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Abstract. Sequential quadratic optimization algorithms are proposed for solving smooth non-
linear optimization problems with equality constraints. The main focus is an algorithm proposed
for the case when the constraint functions are deterministic, and constraint function and derivative
values can be computed explicitly, but the objective function is stochastic. It is assumed in this
setting that it is intractable to compute objective function and derivative values explicitly, although
one can compute stochastic function and gradient estimates. As a starting point for this stochastic
setting, an algorithm is proposed for the deterministic setting that is modeled after a state-of-the-
art line-search SQP algorithm but uses a stepsize selection scheme based on Lipschitz constants (or
adaptively estimated Lipschitz constants) in place of the line search. This sets the stage for the
proposed algorithm for the stochastic setting, for which it is assumed that line searches would be
intractable. Under reasonable assumptions, convergence (resp., convergence in expectation) from
remote starting points is proved for the proposed deterministic (resp., stochastic) algorithm. The
results of numerical experiments demonstrate the practical performance of our proposed techniques.
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1. Introduction. We consider the design of algorithms for solving smooth non-
linear optimization problems with equality constraints. Such problems arise in various
important applications throughout science and engineering, including optimal control,
PDE-constrained optimization, network flow, and resource allocation [1, 2, 20, 30].

Numerous algorithms have been proposed for solving deterministic equality con-
strained optimization problems. Penalty methods [11, 14], including augmented La-
grangian methods [10, 18, 26], attempt to solve such problems by penalizing con-
straint violation through an objective term—weighted by a penalty parameter—and
employing unconstrained optimization techniques for solving (approximately) a cor-
responding sequence of penalty subproblems. Such algorithms can behave poorly due
to ill-conditioning and/or nonsmoothness of the penalty subproblems, depending on
the type of penalty function employed. Their performance also often suffers due to
sensitivity to the scheme for updating the penalty parameter.

Algorithms that consistently outperform penalty methods are those based on
sequential quadratic optimization (commonly known as SQP), which in this setting
of equality constrained optimization is intimately connected to the idea of applying
Newton’s method to stationarity conditions of the problem [35]. In particular, it is
commonly accepted that one of the state-of-the-art algorithms for solving equality
constrained optimization problems is such an SQP method that chooses stepsizes
based on a line search applied to an exact penalty function [15, 16, 27]. In such a
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method, the penalty function acts as a merit function only. It does not influence the
computed search direction; it only influences the computed stepsize.

Significantly fewer algorithms have been proposed for solving equality constrained
stochastic optimization problems. In particular, in this paper, we focus on such prob-
lems with constraint functions that are deterministic, but objective functions that
are stochastic, in the sense that the objective is an expectation of a function defined
with respect to a random variable with unknown distribution. (Various modeling
paradigms have been proposed for solving problems involving stochastic constraints.
These are out of our scope; we refer the reader to [31].) We assume that it is in-
tractable to compute objective function and gradient values, although one is able to
compute (unbiased) stochastic gradient estimates. A few algorithms have been pro-
posed that may be employed in this setting [9, 19, 23, 28], but these are based on
penalty methodologies, so do not benefit from advantages of SQP techniques. Let us
also mention various proposed stochastic Frank—Wolfe algorithms [17, 21, 22, 29, 36]
for (non)convex stochastic optimization with convex constraints. These are not ap-
plicable for our setting of having general nonlinear equality constraints.

1.1. Contributions. In this paper, we propose two algorithms modeled after the
aforementioned line-search SQP methodology. Our primary focus is an algorithm for
the aforementioned setting of a problem with deterministic constraint functions, but a
stochastic objective function. However, as a first step for considering this setting, we
begin by proposing an algorithm for the deterministic setting that employs an adaptive
stepsize selection scheme that makes use of Lipschitz constants (or adaptively updated
Lipschitz constant estimates) rather than a line search. Based on this algorithm for
the deterministic setting, we propose our algorithm for the stochastic setting that also
uses Lipschitz constants (or, in practice, estimates of them) for stepsize selection.

We prove under common assumptions that our deterministic algorithm has con-
vergence guarantees that match those of a state-of-the-art line-search SQP method.
In addition, we prove under loose assumptions that our stochastic algorithm of-
fers convergence guarantees that can match those of our deterministic algorithm
in expectation. In particular, the results that we prove for our stochastic algo-
rithm are of the type offered by stochastic gradient schemes for unconstrained op-
timization [4]. An additional challenge for constrained stochastic optimization is
potentially poor behavior of an adaptive merit function parameter that balances
emphasis between minimizing constraint violation and reducing the objective func-
tion. To address this, in addition to our aforementioned convergence analysis, which
considers the behavior of the algorithm under good behavior of this adaptive pa-
rameter, we prove under a pragmatic assumption that a certain type of poor be-
havior cannot occur, and another type of poor behavior occurs with probability
Zero.

The results of numerical experiments show that our deterministic algorithm is as
reliable as a state-of-the-art line-search SQP method, although, as should be expected,
it is sometimes less efficient than such a method that performs line searches. Our
experiments with our stochastic algorithm show that it consistently and significantly
outperforms an approach that attempts to solve constrained problems by applying a
stochastic (sub)gradient scheme to minimize an exact penalty function.

1.2. Notation. Let R denote the set of real numbers (i.e., scalars), let Ry,
(resp., R.,) denote the set of real numbers greater than or equal to (resp., greater
than) r € R, let R™ denote the set of n-dimensional real vectors, let R™*" denote
the set of m-by-n-dimensional real matrices, and let S™ denote the set of n-by-n-
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dimensional symmetric matrices. The set of natural numbers is denoted as N :=
{0,1,2,...}. For any m € N, let [m] denote the set of integers {1,...,m}.

Each of our algorithms is iterative, generating a sequence of iterates {zy} with
x, € R™ for all k € N. The iteration number is also appended as a subscript to other
quantities corresponding to each iteration, e.g., fx := f(xy) for all k € N.

1.3. Organization. Our algorithm for the deterministic setting is proposed and
analyzed in section 2. We present our analysis alongside that of a line-search SQP
method for ease of comparison with this state-of-the-art strategy. Our algorithm for
the stochastic setting is proposed and analyzed in section 3. The results of numerical
experiments are provided in section 4 and concluding remarks are offered in section 5.

2. Deterministic setting. Given an objective function f : R — R and a
constraint function ¢ : R™ — R™, consider the optimization problem

(2.1) a{lelﬁg}l f(z) st. c(z)=0.

We make the following assumption about the optimization problem (2.1) and the
algorithms that we propose, each of which generates an iterate sequence {x;} C R",
search direction sequence {d} C R", and trial stepsize sequence {ay ;} C Ryg.

ASSUMPTION 2.1. Let X C R™ be an open convex set containing the iterates {xy}
and trial points {xy + oy ;di}. The objective function f : R™ — R is continuously
differentiable and bounded below over X, and its gradient Vf : R™ — R™ is Lipschitz
continuous with constant L and bounded over X. The constraint function ¢ : R™ — R™
(where m < n) and its Jacobian Vel : R™ — R™*"™ qre bounded over X, each gradient
Ve; : R™ — R™ is Lipschitz continuous with constant y; over X for alli € {1,...,m},
and the singular values of VT are bounded away from zero over X.

Most of the statements in Assumption 2.1 are standard smoothness assumptions;
see, e.g., [7, 33]. We do not assume that X is bounded. The assumption that the
singular values of V¢! are bounded away from zero is equivalent to the linear in-
dependence constraint qualification (LICQ). This is a relatively strong assumption
in the literature on algorithms for solving constrained optimization problems, but it
holds for various real-world problems of interest [2], and in any case is reasonable in
our context due to the significant challenges that arise in the stochastic setting in
section 3.

