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Abstract

A sequential quadratic optimization algorithm for minimizing an objective function defined by an
expectation subject to nonlinear inequality and equality constraints is proposed, analyzed, and tested.
The context of interest is when it is tractable to evaluate constraint function and derivative values in each
iteration, but it is intractable to evaluate the objective function or its derivatives in any iteration, and
instead an algorithm can only make use of stochastic objective gradient estimates. Under loose assump-
tions, including that the gradient estimates are unbiased, the algorithm is proved to possess convergence
guarantees in expectation. The results of numerical experiments are presented to demonstrate that the
proposed algorithm can outperform an alternative approach that relies on the ability to compute more
accurate gradient estimates.

1 Introduction

We propose a sequential quadratic optimization (commonly known as SQP) algorithm for minimizing an ob-
jective function defined by an expectation subject to nonlinear inequality and equality constraints. Such opti-
mization problems arise in a plethora of application areas, including, but not limited to, machine learning [28],
network optimization [7], resource allocation [26], portfolio optimization [37], risk-averse partial-differential-
equation-constrained optimization [27], maximum-likelihood estimation [25], and multi-stage optimization
[40].

The design and analysis of deterministic algorithms for solving continuous optimization problems involv-
ing inequality and equality constraints has been a well-studied topic for decades. Numerous types of such
algorithms, such as penalty methods, interior-point methods, and SQP methods, have been designed to solve
such problems. Penalty methods are based on the idea of using unconstrained optimization algorithms to
minimize a weighted sum—determined by a penalty parameter—of the objective and a measure of constraint
violation; e.g., see [I1] 19, 45] for algorithms that make use of nondifferentiable (exact) penalty functions
and see [15] [T4] 21, [46] for algorithms that make use of differentiable (exact) penalty functions. While they
are able to offer convergence guarantees from remote starting points, the numerical performance of penalty
methods often suffers from ill-conditioning of the penalty functions and/or sensitivity of the algorithm’s
performance on the particular scheme employed for updating the penalty parameter [34]. Interior-point
methods [I6] are designed to use barrier functions to guide the algorithm along a central path through the
interior of the feasible region (or, at least, the interior of a set defined by bounds on a subset of the variables)
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to a solution [9} 10} 29, B0} [43] 44]. Such algorithms have been shown to be very effective in practice, which is
why many state-of-the-art software packages for continuous nonlinear optimization are built on interior-point
methods; see, e.g., [I0, 42]. Overall, both penalty and interior-point methods involve the use of additional
objective terms to handle the presence of inequality constraints.

Alternatively, in this paper, we present, analyze, and demonstrate the numerical performance of an SQP
method for solving continuous nonlinear optimization problems. The SQP paradigm is based on the idea of,
at each iterate, solving a subproblem (or subproblems) defined based on a local linearization of the constraint
function and a local quadratic approximation of the objective. Unlike in the deterministic setting, for which
numerous SQP algorithms have been proposed (see, e.g., [I8), 20, 24} 34]), there have been few stochastic
algorithms proposed for the setting of solving optimization problems with nonlinear constraints. That said,
in the past few years, a couple of classes of stochastic SQP methods have been designed for optimization
subject to nonlinear equality constraints. For example, the article [I] proposes an SQP algorithm that uses
stochastic objective gradient estimates for solving such problems that employs an adaptive step size policy
based on Lipschitz constants (or estimates of them). For an alternative setting in which one is willing to
compute objective value estimates as well, and to refine objective function and gradient estimates within
a given iteration until probabilistic conditions of accuracy are satisfied, the article [32] proposes a line-
search stochastic SQP method. There have subsequently been multiple extensions of the methods in [I] and
[32], as well as work on different, but related algorithmic strategies—still for the setting of only nonlinear
equality constraints. There has been work on relaxing constraint qualifications [3], allowing matrix-free and
inexact solves of the arising linear systems [I2], using a trust-region methodology [I7], incorporating noisy
(potentially biased) function and gradient estimates [5l [35], employing variance-reduction strategies [2] 4],
considering sketch-and-project techniques [33], and analyzing the worst-case complexity (see [13]) of the
method proposed in [I].

Unlike the setting of equality constraints only, to our knowledge there has been very little work on the
design and analysis of stochastic algorithms for optimization subject to nonlinear (nonconvex) inequality and
equality constraints. Three exceptions are: the active-set line-search SQP algorithms proposed in [31] and
(very recently) in [38] and the momentum-based augmented Lagrangian method (a penalty method) proposed
in [41]. We expect that our proposed SQP algorithm will perform well in comparison to a stochastic-gradient-
based penalty method. We demonstrate with numerical experiments that our approach can outperform the
algorithm proposed in [3I]. We remark in passing that interior-point methods often outperform SQP methods
in the deterministic setting, but as far as we are aware there exists no interior-point method designed for
the stochastic setting that we consider.

1.1 Contributions

In this paper, we build on the algorithmic strategy and analysis in [I] to propose and analyze an adaptive
stochastic SQP algorithm for solving nonlinear optimization problems subject to (deterministic) inequality
and equality constraints. This work involves significant advancements beyond that in [I] that are necessary
since, unlike in the setting of only having equality constraints, the presence of inequality constraints auto-
matically guarantees that, at a given iterate, the search direction computed in a stochastic SQP method
will be a biased estimate of the “true” search direction, i.e., the one that would be computed if the actual
gradient of the objective function were available. This necessitates a distinct change in the design of the
algorithm as well as distinct alterations to the convergence analysis, since the analysis in [1] relies heavily on
the search directions being (conditionally) unbiased estimators of their “true” counterparts. The algorithm
from the literature that can be seen as the nearest alternative approach is the algorithm in [31]. However,
there are substantial differences between the algorithm and analysis in [31] and those presented in this paper.
Like in [32] for the equality-only case, the algorithm in [31] is designed for the setting in which one is willing
to refine function and gradient estimates within an iteration until probabilistic conditions of accuracy are
satisfied, and in this manner the analysis of that algorithm offers guarantees that are relatively closer to
those offered for a deterministic algorithm. By contrast, the algorithm in this paper, like the algorithm in
[1], is designed to allow the stochastic gradient estimates to be potentially much less accurate, and in such
a context we are satisfied with offering convergence guarantees in expectation. We compare the numerical



performance of our proposed algorithm with that in [3T] to demonstrate that there are settings in which our
proposed approach has advantages in practice.

1.2 Notation

We use R to denote the set of real numbers, R to denote the set of extended-real numbers (i.e., R :=
RU{~00,00}), and R, (resp., R, ,) to denote the set of real numbers greater than or equal to (resp., greater
than) a € R. We append a superscript to such a set to denote the space of vectors or matrices whose elements
are restricted to the indicated set; e.g., we use R™ to denote the set of n-dimensional real vectors and R™*™
to denote the set of m-by-n-dimensional real matrices. We use N := {1,2,...} to denote the set of positive
integers and, given n € N, we use [n] := {1,...,n} to denote the set of positive integers less than or equal
to n. Given (a,b) € R™ x R, we write a L b to mean, with a; and b; denoting the ith elements of a and
b, respectively, that a; = 0 and/or b; = 0 for all i € [n]. Given real symmetric matrices A € R"*™ and
B € R we write A = B (resp., A > B) to indicate that A — B is positive semidefinite (resp., positive
definite). Given H € R™*" with H > 0 and a € R", we denote the norm ||a||g := VaT Ha.

Our problem of interest is defined with respect to a variable x € R™ and the algorithm that we propose
and analyze is iterative, meaning that, in any run, it generates an iterate sequence that we denote as {zy}
with z; € R™ for all generated k € N, i.e., {x} C R™. (We use such notation throughout the paper when the
elements of sequence are contained within a given set. We say “for all generated k € N” since our proposed
algorithm might terminate finitely. Whether a subscript is being used to indicate the element of a vector
or the index number of a sequence is always made clear by the context. The ith element of an iterate xy
is denoted [xg];.) We use subscripts similarly to denote other quantities corresponding to each iteration of
the algorithm; e.g., we introduce a merit parameter denoted as 7 € Ry, whose value in iteration k € N is
denoted as 7, € Ry, and corresponding to a constraint function ¢ (see problem below) we denote its
value at xy as ¢ := ().

The iteration-dependent quantities mentioned in the previous paragraph—and additional ones introduced
in the description of our algorithm—represent realizations of the random variables in a stochastic process
generated by the algorithm. Specifically, the behavior of our algorithm is dictated by prescribed initial
conditions and a sequence of stochastic objective gradient estimators that we denote by {G}. After proving
preliminary results that hold for every run of the algorithm, we present our ultimate convergence theory for
our algorithm in terms of a filtration defined in terms of o-algebras dependent on the initial conditions of
the algorithm and {Gj}.

1.3 Organization

A statement of our problem of interest and preliminary assumptions about its objective and constraint
functions, as well as about user-defined quantities in our proposed algorithm, are stated in Section A
description of our proposed algorithm is provided in Section |3} Convergence-in-expectation of the algorithm
is proved under reasonable assumptions in Section [d] The results of numerical experiments are presented in
Section [5] and concluding remarks are given in Section [6}

2 Setting

We formulate our problem of interest as
m]iRn f(z) subject to (s.t.) ¢(x) =0 and = > 0 with f(z) = E,[F(z,w)], (1)
me n

where f: R"™ — R and ¢ : R™ — R™ are continuously differentiable, w is a random variable with associated
probability space (Q,F,P), F : R" x @ — R, and E,[-] denotes expectation taken with respect to the
distribution of w. Our algorithm and analysis extend easily to the setting in which the nonnegativity
constraint in is generalized to | < x < u for some (I,u) € R® x R" with [; < u; for all i € [n]; we



merely consider nonnegativity in for the sake of notational simplicity. It is also worth mentioning that
any smooth constrained optimization problem can be reformulated as (or at least as such a problem with
generalized bound constraints); e.g., inequality constraints c¢z(x) < 0, where ¢z : R™ — R™Z is continuously
differentiable, can be reformulated to fit into the form of through the incorporation of slack variables,
say s € R™Z | to have the constraints cz(z) + sz = 0 and sz > 0.

