample of constraint-function terms, over which the sample set grows
progressively. Under assumptions about the constraint functions and their first- and second-order deriva-
tives that are reasonable in some real-world settings of interest, it is shown that—with a sufficiently large
initial sample—solving a sequence of problems defined through progressive sampling yields a better
worst-case sample complexity bound compared to solving a single problem with a full set of samples.
The results of numerical experiments with a set of test problems demonstrate that the proposed approach
can be effective in practice.

1 Introduction

We propose, analyze, and test an algorithm for solving constrained continuous optimization problems where
the aim is to minimize a nonconvex objective function subject to nonlinear equality constraints. Our partic-
ular setting of interest is when the equality constraints are defined by an expectation or an average over a
large finite number of terms. A broad setting in which such a problem arises is the context of least-squares
regression when one knows, in advance, a target residual error, at least for a subset of regression terms.
Another class of problems that fit our setting include some arising from physics-informed learning where the
constraints state that the expected residual of a differential equation should be zero.

The inspiration for our proposed algorithm is the method for unconstrained continuous optimization
problems proposed in [6]. In that work, the aim is to minimize a nonconvex objective function when the
objective function is defined by an expectation or an average over a large finite number of terms. The
proposed algorithm involves solving a sequence of subproblems, where in each subproblem the objective is
defined by an average over a sample of objective terms. It is shown that, under certain conditions about the
original objective, one can obtain an improved worst-case gradient-sample-complexity bound by solving a
sequence of subproblems over which the sample sets grow progressively. That is, each sample set is a superset
of the previous one. The main idea is to exploit the fact that, under their stated conditions, a minimizer of
a sampled objective is close to a minimizer of an objective corresponding to an augmented sample set.

Our aim in this paper is to consider a similar algorithmic approach, except that instead of sampling
objective function terms, we sample terms defining the constraint function. Our algorithm employs some
similar ideas as proposed in [6], but our setting is quite distinct for multiple reasons. First, our setting
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necessitates consideration of constrained subproblems and worst-case complexity bounds for finding second-
order stationary points of such problems. With respect to this, we rely on recent complexity bounds developed
in [4]. Second, the presence of constraints means that our method needs to rely on approximate stationarity
conditions for constrained optimization when determining when one subproblem has been solved to sufficient
accuracy and the next in the sequence should be considered. With respect to this, we rely on properties of
least-squares multipliers for ensuring our overall sample complexity guarantees. Finally, due to fundamental
changes in an optimization problem that result when a constraint function is perturbed, our overall sample
complexity bound relies on theory pertaining to acute perturbations; see [8, 9, 10]. For the unconstrained
setting in [6], a fundamental role is played by an assumption that the objective function is strongly Morse.
Our analysis also involves a similar assumption (with respect to a Lagrangian function), but this alone is
not sufficient. In the context of equality constraints, the sample sizes need to be sufficiently large in order
to ensure that the constraint Jacobians are acute perturbations of each other, as revealed in our analysis.

We also include the results of numerical experiments to demonstrate that computational gains can be
achieved through the use of our proposed algorithm.

1.1 Notation

We use R to denote the set of real numbers, Ry, (resp., Ry, ) to denote the set of real numbers greater
than or equal to (resp., greater than) r € R, R™ to denote the set of n-dimensional real vectors, and R"*"

to denote the set of m-by-n-dimensional real matrices. We define N := {0,1,2,...}, and, for any integer
N > 1, we use [N] to denote the set {1,..., N}. For any finite set S, we use |S| to denote its cardinality.
For vectors we define || - || := || - ||2, or else specify the norm explicitly. We use || - || to denote the spectral

norm of any matrix.

For any matrix A € R™*™ we use 0,(A) for each ¢ € [min{m,n}] to denote its ith largest singular
value. Given any such A, we use null(A) to denote its null space, i.e., {d € R : Ad = 0}. Assuming
that B € R™ ™ has full-column rank, its Moore-Penrose pseudoinverse is Bf := (BTB)~!BT. Note that
in this case of B having full-column rank, the pseudoinverse B is a left inverse of B in the sense that
B'B = I. For any subspace X C R" and point z € R", we denote the Euclidean projection of z onto X
as projy(r) := argmingey ||T — z||. Given B € R™™ with full column rank, we use R(B) := BB' and
N(BT) = I — R(B) to denote orthogonal projection matrices onto the span of the columns of B and the
null space of B, respectively. That such R(B) and A (BT) are orthogonal projection matrices follows since
each of them are both symmetric and idempotent.

1.2 Organization

We state our problem class of interest and our proposed algorithm in §2. The analysis of our proposed
algorithm is contained in §3. The results of our numerical experiments are provided in §4 and a conclusion
is provided in §5.

2 Algorithm

Our proposed algorithm is designed to solve a sample average approximation (SAA) of the continuous
nonlinear-equality-constrained problem

i t.e(x) = 1

min f(z) st. &z) =0, (1)

where the objective and constraint functions, i.e., f : R® — R and ¢ : R — R™, respectively, are twice-

continuously differentiable, m < n, and the constraint function ¢ is defined by an expectation. Formally,

with respect to a random variable w defined by a probability space (€2, F,P), expectation E defined by P,
and C': R" x Q — R™, the function ¢ is defined by &(z) = E[C/(z,w)] for all z € R™.



The SAA of problem (1) that our algorithm is designed to solve is defined with respect to a (large)
sample of N € N realizations of the random variable w, say, {w; }ie[n]. Defining the SAA constraint function
c:R" = R™ for all z € R" by

o(z) =+ Z ci(z), where c¢;(z) = C(x,w;) forall i€ [N],
i€[N]

the problem that our algorithm is designed to solve is that given by

min f(z) st. c(z) =0. (2)
Under reasonable assumptions about ¢ and an assumption that N is sufficiently large, differences between
values of ¢ in (1) and ¢ in (2) as well as values of their first- and second-order derivatives at any = € R
can be bounded with high probability [2, 5, 11], which in turn can be used to relate approximate stationary
points of (2) with those of (1), again with high probability. Thus, for our purposes, we focus on our proposed
algorithm and our analysis of it for solving problem (2).

The main idea of our proposed algorithm for solving problem (2) is to generate a sequence of iterates,
each of which is a stationary point (at least approximately) with respect to a subsampled problem involving
only a nonempty subset S C [N] of constraint function terms. For any such S, we denote the approximate
constraint function as c¢s : R™ — R™ and state the approximation of problem (2) as

felliRr}L f(x) st. cs(x) =0, where cs(z) = ﬁ ch(m) 3)

Observe that the constraint function in (2) is ¢jyj = ¢. The primary benefit of considering (3) for S C [N],
rather than (2) directly, is that any evaluation of the constraint function or Jacobian requires a sum of
only |S| < N terms, as opposed to N terms. Also, under reasonable assumptions about the constraint
functions, we show in this paper that, by starting with an approximate stationary point for (3) and aiming
to solve a subsequent instance of (3) with respect to a superset S 2 S, our proposed algorithm can obtain an
approximate stationary point for the subsequent instance with lower sample complexity than if the problem
with the larger sample set were solved directly from an arbitrary starting point. Overall, we show that for a
sufficiently large sample set relative to IV, a sufficiently approximate stationary point of (2) can be obtained
more efficiently through progressive sampling than by solving the full-sample problem directly.

Now let us introduce stationarity conditions for (3) for any nonempty sample set S C [N], which in
particular also represent stationarity conditions for (2) when one considers the case that S = [N]. The
objective f has already been assumed to be twice-continuously differentiable. Let us also assume that cg is
twice-continuously differentiable for all nonempty S C [N]. Let the Lagrangian of problem (3) be denoted
by Ls : R" x R™ — R, defined for all (z,y) € R™ x R™ by

Ls(z,y) = f(x) + es(@)Ty = f(2) + g D cil@) "y,
i€S

where y € R™ is a vector of Lagrange multiplier estimates (also known as dual variables). When § = [N],
we denote the Lagrangian simply as L = Ljy}. Second-order necessary conditions for optimality for (3) can

then be stated as V.Ls(z,y) Vf(z)+ Ves(z)
_[VeLs(z,y)] _ x)+ Ves(x)y| _
Vis(z,y) = [VyLS(%ZU)} - [ cs(x) ] =0 (4)

and, with [cs]; denoting the jth component of the constraint function cg,

d"V2, Ls(z,y)d=d" [ V?f(x)+ > VZ[eslj(@)y; | d >0 (5)
JE€[m]

for all d € null(Ves(z)T).



We refer to any (z,y) € R™ x R™ satisfying (4) as a first-order stationary point with respect to (3), and we
refer to any such point satisfying both (4) and (5) as a second-order stationary point. Also, consistent with the
literature on worst-case complexity for nonconvex smooth optimization, we say for some (€,{) € Ry x Ry
that (z,y) € R™ x R™ is (e, )-stationary with respect to (3) if and only if

[VLs(z,y)l| < e (6a)
and dTV?, Ls(x,y)d > —C||d||? for all d € null(Ves(x)T). (6b)

Generally speaking, an algorithm for solving (3) can be a primal method that only generates a sequence of
primal iterates {z}, or it can be a primal-dual method that generates a sequence of primal and dual iterate
pairs {(zg, yx)}. For an application of our proposed algorithm, either type of method can be employed, but
for certain results in our analysis, we use properties of least-square multipliers corresponding to a given primal
point z € R™. Assuming that the Jacobian of cs at x (i.e., Ves(x)?) has full-row rank, the least-squares
multipliers with respect to = are given by ys(x) € R™ that minimizes ||V, Ls(z,)||?, which is denoted by

ys(x) = =(Ves(2)Ves(x)) ™ Ves (@) V f(2) = =Ves (@) V f(2). (7)

Our proposed method is stated as Algorithm 1 below. Our analysis in the next section formalizes
assumptions under which Algorithm 1 is well defined and yields our claimed worst-case sample complexity
guarantees.

Algorithm 1 Progressive Constraint-Sampling Method (PCSM) for (2)
Require: Initial sample size p; € [N], initial point xg € R", iteration limit K = [log, pﬂl], and subproblem
tolerances {(ex, (i) H, CR.og x Ry
set Sp <+ 0
: for k € [K] do

choose S 2 Si—1 such that |Sk| = px

using 1 as a starting point, employ an algorithm to solve (3), terminating once a primal iterate z,
has been obtained such that (xy,ys, (zx)) (see (7)) is (e, ;)-stationary with respect to subproblem (3)
for § = Sk-

set pgy1 < min{2pg, N}
6: end for
7. return (zx,y(zk)), which is (ex, (x)-stationary with respect to (2)

Wy e

3 Analysis

Our analysis is split into two main parts. First, we prove generic worst-case iteration and sample complexity
bounds for Algorithm 1 under generic assumptions about the objective and constraint functions and the
worst-case iteration complexity properties of the algorithm that is employed for solving the arising subprob-
lems. We state these bounds in generic terms since they hold for any subproblem solver that possesses the
stated worst-case iteration complexity properties. Second, for concreteness, we prove that a specific subprob-
lem solver based on Fletcher’s augmented Lagrangian function possesses the worst-case iteration complexity
properties that lead to a desirable worst-case sample complexity bound.

3.1 Generic Worst-case Sample Complexity Bounds for Algorithm 1

We begin our analysis by showing conditions under which Algorithm 1 can offer an improved worst-case
sample complexity bound compared to an algorithm that solves (2) directly. The main work in our analysis
in this section is to show that if (2) is strongly Morse (in a manner defined in our assumptions in this
section), then the sample problem (3) is strongly Morse as long as |S| is sufficiently large. At the core of



this analysis is a result showing that |S| being sufficiently large ensures that the sample constraint Jacobian
and the full-sample constraint Jacobian are acute perturbations of each other in a sense defined in [8, 9, 10].

Let us begin by stating the basic assumptions under which we prove our theoretical guarantees in this
subsection. Assumption 3.1 below ensures that any minimizer of each subproblem is a second-order stationary
point and that one can expect an algorithm that is employed to solve each subproblem to find a sufficiently
approximate second-order stationary point. It would be possible to prove reasonable convergence guarantees
for Algorithm 1 under looser assumptions. For example, if an algorithm employed to solve (3) for some
nonempty sample set S were to encounter an (approximate) infeasible stationary point, then it would be
reasonable to terminate the subproblem solver and either terminate Algorithm 1 in its entirety or move on to
solve the next subproblem (with a larger sample set). However, since consideration of such scenarios would
distract from the essential properties of our algorithm when each subproblem solve is successful, we make
Assumption 3.1. Our remarks after the assumption justify it further.