Defining the Lagrangian ¢ : R™ x R™ — R corresponding to (2.1) by {(z,y) =
f(x) + c(x)Ty, first-order stationarity conditions for (2.1)—which are necessary due
to the inclusion of the LICQ in Assumption 2.1—are given by

(2.2) 0= [giﬁgzg] _ [Vf (x)cﬂ(Lx)Vc(m)y] .

A consequence of Lipschitz continuity of the constraint functions is the following.
Since this fact is well known and easily proved, we present it without proof.
LEMMA 2.2. Under Assumption 2.1, it follows for any v € R", a € Ry, and
d € R" such that (z,z + ad) € X x X that
lci(z 4+ ad)| < |ei(z) + aVe(x)Td| + $vid®||d||3 for all i € [m]
and |le(z + ad)| < |lc(z) + aVe(z)d|: + 2Ta?||d|)3 with T := Dicim) Yi-
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2.1. Merit function. As is common in SQP techniques, our algorithms use as
a merit function the ¢;-norm penalty function ¢ : R™ x R, — R defined by

(2.3) ¢(z,7) = 7f(x) + [lc(@)]1-

Here, 7 € R, is a merit parameter, the value of which is chosen in the algorithm
according to a positive sequence {71} that is set adaptively. We make use of a local
model of the merit function g : R" x Ry x R™ x S" x R™ — R defined by

q(z, 7,V f(x),Hd) =7(f(x) + Vf(z)'d+ %max{dTHd, 0}) + |le(z) + Ve(z) T d||;.

A critical quantity in our algorithms is the reduction in this model for a given d € R™
with ¢(z) + Ve(z)Td =0, ie., Ag: R" x Ry x R" x §" x R™ — R defined by

Ag(x, 7,V f(z),H,d) = q(x, 7,V f(x),H,0) — q(x, 7,V f(x), H d)

2.4
(2:4) = —7(Vf(z)Td+ %max{dTHd,O})—i— lle(z)]]1-

The following lemma shows an important relationship between the directional deriv-
ative of the merit function and this model reduction function.

LEMMA 2.3. Given (z,7,H,d) € R" x R x S" x R™ with c(z) + Ve(z)'d = 0,
(2.5) ¢ (x,7,d) = 7V f(x)Td - ||c(z) || < —Aq(z, 7,V f(z),H d),

where ¢’ : R™ x Ryy x R™ — R is the directional derivative of ¢ at (x,7) for d.

Proof. The first equation in (2.5) is well known; see, e.g., [25, Theorem 18.2].
On the other hand, from the definition (2.4) one finds that Ag(z, 7,V f(z), H,d) =
—¢' (z,7,d)— %7’ max{d’ Hd,0} < —¢'(x, 7,d), which shows the inequality in (2.5). 0O

2.2. Algorithm preliminaries. The algorithms that we discuss for solving
(2.1) are based on an SQP paradigm. Specifically, at zj for all k& € N, a search
direction dj, € R" is computed by solving a quadratic optimization subproblem based
on a local quadratic model of f and a local affine model of ¢ about xj. Letting
fr = f(zr), gr := Vf(xy), ek = c(xy), and Ji := Ve(xy)T for all k € N and given a
sequence {Hy} satisfying Assumption 2.4 below (a standard type of sufficiency con-
dition for equality constrained optimization), this subproblem is given by

. T 1 4T
min fi+gfd+3d Hid st oo+ Jud = 0.

The optimal solution dj of this subproblem, and an associated Langrange multiplier
yr € R™, can be obtained by solving the linear system of equations

1)
J 0| [k Ck
ASSUMPTION 2.4. The sequence {Hy} is bounded in norm by kg € Ry,. In

addition, there exists a constant ( € Ry such that, for all k € N, the matriz Hy, has
the property that u” Hyu > (||lul|3 for all w € R™ such that Jiu = 0.

We stress that our algorithms and analysis do not assume that Hy, is equal to the
Hessian of the Lagrangian at xj for some multiplier yg, although choosing {Hj} in
this manner would be appropriate in order to ensure fast local convergence guarantees.
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Since our focus is only on achieving convergence to stationarity from remote starting
points, we merely assume that {Hj} satisfies Assumption 2.4.

Under Assumptions 2.1 and 2.4, the following results are well known in the liter-
ature.

LEMMA 2.5. For all k € N, the linear system (2.6) has a unique solution.

LEMMA 2.6. For any k € N, the solution (dy,yr) obtained by solving (2.6) has
dr, =0 if and only if the pair (x,yi) satisfies (2.2).

2.3. Algorithms. In this section, we present two algorithms for solving prob-
lem (2.1). The first algorithm chooses stepsizes based on a rule using Lipschitz con-
stant estimates, which can be set adaptively. This algorithm is new to the literature
and establishes a foundation upon which our method for the stochastic setting will
be built. The second algorithm, by contrast, employs a standard type of backtrack-
ing line search. This algorithm is standard in the literature. We prove a convergence
theory for it alongside that for our newly proposed algorithm for illustrative purposes.

In both algorithms, after dj is computed, the merit parameter 7, is set. This is
done by first setting, for some o € (0, 1), a trial value 737 € R_ U {oc} by

ria 00 if gFdy, + max{d} Hydy,0} <0,
(2.7) el { (1=0)llcxlls

T+ max(dl Hydr 0 otherwise.

(If ¢ = 0, then it follows from (2.6) and Assumption 2.4 that d} Hydy > 0 and

gFdy + dF Hydy, = 0, meaning 7.7 < co. Hence, 7{"% < oo requires [lcx|l; > 0, in

which case T,i”"ll > 0.) Then, the merit parameter 7 is set, for some € € (0,1), by

trial

_ if 7,1 <
(2.8) e L
(1 —e)rfral otherwise.

trial

This ensures that 7, < 777*. Regardless of the case in (2.8), it follows that
(2.9) Aq(zg, T, gy Hi, di) > %Tk max{dekdk, 0} + ollek 1

This inequality will be central in our analysis of both algorithms. In particular, it
will be useful when combined with the fact that each algorithm ensures that, for all
k € N, the stepsize o, € Ry is selected such that for n € (0,1) one finds

(2.10) d(xr + arde, 1) < O(Tk, i) — N AQ(Xk, Tk, 9rs Hi, di).

Remark 2.7. An alternative approach for setting the merit function parameter
is to set it based on the computed Lagrange multiplier estimate y;. For example,
in the context of our ¢;-norm exact penalty function ¢(zy,-), one can ensure that
the computed search direction dj is a direction of descent for ¢(-,7;) from xy if
Tk < |lykllzt; see, e.g., [25]. However, it is often better in practice to set it based on
ensuring sufficient reduction in a model of the merit function (see, e.g., [7, 8]).

LEMMA 2.8. Under Assumption 2.1, the inner for loop in Algorithm 2.1 is well-
posed in that for any k € N, it terminates finitely. In addition, for all k € N,
Ly < Lyax :=max{L_4,pL}

2.11
( ) and Yei < Ymax,i = max{v_14,pvi} Jfor all i € [m].
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Algorithm 2.1 SQP Algorithm with Adaptive Lipschitz Constant Estimates.