We make the following assumption throughout the remainder of the paper pertaining to the functions
in problem and our proposed algorithm. As seen in the following section, our algorithm seeks feasibility
and stationarity with respect to by generating an iterate sequence that stays feasible with respect to the
bound constraints, meaning that, in any run of the algorithm, z; € R%, for all generated k£ € N.

Assumption 1. Let X C R"™ be an open convez set that almost-surely contains the iterate sequence {xy} C
R, generated in any realization of a run of the algorithm. The objective function f : R™ — R is continuously
differentiable and bounded below over X and the objective gradient function Vf : R® — R"™ is Lipschitz
continuous and bounded in norm over X. Similarly, for all i € [m], the constraint function ¢; : R — R
is continuously differentiable and bounded over X and the constraint gradient function Ve¢; : R — R™ is
Lipschitz continuous and bounded in norm over X. Finally, the constraint Jacobian VT : R™ — R™X™ has
full row rank over X.

Under Assumption there exists finr € R and a tuple of positive constants (kvy, ke, Kve, L, T') €
Rog xRyg x Ryg x Ry x Ry such that for all z € X one has

f@) = fine, IVI(@)ll2 <mvys [le(@)lls < ke, and [[Ve(@)]2 < mve, (2)
and for all (z,7) € X x X one has
IVf(@) = V@2 < Lllz = 7[> and [|[Ve(z)" = Ve(@)" ||z < Tllz — 7. 3)

In addition, due to the continuous differentiability of the objective and constraint functions and the full row
rank of the constraint Jacobians, it follows that at any (local) minimizer of , call it x € R™, there exists
y € R™ and z € R™ such that the following Karush-Kuhn-Tucker (KKT) conditions are satisfied:

Vf(x)+Ve(r)y—2=0, ¢(x)=0, 0<z 1L 2>0. (4)

We refer to any x € R™ such that there exists (y, z) € R™ x R"™ satisfying as a first-order stationary point
(or KKT point) with respect to (T)).

Since our algorithm generates iterates that are feasible with respect to the bound constraints, but not
necessarily with respect to the equality constraints, we need to account for the possible existence of points
that are infeasible for , but are stationary with respect to the minimization of a constraint violation
measure over RZ,. We refer to a point that is infeasible for as an infeasible stationary point if it is
stationary with respect to the minimization of §||c(z)||3 subject to # € R%, meaning

0 <z L Ve(z)e(x) > 0. (5)

Each iteration of our algorithm requires a stochastic estimate of the gradient of the objective at the current
iterate. In a given run at iteration k € N, the realization of the iterate and gradient estimate is (z, g ), which
later in our analysis we denote as a realization of the pair of random variables (Xj, Gk). (See Section
for a complete description of a stochastic process that we analyze.) With respect to the gradient estimators,
we make Assumption [2| below. For the prescribed (i.e., not random) sequence {px} C Ry referenced in the
assumption, we state precise conditions that it must satisfy in Section[f.3] In the assumption and throughout
the remainder of the paper, we use Ei[-] to denote expectation taken with respect to the distribution of w
conditioned on a trace o-algebra of an event &, denoted by Fj; see Section [1.3]

Assumption 2. For a prescribed {pi} C Ry, one finds for all k € N that

Ei[Gi] = Vf(Xx) and Ei[||Gr — VF(X)[I5] < pr- (6)



One might relax the latter condition in @ and obtain guarantees that are similar to those that we prove;
see, e.g., [36]. We employ (@ for simplicity, since it is sufficient for demonstrating the guarantees that our
algorithmic approach can offer.

Each iteration of our algorithm also makes use of a symmetric and positive-definite (SPD) matrix, denoted
as Hy € R™ ™ for iteration k € N, to define a quadratic term in the subproblem that is solved for computing
the search direction. For simplicity, we assume that the sequence { Hy} is prescribed, e.g., one may consider
Hy =1 for all k € N. More generally, one could consider a more sophisticated scheme such as setting, for all
k € N, the matrix Hy as a stochastic estimate of the Hessian of the objective function and/or a Lagrangian
function as long as it is sufficiently positive definite and bounded and the choice is made to be conditionally
uncorrelated with the stochastic gradient estimate. However, since considering such a loose requirement
would only obfuscate our analysis without adding significant value, we assume for simplicity that {H}} is
prescribed and merely satisfies the following.

Assumption 3. There exists (km,¢) € Ry x Ryy with kg > ¢ such that, for all k € N, the SPD matrix
Hy € R™™™ has kgl = Hy = (1.

Observe from Assumption [3| that we are not assuming that accurate second-order information is being
used by the algorithm. Hence, our convergence guarantees are of the type that may be expected for a
first-order-type algorithm, although in situations when it is computationally tractable, one might find better
performance if Hj, incorporates some (approximate) second-order derivative information.

3 Algorithm

In this section, we present our proposed algorithm. We state the algorithm in terms of a particular realization
of it (e.g., denoting the iterate for each k € N as xy), although our subsequent analysis of it (starting in
Section will be written in terms of the stochastic process that the algorithm defines.

Each iteration of our algorithm proceeds as follows. First, given the current iterate z;, € RY,, the
algorithm computes a direction whose purpose is to determine the progress that can be made in terms of
reducing a measure of violation of a linearization of the equality constraints subject to the bound constraints.
This is done in a manner that regularizes the component of the direction that lies in the null space of the
constraint Jacobian. Specifically, the iteration commences by computing a direction vy := u + Ve(xg)wy €
R", where uy € Null(Ve(zg)?) and Ve(zg)wy € Range(Ve(zy)), by solving the quadratic optimization
subproblem

el + Ve(an) T Ve(r)wl + gmlluls .
s.t. Ve(zp)Tu=0 and zp +u+ Ve(zg)w > 0,

where p € Ry is a user-prescribed parameter. Observe that since xp € RZ, this subproblem is always
feasible, and by construction it is convex. Generally, the solution of (7)) might not be unique, but in our setting
it is unique since Ve(xy)? has full row rank. In our analysis, we show that the solution of subproblem is
given by (ux,wy) = (0,0) if and only if the current iterate xy, is stationary with respect to the minimization
of {|lc(z)||3 over « € R%,. This means, e.g., that if ¢4 7 0, but the solution of (7)) is (ux, wy) = (0,0)—which,
by the Fundamental Theorem of Linear Algebra, occurs if and only if vy = uy + V(g )wr, = 0—then it is
reasonable to terminate since xj is an infeasible stationary point (see (9))), as in our algorithm.

After computing v, € R™ by solving and generating a stochastic objective gradient estimate g, € R"
(see Assumption , the algorithm next computes a search direction dp € R™ by solving the quadratic
optimization subproblem

2}}@2 gid+ 3d"Hyd st. Ve(xy)'d = Ve(zy,) vy and 2, 4+ d > 0. (8)

By construction, this subproblem is feasible, and under Assumption [3]|it is convex. The search direction dy,
is designed to achieve the same progress toward linearized feasibility within the nonnegative orthant that



is achieved by vy, then within the null space of Ve(zi)? and the nonnegative orthant aims to minimize a
(stochastically estimated) local quadratic approximation of the objective function at x.

The remainder of the kth iteration proceeds in a similar manner as in [I}, [12]. In particular, with the ¢5-
norm merit function in mind, namely, ¢ : R” xR, ,; — R defined by ¢(z,7) = 7f(z) + ||c(x)]|2, the algorithm
next sets a value for the merit parameter 7, € R, 4. This is done by considering a local model of this merit
function, namely, [ : R" x R_j x R" x R" — R defined by I(z, 7, g,d) = 7(f(x) + g7 d) + | c(x) + Ve(x) T d||2,
and in particular the reduction in this model defined for all £ € N by

Al(xk, Tk, g di) = UTk, T, Gk, 0) — U@k, T, Gies i)
= —7igi di, + llexll2 = llew + Ve(an) " di 2,

9)

and setting 7 such that this reduction is sufficiently large. Specifically, if dj, # 0, then with user-prescribed
(ér,0) € (0,1) x (0,1), the algorithm first sets

- 00 if ggdk + %dngdk <0
tria
T = A=0)(llerllz—ller+Veler) " dill2)
ngkor%dZdek

otherwise, (10)

then sets the merit parameter value as

(11)

{Tk—l if 7p_q < rivial
Th

min{(1 — €, )71, 7778} otherwise.

(The value 79 € Ry is also prescribed by the user.) On the other hand, if di, = 0, then the algorithm simply
sets T,zrial + oo and 7 + 7,—1. We show in our analysis (see Lemma [8]) that this procedure for setting 7y
ensures that Al(xy, T, gk, dr) is sufficiently large relative to the squared norm of the search direction and
the improvement offered toward linearized feasibility. For use in the step size procedure, the algorithm next
sets a value § € Ry (referred to as the ratio parameter) that acts as an estimate for a lower bound of the
ratio between the model reduction and a multiple of the squared norm of the search direction. Specifically,

if d, # 0, it sets

Erh—1 if & < gprial

. 12
min{(1 — e¢)€,_1, &} otherwise, (12)

gt - SEemt Al then & - {
where (£, €¢) € Ry x (0, 1) are user-prescribed parameters; see [I}, 12] for further motivation. On the other
hand, if di, = 0, then it sets {18! «— 0o and & « &,_1.