Assumption 3.1. The functions f : R® = R and ¢; : R® — R™ for each i € [N] are thrice-continuously
differentiable. In addition, the following hold for problem (2), instances of subproblem (3), and the algorithm
employed to solve them.

(a) There exists omin € Ry such that, for all x € R™ and S C [N] with |S| > p1, the constraint Jacobian
has 0, (Ves(x)T) > omin.

(b) For all S C [N] with |S| > p1 and with any initial point, the algorithm employed to solve subproblem (3)
18 guaranteed to generate a sequence of iterates for which a limit point is a second-order stationary point,
i.e., one satisfying (4) and (5).

(¢) For some (a, ) € Ryy x Ry, problem (2) is (o, 3)-strongly Morse in the sense that, for any x € R",
if (2, y(x)) satisfies [VL(z, y(z2))] < a, then

|dTV2, L(x,y(z))d| > B||d||3 for all d € null(Ve(x)T).

Algorithm 1 does not generally require the problem functions to be thrice-continuously differentiable,
but since a later part of our analysis refers to third-order derivatives, we make the first part of Assump-
tion 3.1. Part (a) of Assumption 3.1 guarantees that the algorithm employed to solve subproblem (3) will
not, e.g., generate an infeasible stationary point. In addition to this assurance, part (b) of Assumption 3.1
implicitly requires one of various types of conditions in the literature on equality-constrained optimization
that guarantee convergence of an algorithm to a second-order stationary point. (This assumption will be
strengthened in our final theorem of this subsection.) Part (c) of Assumption 3.1 is essential for proving our
desired worst-case sample complexity properties of Algorithm 1. Related to this, the following comment is
important, so we emphasize it as a formal remark.

Remark 3.1. If one were to change the requirement for the subproblem solver in Algorithm 1 and only require
that the solver produce an approximate first-order stationary point, rather than an approximate second-order
stationary point, then under Assumption 3.1 (with “second-order” replaced by “first-order” in part (b) and
part (c) of the assumption removed) the algorithm would be well defined and, by its construction, would
guarantee convergence to an approzimate first-order stationary point of problem (2). Therefore, in practice,
Algorithm 1 might be run with only approzimate first-order stationarity requirements. However, such a set-
up would not allow us to prove our specific desired strong worst-case sample complexity guarantee, which
focuses on attainment of approximate second-order stationarity. Therefore, for the purposes of our analysis,
we state Algorithm 1 and Assumption 3.1 as they are given, and note that our analysis leverages approzimate
second-order stationarity in order to ensure better worst-case sample complexity compared to a method that
solves the full-sample problem directly.

Our next assumption articulates bounds on derivatives of the objective and constraint functions corre-
sponding to the full-sample problem (2). An assumption of this type is typical in the literature on continuous
constrained optimization.



Assumption 3.2. There exists (kv f, kve, Ky2y, kvee) € Ry such that, for all z € R™ and j € [m], one
has |V f(z)|| < kvy, |[Ve(@)| < kve, [|[V2f(@)]] < kyzy, and |[V3[c]j(z)|| < ky2e, where [c]; denotes the jth
component of c.

Our final assumption introduces constants that bound discrepancies between constraint Jacobians corre-
sponding to individual samples and those corresponding to the full set of samples, and introduces constants
that similarly bound discrepancies between individual-sample and the full-sample constraint Hessian ma-
trices. We remark that the assumption is quite loose. Indeed, since c(x) = 0 at any feasible point for
problem (2), having |lc(x)|| on the right-hand side of the first inequality in Assumption 3.3 would make the
assumption restrictive. For our analysis, only a constant bound is needed on the right-hand side. On the
other hand, under a constraint qualification such as the linear independence constraint qualification (LICQ)
at , one has ||[Ve(x)|| > 0, so the assumed bound on the differences in Jacobian values is reasonable. We
also remark that Assumptions 3.2 and 3.3 complement each other in the sense that, together, they allow us
to prove similar bounds for ¢s for nonempty S C [N]; see upcoming Lemma 3.2.

Assumption 3.3. There exists (Ve, Vve, Yv2e) € RS such that, for all (z,j) € R™ x [m],

L5 Jeil) — e@))? < e,

1€[N]
¥ Y IVei(@) = Ve(@)|* < vl Ve(@)[?,
1€E[N]

and 5 Y [V[ei];(@) = V2 (@)1 < vv2e| V2 [ ()]
1€[N]

Our first lemma employs bounds introduced in Assumptions 3.1 and 3.2 to offer bounds on the pseu-
doinverse of the constraint Jacobian, the least-squares multipliers, and the Hessian of the Lagrangian at all
points in the domain of problem (2).

Lemma 3.1. For all x € R™, one has (recall (7)) that

[Ve(@)T|] < ot (8a)
ly(@)|| < Ky Fomin, (8b)
and ||VZ, L(z,y(z))|| < kvzs + VMK fEy200 (8¢)

Proof. First, consider (8a). As is well known, the spectral norm of the pseudoinverse of a matrix is equal to
the reciprocal of its smallest singular value; see, e.g., [3, Chapter 21]. Therefore, since under Assumption 3.1
the smallest singular value of Ve(x)” is bounded below by oy, for all z € R™, the bound in (8a) follows.
Second, consider (8b). By (7), submultiplicity of the matrix 2-norm, Assumption 3.2, and (8a) the desired
conclusion follows since, for all x € R™, one finds

ly(@)]| = IVe@) TV f(@)]| < [Ve@) IV f(@)] < K omi,-
Finally, consider (8c). By the triangle inequality and absolute homogeneity of matrix norms, Assumption 3.2,
the fact that for any vector y € R™ one has |ly|l1 < +/m|ly||, and (8b), one has for all z € R™ that

192, L, y(a) | = Hv2f<x> £ Y V@)@

J€[m]

<[V @)+ D IVPdi@)l - y(@)]]
JE[m]

< kyep + Kveelly(z)

< Ky2f+ Vmesze|y(x)||



< Ky2f + \/mnvfnvzccf;ﬁln,
which is the desired conclusion. O O

Our second lemma leverages Assumption 3.3 in order to provide bounds that are similar to those in the
assumption, except that they are with respect to cs and its derivatives for nonempty S C [IN]. The resulting
bounds depend on the sample size |S|. For convenience here and throughout the rest of the paper, let us
define

£s = W €[0,4/N(N —1)] for all nonempty S C [N]. (9)

Lemma 3.2. For all x € R™, nonempty S C [N], and j € [m], one has

lles(z) = e(@)|* < €37, (10a)
IVes(z) = Ve(@)|* < E&yvel Ve(@)|?, (10b)
and ||V2[cs]j (@) = V2[el; (@)I* < E5vv2cl V[l (@)1 (10c)

Proof. Each of the desired bounds can be proved in a similar manner. We prove the second bound, namely,
(10b), with respect to the constraint derivatives. The other two bounds follow in a similar manner. First,

observe that
Ves(z) = |S‘ ZVQ = ﬁ Z Vei(x) — ﬁ Z Vei(z)
= i€[N] i€[N\S

= %Vc(m)—ﬁ. Z

i€[N\S

Second, observe that for any vector in v € RN =I5l one has from the Cauchy-Schwarz inequality that (17v)2 <
L)% Hv||2 = (N — |S])||v||3. Consequently, with the triangle inequality and Assumption 3.3, one finds that

2

IVes(x) — Ve(x)|®

1€[N\S
2
= lsl‘Q Z (Ve(z) — Vei(x))
i€E[N\S
2
< |51\2 Z [Ve(z) — Vei(o)]|
N\S
< ) |Ve(@) = Vei()]
1€E[N\S

Y IVe(@) = Veila)|?

) i€[N]
)

IN

VAN
/_\ h /—\

Nove|[Ve()]?,

which gives the desired conclusion. O O

Our third lemma refers to the concept of an acute perturbation between two real-valued rectangular
matrices. We provide the following definition, then state our lemma, which shows that if S has sufficiently
large cardinality, then Veg(z) and Ve(x) are acute perturbations of each other for all z € R™.

Definition 3.1. Two matrices A € R™*™ and B € R™"*™ are acute perturbations of each other if and only
if rank(AATBATA) = rank(A) = rank(B). In particular, if A and B are full-column-rank matrices, then
AYA = T and rank(A) = rank(B) = m, so A and B are acute perturbations of each other if and only if
rank(AATB) =m



Lemma 3.3. If nonempty S C [N] satisfies |S| > p1 and

8> —2— € (0,N], (1)
b 1+7v:2]230

then Ve(x) and Ves(x) are acute perturbations of each other for all x € R™.

Proof. By Assumption 3.1, for all z € R™, the matrices Veg(z) € R™™ and Ve(x) € R™*™ have full-column
rank. All that remains is to show that the rank condition in Definition 3.1 holds for all x € R™. Observe
that, for any x € R™, one finds
Vc(x)Vc(a:)TVcS(x) = Vc(x)Vc(ac)T(Vc(ac) + Ves(x) — Ve(x))
= Ve(x)(I + Ve(z)(Ves(z) — Ve(x))). (12)

Next observe that, for all x € R™, one has from submultiplicity of the matrix 2-norm, Lemma 3.1, Lemma 3.2,
and Assumption 3.2 that

IVe(@)T (Ves(z) = Ve())|| < [ Ve(@) ]| [Ves(z) = Ve()|
S 55;/’@ VC(I)H S fsﬁﬁvc' (13)

Let us now show that (11) implies that the right-hand side of (13) is strictly less than one. Define t := % and
recall the definition of {s in (9). Then, (13) being strictly less than one is equivalent to £¥= /vy t(t — 1) < 1,

2
which in turn is equivalent to ¢(t — 1) < ﬁ The left-hand side of this latter inequality is a quadratic
Ve c
2
function of ¢, so it follows that it is satisfied for all positive ¢t < £ 4+ 1,/1+ ;f’% Substituting % for t,
Ve c

one finds after rearrangement that this is equivalent to (11). Hence, by (11), one has that (13) yields
Ve(z)T(Ves(x) — Ve(x))|| < 1. Now observe that from [8, Theorem 6.6] (or see [10, Eq. (3)]) that
Om(I) = o (I + Ve(z) (Ves(z) — Ve(z)))
< Nom(I) — oI + Ve(z)H (Ves(x) — Ve(z)))]
< |[Ve(@)!(Ves (@) = Ve(@))| < 1,
from which it follows that o, (I+Ve(z)(Ves(x)—Ve(z))) > 0. Thus, the matrix [+Ve(x)T(Ves(x)—Ve())

is nonsingular, which along with the fact that Ve¢(z) has full-column rank means that the matrix in (12) has
full rank, namely, m. [ U

Our next lemma shows that with a similar lower bound on the sample size one can bound differences
between sampled and full-sample least-squares multipliers.