Require: g € R"; 71 € R ;e € (0,1); 0 € (0,1); 7€ (0,1); pe R 15 Loy € Ry
v-1,i € Ry for all i € [m]
1: for all £ € N do

2: Compute (d, yx) as the solution of (2.6)

3: if (xk,yr) satisfies (2.2) then return (x, yx)

4 Set rfriel by (2.7) and 74 by (2.8)

5: Initialize Ly, € (0, Ly—1] and ~x,;,0 < (0,41, for all ¢ € [m]

6: for all j € N do

7 Set
g - A e Gy i<l
_ - Alex s ;g1 if ap; <1< oy
Xhj T Ohj (T Lk +32 e pmy Vo) k113 ap; ifag; >1

8: if (2.10) or (2.12) holds then

9: Set Ly < Ly, j and 7k ; < Y,i,; for all i € [m]

10: Set ay +— ag,; and Tp41 < Tk + axdy and break (loop over j € N)

11: else

12: if (2.12a) (resp., (2.12b) for some i € [m]) is not satisfied

13: Set Ly j+1 < pLy ; (resp., Vi,ij4+1 < p’yk7i7j)

14: else

15: Set Lk,j+1 — Lk’j (resp., Vkij+1 'Yk,i,j)

Proof. To derive a contradiction, suppose that for some k£ € N the inner for
loop does not terminate. This means that for each iteration of the for loop at least
one inequality in (2.12) does not hold. In such a case, the for loop sets Ly ji1
(resp., Yk,i,j+1 for some i € [m]) as p > 1 times Ly ; (resp., Vi,,; for some i € [m]).
This leads to a contradiction to the fact that if Ly ; > L and ~y,;; > «; for all i €
[m], then (2.12) holds. Finally, (2.11) follows from the initialization of the Lipschitz
constant estimates; the fact that if any of these values is ever increased in the for loop,
then this occurs by the value being multiplied by p > 1; and the fact that for all k € N
the algorithm initializes Ly o € (0, Ly—1] and g0 € (0,7v,—1,] for all i € [m)]. O

Our first algorithm is stated as Algorithm 2.1. A signifying feature of it is the
manner in which it can adapt Lipschitz constant estimates, which are used in the
stepsize selection scheme. For any (k, j) € N x N, if the estimates Ly ; and {yx,i ;}i2q
satisfy Ly ; > L and 7z, ; > v for all i € [m], then it follows (see [24] and Lemma 2.2)
that for oy, ; € Ry yielding x + ag jdi € X' (recall Assumption 2.1) one has

(2.12a) f@k+ anjde) < fr+ w9k die + 5 Li o ;lldi )3
(21213) and |Ci(f£k + Oék’jdk)| § |Cz(93k) -+ Otkijci(l’k)TdH + %’)’kﬂ"jaz’deng

for all 4 € [m]. If one knows Lipschitz constants for V f and {V¢;}7,, then one could
simply set Ly o and 7y,;0 for all ¢ € [m] to these values for all k¥ € N, in which case
the inner for loop would terminate in iteration j = 0 for all k¥ € N. However, if such
Lipschitz constants are unknown, as is often the case, then the adaptive procedure
in Algorithm 2.1 ensures that convergence can be guaranteed, as shown in the next
subsection. For now, we simply prove the following lemma showing that the inner loop
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of the algorithm is well-posed. (One could choose a different increase factor p € Ry
for each Lipschitz constant estimate; we use a common value of p for simplicity.)
The intuition behind the stepsize selection scheme in Algorithm 2.1 is that the
stepsize is chosen to ensure a sufficient reduction in an upper bound on the change
in the merit function. This upper bound is revealed in Lemma 2.13 later on; in
particular, see (2.13). Due to the nonsmoothness of the merit function, which creates
a kink at a unit stepsize, there are three cases: the minimizer may occur before, at, or
after the kink. An illustration of these cases is shown in Figure 2.1. Certain situations
that lead to each of the three cases is as follows. (There are additional situations that
one may consider since the upper bounding function involves a combination of many
terms, but the following are a few example situations to provide some intuition.) If
the Lipschitz constant estimates are large enough, indicating high nonlinearity of the
problem functions, then the minimizer may be at a stepsize less than 1. On the other
hand, if the Lipschitz constant estimates are not too large and derivative information
of the objective suggests that the merit function improves beyond a unit stepsize,
then the minimizer is at a stepsize greater than 1. Otherwise, the minimizer occurs
at a unit stepsize since at least this corresponds to a step toward linearized feasibility.

o o5 1 15 2 o 05 1 15 2 o 05 1 15 2

Fic. 2.1. Illustration of three cases for an upper bounding function of the merit function (see
Lemma 2.13) motivating the three cases in the stepsize selection scheme in Algorithm 2.1. FEach
graph shows the value of the upper bound on the change in the merit function as a function of ay.

The second algorithm is stated as Algorithm 2.2. In each iteration, it employs a
traditional backtracking line search scheme until the reduction in the merit function is
sufficiently large compared to the reduction in the model of the merit function. This
is sufficient for showing a convergence result, as shown in the next subsection.

Algorithm 2.2 SQP Algorithm with Backtracking Line Search.

Require: o € R"; 71 € R ;€€ (0,1); 0 € (0,1); n € (0,1); v € (0,1); o € Ry
1: for all £ € N do

Compute (dg,yx) as the solution of (2.6)
if (zy,yr) satisfies (2.2) then return (zy,yx)
Set 7irial by (2.7) and 7 by (2.8)
for all j € N do

Set ay; +

if (2.10) holds then

Set ay < ag,;j and xp41 < T + ardy and break (loop over j € N)

2.4. Convergence analysis. We prove in this section that, from any initial
iterate, each of Algorithm 2.1 and Algorithm 2.2 generates a sequence of iterates over
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which a first-order measure of primal-dual stationarity for (2.1) (recall (2.2)) vanishes.
We assume throughout this section that both Assumptions 2.1 and 2.4 hold; for
brevity, we do not remind the reader of this fact within the statement of each result.
We also remark that if an algorithm terminates finitely, then it does so with (z, yx)
satisfying (2.2), meaning primal-dual stationarity has been achieved. Hence, we may
assume without loss of generality in this section that neither algorithm terminates
finitely, meaning that {x} is infinite and dj # 0 for all k € N (recall Lemma 2.6).

In all of the results of this section, the statements are proved to hold with respect
to both Algorithms 2.1 and 2.2. There are only a few differences in the results for
the two algorithms; when a result differs, we say so explicitly. Much of our analysis,
at least prior to Lemma 2.14, follows standard analysis for line-search SQP methods;
see, e.g., [5, 6]. Nonetheless, we provide proofs of the results for completeness.

Our analysis uses the orthogonal decomposition of the search directions given by
di. = uy + vy, where ug, € Null(Jy) and v, € Range(Jg) for all k € N. We emphasize
that the components uy, and vy do not need to be computed explicitly for any k € N.
They are merely tools for our analysis. As is common in the literature, we refer to uy
as the tangential component and vy as the normal component of dj.

We first show an upper bound on the normal components of the search directions.

LEMMA 2.9. There exists k, € Ry such that, for all k € N, the normal compo-
nent v, satisfies max{||vg|l2, ||[vel|3} < Kollck|l2-

Proof. Let k € N be arbitrary. From Jydi = Ji(ug + vp) = —ck, ur € Null(Jy),
and vy € Range(J[), one has vy = —J (JiJIF') " ex; hence, by the definition of the
matrix norm induced by the ¢ vector norm, it follows that

lvellz < 17 (Jedi )™ l2lle 2
= lelld < U edid) ™ lzllerll2)? = (1 (i) ™ 3 lexll2)llex l2-

Hence, the desired conclusion follows under Assumption 2.1. 0

Our next result reveals that there exists a critical threshold between the norms of
the tangential and normal components of the search directions, and in any iteration
k € N in which the search direction dj is dominated by the tangential component uy,
the curvature of Hy along dj has a useful lower bound defined with uy.

LEMMA 2.10. There exists ky, € Ry such that, for any k € N, if ||lugl|3 >
Kuollvell3, then 2df Hydy, > $C|luil|3, where ¢ € Ry is defined in Assumption 2.4.