The step size selection procedure, which for all k¥ € N chooses the step size a; € Ry, can now be
summarized as follows. First, suppose that dj, # 0. With user-prescribed n € (0,1), 6 € R, and {3} with
Br € (0,1] for all k € N such that

adnin ¢ mﬂ# € (0,1] for all keN, (13)

and with the strongly convex function ¢y : Ry, — R defined by

or(a) = (n — DaBeAl(Tk, Thy gy die) + |Jck + aVe(zr) T di||2 — [|ex])2

(14)
+allexllz = llex + Ve(zr)"dill2) + 5 (e L +T)a?|ldi 3,
the algorithm sets the values
af + max{a € Ry, : pp(a) <0
k { >0 or(a) <0} (15)

max

and o} « min{1, af, ™ + 05}
The algorithm then chooses the step size aj as any value in [akmin,afc“ax]. Second, if dy = 0, then the
algorithm simply sets all step size values to 1.

A complete statement of our algorithm is given as Algorithm



Algorithm 1 Stochastic SQP

Require: 71 € R%y; {u} C Rog; {Hp} C R™™ satisfying Assumption 3f 79 € R.g; & € Ry
{o.n,er e} C (0,1); {Bx} C (0,1] satisfying (I3); 6 € Ryg; {pr} C Ry ; Lipschitz constants L € Ry
and I' € Ry (see (3))

1: for £ € N do

2 compute v, € R™ by solving (7))

3 if ¢ # 0 and vx = 0 then terminate and return z; (infeasible stationary)

4: compute gx € R™ (recall Assumption

5: compute di € R™ by solving

6

7

8

9

if dy = 0 then
trial trial

set 7" <= 00, Tp 4= T—1, § 7 <= 00, and & < &p—1
set ™ «— 1, af < 1, o™ < 1, and ay, + 1

: else
10: set Tpial by and 75, by
11: set &2l and & by
12: set o by and both of and a*®* by
13: choose ay, € [, o]
14: end if
15: Set Tk+1 < T + apdy
16: end for

4 Analysis

In this section, we provide theoretical results for Algorithm[I] We begin by introducing common assumptions
under which one can establish stationarity measures for problem that are defined by solutions of (7))
and/or . These stationarity measures allow us to connect our convergence guarantees for Algorithm
with stationarity conditions for . Then, under Assumptions (1| and 3, we prove generally applicable results
pertaining to the behavior of algorithmic quantities in any run of the algorithm. These results reveal that the
algorithm is well defined in the sense that any run will either terminate and return an infeasible stationary
point or generate an infinite sequence of iterates. We then consider convergence properties of the algorithm
in the event that the (monotonically nonincreasing) merit parameter sequence eventually produces values
that are sufficiently small, yet bounded away from zero, which, as shown in our analysis, means that the
sequence ultimately becomes constant at a sufficiently small value. This analysis, which includes our main
convergence results for the algorithm, is provided under Assumption [ stated on page We follow this
analysis with a section on theoretical results related to the occurrence of the event in Assumption [d] As
in [I] for the equality-constraints-only setting, this discussion illuminates the fact that while the event in
Assumption [4] is not always guaranteed to occur due to the looseness of our assumptions about properties
of the stochastic gradient estimates, the event represents likely behavior in practice, which shows that our
convergence results about the algorithm are meaningful for real-world situations. We conclude this section
with a discussion of the behavior of the algorithm in the deterministic setting, i.e., when the true gradient
of the objective is employed in all iterations. This discussion is meant to provide confidence to a user that
our algorithm is based on one that has state-of-the-art convergence properties under common assumptions
in the deterministic setting.

4.1 Subproblems and Stationarity Measures

We begin by showing that subproblem yields a zero solution if and only if the point defining the sub-
problem is feasible for problem or an infeasible stationary point.

Lemma 1. Suppose that Assumption (1| holds, v € X NRY,, and, given u € Ry, consider the quadratic



optimization problem (recall (7))
et lle(@) + V(@) Ve()wl3 + julul3 "
st. Ve(x)'u=0 and = +u+ Ve(z)w > 0.

Then, the unique optimal solution of problem is (u,w) = (0,0) if and only if x is feasible for problem
or an infeasible stationary point (i.e., it satisfies (§), whereas (u,w) # (0,0) if and only if ||c(z)||2 >
lle(z) + Ve(z) T Ve(z)w||z.

Proof. Suppose the conditions of the lemma hold and let (u,w) be the unique optimal solution of . Since
x € RZ,, it follows that (0,0) is feasible for . In addition, necessary and sufficient optimality conditions
for are that, corresponding to (u,w) € R™ x R™, there exists (7,d) € R™ x R™ with

Ve(z)'Ve(z)e(x) + Ve(z) T Ve(z)Ve(z) T Ve(z)w — Ve(x)Ts = 0, (17)
pu+Ve(x)y—6 =0, Ve(x)'u=0, and 0<§ Lo +u+ Ve(z)w >0
If (u,w) = (0,0), then it follows from that
Ve(z)'Ve(z)e(x) — Ve(z)T6 =0, Ve(z)y—35=0, and 0<35 La>0. (18)

Since Ve(z)T has full row rank, implies v = (Ve(x)TVe(z))"1Ve(z)T6 = c(x), § = Ve(x)e(z), and
0 < Ve(x)e(x) L o > 0, which from means that z is either feasible or an infeasible stationary point, as
desired. On the other hand, if x is either feasible or an infeasible stationary point, meaning 0 < Ve(z)c(x) L
x>0, then u =0, w=0, v =c(z), and § = Ve(z)c(z) satisfy (I7), and this solution (i.e., (u,w) = (0,0))
is unique since the objective of is strongly convex.

Now let us show that the unique optimal solution of is (u,w) # (0,0) if and only if ||c(z)]l2 >
lle(z) + Ve(z)TVe(z)w|z. If ||e(x)]|2 > |lc(z) + Ve(x)TVe(x)wl2, then w # 0 follows trivially, giving the
desired conclusion. To prove the reverse implication, let us consider two cases. If u # 0, then, since (0,0) is

feasible for ,

sle@) > zlle(@) + Ve(@) Ve@)wl + gullulli > 3le(@) + Ve(@) Ve(z)wl3,

as desired. Second, if u = 0 and w # 0, then w is the minimizer of the strongly convex objective 1|/c(x) +
Ve(x)TVe(r)wl||3 subject to z + Ve(z)w > 0. Since 0 is feasible for this problem, w # 0 means that
Hle@)|I3 > 3lle(z) + Ve(z)TVe(z)w|)3, as desired. O

We now show that, under common assumptions and given zy € R%, the quantity |lvx |3, where v;, € R®

solves subproblem (7)), represents a stationarity measure with respect to the problem to minimize ||c(z)||3
subject to v € RZ,. (The assumption in the lemma that p, = @ € Ry for all £ € N could be relaxed; see
Remark [1] at the end of this subsection. We consider this case for the sake of brevity.)

Lemma 2. Suppose that Assumption [1| holds and there exists infinite S C N such that for some sequence
{zx} € X NRY, one finds {x}}tres — s for some x, € X NRL, where, with A(zx) := {i € [n] : x; = 0},
I 4(z) denoting the matriz composed of rows of I € R™™™ corresponding to indices in A(x), and Vc(x) a¢)
denoting the matrixz composed of rows of Ve(x) corresponding to indices in A(x), one finds that

(i) [Ve(xa)e(z)]i > 0 for alli € A(x,) and

0 Ve(x,)T

1) the following matrix has full row rank:
( ) f g f Vc(x*)A(z*) IA(z*)

Then, with p, = p € Ry for all k € N, and with (uy,wy) solving subproblem @ and vg := ug + Ve(z)wy
for all k € N, it follows that x, satisfies the stationarity conditions if and only if {vk}res — 0.



Proof. Let A. := A(z.) and j(z) := Ve(z)T and consider the linear system

3(x)j(x)"j(x)j(x)" 0 0 —j@a| [ w —j(x)j(z) e(x)
0 pl  jla)t =17 u | _ 0
0 j@) 0 0 g 0
J(@)h Ip, O 0 oA, —z4,

Since, under the conditions of the lemma, the matrix in this linear system is nonsingular when = = z, (e.g.,
this follows from [39], Theorem 1.5.1] and (ii)), it follows that there exists an open ball B, centered at x, such
that, for each € B, N X NRY,, this linear system has a unique solution, call it (w(x),u(x),y(x),04. (x)),
and—due to continuity of the left-hand-side matrix and right-hand-side vector with respect to 2—this solu-
tion varies continuously over B,NXNR%. If z, satisfies (5, then it follows that (0,0, c(z), [j(z.)T c(z4)]a.)
(with [j(z«)Te(z4)] 4, > 0) is the unique solution of the system at x = z,, and for all z € B, N X NRZ the
solution of the system in conjunction with §; = 0 for all i ¢ A, satisfies , meaning that the components
(u(x),w(x)) represent the unique optimal solution of problem . Hence, with respect to the quantities
in the lemma and using Assumption (I} one finds that {v;}res — 0, as desired. To prove the reverse in-
clusion, suppose that {vi}res — 0, from which it follows by the Fundamental Theorem of Linear Algebra
and (i) that {(ux, wi)}res — 0. For all k € S, let (uj, wy,Vk,0x) be a primal-dual optimal solution of (7))
(satisfying optimality conditions of the form in ) One finds under the conditions of the lemma that,
for all sufficiently large k € S, this solution has [§;]; = 0 for all ¢ ¢ A(x,) whereas (uk, W, V&, [0r].4,) solves
the linear system above at * = x;. Since, by the arguments above, this solution varies continuously within
B, N X NRZL,, the fact that {z)}res — x, implies that x, satisfies (5)), as desired. O

In fact, under the conditions of the prior lemma, the quantity ||c |2 — ||k + Ve(ar)Tvg||2 also represents
a stationarity measure for the problem to minimize }|lc(z)|3 subject to € RZ,. This is shown in the
following lemma.