Lemma 3.4. If nonempty S C [N] satisfies |S| > p1 and

|S| 2 —2 € (07N], (14)

4‘71?%.;“
1+ \/ 1+97vcf€2vc

9 c c
ly(z) — ys(@)|| < LvIEEYTTeTe,

then for all x € R™ one has (recall (7)) that

min

Proof. First, let us remark that (14) implies that, for all z € R™, the matrices Ve(x) and Veg(z) are
acute perturbations of each other, which is useful since it allows us to employ a theorem from [9] to bound
lly(z) —ys(x)| for all 2 € R™. Indeed, this is straightforward to see since the right-hand side of (14) is larger



than that of (11). Hence, when (14) holds, (11) also holds, in which case one has from Lemma 3.3 that
Ve(x) and Veg(z) are acute perturbations of each other for all x € R™, as desired. At the same time, using
a similar argument as in Lemma 3.3, it follows that (14) implies that the right-hand side of (13) is less than
or equal to 1/3, which shows

[Ve(@)I(Ves(x) = Ve(@))| < S < . (15)

Our aim now is to state, for any z € R"™, the upper bound for |y(z) — ys(z)|| that is offered by [9,
Theorem 5.2]. Note that this theorem applies to our setting since, as previously mentioned, under (14) the
matrices Ve(x) and Ves(x) are acute perturbations of each other for all z € R™. Consider arbitrary x € R™.
To state the bound from [9, Theorem 5.2], the quantities that it involves need to be derived. To this end,
observe that a singular value decomposition of Ve(z) yields

Ve(z) =U m vl — m =U"Ve(2)V,
where U € R™ ™ and V € R™*™ are orthogonal, and where under Assumption 3.1 the diagonal matrix
S € R™*"™ ig positive definite. Correspondingly, let us define

By

[E1] — UT(Ves(z) — Ve())V, {Bg

5 } = U"Ves(x)V, and {21} = UL (~Vf(x)),

2 2

where E; € R™*™ Fy € Rv=m)xm B ¢ Rm*m B, ¢ Rv=m)xm < R™ and by € R"™. Note that
our tuple of matrices (S, E1, Ea, By, Ba) correspond to the tuple of matrices (A11, E11, E21, B11, Bo1) that
are introduced in [9, page 636], and note that since our Assumption 3.1 ensures that Ve(z) has full-column
rank, the matrices (F12, Fa2, B1a, Ba2) that are introduced in [9, page 636] are not present in our setting.
One can now state that [9, Theorem 5.2] in our setting yields

ly@)—ys@l — = B, =2 1Bl (,lleall , 1Bl
@l = FVe@l T 5 Vel (”\wlu + I\Vc(w)\l)’ (16)

where, as in [9, Theorem 3.8] and the displayed equation prior to [9, Theorem 5.1],
R o= [Ve(@) BT = [IVe@) IS + B~ and 5= roaHho.

We remark in passing that our statement of (16) corrects a typo in the statement of [9, Theorem 5.2]. In
particular, in the statement of [9, Theorem 5.2], the latter term on the right-hand side is stated with || E12]| in
the numerator outside of the parentheses. That is a typo. One can see through the proof of [9, Theorem 5.2]
that our statement is correct, where in fact || E91 || belongs in this numerator. In our setting, this corresponds
to ||E2|| in this numerator, as we have stated in (16).

Our next goal is to prove upper bounds for the terms on the right-hand side of (16). First, with respect
to ||bz]|, one has from submultiplicity of the matrix 2-norm, ||U|| = 1 due to U being orthogonal, and
Assumption 3.2 that

b2l < U7 (=Y f @) < [UNIVF@)] < wos- (17)

Second, with respect to both ||Ei| and [|Ez||, one has from submultiplicity of the matrix 2-norm and
U] = ||V]] =1 due to both U and V being orthogonal that

E
max{|[ £, || E2ll} < H [E]
2

‘ = [UT(Ves(z) = Ve(@) V| < | Ves(z) = V(). (18)

Third, let us bound ||(S+ Ey)~1||%. For this, let us employ [9, Theorem 2.2], where now our tuple of matrices
(S, By, By) play the role of (A, E, B) in that theorem. In particular, let us employ the second part of [9,
Theorem 2.2], which requires (in our notation) S to be nonsingular and ||S~![|||E1]| < 1. The fact that S is
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nonsingular has been established earlier through the fact that S is positive definite. On the other hand, let
us now show ||S~1||||E1]| < 1. Toward this end, observe that

Ve(z)t = (Ve(z) ' Ve(x)) ' Ve(z) T
-1
- (V [gr Uty m VT> 1% mT U’
=(WsvhH v [s o]Uu”T
=(WVsAvhvI[s oju”
=V [t o]U".

That is, the right-hand side of the above equation is an SVD for Ve(x), from which it follows that ||S~!|| =
[Ve(z)T||. Hence, with (15) and (18), one finds that

ISTHIEL = 1Ve@) £ ]l < [Ve(@) [ Ves (@) = Ve@)l| < 3 (19)

Since the requirements of [9, Theorem 2.2] thus hold, one obtains with (19) that

-1 — st st
IS +E)7 = 1B < =gz < = 31Ve@)) (20)
3

Combining (8a), (15), (16), (17), (18), and (20), one now obtains

ly(2)—ys ()] Sy ISP 1B b
Sawr < 1B + E) 7 + MG
+ (S + E1) 7P| B2

clx t ZK/
< (3IVe(@)!) + § 84t ) | Ves (@) - Ve()]
+ IVe(@)t|? | Ves(z) — Ve(a)|?
c\x t 2I€v
< ($1Ve@) Il + 31V Ehes ) [ Ves (@) - Ve(@)
< (wom + mztia ) 1 Ve(@) = Ves(@)]|

Multiplying ||y(z)|| on both sides of the above inequality, one finds with (8b) that

ly(e) —ys(@)l < (Bl + 552 ) [ Ves() — Ve()]

min

S| Ves(z) = Ve(a)]|.

20

A

IN

2
Further, using Assumptions 3.2 and Lemma 3.2, one finds that

ly(z) — ys(@)|| < LTV || Ge(z)|| < 2ovsEEyATere

202

min

This completes the proof since this bound is independent of x € R™. O U

Our next goal is to prove a bound on the difference of inner products involving the Hessians of the La-
grangians Ls and L when |S] is sufficiently large. Toward this end, we first present the following preliminary
lemma, which for any = € R™ shows a bound on the product between any element of the null space of the
sample constraint Jacobian Veg(x) and a projection matrix that maps vectors onto the span of the columns
of the full-sample constraint Jacobian Ve(x).

Lemma 3.5. If nonempty S C [N] satisfies |S| > p1 and Es\/Vvekve < Omin, then for all x € R™ and for
all ds € null(Ves(z)T) \ {0} one has that

IR(Ve(z))dsl] < §5VAVerve 1.

lldsl] Omin

11



Proof. Consider arbitrary x € R" and ds € null(Vegs(z)T) \ {0}. It follows from the definitions of R and A/
that R(Ves(z))ds = 0 and N (Ves(z)T)ds = ds. Let us now consider R(Ve(z))ds. By submultiplicity of
the matrix 2-norm, one has

IR(Ve())ds|l = [R(Ve(@))N (Ves (@) ds|| < [R(Ve(@)N (Ves ()Tl ds .

Now, since by Assumption 3.1 the matrices Veg(z) and Ve(x) have the same rank, it follows from [9,
Theorem 2.4] that

IR(Ve())ds|l < [R(Ve(@)N (Ves (@)l ds |
< min{|[Ve(2)'], [|Ves (@)} Ve(z) — Ves (@) |lllds |
< |IVe(@) 'l Ve(w) — Ves ()|l ds]- (21)

Since ds # 0 € R™, by dividing the expression above by ||ds||, the resulting expression can be bounded above
as in (13), which yields the desired inequality. O O

With the preceding lemma, we can now prove that if the sample set S is sufficiently large in cardinality,
then (3) is (as, Bs)-strongly Morse with respect to a pair (as, 3s) € R2 defined with respect to (o, 8) € R%
from Assumption 3.1.

Lemma 3.6. Define the tuple (K1, K2,k3) € Ryg x Ry xRy by

K1 = %, Ko 1= \/m7 and (22)

K3 (= 3I€v2fﬂl + \/E (%) (3[431 + ‘/,YVZC)' (23)
Then, with (a, 8) € R from Assumption 3.1, if nonempty S C [N] has |S| > p1 and
¢s < min {5k, 52 2 |, (24)
then with respect to

as = a—Esky > %a >0 and Bs:=(1-— %&153)5 — Kk3€s > %ﬁ >0 (25)

subproblem (3) is (as, Bs)-strongly Morse in the sense of Assumption 3.1; in other words, one has for any
x € R™ that if (z,ys(x)) satisfies ||VL(z,ys(x))|| < as, then

\dTViILS(:E,yS(x))d| > 63||d||% for all de null(VcS(:L‘)T).

Proof. Our first aim is to show that with (x1, k2) defined in (22) one finds for any point € R™ and nonempty
S C [N] satisfying |S| > py that |[VLs(z,ys(x))| < as implies that [|[VL(z,y(z))|| < « holds. Toward this
end, consider arbitrary z € R™ and nonempty S C [N] satisfying |S| > p; with ||VLs(z,ys(2))|| < as,
where ags is defined as stated in the lemma and (k1,k2) is defined as in (22). Our first aim is to prove
a bound on the norm of the difference between the gradient of the Lagrangian with respect to the sample
set S and the gradient of the Lagrangian with respect to the full-sample set. First, observe that by (4), (7),
submultiplicity of the matrix 2-norm, and Assumption 3.2, one finds

IVaL(z,y(x)) = Vo Ls(z,ys ()| = [[Ve(z)y(z) = Ves(2)ys (2]
= ||Ves(2)Ves(2) 'V f(z) = Ve(a)Ve(a) V f(2)]]
< [[R(Ves(x)) = R(Ve(@)) kv (26)

Since by Assumption 3.1 the Jacobians Ves(x) and Ve(x) have full-column rank, it follows from (26), [9,
Theorem 2.3], [9, Theorem 2.4], (8a), and (10b) that

IVaL(z,y(x)) = VeLs(z,ys(2))|| < [R(Ves(x)) = R(Ve(x))|[mv g
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= [[R(Ve(@))N (Ves(2)") || v
IVe(@) ||| Ves(z) — Ve(@)|wy
Ky EsVAVerve _ f‘f/foS"fl- (27)

Omin

N

IA

Second, by (4) and (10a), one finds that

IVyL(z, y(z)) = VyLs(z,ys(z))| = [lc(z) — cs (@) < Esv/e- (28)
Combining (27) and (28), one finds that

IVL(z,y(2)) = VLs (2, ys (@)l < &5/ e + £ 1] = Eshia.

Thus, since |VLs(z,ys(z))|| < as = a — Eska, as desired one obtains

[VL(z,y(z))|| = [[VLs(z,ys(z)) + VL(z,y(z)) — VLs(z,ys(z))|l
< |IVLs(z,ys(@)|| + [[VL(z,y(x)) — VLs(z,ys(z))]
< |IVLs(z,ys(@))l2 + &ska
<a—E€ska + Eska = .

Finally, observe that as := a — ska > 1o follows since (24) implies £s < a/(2k2).

We have shown that, for arbitrary z € R" and with (K1, k2), nonempty S C [N] satisfying |S| > p1,
and ags satisfying the conditions of the lemma, having ||VLs(x,ys(z))|| < as yields [|[VL(z,y(z))|| < a.
Our next aim is to show that, for such z and S, one has |d5V?2, Ls(z,ys(v))ds| > Bsl|/ds||? for all nonzero
ds € null(Ves(z)T), where k3 and Bs are defined as in the lemma. (Observe that |[d5V2, Ls(z,ys(x))ds| >
Bsllds||3 holds trivially for ds = 0. The value for k3 stated in the lemma is chosen in order to yield
inequality (40) later in this proof.) Consider such z and S, and note that by Assumption 3.1, namely, that (2)
is (a, B)-strongly Morse, it follows that since |[VL(z,y(z))| < « one also has that |[d7 V2, L(z,y(z))d| >
B|d||? for all d € null(Ve(z)T). Let us now consider arbitrary nonzero ds € null(Ves(z)T). One first has
that

|d§ V3, Ls (2, ys(z))ds|

Let us now derive lower bounds on the two terms on the right-hand side of (29). Note that ds can be
decomposed as the sum of two orthogonal vectors, namely, ds = ds + rs, where ds = N (Ve(r)T)ds and
rs = R(Ve(z))ds. It follows that

_ _ -7 _
lds|® = llds + rs|I> = |ds||* + 2dgrs + ||rs||* = |ds|* + [rs]? (30)

along with max{|ds||,||rs||} < |lds|. Now, one finds with the triangle inequality, Cauchy-Schwarz in-
equality, submultiplicity of the matrix 2-norm, the fact that problem (2) is («,f)-strongly Morse, and
max{||dsl|, [rs[|} < llds]| that

|ds V3, L(x, y(x))ds]
= |(ds +7‘S)Tvixlj( y(z ))(Es +75s)
= |dgV2, L(x,y(2))ds +2ds V2, L(x,y(x))rs + rEV2, Liz, y(x))rs|
> |4V, L(x, y(z))ds| - |2ds L y(@)rs| — [rg Vi, Lz, y(z))rs]
> |dsV2, Lz, y(2))ds| — 2| V2, L(z,y(@)|dsllrs] — 1V 2, Lz, y(2)) |lIrs]?

z,

z,y(x
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> Bllds|l* = 3l V3. L(z, y())lllds[Irs]- (31)

Next, let us derive an upper bound for ||rs|| with respect to ||ds||. Recall that rs = R(Ve(z))ds. Our aim
is to employ Lemma 3.5, for which S needs to satisfy {s\/Yvchve < Omin. To see that this holds, note that
by (24) one has

gsmfch — HIES S % < 1.