Proof. Assumption 2.4 implies for any ., € Ry that |Jug||3 > kyollvk |3 means
%d{dek = %Unguk + ufHkvk + %Ung’Uk

> 3wl — ool Hila el — Sl logll3 > (§ = 2= — 0 ) 3

Thus, under Assumption 2.4, the result holds for k., € Ry, with \/”% + o= < %. d

For the constant k., € Ry defined in Lemma 2.10, let us define

v o 3 lukllz - llerlls i [lunllz > Fuolvel3,
Ilck ]2 otherwise,
along with the corresponding index sets K, := {k € N : |lu|? > Kuo|v|3} and

Ky = {k € N : |Jugl|3 < Kuol|vg]|2} (that form a partition of N). Our next result
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shows that the squared norms of the search directions and the constraint violations
are bounded above by this critical quantity in all iterations.

LeEMMA 2.11. There exists kg € Ry such that, for all k € N, the search direction
and constraint violation satisfy ||di||3 < ke Wy and ||di||3 + ||ckll2 < (ky + 1)Py.

Proof. For all k € ICy, it follows that

Idill3 = lluell3 + llowll3 < (1 + mp)lluell3 < (1 + mgg) (lusl3 + llex ).

For all k € IC,,, one finds from Lemma 2.9 that

ldill3 = llurlls + lvkll3 < (Kuo + Dllorll3 < (Kuw + Dollexll2-
Combining the results from the two cases implies the first desired result. To establish
the second result, note that the definition of Uy, yields |jcx|l2 < ¥ for all ke N. 0O

As revealed by our next lemma, the reduction in the model of the merit function
is bounded below with respect to the same critical quantity.

LeEMMA 2.12. There exists kg € Ry such that, for all k € N, the reduction in the
model of the merit function satisfies Aq(xy, Tk, g, Hi, di) > KqTi .

Proof. Combining (2.9) and Lemma 2.10, it follows that Aq(zk, 7%, gk, Hi, dx) >
17kClluwll3 + ollexl|r for k € K. Similarly, (2.9) implies that Aq(zk, 7k, g, Hi, di) >
okl for all & € K,. Combining the two cases, || - ||1 > || - ||2, and the fact that {74}
is monotonically nonincreasing, the result holds for 4 := min{1(,0/7_1} € Ry, O

Our next lemma shows an upper bound on the change in the merit function when
the inner for loop of Algorithm 2.1 terminates with large Lipschitz constant estimates.

LEMMA 2.13. For all k € N, if the inner for loop of Algorithm 2.1 terminates
since (2.12) holds, then with Ty, := Zie[m] Yi,i € Ry it follows that

d(xp + ardi, ) — O(Tk, k)

(2.13) T ) ) )
< agTrg di + |1 — aglllekllr = [lexlls + 5 (mrLr + Tr)ag lldi |3

Proof. For such k € N, it follows from (2.12) and Lemma 2.2 that

d(xr + ody, 7)) — Sk, )
arTrgr die + ek + ardrdilly — llexlls + 3 (7eLi + Tr)agl|de 3

arTrgr di + 11— aglllerlly — lewlls + 5 (TwLe + Di)ailldill3,
2

IN

as desired. 0
Next, we show lower bounds for the reduction in the merit function in each
iteration of each algorithm. For concision, let us define for all £ € N the values

- 2(1—=n)Aq(xk,Tr,98, Hi,di) ~ -~ 4|lck
= and = — .
H (CPU S SR A R L A (W N SIS | P

For a given k € N, one should notice the similarity between these values and the pair
(Qk.j, g, ;) defined for all j € N in Algorithm 2.1, except that the pair ([, fix) are
defined with respect to L and +y; for all i € [m] defined in Assumption 2.1.

LEMMA 2.14. For all k € N, the inequality (2.10) holds, where in the case of
Algorithm 2.2 this occurs with the stepsize satisfying g > v min{ iy, max{1, g }} > 0.
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Proof. Let k € N be given. First, consider Algorithm 2.1. If the inner for loop
terminates since the stepsize yields (2.10), then there is nothing left to prove. Hence,
we may proceed by supposing that the loop terminates since (2.12) holds, which we
shall now proceed to show means that (2.10) holds as well. Consider three cases,
where as in Lemma 2.13 let us define I'y, := Zie[m] Vi € Rog. ~

Case 1: Suppose that in the last iteration of the inner for loop one finds ay, ; < 1,
in which case the algorithm yields ay = 2(177(7355151ku1)€(Iﬁﬁhdk) < 1. Combining this

fact with Lemmas 2.3 and 2.13, it follows that

d(xp + andi, ) — 2k, )
o (Tigi di — llexlln) + 3 (TeLi + Ti) o]l de 13
— apAq(@, Ty Gy Hieo di) + 5 (TeLie + Ti)oid || di[|3

2(1—m)Aq(xk, Tk ,9% , Hi ,d
= — awAq(z, T, g, Hio di) + S (e L +Fk)( ( ?3k££+krk’;|\€ikk\|§k k)) lldr I3

IN A

— o AG( T, The, G Hie, di)-

Case 2: Suppose that in the last iteration of the inner for loop one finds @y, ; > 1
and oy ; < 1, in which case the algorithm yields o, = 1. Combining this fact, the fact
that & ; > 1 in the last iteration of the loop, and Lemmas 2.3 and 2.13 yields the
same string of relationships as in Case 1, except that since &y ; > 1 the first equation
holds not as an equation, but as an “<” inequality.

Case 3: Suppose that in the last iteration of the inner for loop one finds oy ; > 1,
in which case the algorithm yields oy, = 2(1_n)Aq((Ti’z:iﬁ’ﬁs:ﬁ%)%HC’“Hl > 1. Combin-

ing this fact with Lemmas 2.3 and 2.13, it follows that

o(xp + ardy, k) — O(2k, Tr)

arTigh di + (o = Dllerlls = llerlls + (L + Tr)aildi 13
a(tigi d — llexllr) + 2(cn = Dllerlls + (L + Tr)aildy |13
— o Aq(@p, Ty Gy Hie, di) + 20|l + 5 (7oL + Ti)ailldi |3
= — axAq(xk, Ty Gk His di) + 20| cr|1

1 2(1-1m)Aq(xr, Tk gk, Hi ,di ) —4llck |1 2
+ sar(tly +T) ( (e Le 4T T2 lldk |3

I IA

IN

— o AG(T, The, G He, di)-

Combining the three cases shows the desired result for Algorithm 2.1.

Now consider Algorithm 2.2. One finds that one of three cases occurs, which
mimic those for Algorithm 2.1. In particular, if jip < 1, then an analysis similar to
that for Case 1 above shows that for j € N with «ay /v > [ and ag; < [, the
backtracking line search will terminate by iteration j € N, from which it follows that
ap > vig. If iy > 1 and < 1, or if i > 1, then a similar argument combined
with Case 2 or Case 3, respectively, completes the proof. 0

Next, we show that the tangential components of the directions are bounded.
LEMMA 2.15. The tangential component sequence {u} is bounded.

Proof. The first block of (2.6) yields ul Hy(uy + vg) = —ul gr. Hence, under
Assumption 2.4, one finds that (|jux||3 < u} Hyur, = —gfur, — v Hpug < (|lgkll2 +
K ||vgll2)||ukll2- Therefore, the result follows from Assumption 2.1 and Lemma 2.9. O
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We now show that the merit parameter sequence is bounded and that it remains
fixed at a value for all sufficiently large k € N.