Lemma 3. Suppose that Assumption holds, p, = 1 € Ry for all k € N, and there exists A € Ry and
infinite Sx C N such that for some {xp} C X NRZL, one finds Ve(zg)TVe(zy) = M for all k € Sy. Then,
there exists k2 € Ry such that

||l for all k € Sy, (19)

llerllz = llex + Ve(@e) T vrllz > ko2

where v, = ug + Ve(ag)wy with (ug, wy) being the unique optimal solution of . Consequently, under the
conditions of Lemmald with S defined in that lemma, if S\ defined as all sufficiently large indices in S satisfies
the conditions above, then it follows that {vi}res — 0 if and only if {||ck|l2 — ||lck + V(@) Tvkll2 b kes — 0.

Proof. Consider arbitrary k& € Sx. Under the stated conditions with ji := Ve(zi)?, Lemma (1] implies
ek + jrvkll2 < [lek]l2. Hence, by Assumption [i]

lexl3 = llew + grvrll = (llexll2 + llew + grvrll2) (lexllz = llex + grvll2)

‘ . (20)
< 2flexllz(llexll2 = llex + drvrllz) < 28c(llexllz — llex + Jrvkll2)-

If v = 0, then follows trivially. Hence, we may proceed under the assumption that v, # 0, which by
v = Uk + jgwk and the Fundamental Theorem of Linear Algebra means that uy # 0 and/or wy # 0. If
wy, = 0, then it follows by construction of @ that u, = 0 as well. Hence, we may conclude from vy # 0 that,
in fact, wg # 0. Since (ug,wy) is the unique optimal solution of @, it follows that aj = 1 is the optimal
solution of the strongly convex quadratic optimization problem

min 4 lex + agjiji will3 + 5 o3, (21)

a€l0,1]

which further implies (since an optimality condition of is that the derivative of its objective function with
respect to « is less than or equal to zero at o = 1) that —ci jixjf wi, > ||jejt w3 + pk |ukl|3. Consequently,

one finds ) . ) ) 7 )
lexllz = llew + Jrvkllz = llexllz = llex + Jriie wllz

(22)

= —2c; jrdr wi — ki well3 > drdd well3 + 2 lluel3.
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With and 7 it follows from Assumption the conditions of the lemma, and since the Cauchy-Schwarz
inequality implies |lwg||2 > ||jF wkll2/||5 |2 that

1

llerllz = llex + gxvrllz = (26e) " (llerll3 — llen + xvrll3)
> (26¢) " (lgwdi will3 + 2unlluel13)
> (2ke) (N [lwi |13 + 2pne]|ur13)
2
> (200) ™ A T w3 + 2l 3)
— 2 .
> (260) ™ min{ 23—, 2} (g w3 + u3)
= (26c) " min{ 3 y - 20} o3 = o 2llkll3,
which gives , as desired. O

Next, we show that if the point defining subproblem is not an infeasible stationary point for prob-
lem , then the subproblem with g, = V f(x1) yields a zero solution if and only if the point defining the
subproblem is stationary for .

Lemma 4. Suppose that Assumption holds and, with respect to x € X NRL,, one finds c(xz) = 0. Given
H € R™™ with H - 0, consider (recall (8))

min Vf(z )'d+ 3d"Hd st. c(z) +Ve(z)"d=0 and z+d>0. (23)
e

Then, one finds that the optimal solution of problem is d =0 if and only if x is a KKT point (i.e.,
first-order stationary point) for problem .

Proof. Suppose the conditions of the lemma hold and 1et d be the optimal solution of . Since x € R%, and
c(x) = 0, it follows that the zero vector is feasible for . In addition, necessary and sufficient optimality
conditions for subproblem (23) are that, corresponding to d € R”, there exist y € R™ and z € R" such that

Vf(x)+ Hd+Ve(x)y—2=0, Ve(@)Td=0, and 0<z+d L z>0. (24)

If d = 0, then since ¢(x) = 0 it follows that (x,y, z) satisfies , as desired. On the other hand, if z is a
KKT point for (1)), then there exist y € R™ and 2 € R™ such that (z,y, 2) satisfies (4)), which in turn means
that d = 0 along with (y, z) satisfies , and this solution is unique since the objective of is strongly
convex. O

We conclude this subsection by showing that, under common assumptions and given z;, € RY, the

quantity ||dx||3, where di, € R"™ solves subproblem with g = Vf(z1), represents a stationarity measure
with respect to (1). (The assumption in the lemma that Hy = H for some H > 0 for all k € N could be
relaxed; see Remark [If at the end of this subsection. We consider this case for the sake of brevity.)

Lemma 5. Suppose that Assumption [1] holds and there exists infinite S C N such that for some sequence
{zp} C X NRL, one finds {xk}kes — s for some v, € X NRY, with c(z.) = 0 and, with the notation in
LemmalZ, one finds that

(i) =V f(zs) =Ve(z.)y — I}Z(m*)zA(m*) for some (y, z4(z,)) € R™ x RL’%(I*)' and

Ve(z, )T] |

(ii) the following matriz has full row rank: { I
A(z.)

Then, with H, = H for some H > 0 for all k € N, and with dy solving with g, = V f(zr) for all k € N,
X, satisfies if and only if {||dk||3}kes — 0.

11



Proof. Letting A, := A(x,) and considering the linear system of equations

H Ve(x) —Ih d -V f(z)
Ve(x)T 0 0 y | = 0 )
Ia 0 0 | |24 —xa,

the proof follows under the conditions of the lemma using the same line of deduction as the proof of Lemma|2]
which we omit for the sake of brevity. O

Remark 1. One might relax the condition in Lemma [ that i = py for all k € N and similarly relax the
condition in Lemma@ that H, = H = 0 for all k € N, such as by requiring merely that {ug}res and {Hy}res
have bounded subsequences that converge to some i € Ryy and H > 0, respectively. In these cases, the “if
and only if” statements would be replaced by an “if” statements, which in fact is all that is needed for our
subsequent analysis and discussions. Nevertheless, for brevity in the proofs, we provide the conditions that
offer the stronger conclusions in these lemmas.

4.2 General Algorithm Behavior

We now prove generally applicable results that hold for every run of Algorithm [, Our initial results in
this section presume that iteration k£ € N is reached and certain properties hold with respect to algorithmic
quantities (e.g., z € R’ZLOL although we ultimately prove in Lemma [13| that, in fact, these facts are guar-
anteed, i.e., they hold for any run for any generated k € N. It is worthwhile to emphasize that the results
in this section merely require that gx € R™ for all £ € N, which means, for example, that Assumption [2] is
not needed in this section. All results that depend on the properties and effects of the stochastic gradient
estimates are found in the subsequent subsection, i.e., Section |4.3]
Our first lemma follows directly from Lemmall] so it is stated without proof.

Lemma 6. Suppose that Assumption[]] holds. Then, in any run of the algorithm such that iteration k € N
is reached and x, € RY, it holds that vi, = 0 if and only if x) satisfies , i.e., X is either feasible or an
infeasible stationary point, whereas vy # 0 if and only if |ckll2 > |cx + Ve(zr) T vkl

Our next result shows that, in any iteration in which the current iterate x is in the nonnegative orthant
and 7,_1 > 0, the merit parameter is either kept at the same value or decreased, and, if it is decreased,
then it is decreased below a constant fraction times its former value. As in other SQP methods with such a
feature, this ensures that if the merit parameter sequence does not vanish (i.e., its limiting value is nonzero),
then it eventually remains at a constant positive value; see Lemma

Lemma 7. Suppose that Assumption [1] holds. In any run of the algorithm such that line [{] of iteration
k € N is reached, x € R’ZLO, and T,—1 € Ryg, it holds that 0 < 7, < Tp—1, where if 7, < Tp—_1, then
Te < (1 —€)Th1-

Proof. Consider an arbitrary run in which line@ of iteration £ € N is reached, z;, € RY,, and 7,1 € Ry.
Let us show that 0 < 7, < 74_1, in which case the fact that 7, < 741 implies 7 < (1 — ¢, )7x_1 follows from
(11). Toward this end, let us next show that 7i@! > 0. By the constraints of , , and Lemma [6] one
finds that 772! > 0 whenever ||ck||2 —||ck +Ve(xg)Tvg|l2 > 0. Hence, to show that one always finds 771" > 0,
all that remains is to consider the case when |[ck|l2 — |lcx + Ve(xk)Tvgll2 = 0. In this case, it follows from
Lemma @ that vy = 0, meaning that d = 0 is feasible for . This, in turn, means that ngdk + %dekdk <0,
so by (10) one finds that T,grial = oo > 0. Since it has been shown that T,';“al > 0, the fact that 0 < 7, < 7,1
now follows directly from , completing the proof. O

We now show that the model reduction offered by the computed search direction satisfies a lower bound
with the properties stated in our algorithm development.
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Lemma 8. Suppose that Assumptions[]] and[3 hold. In any run of the algorithm such that line[]] is reached
in iteration k € N, zp € RE, and 71, € Ry, one finds with ¢ from Assumption @ that

Al(wg, Ty g di) > 570€Ndi 13 + o (l[eklla — llex + Ve(zr) T dil2), (25)
and, if dy # 0, then Al(xg, Tk, gk, dr) > 0.

Proof. Consider an arbitrary run in which line E| of iteration k € N is reached, z € R%, and 7, € R, . By
(ED and Assumption is implied by

(1 =0)(llerll2 — llex + Ve(mr) " dill2) > 7i(gi di + 3di Hedg). (26)

If g,{dk + %d{dek < 0, then holds due to Lemma |§| and the fact that ensures Vc(xk)Tvk =

Ve(zg)Tdy,. On the other hand, if g{ dj, + %dszdk > 0, then one finds by the update of the merit parameter,
namely, and , that

7 < lerial _ (=a)lerllz—llex+Ve(en) T dill2)

g d+5dT Hydy, ’
from which follows again. Finally, that dy # 0 implies Al(xg, Tk, gk, di) > 0 follows from , i € Ry,
and since ( € R in Assumption [3} O

Our next result is that, under the same conditions as our previous lemmas and under the assumption
that {—1 € Ry, the ratio parameter is either kept at the same value or decreased, and, like the merit
parameter, if it is decreased, then it is decreased at least below a constant fraction times its previous value.