Omin

Now applying the result of Lemma 3.5 and since ||ds|| # 0, one finds that

llrsl

_ [R(Ve(z))ds|| Es\/AVehve
ldsl = sl = omm = M1&s

Multiplying by [|ds|| on both sides yields ||rs|| < r1&s||ds|]. Combined with (30), this yields ||ds||* <
lds||* + k32| ds]|?, which with (24) implies

ldsl* = (1 = £1€3) lds|l” = (1 = 5mi&s) llds]* (32)
Combining (32), (8¢), ||rs|| < k1€sl||ds]|, and (31), it follows that

A592, L. y(x))ds
> (1= guats) Blds|” =3 (ioey + =52 ) gl ds P, )

Omin

which gives us a useful lower bound for the first term on the right-hand side of (29). Now let us turn to
proving a lower bound for the second term on the right-hand side of (29), which we derive by proving an upper
bound for the absolute difference [d5V2, Ls(z,ys(z))ds — d5V2, L(z,y(z))ds|. First, by the definitions of
LS and L7

VieLs(z,ys(2)) = Vi, Lx,y(2)) = Y (Ves]j(@)lys (2)]; — V(e (2)[y()];),

j€lm]

from which it follows by submultiplicity of the matrix 2-norm that

|dEV2, Ls(z,ys(v))ds — d5 V2, L(z, y(z))ds|

< | D0 (VPlesli(@)lys(@)]; = V2Ll (@)y()])]| Ids]*- (34)

J€[m]

With respect to the first norm on the right of (34), one finds along with the triangle inequality, absolute
homogeneity of norms, (10c), and Assumption 3.1 that

Y (Ves)i(@)lys (@)]; — V[l (@) [y());)

JE€[m]

= || D (VPles]j(@) = V2l (@)lys(@)]; + DY V2l (@) ([ys (@)]; — [y(=)];)

Jj€lm] Jj€lm]
< Y IVPesli(@) = V@) lllws @)1+ > 12 (el (@)1 [ys (2)]; — ly(@)];]
JE€lm] J€lm]
< Y &svaveelVd @) llvs (@)]5] + Z V2 [l ()] [ys (2)]; — [y(x)];
J€lm]
< Esyvianse 3 |ys(@)] + roz. Z |ys 2)); — ly@), - (35)
J€[m] JE[mM
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For the second sum in (35), it follows from the fact that |Jv||; < v/m]v||2 for any v € R™, Lemma 3.4 and
K1 = YIXEVE that

Z lys(2)]; — [y(@)];] < Vmllys(z) — y(2)||

9\/7/< E chve _ 9 Ky K
< Bmp = B (30
whereas for the first sum in (35), it follows from (36), (8b), and s < i = W%ﬁ that

> lus@)il < Vimllys (@)l < Vim(llys(@) = y()l| + [ly(2)])
j€lm]

< IvVmrv s/ Avehve + Vmey g

— ZJmm Omin

= Mt o = o (37)

Combining (36) and (37), one finds that the right-hand side of (35) has

Esvavachvae Y lys(@)]] +wvze Y Iys(@); — (@)l

JE[m] JE€[m]

< VmTSEEe (5yvee + 9k1) €s. (38)

As a result, combining (34), (35), and (38) yields
|d5 V3o Ls(z, ys(x))ds — d§ Vi, Lz, y(z))ds]
< \sz(f,:,f (5y/Tvze + 951) Eslds |- (39)

Thus, now combining (29), (33), and (39), one finds that
d§ V2, Ls(z,ys(x))ds|
(1 - $rags) Bllds||? = 3 (g y + YIS ) oy g5 d
— VMG (5 Avee + 91) Eslds |
(1 - $ms) Blds|l? — (3w s + 2L (311 +/va) ) s lds

Y

Along with the definition of k3 given in (23), one finds that

d§V3, Ls(x,ys(z))ds| > (1 - 3ris) Bllds||® — rséslds|® = Bslds]I?, (40)
which concludes the proof. O O

We now conclude this subsection with Theorem 3.1 below, which provides generic worst-case complexity
bounds for Algorithm 1. The theorem states generic properties that a subproblem solver needs to have in
order to leverage the strong-Morse properties of the subproblems such that, by solving a sequence of sub-
problems, the overall sample complexity can be less than that of solving the full-sample problem directly.
(As an example, the theorem focuses on the behavior of a second-order-type method for solving the sub-
problems, although others may be employed in practice.) We note that a value of p; € [N] that satisfies the
requirements of the theorem is not necessarily known in practice, but as shown in our numerical experiments
one can obtain better performance by estimating such a value for p; and solving a sequence of subproblems
rather than the full-sample problem directly.
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Theorem 3.1. Suppose that Assumptions 3.1, 3.2, and 3.8 hold. In addition, suppose that p; € [N] is
sufficiently large such that Sy satisfies |S1| > p1 and (24) for S = &1 (where the tuple (K1, ke, k3) is defined
by (22) and (23)), and that, for all k € [K], the pair of subproblem solver tolerances (e, () € Ry X Ry
is set as a fraction of («as,,Bs,) (defined by (25) with S = Sk) such that any (g, Cx)-stationary point with
respect to (3) for S = Sk, call it x;, € R™, satisfies

IVLs, (zk, ys, (zr))]| < €x
and d*V2,Ls, vk, ys, (vx))d > —Cilldl3 for all d € null(Ves, (xx)7).

Finally, suppose that the sequence of tolerances {(ex,(x)} is monotonically nonincreasing and the subproblem
solver employed by Algorithm 1 guarantees that:

(a) The number of iterations required to reach an (e1,(1)-stationary point with respect to subproblem (3)
for S = Sy is at most O(max{e; 2, ¢ %}).

(b) For any k > 2, the number of iterations required from xi_1 to reach an (e, (x)-stationary point with
respect to subproblem (3) for S = Sy, is at most O(log(“+)).

Then, the total number of constraint gradient evaluations required by a run of Algorithm 1 with an initial
sample set size p1 < N is at most

whereas the total number of constraint gradient evaluations required by a run of Algorithm 1 with an initial
sample set size p1 = N s at most

K
@ <|81| max{er?, (7% + Y |Si/log (%
=2

O(N max{e; ?, ().

In our final theorem in the next subsection, namely, Theorem 3.2 on page 29, we show a more specific
bound on the sample complexity of the algorithm when a particular subproblem solver is employed.

3.2 Subproblem Solver for Algorithm 1

Our goal in this subsection is to prove the existence of an algorithm that yields the subproblem requirements
of our generic sample-complexity bound in Theorem 3.1. The algorithm that we consider is based on
minimization of Fletcher’s augmented Lagrangian function, and in particular the strategies proposed and
analyzed in [4]. Much of our efforts in this subsection focus on showing that, by employing the algorithm—
specifically, [4, Algorithm 1]—we can obtain our desired complexity bounds with respect to our termination
conditions in (6). We emphasize that this is nontrivial since our termination conditions are different than
those in [4].

We begin with a lemma showing that, if the initial sample size is sufficiently large and the subproblem
tolerances are set appropriately, then the iterates computed by each subproblem solve are approximate
second-order stationary points.

Lemma 3.7. Suppose that (K1, k2, Kk3) s defined by (22) and (23), and that with

T =Ky and Ty = (Favzf + m) K1 (41)

the subproblem tolerances are set for all k € [K]| (recall (9)) as
er :=T1€s, and (= Toés,. (42)

Then, as long as p1 € [N] is sufficiently large such that

N(N— . 2
(p2p1) Smln{%aﬁaﬁ}a (43)

1
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it follows for any k € [K]| that if xs, € R™ is (eg, ()-stationary with respect to (3) for S = Sk, then with
respect to (3) with S = Sg41 one has

||VLSk+1 (x3k7ysk+1 (xsk))H < 3ex < Sy yq and

d'V2, Ls, ., ( d> d||? Il d € null(V T (44)
zx Sk x8k7ysk+1(‘rsk)) —ﬂ5k+1|| ” for a € nu ( Csk+1(z5k) )7

where as, ., > s and Bs,., > 38 are defined according to (25).

Proof. Consider arbitrary k¥ € [K]. Our first aim is to bound the norm of the difference between the
gradients of Ls, and Ls,,, with respect to the point zs,. Toward this end, by (7), define ys, := ys, (vs,)
and ys, ., = ¥s,,, (s, ). Then, by similar arguments as led to (26) and the triangle inequality, one finds

IViLs, ., (Ts,,Yses1) — Vals, (Ts,,ys,) |l
< [R(Vesyy, (2s,)) — R(Ves, (zs,))ll kv s
= [[(R(Vesyy, (xs,)) — R(Ve(zs,))) + (R(Ve(zs, ) — R(Ves, (zs,))) | kv s
< (IR(Vesyyy (ws,)) — R(Velzs))| + [[R(Ve(zs,)) — R(Ves, (xs,)) kv - (45)

Next, let us bound the two terms in parentheses on the right-hand side of (45). Note that by Assumption 3.1
the matrices Ve(zs, ), Ves, (zs,), and Ves, (2, ) all have full-column rank, meaning that they have the
same rank, so by [9, Theorems 2.3-2.4] and the same arguments as led to (27), one finds

[R(Ves, (xs,)) = R(Ve(zs,))| < ks, (46a)
and HR(VC5k+1 (xsk)) - R(VC(ISQ)H < K1§5k+1 < ngsk’ (46b)

where the last inequality follows from (9) and the fact that the algorithm guarantees that |Si41| > |Skl.
Combining (46a) and (46b) with (45), one obtains

IVaLs, (T8, Ysiyn) — Vals, (@s,, ys,)|| < 26vpk1s,- (47)

On the other hand, from the triangle inequality, (10a), and &s, ., < s, , one has

||vyLSk+1 (xsk7y5k+l) - vyLSk (x8k7y5k)‘
= ||CSk+1 (xsk) — G, (xsk)H
< ||cSk+1 (mSk) - C<$Sk>||2 + ||C($Sk) — Cs, (xSk)H

Combining (47) and (48), one finds that
||VL3k+1 (wsk?y$k+1) - VLSk (xSk;ySk)”Q < 4(’70 + H%fﬁ%)ggk = 4“%5?%7 (49)

which further gives under the conditions of the lemma that

||VL$k+1 (1'31« » YSk41 ) H
< | VLsy, (7s,,Ys,4y) — VLs, (x5, Ys,)|l + |[VLs, (zs,,ys,) |l (50)
< 2kols, +ex = 36 = 311és, < Sa. (51)

At the same time, by (25), &s,,, < &s,, and kals, < La, one has
as,,., =« —kols, ., > a—kals, > a— %oz = %a. (52)
Combining (51) and (52), one obtains the first desired conclusion in (44) that

||VL5k+1 (zsk’ysk+1)|| <3e < ASpyq- (53)
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Our next goal is to prove the second inequality in (44). Toward this end, first note that Lemma 3.6
applies here since the right-hand side of (43) is less than or equal to the right-hand side of (24). Hence, by
Lemma 3.6, it follows that (3) with S = Sp41 is (as,, ., Bs,,, )-strongly Morse. Combined with the prior
conclusion that zs, satisfies (53), one has for all ds,,, € null(Vcs,,, (zs,)”) that

|d5‘k+1 L5k+1 (zsk ’ y8k+1)d8k+1 ‘ > /Bsk+1 Hd5k+1 ”2

To prove the second inequality in (44), it is necessary to show that, in fact, this inequality always holds with-
out the absolute value on the left-hand side. Toward showing this, let us define ds, ., := N'(Ves, (zs,)")ds, ., -
Then, one finds