LEMMA 2.16. There exists kr € N and Tiin € Ry such that 7, = Tiin for k > k-.
Proof. Recall that 7, < 7,1 if and only if both ¢{ dy, + max{d’ Hydk,0} > 0 and

(2.14) Tr—1(g2 dy, + max{d} Hydy,0}) > (1 — o)||e |-
According to the first block equation of (2.6) (premultiplied by ul) one has

T di + max{d? Hydy, 0} = {gévk * v B+ v Hiow if dy Hid 20,

91, Vi — v, Hyup — uy, Hyuy,  otherwise.
The result follows from our ability to bound the left-hand side of this expression with
respect to the constraint reduction. We consider two cases. First, if de kdr > 0, then
under Assumptions 2.1 and 2.4 it follows with Lemmas 2.9 and 2.15 and || - ||1 > || - [|2
that there exists a constant k.1 € Ry, such that

gi v + v Hiue + 08 Heve < (lgell2 + smllull2) Jokllz + s llvell3 < frlleels

Second, if df Hydy < 0, then under Assumptions 2.1 and 2.4 it follows from Lemmas
2.9 and 2.15 and || - [|; > || - ||2 that there exists a constant k.2 € R, such that

9k ve — v§ Hiue — uf Hpur < (lgrll2 + s llukll2)[orllz < kr2llcrlls-

Together, one has gl dy + max{d} Hydy,0} < max{x, 1,k 2}|/ck|/1, meaning that to
have gf'dj, + max{d% Hydy,0} > 0 and (2.14) requires 7,1 > (1—0)/max{rr 1, fr2}
Thus, if this inequality is not satisfied for k& = k, for some k, € N, then it remains
unsatisfied for all k > k.. This, with the fact that when Algorithm 2.1 or 2.2 decreases
the merit parameter it does so by at least a constant factor, proves the result. 0

We now prove that there is a positive lower bound for the stepsizes.
LEMMA 2.17. There exists amin € Ry such that o > amin for all k € N.

Proof. Let k € N be given. With respect to Algorithm 2.1, one has that aj > 1
unless the inner for loop terminates in iteration j € N with @y ; < 1. In such cases,
it follows from the monotonicity of {7} and Lemmas 2.8, 2.16, 2.11, and 2.12 that

2(1-m)Aq(xk, Tk, gk, Hr ,dk) 2(1—n)KqTmin

> 0.
(T Lk, i+ e (m) Vi, )1kl = (T—1Lmaxt22;¢[m) Ymax,i)Kw

Q=

Similarly, for Algorithm 2.2, Lemma 2.14 implies o > 1 unless i, < 1. In such cases,
it follows from the monotonicity of {74} and Lemmas 2.8, 2.16, 2.11, and 2.12 that

2v(1—n)Ag(xk, T gk Hi ,di) 2v(1—7)KqTmin
I o 5 e 70 S ey 7 ST g
Overall, a positive lower bound has been proved for both algorithms. 0

We now present our main convergence theorem for Algorithms 2.1 and 2.2.

THEOREM 2.18. Algorithms 2.1 and 2.2 yield

lim ||dg|l2 =0, lim |[ckxlla =0, and lim |gx + J,cTkaQ =0.
k—oo k—oo k—o0
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Proof. For all k € N it follows from Lemmas 2.12, 2.14, and 2.17 that
Ok, i) — O(Try1, ) > NouAg(xk, T, giy Hi, di) > N0min kg Tmin V.-

Combining this with Lemmas 2.11 and 2.16 shows for k € N with k£ > £, that

¢(:Ck7- 5 7—min) - ¢(zka 7_min)

k-1
= Z (A(z5, Tmin) — A(Tj41, Tmin))
=hr
k-1 k-1
> NominkgTmin y_ Uy > 2emefaimin N 7 (|ld; )13 4 lcjl2).
j=k- Jj=kr

Since, under Assumption 2.1, ¢(+, Timin) is bounded below over the iterates, the above
implies the first two desired limits. Note now that (2.6) implies

(2.15) g + T yelle = | Hrdill2 < [|Hgll2lldrll2 < £l dillo-
Hence, by Assumption 2.4 and {dy} — 0, the result follows. d

3. Stochastic setting. Now consider the optimization problem

(3.1) irelknl f(x) st. ¢(z) =0 with f(z) = E[F(z,w)],

where f: R"” - R, ¢: R" - R™, w is a random variable with associated probability
space (0, F, P), F: R" x Q — R, and E[] represents expectation taken with respect
to P. We presume that one has access to values of the constraint function and its
derivatives, but that it is intractable to evaluate the objective and/or its derivatives.
That said, we presume that at a given iterate xj, one can evaluate a stochastic gradient
estimate g, € R" satisfying the following assumption.

ASSUMPTION 3.1. For all k € N, the stochastic gradient estimate g, € R™ is an
unbiased estimator of the gradient of [ at xy, i.e., Ex[gy] = gk, where Eg[-] denotes
expectation taken with respect to the distribution of w conditioned on the event that
the algorithm has reached xp € R™ in iteration k € N. In addition, there exists a
constant M € R such that, for all k € N, one has Ei[||g), — gx||3] < M.

3.1. Algorithm. Similar to the deterministic setting, in order to solve (3.1),
we consider a stochastic algorithm that computes a search direction di € R™ and
Lagrange multiplier vector 4, € R™ in iteration k € N by solving the linear system

2 5 6]

Ju 0| |y, Ck
where {H} satisfies Assumption 2.4. Generally, we use a “bar” over a quantity
whose value in iteration £ € N depends on g,,. Hence, as they are independent of g,
conditioned on the event that the algorithm reaches x; as its kth iterate, we write
the constraint value, constraint Jacobian, and (1, 1)-block matrix as ¢, Jx, and Hy,
respectively, but we write the solution of (3.2) as (dx, 7,,) due to its dependence on g,

The algorithm that we propose is stated as Algorithm 3.1. Paralleling Algo-
rithm 2.1, the merit parameter is set based on the computation of a trial value

—trial o0 if §£gk + maX{&ZHkEk7 0} <0,
33) e (1=0)llcx I

§fﬁk +max{3£ Hy Ek ,O}

otherwise,
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Algorithm 3.1 Stochastic SQP Algorithm.

Require: 79 € R"; 73 € R_o; € € (0,1); 0 € (0,1); £&-1 € Rog; {Bs} C (0,1];
6 € Ryo; {Lr} CRo; {Tx} C Ry,
1: for all £ € N do

2: Compute (dg, ;) as the solution of (3.2)
3: if di, = 0 then B ~ B
4: Set 7:']2”(1[ — 00, j__k — Th—1, f;;”‘al — 00, and fk — gk—l
5: Set (/)Zk,init — 1, &k,init —1,and ag «+ 1
6: else (if di, # 0)
7: Set 7frie!l by (3.3) and 7, by (3.4)
8: Set &irial and & by (3.6)
9: Set
~ BrAq(zk, T, Gr, He,di) = = 4llekllr
Qinit 4~ = Lortlgey 204 Ghinie € Qrinit ~ ZE LT 7
10: Set aj, + Projk(a\mnit) and &y, + Projk(ak,init), then
a\k if 3k <1,
ar <1 ifa,<1<ay,
5k if ak > 1
11: Set g1 — xx + @k(zk
followed by the rule
T if 7,y < T
(3.4) R T
(1 —e)7f*  otherwise,

which ensures 7, < 77 and, similarly as for our deterministic algorithm (see (2.9)),

— -7 —
(3.5) Aq(xk, T, Gps Hio, di) > 275 max{d), Hydg, 0} + o||ck]|1.