Lemma 9. Suppose that Assumptions[1] and[3 hold. In any run of the algorithm such that line[{] is reached
in iteration k € N, x € Rgo, Tk € Ryg, and §—1 € Ry, it holds that 0 < & < &r—1, where if § < Ep—1,
then &, < (1 — €¢)k—1-

Proof. Consider an arbitrary run in which line {f of iteration k € N is reached, z € R%, 7, € R, and
&k—1 € Ry. Let us show that 0 < & < &,—_1, in which case the fact that &, < &,—1 implies §; < (1 —€¢)&p—1
follows from . Toward this end, observe that if d = 0, then the algorithm sets & < &,_1 > 0, which is
consistent with the desired conclusion. On the other hand, if di # 0, then by , Tr € Ryg, Lemma@ the
fact that ensures Ve(zg) v, = Ve(zy)T dy., and Lemma

1 2
trial _ Al(zr,mr06,dr) ~ 37RCIRIZ 1
G =T 2 e 28>0 (27)
Hence, by (12)), the desired conclusion follows. O]

Next, we prove bounds for the step size computed in the algorithm.

Lemma 10. Suppose that Assumptions[]] and[3 hold. In any run of the algorithm such that line[]) is reached
in iteration k € N, 7, € RY,, 7, € Ry, and § € Ry, it holds that 0 < it < @ < min{l,af}, and,
80, Thy1 € R’ZLO.

Proof. Consider an arbitrary run of the algorithm in which line E| of iteration k& € N is reached, x;, € R%,
T € Ry, and & € Ry 4. Let us show that 0 < ag‘in < ap#* <1, in which case the fact that zr41 € RZ,
follows from x;, € R%, the fact that the constraints of ensure that xp + dr € RY, and since the step
size has ay € [afM", o8] C (0,1]. Toward this end, observe that if dj, = 0, then the algorithm yields
ap = a‘knin = o’ = af =1, so the conclusion follows trivially. Hence, let us assume dj, # 0. Observe that
from , the algorithm uses a‘,;“i“ with

0 < appin = 20_0Abn: < . (28)
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Now observing , which shows a®* < min{1,a}}, one finds that all that remains is to prove that
apf™ < of. For this purpose, let us introduce

suff ,__ . 2(1—n) B Al(xk, Tk, 9k ,dk)
ap = mm{l’ (e LI 12 )

where " € (0,1] follows by 8 € (0,1], Lemma and dj, # 0. To show that o™ < af, our aim is to
show that aj?™ < o™ < of. First, from (12), one finds

oin — 20=mBiéime o 20=mBe& e 2(1—0) Bk Al(w e, Th gk i) (29)
ko T L+T — T, L+T (T L4T) || dr || :

Combining and , one finds that a?i“ < azuﬂ, as desired. Now, toward proving that azuﬂ <af, let
us first show that ¢, (a5") < 0. From the triangle inequality, the fact that a5 € (0, 1], and , it follows
that
(e
= (n = D" BrAl(wr, i, gr, dit) + ek + a3 TV e(ar) " dill2 — ekl
+ i (lexlle = llex + V(@) dill2) + 3 (oL +T)(03")?||di 13
< (0= D BrAl(zr, Ty gis di) + (1 — a3 erll2 + o™ lex + V() di2
= llerllz + o (llerllz — llex + Ve(wr) T dill2) + 5 (me L+ T)(03)?|[di 13
= (n— D)™ BrAl(2k, Tk gk die) + 5 (kL + T)(a3"™)? || die |3

< (1= D)o B Al (s T g di) + 307 (7L 4+ T) [ (228 e guads)
=0.

Therefore, by (15), it follows that o < of. O

Our next lemma shows an upper bound on the change in the merit function. In the lemma and throughout
the rest of the paper, for any k& € N such that line |4] is reached we let di™° € R™ denote the solution of
when gy, is replaced by V f(xg).

Lemma 11. Suppose that Assumptions[]] and[3 hold. In any run of the algorithm such that line[4) is reached
in iteration k € N, x, € RZO, T € Ry, and oy, € (0,a], it holds that

d(xy, + adp, ) — d(wn, ) < —ar Al(zg, o, Vf (21), i)
+ eV f ()" (dr — dif) + (1 =)o Br ALk, Th, g, di).-

Proof. Consider an arbitrary run of the algorithm in which line {f of iteration k € N is reached, z; € RZ,,
s € Ryg, and ai € (0,f]. By Assumption |1| (which led to )7 (which implies ¢ + Ve(zp)Tdy, =
cr + Ve(zg)Tdve), (9), (14), and the fact that 0 < ay < of (which means ¢y (ay) < 0), it follows that
o(xr + aundy, 7)) — G(Tk, Th)
e (f @k + ardr) = fi) + lle(@r + arde) |2 — llek[l2
armV f(ee)dy, + e + axVe(@r) T dills = llexllz + 5 (nL + T)ail|di |13
— ap Al(zp, Tk, VF(21), di7) + apme V F(a) T (de — di°) + |lex + apVe(zr) T de |2
= lleklle + ar(llexlls = llex + Veler) dill2) + 5 (el + T)ai||dx 13
< — apAl(zg, T, V(28), dif"°) + iV f (21) T (dy — djf™®)

+ (1 = n)aBeAl(zk, T, gk, dis)

IN

which shows the desired conclusion. O
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We now show that each search direction—and, similarly, the search direction that would be computed
if the true gradient of the objective function were used in place of the stochastic gradient estimate—can be
viewed as a projection of the unconstrained minimizer of the objective of onto the feasible region of .

Lemma 12. Suppose that Assumptions[]] and[3 hold. In any run of the algorithm such that line[]) is reached
in iteration k € N, zp € Ry, and with

Dy :={d € R" : Ve(zp)T(d — v) = 0, xx +d > 0} and Proj,(d) := argmin ||d — (7||%,k,
deDy,

it holds that dy = Proj,(—H, 'gi) and di"® = Proj,(—H, 'V f(xy)).

Proof. Consider an arbitrary run of the algorithm in which lineof iteration k € N is reached and x, € Ry,.
The desired conclusion follows from the facts that Dy is convex and, under Assumption [3] Hy is SPD; in
particular, one finds that

dj, = argmin gj d + %dTde = argmin %Hd-l— H,;lng?qk = Projk(—Hglgk),
deDy, d€Dy

and similarly with respect to dj'™° with g, replaced by V f(zx). O

We are now prepared to prove the following lemma, which shows that the algorithm is well defined and
either terminates finitely with an infeasible stationary point or generates an infinite sequence of iterates with
certain critical properties of the simultaneously generated algorithmic sequences. The lemma also reveals that
the monotonically nonincreasing merit parameter sequence either vanishes or ultimately remains constant,
and it reveals that the monotonically nonincreasing ratio parameter sequence ultimately remains constant
at a value that is greater than or equal to a positive real number that is defined uniformly across all runs of
the algorithm.

Lemma 13. Suppose that Assumptions [1] and [3 hold. In any run, either the algorithm terminates finitely
with an infeasible stationary point or it performs an infinite number of iterations such that, for oll k € N, it
holds that

(a) xy € RZ,,
(b) vy =0 if and only if x) satisfies ,
(c) vi, # 0 if and only if ||ck|l2 > |lcx + Ve(zr)Tvrl|2,
(d) 0 <7 < Tpq < 00,
(e) T < Ti—1 if and only if T, < (1 — €;)T—1,
(f) holds,
(9) di. # 0 if and only if Al(xg, Tk, gk, di) > 0,
(h) 0 <& < &1 < 00,
(1) &k < Ek—1 if and only if & < (1 — €¢)€k—1, and
() 0 < affin < a2 < min{l, af}.
In addition, in any run that does not terminate finitely, it holds that

(k) either {T,} \, O or there exists k; € N and Tyin € Ry such that 7, = Tmin for all k € N with k > k.,
and

(1) there exist ke € N and &min € Ry with {min > %C(l —e€¢) such that & = &min for allk € N with k > k.
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Proof. Given the initialization of the algorithm, statements (a)—(j) follow by induction from Lemmas
Statement (k) follows from statements (d) and (e). Finally, to prove statement (1), consider arbitrary k € N
in a run that does not terminate finitely and note that if dy = 0, then &8l < oo, and if dj, # 0, then &8l
satisfies , meaning that ¢iral > %(. Consequently, by , & < Eg—q only if &1 > %C. This, along
with statements (h) and (i), leads to the conclusion. O

4.3 Convergence Guarantees

We now turn to prove convergence results under Assumption below. Recalling the role of %C (I1—€) eRy,
in Lemma [13(1), the assumption focuses on the following event for some (Emin, Tmin, foup) € N X Ry x R,

true trial

where for all generated k € N We denote T, as the value of 7i"2! that would be computed in iteration

k if . were solved Wét{:ka Tp) 1 %ce of gk

min» mln7

:= {An infinite number of iterations are performed, f(zg,,.) < fsup, and
there exist &' € N with & < kpin, 7 € Ry with 77 > 7ipin, (30)
and & € R, with & > 2((1 — €) such that
=1 <M and ¢, = ¢ for all k € N with k > k'}.