A5, ViiLs, .\ (25, Ys,, ) dsy
= &ﬁmvngsk (254, Yy )ds, 1
+(dE, V2, Loy, (25, Use s, — ds, ., V2o Ls, (@5, 9,)ds,s,)
2 g£k+1V2stk (T84, Yy )dSy i1
|d5k+1 oL (281, Ysin s — E§k+1viIL$k (28,5 Us, sy |- (54)

Since N (Ves, (zs,)T) is a projection matrix, |NV(Ves, (zs,)T)| < 1 and

lds1 |I” = N (Ves, (25,) s 12 < N (Ves, (28) )P lds 1P < s, )12

Along with the fact that zs, is (e, (x)-stationary, this means that the first-term on the right-hand side of
(54) satisfies the inequalities

5T 2 5 5 2 2

d8k+1vmmLSk (m3k7y3k)d3k+1 > _Ck||d8k+1 H > _Ck||d3k+l ” . (55)
On the other hand, with respect to the second term on the right-hand side of (54), observe that with y(zs,)
defined by (7) the triangle inequality yields

|dgk+1 vig:LSkJA (1175;c > YSk41 d5k+1 dSk+1 vxxLSk (xsk » YSy, )d5k+1 |
< |d£k+1v92mL5k+1 (xsk » YSkt+1 d5k+1 - d5k+1vzzL(x$k ) y(xsk)

a3k+1 |

)
)

+1d5 | V2, Liws,, y(2s,))ds,., —ds, V2 L(zs, y(xs,)

sy, — ds, ., V2 Ls, (25, ys, s, | (56)

=T
+ |d5k+1 vixL(xsk ) y(xsk

Next, one can observe that the first and third terms on the right-hand side of (56) can be bounded as in (39)
with respect to S = S and S = Sg41, respectively. To see this, note that a bound of the form in (34) holds
since (34) followed using general matrix-norm inequalities. Furthermore, a bound of the form in (35), which
relies on (34) and (10c) holds, and bounds of the form in (36)—(37) hold since these rely on s, < z— and

K1
£Spn < ﬁ, which hold in the present setting. Thus, since (39) follows from a combination of (34), (35),
(36), and (37), one obtains that with

A= \/>HZ£:112 (5\/’)/v2 + 9/11)
the first and third terms on the right-hand side of (56) respectively satisfy

|d5k+1 L5k+1 (‘rsk ) BSk41 )d$k+1 dSkJrl V (xSk ) y(xsk ))d5k+1 |
< A€3k+1 ||d$k+1 H2 < >‘£5k ||d5k+1 ”2 (57)

-T — -T —
and |d5k+1v922$L('1:8k ) y(xsk))d$k+1 - dSkJrlvixLSk (Isk ) ySk)d5k+1 |

18



< >‘€5k H&Sk+1 ”2 < /\gsk ||d8k+1 ”27 (58)

As for the second term on the right of (56), it follows from the submultiplicity of the matrix 2-norm, the
triangle inequality, ||ds, ., | < ||ds,.,| and (8c) that

4, . V2, Lxs, y(@s,)ds, ,, —ds,,, V2, L(zs, y(zs,))ds, .|
= (dssy — ds,1) Ve L(ws, y(zs,))(ds, ., +ds,,,)|
< V2, L(zs, y(xs))|ds, ,, — s, [ds,., +ds,.., |
< 2 (woay + LS ) d, sy, — s

= 2%||d3k+1‘||‘d8k+1 _Zisk+1H' (59)

Now with respect to ||ds,,, — ds, .|| one finds from the triangle inequality, submultiplicity of the matrix
2-norm, Lemma 3.5, and (46a) that

||d8k+1 - &5k+1 ”

= ||R(vcsk (xsk))d8k+1 ”
< R(Ve(zsy))ds |l + [[(R(Ve(zs, ) — R(Ves, (zs,)) [l dsy i |
< K155k+1 ||d5k+1 H =+ H/lgsk ||dSk:+1 H < 2"{15«% ||d8k+1 H (60)

Combining (54)—(60) with (23), (41), and ¢ = 72&s, , one finds

T 2
dSkJrl vma;LSk+1 (xSk » YSk 11 )d5k+1

> - 7—25319 ||d$k+1 ||2 - 2>\§Sk ||d5k+1 ”2 - 47—2€Sk ||d5k+1 ”2

= (=5 Vmevikge, _ Qmﬁvf’{v% 5 9 d 2
= Kyz2f + K1 30— (5y/Av2e + 9K1) ) Esy lds, ||
>

-2 (3,‘<;V2f1€1 + (%ﬁ) (3’%1 + \/’H)) 531« ||d31«+1 H2

- 2’433&519 ||d5k+1 ”2

Since (43) requires &g, < % it follows that

d£k+1vg25xLSk+1 (xsk » YSkt1 )d5k+1 > 72K’3€Sk Hd5k+1 ”2 > 7%6||d5k+1 ”2 (61)

On the other hand, recall from (25) that 8s,,, = (1 — %mfskﬂ) B — k3&s,,,, which along with s, ., < &s,
and (43) (specifically, &5, < min{=—, 221) implies

= Br17 Org
Bsion = (L= 3r1€s,) B—rsés, > B— 38— 28 =2p.
Since subproblem (3) with & = Sk11 is (g+1, Bk+1)-strongly morse, it follows that
|d5,., ViiLs, (28,9840 )50 | = B ldse I? > 38lds, |17
That said, since (61) holds and —% > —%7 it must hold that
A%, \Vi.Ls, (T8, Ys ) s,y = Bsea llds, |17,

which completes the proof. O O

Our next aim is to employ [4, Theorem 3.5] to prove that [4, Algorithm 1] possesses a certain worst-case
iteration complexity bound when employed as the subproblem solver in our Algorithm 1. For reference in
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our subsequent analysis, we introduce, for any S C [N], Fletcher’s augmented Lagrangian function with
respect to our subproblem (3), namely, Fis : R — R defined by

Fs(z) = f(x) + cs(x) ys(x) + pslles (@)%, (62)

where ys(x) is defined as in (7) and ps € Ry is a penalty parameter.

Lemma 3.8. Suppose there exists R € Ry such that for any S C [N] with |S| > pi the sublevel set
Cs,r = {x € R" : [[cs(x)| < R} contains xy and is compact. Then, for any such S, there exists ps € Ry
such that the requirements of [4, Theorem 8.5] hold for all ps > ps. Thus, for any such ps there exists

(us,1,us2) € Ryg x Ryg such that for any (e,¢) € (O, %R] x (0,1] one has that [4, Algorithm 1] with
starting point xo locates an (e, ()-stationary point (see (6)) in a number of iterations that is at most

Ts = maX{’U/S,]_C_Q,U/S)Qg_g}. (63)

Proof. To prove the lemma, it suffices to prove that the requirements of [4, Theorem 3.5] hold in our present
setting and that the worst-case complexity bound from that theorem holds with respect to our termination
condition (6), which is different from the termination condition for [4, Algorithm 1]. Toward these ends, let
us begin by considering an arbitrary sample set S C [N] with |S| > p;.

Assumption A1l in [4] requires the existence of R € R., and & € R., such that for all z € R" with
les(z)|| < R one has omin(Ves(z)T) > 6. This holds in our present setting under the conditions of this
lemma and Assumption 3.1. Assumption A2 in [4] requires the existence of R as stated in the conditions of
this lemma. Assumption A3 in [4] requires the existence of ns € R such that

les(z 4+ d) — cs(z) — Ves(x)Td|| < ns||d|)? for all (x,d) € Cs g x R™ (64)

To show that this holds in the present setting, observe that for all (z,j) € R™ x [m] it follows from Assump-
tion 3.3, (10c), and the triangle inequality that

IV2[es]; (@) = V[ (z) + VZ[es]j (@) — V2[e]; ()]
< IV2[el @)l + IV2[es]j(z) = V2]l ()]
< IV2[elj (@)l + Esvavzel V[ ()]

< (1 + MW) Kv2e =i Kp, - (65)

»i

Now consider arbitrary (x,d) € Cs,g x R™ and observe that, by Taylor’s theorem and (65), it follows that
for all j € [m] there exists a point Z; € R" such that

lleslj (@ +d) = [es]j (@) — Vies];(x)"d|
= |3d"V?[es];(@;)d] < 511V [es]; (@)IAI* < Frp, ] (66)

Consequently, one finds that

les(@ +d) = es(a) = Ves(@)Td| < [ §r2,[ldl|* = §v/mey, ||,
j€[m]

from which it follows that (64) holds for any ns = 1+/m#,,. Assumption A4 in [4] requires that z¢ € Cs g,
as is required in the conditions of this lemma. Finally, Assumption A5 in [4] requires that the penalty
parameter is chosen greater than

max max {

Omax(Ves (2))0max (Vys (%))  Omax(Vys(z)) 1 }
z€Cs R

20min (Ves(2))? ? omin(Ves(z)) ? omin(Ves(z))
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Since Cs, g is compact, it follows under Assumption 3.1 and the extreme value theorem that there exists ps
as stated in the lemma. All together, one can conclude that the requirements of [4, Theorem 3.5] hold in
our present setting, as desired.

All that remains is to prove that the worst-case iteration complexity bound from [4, Theorem 3.5] yields
the desired conclusion of the lemma for our setting. Toward this end, let us introduce 75 € Ry, as equal
to the positive real number “C” introduced in [4, Corollary 2.7] (dependent on second-order derivatives
of the element functions {[cs];}jemm) and {[ys];}jemm) over Cs r). One can now state by [4, Theorem
3.5] that with respect to [4, Algorithm 1] employed to solve subproblem (3) with o € Cs r that there

exists (Us, 1,115 2,175 3) € Ry x R>0 x Ry such that for any (e, () € (0, ‘@R] x (0,1] and corresponding

€pg 1= = min{¥> } and (pg = 100 ¢+ Tsepg one finds that in a number of iterations that is at most

5 ’10075
Ts := max {175716;‘;, ﬂs,zCE;, 175,3(55} (67)

the algorithm produces a point € R” satisfying

IVFs(Z)|| < eps and d'V?Fs(Z)d > —(pg|d||* for all d € R™. (68)

(Note that to apply [4, Theorem 3.5] it has been observed that the former tolerance satisfies ep, < %e <

1R.) In addition, it also follows from [4, Theorem 3.5] that the point Z satisfies |V,L(Z,y(Z))|| < 2eps,
”VyL(f?y(f))” < €Fs> and

dTV2 L(Z,y(Z))d > —Cpe||d||* for all d € null(Ves(Z)T).

Observing that this means ||VL(Z,y(Z))|| < Vbers < ¢, and observing that (pg = 100 S rseps < ¢, it follows
that (6) holds, as desired. Finally, to show that this is achieved in a number of iterations that is at most T's
of the form in (63), one only needs to plug in the definitions of ep; and (p, into Ts in (67). This yields

TS < max{5ﬂg 1672 (1007’5)217,5 1(72,17572(?38 + 7s fe) uS72C71,
s (56 + 7545~ s8¢0

< max{bls 1€ 2 (1007s) us714_2,ﬂ572(?gg) ,Us 3(?86) 3}.

Thus, since ¢ € (0, 1] implies max{¢~1,(72} < (=3, the conclusion holds with us; = b1 and uss =

max{(1007s)%us,1, 2R s,2, (‘55 ) Us3}- O O

Since [4] is based on Fletcher’s Augmented Lagrangian function, we now show that (44) offers bounds on
first- and second-order derivatives of (62).