A unique feature of our algorithm for this stochastic setting is that it adaptively
estimates a lower bound for the ratio between the reduction in the model of the merit
function and the merit parameter times the squared norm of a search direction. This
is used to determine an interval into which the stepsize will be projected; control of
this parameter is paramount to ensure convergence in expectation. We set

Ep—1 if &1 < Efrial]

16 ftrial A Tr g Hedd) (pen £ o Firi
(3.6) &k Sk (1 —e)étrial  otherwise,

e |l di 113

which ensures & < 7! for all k € N. It will be shown in our analysis that {&} is
bounded away from zero deterministically.
The sequences {7y} and {&} are initialized with the input values 7_; € R, and
£, € R, respectively. These values may be set deterministically, but we use a
“bar” over these initial values for consistency with the remainders of the sequences.
For generality, Algorithm 3.1 is stated with Lipschitz constant estimates {L}

and {I'x} given as inputs (with the idea that I'y := ;[ Yk, for all k& € N). Our
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analysis in the next subsection presumes that Lipschitz constants are known, although
in practice these can be estimated using standard techniques (see, e.g., [12]) in an at-
tempt to ensure that the same convergence results hold as for the case when the
constants are known. The sequence {f;} is introduced to control the stepsizes. As
in standard analysis for stochastic (sub)gradient-type methods, our analysis in the
next subsection considers the case when {8} is constant asymptotically and when it
diminishes at an appropriate rate to ensure convergence in expectation. We define

. _ . T & 7 2
Projy() = Proj (- | [tk 28t +05%) ).
where Proj(- | Z) represents the projection operator onto the interval Z C R.

3.2. Convergence analysis. In this section, we prove that Algorithm 3.1 has
convergence properties that match those from the deterministic setting in expectation,
with some caveats that we explain and justify. Our algorithm uses only the stochastic
gradient estimates {g,,}, computes {(dk, 75 )} by (3.2), sets merit parameter-related se-
quences {7y} and {7/}, and also sets steplength-related sequences {;} and {419},
but our analysis also references the gradients {gx} corresponding to {zy} as well as
the corresponding sequence of solutions of (2.6), namely, {(dk,yx)}, and trial merit
parameter values {777!}. In other words, for all k € N, conditioned on the event that
the algorithm reaches zy, we define (dg, yxr) and T,ﬁ”“l as they would be computed if
the algorithm reached zj as the kth iterate in Algorithm 2.1.

We assume throughout this section that L and I" := Zie[m] v; are known. In
addition, we assume that Assumptions 2.1, 2.4, and 3.1 hold—where {H}} is a deter-
ministic sequence chosen independently from {7, }—and for the sake of brevity we do
not state this fact within each result. Explicitly, in addition to Assumption 3.1, we
make the following assumption that subsumes Assumptions 2.1 and 2.4.

ASSUMPTION 3.2. There exist universal quantities (including X, L, {Yi}icim),
km, and ¢) such that Assumptions 2.1 and 2.4 hold for any realization of Algo-
rithm 3.1.

Remark 3.3. Assumption 3.2 subsumes Assumption 2.1, which means that it as-
sumes that the iterates remain in an open convex set over which the objective and
constraint function and derivative values are bounded. This is admittedly not ideal
in a stochastic setting. For example, in the case of applying a stochastic gradient
method (SG) in an unconstrained stochastic setting, it is not ideal to assume that
the gradients at the iterates remain bounded in norm, since—as SG is not a descent
method—it is unreasonable to assume that the iterates remain in a sublevel set of
the objective function. However, we believe this assumption is more reasonable in a
constrained setting, since the iterates are being driven to the deterministic feasible
region. Further, we claim that Assumption 3.2 could be loosened if our algorithm
were to choose a predetermined stepsize sequence, rather than one that mimicks the
stepsize scheme from Algorithm 2.1. We discuss this issue further in section 5.

As in the deterministic setting, our analysis makes use of the orthogonal decompo-
sition of the (stochastic) search directions given by dy = @y, + v, where @, € Null(Jy)
and vy, € Range(J,?) for all £ € N. Let us emphasize that, conditioned on the event
that the algorithm reaches zj, as its kth iterate, the normal component is determin-
istic, depending only on the constraint value ¢, and Jacobian Jg; hence, we write vy
rather than vy, in the expression above. For all k£ € N, let Z;, be an orthogonal basis for
the null space of Jj,, which under Assumption 3.2 is a matrix in R?*("=™) Tt follows
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that, for all k € N, uy = Z;wy, and up = Zxwy for some (W, w) € R*™™ x R*~™,
Under Assumption 3.2, the reduced Hessian satisfies Z,CTH k2, = CI.

For our first lemma, we carry over properties of algorithmic quantities that hold
in the same manner as in the deterministic case, conditioned on the event that the
algorithm has reached xy as the kth iterate. As in our analysis in the deterministic
setting, for the constant k., € R, defined in the lemma, we define

T {IIUkII%JrIICkIIz if [|Tk]13 > Fuollvw 3,
lek |2 otherwise.

LEMMA 3.4. For all k € N, (3.2) has a unique solution. In addition, due to the
universality of the algorithmic conditions as described in Assumption 3.2, for the same
constants (Ky, Kuv, Kw, Kq) € Rog xRy X Ry g xRy o that appear in Lemmas 2.9, 2.10,

2.11, and 2.12, the following statements hold true for all k € N.
(a) The normal component satisfies max{|vx||2, |vrl|3} < Kollck|2-

(0) I/ a3 = Auolloll3. then Sdy Hidi > L¢]anl3.
(c) The search direction satisfies ||di||3 < kg V¥ and ||di||2+|[ckll2 < (kg +1)Vg.
(d) The model reduction satisfies Aq(xk, Tk, Gr Hiy di) > FigTr V.

Finally, for all k € N, it follows that

Sy + andy, ) = $(wr, ) < arTrgi di + |1 alllell = llexlls + 5 (7 L +T)agl|dill3.

Proof. That (3.2) has a unique solution for all k¥ € N follows for the same reason
that Lemma 2.5 holds. The proofs of parts (a)-(d) follow in the same manner as the
proofs of Lemmas 2.9, 2.10, 2.11, and 2.12, respectively, with the stochastic quantities
{9k, dg, g, 7} in place of the deterministic quantities {gx,dg,ur, 7}, where it is
important to recognize that the conclusions follow with the same constants, namely,
(Kus Kup, K, Kq), as in the deterministic setting. The proof of the last conclusion
follows in the same manner as that of Lemma 2.13. ]

In the next lemma, we prove that the sequence {&;} is bounded deterministically.

LEMMA 3.5. In any run of the algorithm, there exist ke € N and Enin € R, such
that & = &min for all k > ke, where Emin € [Emin, —1] With Emin == (1 — €)ky/Kw.

Proof. If line 8 of the algorithm ever sets £ < &1, then it ensures that & <
(1 — €)€k—1. This means that {{x} is constant for sufficiently large k or it vanishes.

On the other hand, by Lemma 3.4(c) and (d), it follows that W >
_ kllde 3
% = %, meaning that line 8 will never set &k less than (1 — €)ky/ky for any
wTk ¥k

k € N. Therefore, {£;} is constant for sufficiently large & in the manner stated. 0

Next, we present the following obvious, but important, consequence of our stepsize
selection scheme. In particular, the result shows that, even though the algorithm
sets the stepsize adaptively, the difference between the largest and smallest possible
stepsizes in a given iteration is O(87), so this difference is controlled by the algorithm.

LEMMA 3.6. For all k € N, &g € [k min, Okmax] 1= | 2557 Oubers 4 gg2 |

Proof. The proof follows directly from the formula for &y in line 10. 0

Our next result is a cornerstone of our analysis. It builds on the last conclusion
in Lemma 3.4 to specify a useful upper bound for the merit function value after a
step. Central to the proof is our specific stepsize selection strategy.
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LEMMA 3.7. Suppose that {Bx} is chosen such that Br&xTr/ (T L +T') € (0,1] for
all k € N. Then, for all k € N, it follows that

d(xr + andy, ) — ¢(2k, Tr)
< — ATk, T G Hiy die) + 20w BeDq(wr, Tros G Hiy dic) + aTigi (de — dic),

where dy, and dy, are, respectively, defined by (3.2) and (2.6).