The following assumption is made in this subsection. We present a discussion and supporting theoretical
results about this assumption in Section [£.4]

Assumption 4. For some (kmin, Tmin, fsup) € N X Ry x R, the event £ := & (kmin; Tmin, fsup) occurs and,
conditioned on the occurrence of &€, Assumptz’on holds (with the same constants as previously presented in

and )

It is not a shortcoming of our analysis that Assumption |4} through the definition of £, assumes that ()
an infinite number of iterations are performed, (i) the objective value is bounded above in iteration kpin,
and (iii) {&} ultimately becomes a constant sequence with value at least 1((1 — e¢) € Ry,. After all: (i)
Lemma [13| shows that the only alternative to an infinite number of iterations being performed is that the
algorithm terminates finitely with an infeasible stationary point, in which case there is nothing else to prove;
(#3) fsup € R can be arbitrarily large and knowledge of it is not required by the algorithm, so assuming that
it exists is a very loose requirement; and (7i7) Lemma l) shows that, in any run that does not terminate
finitely, {¢} is monotonically nonincreasing and bounded below by 1((1 — €¢) € R, which is a constant,
i.e., it is not run-dependent. Overall, the only important restriction of our analysis in this section is the
fact that £ includes the requirement that {73} ultimately becomes constant at a value at least T, that is
sufficiently small relative to {7,""“"'*}. This restriction is the subject of Section

For the remainder of this subsection, we consider the stochastic process corresponding to the statement
of Algorithm [I} Specifically, the sequence

true _trial __true,trial trial mln ¥ max
di ", Te T &k k@ o)}

{(zk, vi, gr, du, ST Ty y Qs O

generated in any run can be viewed as a realization of the stochastic process
t ial ~-true,trial —trial —
{(anVkHGk7Dk7chrue77']:rla77; 777€a‘—‘r1a7—‘ aAmln A A}gnaxw’élk)}

Let G; denote the o-algebra defined by the initial conditions of the algorithm and, for all k € N with k > 2,
let Gi, denote the o-algebra generated by the initial conditions and the random variables {G,...,Gk_1}.
Then, with respect to the event £ in Assumption [d] denote the trace o-algebra of £ on Gy, as Fj, := G, N E
for all k € N. It follows that {F3} is a filtration, and we proceed in our analysis under Assumptions
and |4| (which subsumes Assumption [1)) with the definitions

Pk[] = PwH]:k] and ]Ek[] = EwH]:k]
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(where P,, denotes probability taken with respect to the distribution of w). We also define, with respect to
&, the random variables K’ < kyin, 7' > Twin, and Z' > %C (1 — €¢), which for a given run of the algorithm
have the realized values k', 7/, and &', respectively, defined in . Conditioned on &, one has in any run
that

Tmin < T' <70 and 3¢(1—e) < <&, (31)

and one has that 7’ and 2’ are Fj-measurable for k = k,;;, > K.

Our next lemma shows upper bounds on the norm of the difference between the computed search direction
and the search direction that would be computed with the true gradient of the objective. (The conclusion
of this lemma and the following one would hold even without assuming that the event £ occurs, but in each
result we condition on Fj := Gy N € for use in our ultimate results under £.)

Lemma 14. Suppose that Assumptions [, [3, and[]] hold. For all k € N,
1Dk — D ll2 < ¢7HIGr = VF(Xk) |2
and By[|| Dy, — Do) < CT'ER[|Gr — VF(Xi)|l2) < ¢ or

Proof. Consider arbitrary k € N under the stated conditions. Lemma and the obtuse angle lemma for
projections [6, Proposition 1.1.9] imply

(D~ DY) Hy(~Hy 'V f(X,) — D) <0
and (D{™ — Dy)THy(—H, 'G), — D) <0.
Summing these inequalities yields
0> (Dy, = D) Hi(=Hi 'V f(Xy) = D) + (D¢ — Dy,) " Hy(—Hy ' Gy = Dy)
= |[1Di = D3y, — (D = D)7 (VF(Xk) = Gi).
Hence, by the Cauchy—Schwarz inequality, it follows that

1Dk = Dif|I%, < (Di = D)7 (VF(Xk) = Gi) < [ Dy — D2l V £ (Xk) = Gill2,

which shows under Assumption [3| that ||Dy — Di|ly < (7||Gx — Vf(Xk)||2, as desired. Then, from this
inequality, Assumption [2| and Jensen’s inequality, one has

Exl|Gr — V(X)) < \/ExllIGx — VF(XRIE) < v/or,

from which the remainder of the conclusion follows. O

We now show an upper bound on the expected difference between inner products involving the true and
stochastic gradients and the true and stochastic directions.

Lemma 15. Suppose that Assumptions |3, [3, and[f] hold. For all k > kuyin,

|Ex[GE Di — VF(Xp)" DIl < ¢ How + wvp/Pr)
and Ex[Al(Xy, Tr, Gr, Di)] — AU(Xy, T/, VF(Xg), D) < T'¢Hpr + kv i/Pk)-

Proof. Consider arbitrary k > kp;, under the stated conditions. From the triangle and Cauchy—Schwarz
inequalities and Lemma [I4] it holds that

|Ex[Gk Di — V f(Xi)" D
= [Ex[(Gr — V(X)) DM + (Gr — VF(Xi))" (Dy — D)
+ V(X)) (D — D)
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= [E[(Gr = V(X)) (Di = D)) + Ex [V f (Xi) " (Dr — DF)]|
< ElllGr — VF(Xe) 21Dk — DIa] + 1V £ (Xi) 2Bl Dic — D]
< CTUE[IGr = VA(X)3] + ¢ rvsElIGr — Vi (Xk)ll2] < o + ¢ v /P,
which gives the first result. Then, for k& > kpyin, @ and the equation above give
E4[AN(Xy, T G, Di)] — AUX, T,V £(Xi), D)
= T'Ex[Vf(X2)" D™ — Gy Di] < T'CHpw + kv yv/Pr)s
which completes the proof. O

Our next lemma shows a lower bound on the true model reduction. In the lemma and our subsequent
results, we define Ji, := Ve(X)T for the sake of brevity.

Lemma 16. Suppose that Assumptions |3, [3, and[f] hold. For all k > kuyin,
Al(Xy, Te, VF(Xi), D) = $TCID N3 + o(le(Xk)ll2 = [le(Xk) + JeDi™¢|l2) > 0.

Proof. Consider arbitrary & > kpj, under the stated conditions. By @D, the fact that 7, = 77, and
Assumption (3] the first desired conclusion is implied by

(1= ) (le(Xill2 = lle(Xk) + Tk Dill2) > T'(VF(Xe) " DI + (D) He D).

If Vf(Xy)TDirve + L(Dirve)THDime < 0, then the above holds due to Lemma [13] and the fact that
Jp DI = Ji V; else, V f(X,)T Dirve + %(Dg“e)THkDg“e > 0, in which case one finds from the conditions

of the lemma, , and that

true,trial _ (1—o)(le(Xa)lla—lle(Xn)+Jw DE1e
T =T < Eme rial _ (1—o)(ll ; kt)HZ |1\ ( tlc)-‘er k tl\a),
v.f(Xk) Dkrue+§(Dkrlle) Hkarue

from which the displayed inequality above follows again. Finally, the remaining desired conclusion follows
from the first conclusion, Lemma and J, D¢ = J, V. O

Next, we prove a critical upper bound on the expected value of the second term on the right-hand side
of the upper bound proved in Lemma [T1]

Lemma 17. Suppose that Assumptions|[3,[3, and[f] hold. For all k > ki,
EACTV F(X0)T (D = D) < (P +0) BT wo ¢ Ve
Proof. For arbitrary k > ki, under the conditions, and yield

AP = g A and AP < AP 4083, where A = 2(17227&7, (32)

Letting Py, denote the event that V f(Xj)T (D — D) > 0 and letting P§ denote the event that V f(X;)T (D, —
Dirue) < 0, the law of total expectation and the fact that 77 and =" are Fj-measurable for k > kyin shows
that
Ex[Ax TV f(X3)" (Di — D))
= Py[Ps] - Ex[Ax T’V £ (X3)" (Di — D) |Py]
+ Py[P] - Ex[Ax T’V £ (X3)" (Dy — D) |Pf]
< (AP + 08,) T'PR[Pr] - Ex[V f(X3)" (Dr — D) | Py]
+ APPTPR[PF] - Bk [V (X3) T (Di — D) [Py
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= AP T'ER[V f(Xk)" (Dr — D))
+ 08T Pr[Pi] - Ex[V f(Xi)" (Di — D) P].
The Cauchy-Schwarz inequality and law of total expectation show that
Pr[Pi] - Ex[V £ (Xi)" (D — D) | P
< P[Pr] - Ex[IVF(Xi) 2l Dk — DEell2|Py]
IV X)2]| D — Di|l2] = Pu[Pg] - Ex[lIV f (X |2l Di — D™ 2| PE]
sV (X2l D — Di™|l2],

E
<E
so from above, the Cauchy-Schwarz inequality, Assumption [4} and Lemma

Er[AcTiV f (Xk) T (Dr — D)) < (AR + 081) TV £ (X) |2Ex[l| D, — DIz
< (% + 9) BT kv ¢ /s
which gives the desired conclusion. O

We now present, as a lemma, results pertaining to the asymptotic behavior of the model reductions
generated by the algorithm. In the subsequent theorem after the lemma, these results will be translated
in terms of quantities that, as seen in Section can be connected to stationarity measures related to
problem (|1)). We remark that the conditions of the lemma can be satisfied in a run-dependent manner
if, every time the merit or ratio parameter is decreased, say in iteration ke N, the sequence {8} is
“restarted” such that with o/ = 2(1 —n)&;7; /(73 L +T') and some (run-independent) ) € (0, 1] one chooses
B =p8= wﬁw for part (a) of the lemma and ) = k_£+1¢2(17n‘;‘(,a,+0) for part (b); such a scheme
was described in [I] as well. Notice that in this situation, 8 and {f},-; in parts (a) and (b), respectively,
are random variables, but, importantly, they are Fi-measurable for k > ky;,. Alternatively, one could choose
{Br} using the same formulas, but with iy and i, in place of & and 7y, respectively, in the formula for
o', in which case the choices are run-independent. The downside of relying on this latter situation is that it
requires knowledge of &y and Ty, which would not typically be known a priori. Hence, we analyze the
former scheme, but use run-dependent bounds that, under £, are defined with respect to &pnin and Tin (even
though these values are unknown).