Lemma 3.9. Suppose there exists R € Ry such that for any S C [N] with |S| > p1 the sublevel set
Cs.r = {z € R" : |es(2)|| < R} contains xo and is compact. In addition, for any such S and any given
Bs € Ry, define

s 1= max {IIVf( M Mlys @)l Vs (@), [[Ves (@),

o (19l )] 19201 .

jelm
ns1 = (U\ﬁn + m) ks,
18,2 = 2mKs, (69)
28502

ns,3 ‘= T )
’ NS 10T 5BsMs,2

nsa :=nsins,3 + (1 +mkrs) ks

1 2
§5SUmin

and €s:= %
775,1U,znin+§ﬂs7is,2+ns,2ns,4
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along with the functions ps : (0,€s) = Ry and ps : (0,€s) — Ry defined by

lﬁerns 4 165*7]5 1€
ps(e) = 723%“_778:26 and ps(e) = 2———— 7]8,26’ . (70)

Then, for any such S and any Bs € Ry, the following hold.
(a) for any € € (0,€s) one has 0 < ps(€) < ps(e);
(b) for any e € (0,min{R,€s}) and ps € (ps(€),ps(€)), if x yields

IVLs(z,ys(x))[| < e

and d*V?, L 2 T ()
~oLs(x,ys(x))d > Bs||d||* for all d € null(Ves(z)*)

then
les(@)| < R, |[VFs(z)|| < (1+ ks + 2psks)e, and V*Fs(z) = 3Bsl. (72)

Proof. Consider arbitrary s € Ry and S C [N] with |S| > p;. Part (a) follows from the fact that, for any
2

€ € (0,€s), one finds € < €5 < ;?; and
1 1 L .
€s < %ﬁsafmn — §Bs;rns,4 < 5657775155
15100t BsNs 215 275 4 T min 15 ,2€s

lﬁs-‘rns 4 l,35—775 1€
= {232 < 2 : } <— {pi(e)<p?(e)}

min ~"1S,2€ ns,2¢€

Let us now prove part (b). Toward this end, consider arbitrary € € (0,min{R,€s}), ps € (ps(€), ps(e)), and
x satisfying (71). Thus,

max{[[Vf(z) + Ves(@)ys (@), es (@)} < [[VLs(z,ys(@))| < e < R, (73)

which among other things gives the first inequality in (72). Consequently, = € Cs g, so it follows from (62),
the chain rule, the triangle inequality, and submultiplicity of the matrix 2-norm that

[VEs(@)[| < [V f(z) + Ves(@)ys(@) | + ([Vys (@) + 2ps [ Ves (@) es (@) ]
< ||Vf(z) + Ves(@)ys(z)]] + (1 + 2ps)ks||cs(x)]]. (74)

Combining (74) with (73), one obtains the second inequality in (72). Our final aim is to prove the third
inequality in (72). Toward this end, first note that

V2Fs(x)
= V2, Ls(z,ys(x)) + Vys(x)Ves ()" + Ves () Vys ()"
+2psVes(@) Ves(x) + Y (VPysli(e) + 205V [es]; () [es]; (). (75)

JE[m]

Let us now express this Hessian in an equivalent form involving a decomposition into orthogonal spaces de-
fined by the constraint Jacobian at z. Let us first derive an expression for Vys(z)Ves(z)T by differentiating
the linear system that defines ys(x) through (7). Specifically, by (7), one finds that

Ves(x) ' Ves(x)ys(z) = —Ves(x) TV f(x). (76)
Abbreviating notation and differentiating the left-hand side yields

V(VesVesys) s
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= V((vcg|zv05|r)y8)|z + V(VC£V68|xyS|r)|x + V(VC£|1VCSyS|r)|z

= Vyslwvcglwvcs‘z + [vz[cs]l‘xVCS|xy$‘x t VZ[CS]m|xVCS‘xyS|x}
+ (Z VQ[CS]jlw[ysbz) Vesla,
J€lm]

while at the same time differentiating the right-hand side yields
V(—VC?;V]C)\I = - V(VC§|me)|m - V(chvﬂm”z
= - VQf‘xVCS|x - [v2[CS]1|mvf|x T vz[CS]m|xvf|a:] .
Combining these derivations and rearranging yields
Vys(2) Vel (2)Ves (x)
= — Vi,Ls(z.ys(x))Ves(z)
= [V2lesi(@)VaLs(@,ys(x)) -+ Vieslm(2)VaLs(z,ys(z))] . (77)

=:£(z)

Multiplying (77) on the right by (Ves(2)TVes(x)) ™ Ves(z)T yields

Vys(z)Ves(z)”
= — (Vi Ls(z,ys(x))Ves(x) + E(2))(Ves () Ves(x)) ™ Ves(2)T
= — V2 Ls(z,ys(z))R(Ves(z)) — 5(x)VcS(x)T. (78)

On the other hand, denoting R(z) := R(Ves(x)), N(x) := N (Ves(z)T), and H,, == V2, Ls(z,ys(x)) for
the sake of notational simplicity and using the fact that R(z) + N (x) = I, one finds that

Hyw — HywR(z) — R(2)Hyy = HyxN(2) — R(2) Hyy

Combining (75), (78), and (79) now yields the expression for the Hessian as

V2Fs(x) = N(z)HpoN (z) — R(z)Hpo R(z) + 2psVes(z) T Ves(z)

— E(x)Ves(x)T = (Ves()) ()"
+ Y (V2yslj(@) + 2psVP[es];(2))[cs); (x)- (80)
j€[m]

Let us now observe that from the definition of £(x), norm inequalities, submultiplicity of the matrix 2-norm,
the fact that = € Cs g, (69), and (73) that

1€ @) = 1€ @)

= max ||5(I)Td||
deR™ st ||d]|=1

VILS(xﬂ yS((E))Tv2[03]1({E)Td

T deR ma}H(dH 1 :
ER™ st. = !
vxLS(xvyS(:C))Tv2[CS]m(I)Td

= . Y (VaLs(@,ys(@)TV2[es];(x)Td)*

= ax
deR st. ||d||=1

j€[m]
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< oL T2 (N Td
*\/rndemn?ﬁdu:l (jnelﬁr}f]lv s(@,ys(2))” Viesl;(z) )

< +Ls(z, 2[es); d
< v s (19, Ls(e s @) I9 el @l

<Vvm max (exs||d]]) = vVmrse. (81)
deR™ st. ||dl|=1

Now consider arbitrary d € R™ \ {0} decomposed as d = dp + dr, where dy € null(Ves(z)?) and dr €
range(Ves(x)). One has from (80) that
d"'V?Fs(x)d
= d"N(2)V3, Ls(z,ys ()N (z)d — d"R(2) V3, Ls(z, ys(z))R(z)d
+ 2psdTVes(x)TVes(x)d — 2dTE(x)Ves(z)td
+d" ( > (Vyslj(@) + 2psV?[es]; () [Csb(x)) d
j€lml

+ 2ps||Ves(z)dr|]? — 2dTE(x)Ves(x)Td

J€[m]

+ dr ( Z (V2 [ys}](.%‘) + QPSVQ[Cs]j(.%‘)) [Cs}j(x)) d, (82)

where for the latter two terms one has from (69), (73), and (81) that

—2d"E(x)Ves(x)id + d” ( > (Vyslj(@) + 2psV2[es];(x) [Cs]j(ff)) d

J€[m]
> — 2| E@) Il Ves(@)l[ld]* - §]<v2[ys1j<x>+2psv2[cs1j<x>>[cs1j<x> IR
> — 2/mhs | g2 — _;}uw%yswn +2ps]1V?[es]; (@) ) [es]; (@) 1]
> — 2/ms | |12 — JZ (192 [ys); (@) + 201V [es]; @) ] l|es @)1
> —m|d|2€—:f[€s](1+2ps)€||d|2~ (83)

Omin

Now since dyr € null(Ves(z)T), (71) gives di, V2, Ls(z,ys(z))dy > Bs||dn||?. Along with (69), the triangle
inequality, and submultiplicity of the matrix 2-norm,

V3 Ls (@ ys(@)] = ||V f(2) + D VPesj(@)lys];(x)
)

jE€ImM
<[V f@)ll+ Y 1V%[es]; @) llys (@) < ks + mr. (84)

JE€[m]

At the same time, let us derive a lower bound for ||[Ves(z)Tdgr||. Let Ves(x) have the singular value
decomposition 3, (., u;ov] where (u;,04,v;) € R x R x R™ for all i € [m] with {u;}iepm) and {v;}iem)
being sets of orthonormal vectors. Then, by Assumption 3.1 and the fact that dg € range(Ves(z)), one
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finds that

|Ves(x)Tdg||? = Z viow! dr| = Y |viowl dr|® =Y o (u] dr)?

1€[m] i€[m] i1€[m]
oin > _(uldr)? = ol lldr .
i=1
Combining (82), (83), (84), (85), and the decomposition d = dyr + dg, one has
d"V?Fs(x)d
> Bslldnll® + (2psomm — (ks +mrg))|drll?
— (B2 m1+ 2ps)) wsldPe

= (85— (22 £ m(1 + 205) ) wse) ]

Omin

+ (2psafnin — (1 +mks)ks — (iﬁ +m(1+ 2p3)) n'se) ldr 2.
We now claim that our desired conclusion follows as long as (ps, €) yields

Bs — (2W+m(1+2p5)) KS€ > %Bg and

Omin

20502 — (1 +mks)ks — (gﬁ +m(l+ 2p5)) Kse > 1Bs,
since these inequalities along with (86) would yield the desired fact that

d"V?Fs(z)d > 3Bslldn||” + 3 Bslldr|* = 3Bsl|d]]*.

Indeed, since € € (0,€s) and ps € (ps(€), ps(€)), one finds that

Bs — ((2,\11/”? +m(1+ 2ps)) ks€ = fs — (s, 1€ + s 2ps€)
> Bs — (ns,1€ + ns,2P5(€)€)
= Bs — (nse+ 2Bs —nsj€) = 1Bs
as well as
2050 min — (1 +mks)ks — (% +m(1+ 2/’5)) Kse
= 2ps0iin — (Ns,1€ + (1 + mKs)ks) — s 2pse
> 2ps5025 — (Nsa€s + (1 +mks)ks) — Ns 2ps€
> 2p50min — (N5.17M5.3 + (1 + mks)ks) — s 2ps€
= 20501 — 5.4 — 115,2PSE

> 2105( ) Omin — 7lS,4 — 775,2/)75(6)6

+2 .
= W —ns,a — (38s — ns,1€)

min —"1S,2€

min

(Bs+2ns.4)02,, 1 1
> e — 2154 — 585 = 58s-

For the reasons stated previously, the proof is complete. O

To obtain our desired complexity result, we need one more assumption.
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Assumption 3.4. For any S C [N] with |S| > p1 and any ps € Ry, Fletcher’s Augmented Lagrangian
function has a Hessian function V2Fgs : R" — R™ ™ that is Lipschitz continuous in the sense that there
exists Ms € Ry such that

|V2Fs(x) — V2Fs(Z)|| < Ms||z — z||* for all (x,7) € R™ x R™.

Lemma 3.10. Suppose that the conditions of Lemma 3.7 hold in the sense that (k1, ke, k3) is defined by (22)
and (23), (11, 72) is defined by (41), for all k € [K] the pair of subproblem tolerances (ex,(x) is defined by
(42), p1 is sufficiently large such that (43) holds, and for all k € [K] the point zs, € R™ is (e, (x)-stationary
with respect to (3) for S = Si. In addition, suppose that the conditions of Lemma 3.9 hold in the sense that
there exists R € Ry o such that for any S C [N] with |S| > py the sublevel set Cs g := {x € R" : |lcs(2)| < R}
contains xo and is compact. Further, with the definitions in (69) and (70) for all Bs > 1B and S C [N] with
|S| > p1, suppose with

1
- Rz 38
(53: min €s 2
T sCINst (43) |7 aps g 4ans , X lins} (7

Omin

- ! 250 (88)
Y sy TS ps(0)ks,

and M := Ms (see Assumption 3.4)

max
SC[N] st. (43)

that the sample set Sy, for each k € [K] yields

N(N—|Sk|) 1 .. 8 8 B> R
Vs S /szm{? 1852 * 13200 %} (89)

Finally, suppose that with ps, ., € Ryq and ts,,, € Ryq, gradient descent with constant step size ts, ., is
employed to minimize Fs, , with initial point s, . Then, there exists a positive interval and a positive upper
bound such that if ps, ., is within the positive interval and ts, ., is below the upper bound, in at most

[logQ ﬁ—‘ iterations

the method gives xs,,, that is (€x41,Crr1)-stationary for (3) with S = Sk1.