Proof. Let k € N be arbitrary. If dj, = 0, then it follows from (3.2) that ¢z = 0.
Hence, along with (2.4), it follows that

—akAq(zk, Th, Gy Hiy die) — QxTrgf die = 307y, max{dj, Hy.dy, 0} > 0.

Along with the fact that dy = 0 implies that

d(z + apdi, 7)) — Gz, T) = 0 = LawBrAq(zy, T, Gr Hi, di) + QiTigy di,

the desired conclusion follows. On the other hand, if dj # 0, we consider three cases,
with a few subcases, depending on how the stepsize is set in line 10 of the algorithm.

Case 1: Suppose in line 10 that &) < 1, meaning that &, < aj. From Lemmas 3.4
and 2.3, it follows that

¢(xr + ardp, Tr) — (T, Th)

ar(Trgi d — llexllr) + 5 (7uL + T)ag||dy 13

a(Trgi d — llellr) + 3 (7L + T)agl|dll3 + antrgi (dy — di)

< — apAq(xg, T, gro Hio die) + 5 (7oL + D)ag | di |13 + anigl (di — dy).

IN

Using this inequality, let us now consider two subcases. (For all k£ € N, since (3.6)
< grial = —Aq(mkg"clik”’; ’“’E’“): it follows that 2 kﬁi&ﬁ?;ﬁg%’a’“) > gff:’fl’i)
Case la: If ay, = ﬁ’“A(qf_(:kal’i’)%’jg’dk), then

¢k + ondi, Tr) — Pk, Th)
< — aAq(zr, T, gk, Hi, d)

= (= Aq(zk, TGy Hr,d = —— o
+ dan(Rl + ) (2Rt B el ) | 4, 2 4 Gl (dx — d)

ensures gk;

= — auAq(@k, Thr Gy Hi, die) + 200 BuDq(@, Ty Gy Hie, die) + QTigy (di — dic).

Case 1b: If oy = g}’:i’f{i + 632, then the same argument applies as in Case la by

BrAq(zr, 7,5, Hr,dr)

< ko

S TR = TR LA ldk 3

Case 2: Suppose in line 10 that ap < 1 < aj, meaning that & < 1. From

Lemmas 3.4 and 2.3 and since B’“Aq,(xk’%’“’g’i’H’g’dk) > 1 = ay, it follows that
(T L+T)|ldk 13

plugging in for &y and using the fact that &

Pl + ardy, ) — G(k, Tr)

ar(Trgi d, — llex 1) + 5 (FuL + T)ag||dy 13

ar(Tugi, di, — llexlln) + (L + D)ag |13 + artrgi (di — di)

— apAq(wk, Ty G, Hie, dip) + 2 (7L + D) || dil|3 + cwigy (di — di)

— arAq(xy, T, g, Hiy die) + 50k Bk Aq(2k, T, T Hie, di) + anTrgi (di — dy.).

IAN AN I IA
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Case 3: Suppose in line 10 that &j, > 1, meaning that @y, < ax. From Lemmas 3.4
and 2.3, it follows that

¢(xk + apdy, 7)) — Sk, T)

arTrgi i, + (@ = Dl = llells + (7oL + T)ag]|dy |13

= ar(Trgi i, — [lexlh) + 2(ax — 1)llexllr + 5 (7L + T)aq|dil3

ar(Trgi i — llckllr) + 2axllerlly + 5 (7oL + T)ai | di |13 + axTrgi (di — di)

< — apAq(zk, T, G Hiy diy) + 200 || ekl + (7oL + D)z ||de |13 + armigy (di — di).

IN

IN

Using this inequality, let us now consider two subcases. (Since the lemma requires

1> ﬁ’fi’ﬂi for all k € N, it is not possible that a; = % in this case.)

= Aq(@ge, T, T Hie ,die) =4l |1
Case 3a: If ap = 2£24 CELLIL then
k (7x L+T)[[dx 13 ’

(g + ardy, ) — (K, T)
< — aAq(xk, Tiy G, Hig, dig) + 20| ek |1

_ - Aq(zk, 71,55, Hi,dr ) —4||c 3 J— 5
+ Jan(AL +T) (2ebelestedtd tlenls ) 4, 3 + 6u7gf (3 — di)

= — axAq(k, T, Gy Hi, die) + 200 BuAq(x, Ty iy Hie, die) + QTrgf (di — dic).

Case 3b: If oy = gﬁi’f{: + 962, then the same argument app}ies as in Case 3a by
P = : = BrAG(w, T gp His,di) —4ll ek |1
< 2A .
plugging in for & and using the fact that ai < e AT 382

The result follows by combining the conclusions of all cases and subcases. 0

Our next two lemmas provide useful relationships between deterministic (i.e.,
dependent on g;) and stochastic (i.e., dependent on g, ) quantities.

LEMMA 3.8. For all k € N, Eildy] = di., Eplux] = us, and Ei[7,] = yr. More-
over, there exists kq € Ry, independent of k, such that Ei[||dy — dil|2]) < kaV M.

Proof. The first statement follows from the fact that, conditioned on the kth
iterate being xy, the matrix on the left-hand side of (3.2) is deterministic and, un-
der Assumption 3.2, it is invertible, along with the fact that expectation is a linear
operator. For the second statement, notice that for any realization of g, it follows
that

- AT P
Y — Yk

Jp 0 0 }:> ldi — dill2 < Kallgy — grll2;

where (under Assumption 3.2) kq € Ry is an upper bound on the norm of the matrix
shown above. It also follows from Jensen’s inequality, concavity of the square root,

and Assumption 3.1 that Ex[||g, — gxl2] < VEr[l|7, — 9x/|3] < VM. Combined with
the displayed inequality above, the desired conclusion follows. 0

Relationships between inner products involving deterministic and stochastic quan-
tities are the subject of the next lemma.

LEMMA 3.9. For all k € N, it follows that

— _ -T —
grdy > Bilgrdy] > gfdi — M and d} Hydy, < Ey[dy, Hydy).
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Proof. From the first block equation in (3.2), it follows that

Hi(Zywy, + vi) + T Uy = =Gk = ZeWx = —Zk(Z} He Z1,) ' Z3 (g3, + Hyor),
from which it follows that
(3.7) 91 W = G ZkWk = —G Z(Zi HeZi) ' 2 (G + Hior).
Following the same line of argument for (2.6), it follows that
(3.8) ghuk = =g Zr(Z) HeZe) ™ Z (g + Hig).
At the same time, under Assumptions 3.2 and 3.1, one finds that
(3.9) CT'M > Ei[[1Zi (g5, — gk)H?ngkzk)—l] 2 0.

One finds that the middle term in this expression can be written as

Ex[[1Z;; (g, — gk)H(ngHka)—l]
— B2 5 1) — 2ERIGT 20 (2T H 2 ZE 0] + 12T 90 )
= Ek[||ZlcT§k||?ngkzk)—1] - HZkTgk”?Zngzk)—v
Hence, combining (3.7), (3.8), (3.9), and the fact that Ey[g,] = gx one finds

—0i Zi(Zi HyZy) "' 2 (gr, + Hioy)
+Ex[g} Ze(Z1 He Zk) 7 Z1 (3), + Hior)]
= _‘|le19k||%szH,€zk)fl +EkH|Zg§kH(QZI{Hka)71] € [O,C_lM]-

9 ux — B (g4 1]

The first desired result follows from this fact, Ex[g7 vx] = gt vy, and

9 di — Bi[g di] = git ur + g vk — Ex [ Uk + 3 v] = gi we — Bi[g1 k).