We also remark that for case (a) in the following lemma, the sequence {py}, which bounds the expected
squared error in the stochastic gradient estimates, can be a constant sequence. However, for case (b), the
relationship between {p} and {8} means that the expected squared error in the gradient estimates must
vanish as kK — oo. This requirement, which is stronger than the requirement for equality-constraints-only
case in [I], is needed to overcome the fact that in the presence of bound constraints the search directions
can be biased estimates of their true counterparts.

Lemma 18. Under Assumptions @, @ and suppose that {px} is chosen such that there exists ¢ € Ry
with p < Lﬂ,% for all k € N with k > kuin, and define

’ _ 2(1=m)&minTmin / _ 2(1=n)&oTo

min = — 7 T40 0 Ymax T T oLyTr

and proae = (Oax + 070 (K Ve + (1= 1) (e + £v V1))

Then, with A’ defined in and E[-|€] denoting total expectation over all realizations of the algorithm
conditioned on event &, the following statements hold true.

(a) if B = B = wﬁm for some ¥ € (0,1] for all k > kuyin, then

(67

kmin"‘k_l
lim sup E % Z AZ(XJ’ 7'/7 Vf(Xj)7 D;rue) el < ¢(amax)2(amm+9)Pmax

psu = 21 m) (1= 5) (@) (@ 102

J=kmin
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(b) if Y
holds that

Br =00, Y pes B,f < 00, and By < wﬁw for some ¢ € (0,1] for all k > kmin, it

min

kmin+k—1
1 rue k— o0
STy > BAUX, T, VX)), D) €| === 0.
J=Fmin T j=kmin

Proof. For arbitrary k > kpi, under the conditions, it follows from Lemma Lemma (which shows
AUXp, Ti, Vf(Xk), D) > 0), ([32), the fact that Ax > AP® = A'S;, Lemma the fact that Ay <
Amax < gmin 03, = (A’ + 0) By, Lemma [14] Lemma and By € (0,1] that
Ex[¢(Xk+1,Tk) — ¢( Xk, Tr)] = Ex[p( Xk + AxDi, Ti) — ¢( X, Tr)]
< Ei [ A AU(Xk, Tr, Vf(Xi), D)
+ ATeV f (Xi)" (D = D) + (1= ) AwBp Al(X, T, G, D))

< — A'BRANX, T, V f(Xy), D)
+ (A + H)BkT'vaC_l\/pTc
+ (L =) (A" + 0)BL(AUXy, T, VF(Xk), D) + T'CHpow + v p/pr)
— A'BRAl(Xy, T, V f(Xk), D)
+ (A +0)BrT kv ¢ Vi
+ (L= n)(A"+ 0) B (AUXy, T, VF(Xk), D) + T'¢C (B + kv g Vb))
< = Br(A = (1= n)(A"+ 0)Br) AU(Xy, T', VF(X3), Di) + R'BE,

where R' = (A" + 0)T'¢ M (kvsve + (1 — n)(¢t + Kvgy/t)). Now, from Assumption I which subsumes

Assumption ' there exists ¢min € R such that ¢(Xg, T') > @min for all k& > kyin. One also finds that

/ nE'T

abin <A < al,, due to the monotonicity of % with respect to 7. Therefore, under part (a) of the

IN

lemma, in which case one finds for & > Kk, that wm < B < wW, it follows from
above that

Ex[d(Xkt1, Te) — (X, Te)]

1/)(1 - y)(a;nln)Z / true a;nax :
300 )l + ) 8 T VIR DE) s <¢2<1—n><a;nax+e>)

so by taking total expectation conditioned on the event £ one finds

¢min - E[¢( mmvT/)|g}

kmintk—1
< Bl Xk thr T') = (X T)IE] = > (X, T = (X, T)|E
J=FKmin
=B e)? g | R 2
< - gl E | S AUXG, T V() DE)|E |+ b (Yaii—r)
J=Kmin

Rearranging terms, observing that E[¢(Xy, .., T')|€] is bounded above under Assumption 4 and considering
the limit superior as k — 0o, the conclusion of part (a) follows. On the other hand, under the conditions of
part (b), it follows in a similar manner that, for any k& € N, one finds

Dmin — E[3(X g TIE]
kmin+tk—1
< Elp(Xppinthes T') = (X TIE] = > (X, T = 6(X;,T)|E

J=kmin
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kmin+k—1
SE| > (=Bi(A = Q=) (A +0)B)AUX,;, T, Vf(X,), Di™) + R'57)|€

J=Fkmin
Taking limits as k — oo, the conclusion of part (b) follows. O

We now present our main convergence theorem for Algorithm [I} which is essentially a translation of
Lemma [I8] from results about model reductions to results about quantities connected to measures of station-
arity for problem .

Theorem 1. Suppose the conditions of Lemma[I8 hold. Then,

(a) under the conditions of Lemma (a), there exists C € Ry such that

kmin"t‘k?_l
tmsup B |5 3 (FTCDI+ o(|e(X) 2 = () + J,Di™a)) €| = Cs
>~ §=kmin
(b) under the conditions of Lemma (b), with By, 1= Zfzknjkfl Bj,
1 kmintk—1 X
rue rue —0
BB Y BiGTCDF I3+ o(le(X))l2 = le(X) + ;D 2) [€]| =0,
J=FKmin
which further implies liminfy_, o E[|| D&% + (||c(Xk)|]2 — [|e(Xk) + JeDE||2)|E] = 0.
Proof. The desired conclusions follow from Lemmas [16] and O

One might be able to strengthen the conclusion in Theorem [I{b), say to an almost-sure convergence
guarantee; see, e.g., [8]. However, we are satisfied with Theorem [I{b), which is sufficient for revealing the
favorable properties of Algorithm [1] under Assumptions and [4f Theorem [Ifa) shows under Assump-
tions and 4| that if the latter condition in @ holds with p;, = p for some p € R, for all k € N and
{Br} = {B} is chosen as a (sufficiently small) constant sequence, then the limit superior of the expectation of
the average of quantities connected to stationarity measures for problem is bounded above by a constant
proportional to 8. Intuitively, this shows that the iterates generated by the algorithm ultimately remain
in a region in which these stationarity measures are small. On the other hand, Theorem b) shows under
Assumption that if {pr} and {By} vanish with pr, = O(B7), then a subsequence of iterates exist over which
the expected values of these stationarity measures vanish. As seen in Lemma[3] if there exists a subsequence
of iterates, say indexed by & C N, that converges to a point satisfying certain regularity conditions, then
{llexll2 = llex + Ve(zg)Tvgll2}kes — 0 means that the limit point is stationary with respect to the problem
to minimize 3||c(z)||3 subject to x € R%,. Similarly, as seen in Lemma [5] if there exists such a subsequence
and the limit point is feasible with respect to problem , then {d}™°}res — 0 means that the limit point
is stationary with respect to . These situations are not guaranteed to occur, but this discussion shows
that Theorem [1] is meaningful.

4.4 Non-vanishing Merit Parameter

Our main convergence result in the previous section, namely, Theorem [l} requires Assumption [4] which in
turn requires that the merit parameter sequence ultimately becomes a sufficiently small, positive constant
sequence. (Recall the discussion after Assumption ) To show that this corresponds to a realistic event
for practical purposes, we next show conditions under which one finds that the merit parameter would not
vanish.

We begin by showing a generally applicable result about the solution of . It is related to that in
Lemma |3 but is stronger due to an additional assumption.
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Lemma 19. Suppose the conditions of Lemma@ hold and there exists k,, € [0,1) such that for all generated
k € N in any run of the algorithm one has |ci, + Ve(xr) vg|l2 < Kuwlckll2. Then, there exists k, € Ry such
that, in any run of the algorithm such that iteration k € N is reached, one finds

llexll2 = llex + Ve(@r) T vkllz > rollve]2. (33)

Proof. Consider an arbitrary run of the algorithm in which the conditions of the lemma hold and iteration
k € N is reached. If ¢, = 0, then it follows by construction of @ that vy = 0, in which case follows
trivially. Hence, we may proceed under the assumption that ¢ # 0, which by the conditions of the lemma,
Assumption [1f (see ), and the triangle inequality gives

rvellvlle > [Ve(@r)Torllz > llerllz = llex + Ve(@r) Torllz > (1= mw)llerl2.
Consequently, from (21)), (22), and a similar derivation as in Lemma [3 one finds
2llexllz(llexlle = llex + Velar)Tvell2) > llexllz — llex + Ve(ar) T orll3
> min{ 2, 2u}|lonll3 > min{ 2, 2} (A2 x| oe 2,
from which the desired conclusion in follows. O

We now show that, under common conditions and when the norm of the stochastic gradient estimate is
trial

bounded uniformly, the denominator of the formula for 7/"* in is bounded proportionally to ||vg/|2-

Lemma 20. Suppose that Assumptions and@ hold, and that there exists (A, p, kg) € Ry x Ry x Ry
such that for all generated k € N in any run of the algorithm one has Ve(x)TVe(xy) = M, pi, > p, and
llgrlle < kg. Then, there exists kg g € Ry such that, in any run such that iteration k € N is reached, one
finds

g di + 3di Hydi < kg pr||vg 2.