Proof. Consider arbitrary k € [K]. By Lemma 3.7, it follows that (44) holds, where as,,, > %o and
Bs.,, = 38 are defined according to (25). Consequently, one finds that the result of Lemma 3.9(b) holds
with § = Spy1, € = 3ex, Bs,,, = %ﬁ defined by (25), © = zs,, and ps,., = Ps..,(0). Indeed, with (41),
(42), the first term of the minimum in (89), and (88), one finds that 3ex = 3r2s, <0 < min{R,€s,,, } and
PSyi1 2 PSyi1 (é) > PS8y 11 (3€k)' Thus,

TS, € C5k+1,Rv HVFSI«+1 (wsk)|| < 3wey and V2F3k+1($3k) = %531«4-1[' (90)

Before proceeding, since Cs,_,,r := {x € R" : |[cs,,, (z)]| < R} is compact, let

UV2F5k+1 = IGg;jflvR{Umax(VQFskJrl (Jf))} < 0.

Let us now consider the behavior of gradient descent employed with penalty parameter ps,,, € Ry, and
step size ts,,, € Ryg; that is, with 2% <« zs,, consider the iterative method defined for all i = 0,1,2,...
by

i+1 7 7
Ts, T, — t5k+IVFSk+1 (:CSk) (91)
: ﬁsk:+l 1 3
where tSk‘H € min { 9wMey,’ 0v2F5k+1 P Bspgr [ (92)
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Our next aim is to show that, for any such ¢ > 1, one has that

; ; i
szk € CSk+1,R’ Hstk+1 (m?S'k)” < (1 - %ﬂ3k+1t3k+1) ||VFSk+1(x%k)||

and omin(V2Fs, (2% )) > 508s,,, while for i > 1 one has

Umin(VZFSk_H (xgk))
i—1
l
> %ﬁSkH MHVFSk+1 xSk s Z %53k+1t5k+1)) = %63k+1'
=0

(93)

(94)

Toward this end, first observe that by defining G; := VFg, (xfsk) for all 7 one has from Taylor’s theorem

and submultiplicity that
IGiall < [|Gi + VP Fs,. (e, ) (@5 — as)|| + 3 Mlles)" — o, |°
= ”Gl - t5k+1v2FSk+l(xSk)Gi|| + §Mt8k+1 ||G1H2
S = s Vs (s )Gl + 5MES, 1G>

(95)

Let us now employ the aforementioned induction. For i = 0, the base case holds since z3 = s, satisfies
(90). Now consider an arbitrary positive integer ¢ and suppose that x5 satisfies (93)-(94). By (92), one has

1Siss Umax(szSk.H (ngk)) < t$k+1JV2FSk+1 <1
which in turn along with (94) shows that

||I - t5k+1v2FSk+1 (fok)H

= max |’UT'U - t5k+1vTV2ng+l(aﬁfgk)v|

vER" st. ||v]|=1

1-— tSkJrl Jmin(V2F5k+1 (szk))

<1- %BSkJrltSkJrl'
At the same time, combining (90), (92), and (93), one finds that
Mt8k+1 HG1H < Mt$k+1 HGO” < 3Mt5k+1w€k < %BSMA'
Now combining (95), (96), and (97), one obtains that

||G1+1H < (1 - %Bsk+1t5k+1) ”GlH + %ﬂ5k+1t5k+1”GiH
i+1
= (1 - %65k+1t5k+1) ||G1H < (1 - %B‘S'k+1ﬁ‘5'k+1)Z ||G0||7

max{\l - t$k+10min(v2Fsk+1 (xfsk))‘a ‘1 - t$k+10maX(V2FSk+1 (Cﬂgk)”}

(98)

which shows the inequality in (93), and in fact shows that |V Fs, ., (-)| decreases with each iteration. Also,

from [8, Theorem 6.6] (or see [10, Eq. (3)]), one finds

|Twin (V2 Fs4 (5,1)) = Omin (V2 Fsy, (25,)]

< ||v2F5k+1 (x?,zl)) V2F$k+1 (xSk)H < MHxH_l - fo‘k ” = Mt5k+1 ”GzH

Combined with (92), (94), and (98), one now obtains that

Umin(V2F5k+1 (1':8—:1))

> O'min(v2F5k+1 (ZZ?Sk)) - |0'min(v2FSk+1 (x?_kl)) - O'min(v2F5k+1 (xfsk)”
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i—1

N 1 J—
> %ﬁ8k+1 - MHGOHtSk+1 Z (1 - %ﬁ3k+1t5k+1) - Mt3k+1 Gl
=0
: l
> 58501 — MGollts,y Y (1= §Bsiiatsis)
=0
> !
Z %B5k+] - MHGOHtSk+1 Z (1 - %B‘Sk+1tsk+1)
=0
= %58k+1 _MHGOHtSkJrlm
Z %58k+1 - 18 Moey, Z %58k+1- (99)

65k+1

Here, for the last inequality, note that e = 71&s, = kals, by (42). Then, since Sy satisfies (89), one

8’ : . 18Mw g? ; L i
finds ¢, < oo Which further gives ﬁs,:fk < sy Now since fs,., > 56 by (25), it follows that
18Mwes 8 1 18 Mwey, 1 1 _ 1 : ;
W < =%+, As a result, one has 38s,,, — Wi:k > 588111 — §85u41 = 385,41, Which gives the last
inequality.

All that remains to complete the induction is to show that xf;;l € Cs,,.,r- Toward this end, let us
employ [4, Corollary 2.7]. This requires that the singular values of Vcs, ,, are bounded away from zero and

that Cs,,,,r is compact, both of which are assumed here. It also requires that

max{L,||Vys, , (=)l|}
omin(Ves, (@) °

(100)

PS> Iax
z€Csy1.R

Let us show that the choice ps,,, = Ps,,, (), which is reflected in (88), yields this lower bound. Indeed,
since omin(Ves,,, (2)) > omin by Assumption 3.1 and [|Vys,,, ()| < ks,,, by the definition of ks, , in
(69), one sees (100) holds if

7 3max{l,ks, ,}
P8k+1 = pSk+1 (é) - W

1
_ 3BSp I TNSE g1

1)
For any ¢ > 0, the definition ps, (§) = e 5 yields
k412

1
{psk_H (5) > Smax{l,nsk+1}} { §ﬁ5k+1 77]5)6_*_1716 > 3max{1,f{5k+1}}

= 20 min NSk 1.20 = 20 min
— {B5k+1o'min - 2775k+1,150min > 3775k+1,2 max{l, KSkt1 }6}
Omin
= {6 < /ST },

= 205;,4.10min+3ns, 2 max{l,ks, , }

where the last inequality is ensured to hold with § defined in (88). Now combining inequalities (98) and (99)
to write i1 )
||Gi+1H <é:= (1 - %ﬁSkJrltSkJrl) ”GO” and v2F5k+1(fo-:1) = %/Bsk+ll’

Bskia

it follows from [4, Corollary 2.7] that the iterate ac?kl is an (€, 26, ——3

+(1+ =2 )ks,,, €) stationary point
of (3), in the sense that

lesi (@ I < & IVaLs(s ' ysis, (25))I] < 2€,

and d7V2, Ls, ., (25 sy (057 = (38500 — (14 525 ) Ksunné) )2

Omin

for all d € null(Ves, ., , <x?SJ;1)T) (101)

Note that (1 — £8s,,,ts.,,) < 1, s0 € < [|Gol|. Combined with the fact that ||Go|| < 3wes, < R by (89),

one finds that ||cs, ., ($?,:1)|| < € < R. Thus, the desired conclusion that 1:?;1 € Cs,,,r has been proved.
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Through the induction it has been shown that (101) holds for all ¢ > 0. Let us now show that that
right-hand side of the second line of (101) is nonnegative for all ¢ > 0. Consider arbitrary such i. From
Bspps = 28 and € < ||Go|| < 3we,

1851 — (1 n 2) Ky €> 18— (1 + L) K. 3Tk
Next, from (88) and (100), it follows that

_ 1 o
D= gopnax 1 Rs +205(0)ks

3 max{l,n5k+1 }

— 2
> KSki1 + 2p8k+1 (é)"{sk+1 > KSki1 + KSki1 > (1 + g'min) KSpt1-

Omin

Combined with the previous displayed inequality, one finds that 38s,,, — (1 4+ =2-)ks,,,€ > ¢ — 30%¢;.
Now combined with (89) and €, = k2fs, , one has

1 2 ~ 1 —2
§ﬂ$k+1 — (1+ a) K/Sk+1€ 2 gﬂ—gw €k 2 0

Thus, the right-hand side of the second line of (101) is nonnegative for all ¢ > 0.

Let us now bound the number of iterations until gradient descent terminates, which due to the result
in the previous paragraph can be determined by the number of iterations until the first-order condition is
sitisﬁed. Recall the fact that VyLSkH(mgl,y‘gkﬂ(mgl)) = cskﬂ(x?kl). By (101), one finds for all ¢ > 0
that

IVLs, ., (25, ysia (@5 )

= \/Hvstk+1 (xfstlv YSk11 (x?_kl)) ”2 + ||V’yL5k+1 (1‘?;17 YSk41 (x?;l)) H2

< VBE=V5 (1= L85, 1tss) Gl (102)

By the step-size rule in (92), the right-hand side of this expression is monotonically decreasing as i increases.
Letting T' denote the iteration index at which the first-order condition is satisfied, one finds from (102) that

_1 T €ht1
\/5(1 6Bsatsin) 1Goll < expr =T < POgl—éﬁskHt‘sHl \/5||Go||—‘ ’

Moreover, from (90) and (92), one finds for the log term that

€41 _ 1
1 = 1o 1
1=5B8s,41ts,4, V5IGol 3

log

3

V5| Gol| V5G 3v/Bwe

— T Gk+1 < 10g2 €k+10 < 10g2 €k+1lC
1-6B8skt1tsSpis

which completes the proof. O O
Theorem 3.2. Suppose that Assumptions 3.1, 8.2, 3.3, and 3.4 hold.

(a) Suppose that with p1 = N the conditions of Lemma 3.8 hold and that [4, Algorithm 1] is employed to
solve subproblem (3) for S = S1. Then, there exists (uin),1,un),2) € Rog X Ryg such that, for any

(e,¢) € (0, %] x (0, 1], the number of constraint gradient evaluations that are required until Algorithm 1
terminates with an (€,() stationary point of (2) is

N [max {ujny €% uny 2} - (103)
(b) Suppose that with p1 < N the conditions of Lemma 3.8 hold and that [4, Algorithm 1] is employed

to solve subproblem (3) for & = &1, whereas gradient descent is employed to minimize Fletcher’s
augmented Lagrangian function for all subsequent k € [K| under the conditions of Lemma 3.10. Then,
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there exists (us, 1,us, 2) € Ryg X Ry such that, for any (e, ¢) € (0, ‘2[] x (0,1] and with (11, K1,@)
defined in Lemma 3.10, the number of constraint gradient evaluations that are required until Algorithm 1

terminates with an (e,¢) stationary point of (2) is

|S1 | {max {u31,16f2, U31,2C173H

+ (V= 21S1) [$10g, (1805% (1+ §))] + N [log, ¥=n | (104)
Proof. Part (a) of the theorem and the aspect of part (b) pertaining to the first subproblem follow from
Lemma 3.8, [4, Theorem 3.5], and the fact that each iteration of [4, Algorithm 1] requires O(p;) constraint
gradient evaluations.

Let us now proceed to analyze the aspect of part (b) pertaining to the subproblem solves after the initial
one. Consider two phases: (1) all subproblems in iterations prior to the last one, and (2) the final subproblem
in iteration K.

Consider iterations k € {2,..., K — 1} of Algorithm 1. The aim of each iteration is to find an (e, (x)-
stationary point using the final iterate from the previous subproblem solve as a starting point. By Lemma 3.10,
for all k € {2,..., K — 1} it follows that the number of iterations required by gradient descent is at most

’710g2 3fwek 1—‘ )

Recalling that |Si| = 2|Sk—1] < N for all such k, one finds that

€1 _ TS [ (N=|Sk—1])|Sk|?
ee  mi€s,  \ ISk—1[2(N—[Sk])
1
L JAN=ZISk) \/ 2\5k|
—\/ sy =2\t s S2YIH S

Here, the last inequality follows from the fact that x/(N — z) increases as x increases over (0, N), and since
|Sk| € N and [Si| < N imply |Si| < N — 1. Since each iteration of gradient descent requires |Sj| constraint
gradient evaluations, it follows that the total number of constraint gradient evaluations in iteration k is at

" 51l 1oz, (V514 5 ) | = Il [ 10, (1505 (1-+ ).

Thus, the total number of constraint gradient evaluations required to solve all of the subproblems in iterations
ke{2,...,K —1} is at most

Z Sk [2 log, (1802 (1 4+ X))

llog, N/|Si[1-2
=[3log, (180=% (1+ )] > S
i=1
= [1log, (180%7 (1 + &))] 2/S:| (2082 V/IS1l1=2 1)
< [Llog, (180@2 (1 + &))] 2/S:|(2'082 N/1S:11=1 1)
= [ 3 logy (180&° (1 + 3)) | (N = 2[81).

Now consider iteration k = K, the aim of which is to find an (e, ¢)-stationary point by gradient descent using
the final iterate from the subproblem solve in iteration K — 1 as the starting point. Combining Lemma 3.10,
the inequality ex 1 = 1€k —1 < 71/(3K1) given by (43), and the fact that each iteration involves N individual
constraint gradient evaluations, it follows that the number of constraint gradient evaluations that are required
is at most

N {logz 73\/55:1(‘1—‘ <N {logQ L}i’iﬁ—‘ .

Combining the bounds that have been proved, the proof is complete. O O
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4 Numerical Results

The purpose of our numerical experiments is to demonstrate the performance of Algorithm 1 with p; < N
versus a one-shot approach that solves the SAA problem (3) with S = [N] directly (i.e., p; = N). We present
the results of two experiments. The first experiment involves an artificial two-dimensional problem, for which
we present the results obtained using two (sub)problem solvers, namely, [4, Algorithm 1] based on Fletcher’s
augmented Lagrangian function and [1, Algorithm 2.2] based on a sequential quadratic optimization (SQP)
approach. We also use this two-dimensional problem to illustrate experimentally that for a problem with
form (3) that is strongly Morse when & = [N], a sampled problem with & C [N] is also strongly Morse when
|S| is large enough relative to N. Our second experiment involves training a neural network to predict the
solution of an ordinary differential equation. All software was written using Matlab R2024b.

4.1 An Artificial Problem

Consider problem (1) with n = 2, m = 1, and the objective function defined by f(z) = x;. As for the
constraint function ¢ : R™ — R, let w be a two-dimensional random vector with each component having a
uniform distribution over [—m,x]. Then, for any given (a,¢) € R2, let us define C' : R? x [-m,71]? - R
according to

C(x,w) = 21 — 23 + asin(éx; + w;) + acos(pry + ws).

That is, for any x € R?, one finds that ¢(z) = E[C(x,w)] = 21 — 23. On the other hand, for any positive
integer IV, the corresponding SAA problem has a constraint function that is the average of functions involving
sin and cos terms.

For our experiments in this section, we set @ = 1074, ¢ = 100, and N = 2048. Our first aim is to
demonstrate numerically that problem (2) (i.e., with & = [N]) is strongly Morse over [—1,1]2 C R? (i.e., a
box around the origin, the optimal solution of problem (1)), and that problem (3) is also strongly Morse over
this region when |S| is sufficiently large relative to N. This is done through the contour plots in Figure 1.
These contour plots can be understood as follows. First, for each sample size we computed the reduced
Hessian of the Lagrangian at x—i.e., the Hessian of the Lagrangian over the null space of the constraint
Jacobian—over the region, which in this setting is a real number at each point. Second, for each sample size
we computed the norm of the gradient of the Lagrangian evaluated at (x,y(z)). Third, for reference, we plot
the point mFN] ~ 0. That each problem can be seen to be strongly Morse can be found by observing that
A is bounded away from zero when ||V L] is small. Specifically, the dashed contour lines for the gradient of
the Lagrangian show the boundaries of the region in which ||V Ls|| < 0.6, where over this region one always
finds that As > 0.8, which is to say that each problem appears to be (0.6, 0.8)-strongly Morse in the region
[—1,1]2.

Let us now present the results of Algorithm 1 with p; < N vs. p; = N. We present the results
with two subproblem solvers. In each case, our performance criterion is the number of constraint gradient
evaluations—i.e., evaluations of V¢; for some i—required before an iterate satisfying (6) was obtained with
tolerances € = ¢ = 1075. An initial point 2 was chosen at random from [—1,1]? and used for each run. For
the subproblem tolerances, we set for all k € [K] the tolerances

e = Gp = 1070/ XS 1. (105)

This choice is motivated by (42), but with the addition of 1 inside the square root to ensure that the tolerance
does not vanish at k = K. Rather, the final tolerances (for k = K) are ¢ = ( = 10~°, as stated previously.
Our first comparison considers [4, Algorithm 1] as the subproblem solver. This is a second-order method
based on minimizing Fletcher’s augmented Lagrangian function; recall Fs, : R™ — R defined by (62). In
short, the algorithm employs gradient descent with a backtracking line search on the augmented Lagrangian
function until the norm of gradient of the augmented Lagrangian is below a threshold. If the resulting point
satisfies the second-order termination conditions, then the algorithm terminates; otherwise, a direction of
negative curvature is obtained along which a backtracking line search is employed to determine the next
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Figure 1: Contour plots for the problem defined in §4.1 with different constraint sample sizes. On the left and
the right, A represents the reduced Hessian at = (a real number), ||V L|| represents the norm of the gradient
of the Lagrangian at (x,y(z)), and x* is the optimal solution of (2). On the left, the contours correspond
to function values over the full sample set with NV = 2048. On the right, the contours correspond to values
over a sample set with |S| = 64.

iterate. The algorithm continues until the second-order termination conditions with tolerances in (105) are
satisfied. In our experiment, we set the penalty parameter ps, to be 10 for all subproblems. With respect
to the other parameters in [4, Algorithm 1], we chose ag; = aga =1, ¢c; = co = 1074, and 7y = 75 = %

The results are shown in Figure 2. On the left in the figure, we show the norm of the Lagrangian
corresponding to the full-sample problem as a function of the number of constraint gradient evaluations as
the algorithm proceeds. One finds that despite the fact that p; < N, the progressive sampling approach
yields a small norm of the Lagrangian after relatively few constraint gradient evaluations. By contrast, by
solving the full-sample problem directly, many more individual constraint gradient evaluations are required
before the norm of the gradient of the Lagrangian falls below the desired tolerance. On the right in the
figure, we show the relative number of constraint gradient evaluations required when the final tolerance
varies from 1073 to 1076, In particular, one finds that the progressive sampling approach (with p; < N)
requires only a small percentage of the constraint gradient evaluations that are required when solving the
full-sample problem directly.

Our second comparison considers using [1, Algorithm 2.2] as a subproblem solver, which is an SQP-based
method. This algorithm does not guarantee convergence to an approximate second-order stationary point,
yet we still find that progressive sampling yields computational benefits. For the parameters required by [1,
Algorithm 2.2], we chose (a,v,0,n,7) = (1,0.5,0.5,0.5,1). The results are shown in Figure 3. As for the
other subproblem solver, one finds that progressive sampling yields better results than the one-shot approach
when considering individual constraint gradient evaluations as the performance measure.

4.2 Training a Physics-Informed Neural Network

Our second experiment involved training a neural network to predict the solution of an ordinary differential
equation (ODE). In particular, our experiment trained a physics-informed neural network to predict the
movement of a damped harmonic (mass-spring) oscillator under the influence of a restoring force and fric-
tion [7]. For the sake of simplicity when demonstrating the relative performance of our progressive sampling
method, we trained the model for known ODE parameters and a single initial condition. Our algorithm is
readily applicable to other such settings of training physics-informed neural networks as well.

The system that we considered is described by a linear, homogeneous, second-order ordinary differential
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Figure 2: Performance of Algorithm 1 with p; < N (“Progressive Sampling”) versus p; = N (“One Shot”)
when solving the problem defined in §4.1 using a subproblem solver based on minimizing Fletcher’s augmented
Lagrangian function. On the left, the norm of the gradient of the Lagrangian with respect to the full-sample
problem as a function of the number of constraint gradient evaluations requested by the algorithm instances.
On the right, the relative number of constraint gradient evaluations required by the two algorithm instances
to obtain solutions satisfying the stated final tolerances.

equation with constant coefficients, namely,

dzu(t) du(t) _ _
M= + p=g;~ + ku(t) =0 over t e [0,10] where (m,u,k)=(1,0.1,1).
We let the initial conditions be w(0) = 1 and du(t)/dt = —1. To learn the solution of this ODE, we

constructed a multilayer perceptron with one node in the input layer (representing time t), two hidden layers
each with 128 nodes and tanh activation, and an output layer with a single node (representing the predicted
height at time ¢, i.e., u(¢)). The trainable parameters of the network are the edge weights as well as bias
terms at each of the hidden layer nodes and the output node. Overall, the network defined a function
N :R™ xRy, — R, where the first argument is the vector of trainable parameters and the second argument
is the input (time).

The supervised training process that we considered employed a set of known input-output pairs to define
the objective function; namely, for Ny = 128, let the pairs be denoted {(t;,u;)}ic[n,), Where u; represents
the true height of the spring at time ¢; for all i € [Ny]. The pairs were determined by solving the ODE
with a finite-difference method over 128 evenly spaced points over the time interval [0, 10]. We defined the
objective function to have two terms, a data-fitting term and a term to minimize the residual of the ODE at
the given input times. Three constraints were included to aid in the training process. The first two were the
initial conditions while the latter required that the average ODE residual at a set of N = 512 times equals
zero. Overall, the training problem was

2
in Lo A 107
min & 3 (w- N (2, 42))
i€[Ny]
, . 2
82N<m,}v702) 8.}\/(1,}\[701) )
NLf Z - +0.1 T +N<x’J1\TO;)

i€[N/] (106)
s.t. N(z,0) =1, w = -1, and

2\ (. 102 x,& ]
3 (2GR0 G ) -0

i€[N]
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Figure 3: Performance of Algorithm 1 with p; < N (“Progressive Sampling”) versus p; = N (“One Shot”)
when solving the problem defined in §4.1 using a subproblem solver based on a first-order SQP approach.
On the left, the norm of the gradient of the Lagrangian with respect to the full-sample problem as a function
of the number of constraint gradient evaluations requested by the algorithm instances. On the right, the
relative number of constraint gradient evaluations required by the two algorithm instances to obtain solutions
satisfying the stated final tolerances.

We ran Algorithm 1 twice with different p; values. For the subproblem solver, we employed an im-
plementation of [1, Algorithm 2.2]. We emphasize that this is a first-order method, not a second-order
method, yet our results still show a computational benefit of progressive sampling. First, we solved the
full-sample problem directly by running Algorithm 1 with p; = 512 = N. To obtain the desired solution
accuracy (specifically, (6a) with S = [N] below a threshold of 107%), the algorithm required approximately
4.3895e+-07 individual constraint gradient evaluations. Second, we solved the problem using progressive sam-
pling with p; = 128. To obtain the same desired solution accuracy, the algorithm required approximately
2.9022e+07 individual constraint gradients, meaning that it required approximately 33% fewer individual
constraint gradient evaluations.

The true and predicted solutions (obtained after training) are shown in Figure 4. The prediction solutions
with both p; = 512 and p; = 128 were qualitatively similar, so the figure only shows the latter. The final
average ODE residuals with S = [N] for the two runs were both on the order of 10=7. Let us highlight
that when the progressive sampling approach with |S;| = 128 terminated with the first subproblem solution,
the average ODE residual was only on the order of 1072. This means that the solution of (106) with
Ny = N = 128 did not yield a very small ODE residual. However, using this solution as a starting point,
a solution with a much lower ODE residual was obtained by adding further terms into the constraint with
relatively modest additional computational effort. This demonstrates that our progressive sampling approach
may be a viable option for enhancing the solutions obtained by solvers for training physics-informed neural
networks.

5 Conclusion

We have proposed, analyzed, and tested an algorithm for solving a sample average approximation (2) of
any problem of the form (1), where the equality-constraint function is defined by an expectation. The
algorithm is based on a progressive sampling strategy, where in each iteration a deterministic algorithm can
be employed to solve the resulting equality-constrained problem. We have shown that the algorithm can
achieve improved worst-case constraint-gradient sample complexity compared to an approach that solves
(2) directly. Our numerical experiments have shown that our algorithm can offer computational savings in
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Figure 4: True and predicted ODE solutions.

practice.
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