Proof. Consider an arbitrary run in which the conditions of the lemma hold and iteration k£ € N is reached.
By Lemma[13] (u,w) = (0,0) is feasible for (7)), so

max { 5 [lcx + Ve(zr) " Velwr)wrll3, 5 lurl3}

< gllex + Ve(ar) " Ve(mr)well3 + §uellurlld < 3 llexll3-
Since ||k + V()T Ve(zy)wil|3 < §llexll3, it follows that
IVe(@r) " Ve(erwil3 < =25 Ve(zr) T Ve(er)wy < 2llell2[[Ve(ar) " Ve(z)willz,
which along with Assumption 1] (see (2))) shows that

IVe(ze)willa < mvellwilla < 25 Ve(zr) " Ve(zr)wi |2 < 258 e fl2 < 25 k.

On the other hand, since 3 ||ux||3 < 3 ||cxll3, it follows under Assumptionthat Jugll2 < \/}TkHcng < ﬁ’%'

Therefore, overall, it follows that

loellz = \/I1Veer)uwnl3 + lunl < (/2

Now, since v = Ve(xg)wg + uyg is a feasible solution of while dj, is the optimal solution of , it follows
under the conditions of the lemma that

Kve \2 1
/\c) _|_ ﬁ) KRe-

gidi + 2d{ Hydi < g v + 30 Hyop
< rgllonlla + Sralonl3 < (g + 3 (/255 + 2) ) lowlz,

which leads to the desired conclusion. O
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We now prove conditions under which the merit parameter does not vanish.

Theorem 2. Suppose that Assumptions I and@ hold, and that there exists (X, ft, kg, Kw) € Ryg X Ry X
R.og % [0,1) such that for all genemted k € N in any run of the algorithm one has Vc(xk)TVc(xk) = A,
i > i, llgkll2 < kg, and ||ck + Ve(zg)Togll2 < kuwllekllz. Then, in any run that does not terminate finitely,

the latter event in Lemma k) occurs (i.e., {7y} does not vanish) with Tmin > %(1 —€r).

Proof. Consider arbitrary k& € N in a run that does not terminate finitely and note that if dp = 0 or
g,{dk + %d{dek < 0, then T,g“al < 00, and otherwise E“al is set by . Hence, under the conditions of
the lemma and by Lemmas 201

’grlal > (1=0)(lexllz=llck+Ve@r) Tdill2) _ (1=a)(lexlla—ller+Ve(wi) Tvil2) > (1=0)ky
g7 it 5 dT Hydy, oF i+ dT Hydy, = Ren

= T.

Consequently, by the merit parameter update in , Ty < Tg—1 only if 74_1 > 7. This, along with
Lemma [13[(d)~(e), leads to the conclusion. 0O

Since V f is bounded in norm over the set X’ in Assumption [T} Theorem [2] shows that, amongst the other
stated conditions, if ||gr — V f(zx)||2 is bounded uniformly over all k € N in any, then the merit parameter
sequence always remains bounded below by a positive number. Under such conditions, the only potentially
poor behavior of the merit parameter sequence is that, in a given run, it ultimately remains constant at a
value that is too large. We claim that, under certain assumptions about the distribution of the stochastic
gradient estimates, this behavior can be shown to occur with probability zero. (We do not prove such a
result here, but refer the interested reader to Proposition 3.16 in [I] to see such a result for the equality-
constraints-only setting, in which case the behavior of the merit parameter is similar.) On the other hand, if
llgr =V f(zx)||2 is not bounded uniformly in this manner, then it is possible for the merit parameter sequence
to vanish unnecessarily. This issue is one that should be noted by a user of the algorithm. In particular,
if in a run of the algorithm one chooses pj > p for some u € Ry, for all £ € N and one finds for some
(A, kw) € Ryy x Ry that generated k € N yield Ve(zy)TVe(xy) = M and ||c, + Ve(zg) Toll2 < Kl
yet 75, has become exceedingly small, then Theorem [2 shows that this must be due to the stochastic gradient
estimates tending to become significantly large in norm, in which case the performance of the algorithm may
improve with more accurate stochastic gradient estimates.

4.5 Deterministic Algorithm

We conclude this section with a statement of a convergence result that we claim to hold for Algorithm [1] if
it were to be run with gy = V f(x) for all k € N. Due to space considerations, we do not provide a proof
of the result, although we offer the proposition for reference for the reader and claim that it holds from
results proved in this paper for the stochastic setting as well as other similar results for SQP methods for
deterministic continuous nonlinear optimization.

Proposition 1. Suppose Assumptions and@ hold and Algorithm is run with g, = V f(xy) for all k € N.
If for all large k € N there exists ky, € [0,1) such that ||cy + Ve(zg) T vglle < kwllckl2, then {zk} C RZy, {7}
is bounded away from zero, and with yi, € R™ and z), € RY, defined as the optimal multipliers corresponding
to the solution of subproblem (8) for all k € N, it follows that

Ck — 0.
T
T 2k

H [V (k) + Ve(e)yr — 2k |

Otherwise, {z} C R%, {min{Ve(zg)e,0}} — 0, and {|zEVe(zr)er|} — 0, and if the sequence {11} is
bounded away from zero, then

{H [V f (k) + Ve(y)y, — 2] ’ } o

x%zk
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5 Numerical Results

In this section, we provide results demonstrating the performance of a MATLAB implementation of Algo-
rithm [1] when solving a subset of problems from CUTEst [22], where Gurobi is used to solve the arising
subproblems [23]. The purpose of these experiments is to compare this performance against that of the Julia
implementation provided by the authors of [3T, Algorithm 1]. From all inequality-constrained problems in
CUTEst, we selected those such that (i) m < n < 1000, (i) f(zx) > —10%° for all k € N in all runs of our
algorithm, and (iii) Gurobi did not report any errors. This resulted in a set of 323 test problems.

For each test problem, both codes used the same initial iterate and generated stochastic gradient estimates
in the same manner. Specifically, for all k¥ € N in each run, the codes set gy = N (Vf(zx),e,(I + eel)),
where e is the all-ones vector and €, € {1078,107%,1072,107!} was fixed for each run (see below). If a
problem had only inequality constraints, i.e., m = 0, then our code explicitly computed «; (as defined in
([15)) and set ay + aj*®* for all k € N. Otherwise, the code set ay, «— min{1, (1.1)% ™™ " 4 03}, where
tr «+ max{t € N : ¢ ((1.1)!a™") < 0}. This guarantees that oy € [, @] for all k € N. The other
user-defined parameters of Algorithm [1| were selected as 0 = 70 = 0.1, n = 0.5, & = 1, €, = e = 1072,
0 = 10*, pp, = max{1078,107%||cx |3}, B = 1, and Hj, = I for all k € N. The Lipschitz constants L and T
were estimated every 100 iterations by differences of stochastic gradients at ten samples around the current
iterate. Meanwhile, we ran the Julia code for [31, Algorithm 1] with the AdapGD option and its default
parameter settings as described in [31, Section 4]. Each code terminated as soon as 10* stochastic gradient
samples were evaluated or a 12-hour CPU time limit was reached.

Let FeasErr(z) be the co-norm constraint violation at  and let KKTErr(z,y, z) be the co-norm violation
of the KKT conditions (recall ) at a primal-dual iterate (x,y,z). Each run of Algorithm [1| generates
{zx} € R™. For each k € N, let yi™° € R™ and z}™° € R" denote the optimal Lagrange multipliers
corresponding to the equality and inequality constraints when is solved with g = V f(z). For each run
of Algorithm [1} we determined the best iterate as xy,,, where

arg iniél FeasErr(zy) if FeasErr(z;,) > 10 for all k € N,
€

ko —
pest arg %nil{]l {KKTErr (21, yi"¢, 257°) : FeasErr(w;) < 107%}  otherwise.
€

We determined the best iterate in a run of [31, Algorithm 1] using the same formula with the sequence of
iterates and Lagrange multiplier estimates that are computed as part of the algorithm. Our results for four
noise levels, provided in Figure |l below, are presented in terms of FeasErr(xy,, ) as the feasibility error and
KKTErr(xg,,.., yiﬁ“i,ziﬁ“i) as the KKT error for each run of both algorithms.

Since the Julia code for [31 Algorithm 1] is only set up to solve CUTEst problems without simple bound
constraints, the results in Figure[I] are presented in two parts. For the 57 problems for which both algorithms
were set up to run, the first two box plots show the best feasibility and KKT errors achieved by both codes,
where each problem is run 5 times each (since the behaviors of the algorithms are stochastic). In the third
box plot, we report the best feasibility and KKT errors obtained by our Matlab code on the remaining
266 (= 323 — 57) problems, again with five runs for each problem. Overall, one finds that the performance
of our algorithm is comparatively good in this experimental set-up. The best feasibility and KKT errors
are relatively low for our algorithm, although the errors increase with the noise level, as may be expected.
Experiments with diminishing step sizes also showed favorable performance for our algorithm; these results
are omitted due to page limit restrictions.

6 Conclusion

We have proposed, analyzed, and tested an algorithm for solving continuous optimization problems. The
algorithm requires that constraint function and derivative values can be computed in each iteration, but
does not require exact objective function and derivative values; rather, the algorithm merely requires that a
stochastic objective gradient estimate is computed to satisfy relatively loose assumptions in each iteration.
The theoretical convergence guarantees of the algorithm require knowledge of Lipschitz constants for the
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Figure 1: Box plots comparing the best feasibility errors (left) and KKT errors (middle) of a Matlab imple-
mentation of Algorithm [1} (“Stochastic SQP”) and the Julia implementation provided by the authors of [3T],
Algorithm 1] (“Active-st SQP”) when solving 57 CUTEst problems without simple bound constraints. Box
plots of the best feasibility and KKT errors (combined, right) of the implementation of Algorithm [1| when
solving the other 266 CUTEst problems from the test set.

objective gradient and constraint Jacobian, although in practice these constants can be estimated. Our
numerical experiments show that our proposed algorithm can outperform an alternative algorithm that
relies on the ability to compute more accurate gradient estimates. We have provided comments throughout
the paper on how the assumptions that are required for our theoretical convergence guarantees might be
loosened further.
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