Now let us prove the second desired conclusion. From (3.2), it follows that

Hy (g + vi) = =G — JE U <= (U +vr)" Hi(@g + ) = =g (W + vi) + Jf k-

Following the same argument for (2.6), it follows that

(ug + vi)" Hy(ug + v) = —gf (up + vx) + yf c.
Combining these facts, it follows that
iy, Hyty, + 2(tg — up) " Hyv, — uf, Hyug = =g (W +or) + g7 (ke + o) + 7 —y) e,
which after taking conditional expectation and using Lemma 3.8 yields
Ey [ﬂngﬂk] - ufHkuk =—E; [gfﬂk] + gguk.
The desired conclusion now follows since
7T —_ _ _
]Ek[dk dek] — dngdk = Ek[(uk + Uk)THk(uk + Uk)] — (uk + vk)THk(uk + ’Uk)
= Ek[’lngkﬂk] — u{Hkuk,

where again we have used the result of Lemma 3.8. O
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In the remainder of our convergence analysis, we consider three cases depending
on the behavior of the sequence {7} in a run of the algorithm. In the deterministic
setting, it was proved that the merit parameter sequence eventually remains constant
at a value that is sufficiently small to ensure that a primal-dual stationarity measure
vanishes (see Lemma 2.16). However, under only Assumption 3.1, it is not possible
to prove that such behavior is guaranteed for any possible run of Algorithm 3.1.
Our analysis considers three mutually exclusive and exhaustive events: event E jow
that the merit parameter sequence eventually remains constant at a sufficiently small
positive value; event E .\ that the merit parameter sequence vanishes; and event
E s that the merit parameter sequence eventually remains constant, but at a value
that is not sufficiently small. Under modest assumptions, we prove that E. s occurs
with probability zero, and under a stronger, yet pragmatic assumption, we prove that
event E.\ o does not occur. This leaves event E 1oy, which we consider first and show
that, conditioned on this event, convergence comparable to the deterministic setting
is achieved in expectation.

3.2.1. Constant, sufficiently small merit parameter. For our purposes in
this subsection, let us make the following assumption.

ASSQMPTION 3.10. Event E; 1oy occurs in the sense that there exists an iteration
number kr¢ € N and a merit parameter value Tmin € Ryg such that

(310) Tt = Tmin < Térial and Ek = gmin for all k> E.,-,g.

In addition, the stochastic gradient sequence {gk}k>ET . satisfies

Bk riowl@r] = gk and B ri0wlll7) — grll3] < M,

where Ey, ;100 denotes expectation with respect to the distribution of w conditioned on
the event that E; 1o, occurs and the algorithm has reached xy, in iteration k € N.

The inequality 7, < 77! in (3.10) is critical since it ensures that the model
reduction value Ag(xk, Tmin, gk, Hk, di) satisfies the result of Lemma 2.12 for all k£ >
E'r,§ with Tmin in place of 7. In other words, it means that the merit parameter
has become small enough such that, if one were to compute the deterministic search
direction dj using the true gradient gi at xj, then one would find that it is a direction
of sufficient descent for the merit function ¢(-, Fnin) at xx. The importance of this
becomes clear in our final results at the end of this part of our analysis. The latter part
of the assumption reaffirms the properties of the stochastic gradient estimates stated in
Assumption 3.1, now conditioned on the occurrence of E; jo. With this assumption,
the results of Lemmas 3.8 and 3.9 continue to hold. For the sake of brevity, for the
rest of this part of our analysis (section 3.2.1), let us redefine Ey[ - | = Eg r jow| - |-

To derive our main result for this case, our goal is to prove upper bounds in expec-
tation for the positive terms on the right-hand side of the conclusion of Lemma 3.7.
Let us first consider the last term, which is addressed in our next lemma.

LeEMMA 3.11. Suppose that Assumption 3.10 holds. Let k; € Ryy be an upper
bound for {||gk||2}, the existence of which follows under Assumption 3.2. It follows,
with kg € Ryy from Lemma 3.8 and any k > kre, that Eglagmegl (de — di)] <
B%G?minmgﬁd\/ﬂ.

Proof. For all k > k. ¢, let Ej be the event that gF (dy, — dx) > 0 and let E{ be
the event that gf (dy — di) < 0. Let P[] denote probability conditioned on the event
that E;jow occurs and the algorithm has reached zj in iteration k. By the law of
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total expectation, (3.10), and Lemma 3.6, it follows for k > k. ¢ that

ExlarTegr (dy — dy)]
= Ex[@rTmingi (dx — di)| Ex|Px[Ex] + Ex[@rTmingd (dx — di)| 5Pk [Ef]
< Ak maxTmin Bk (97 (dk — di) | ER]Pr[Ex] + QminTminBr (08 (dx — di)| EE|Px[ES].

Hence, since dj, is an unbiased estimator of dj (by Lemma 3.8), it follows from the
inequality above and the law of total expectation that

ExaxTrgi, (di — d)]

ak,minTminBx (07 (dk — di) | ERIPE[Ex] + Gk minTminEx gk (di — di )| EF Py [Ef]
+ (Ok max — Ok min) TminBk 07 (dr — di)| Ex]Pr[Ex]

= (@, max — Ok min) TminBx 91 (dk — di)| Ex]Pr[Ex].

Now observe, by Cauchy—Schwarz and the law of total expectation, that

IN

Er[gk (dr — di)| Ex]Pk[E] < Exlllgrllzlldi — dill2| E]Px[Ex]
= Ei[llgll2lldr — dill2] — Exlllgrll2lldr — dill2| E{]Px[EF]
< llgll2Ex[lldr — dill2].
Combining these results with Lemmas 3.6 and 3.8 yields the result. ]
Our next result addresses the middle term on the right-hand side of Lemma 3.7.

LEMMA 3.12. Suppose Assumption 3.10 holds. Then, for all k > ET@, it follows
that By, [Aq(zk, T, Grs Hi, di)] < Aq(2r, Tmin, Gk Hiy di) + TminC M.

Proof. Consider arbitrary k > k,¢. From (2.4), (3.10), Lemma 3.9, Jensen’s
inequality, and the convexity of max{-,0}, it follows that

E[Aq(wk, T g Hios di)] = B[~ Tunin (97 dic + 3 max{dy Hyedy, 0}) + [lex 1]
< —Tonin (94 di + § max{d} Hydk,0}) + TuminC ™" M + [|ck |1
= Aq(2k, Tmin, Gk> Hiy di) + TminC ™M,

as desired. O

We now prove our main theorem for this part of our analysis, where we define

E;iowl - ] =E[ - | Assumption 3.10 holds |].

THEOREM 3.13. Suppose that Assumption 3.10 holds and the sequence {f} is
chosen such that Bi&pTr /(T L +T) € (0,1] for all k > k;¢. Define

A= femlmn and M = Tin (3(A +0)C' M + OrgriaV'M).

If By = B € (0,24/(A +0)) for all k > k¢, then

kr etk
Eriow |57 2, A, Tin, 95, Hj, d;)
(3.11) j=Fre
< _ 1,8]\? ]E‘r,low[(b(ajgls717—"‘?)]_(1)1!“" k—o0 _ 1,3]\? ’
A-1@tr0)s | (h+1)BA-3(A+0)B) A-L(A+0)8
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where gmin € R is a lower bound for ¢(-, Tmin) over X, the existence of which follows
by Assumption 3.2. On the other hand, if Y37 ¢ B =00 and Py . B2 < o0, then

k}.,-’EJrk
(312) kli)m IE7',low ﬁ Z /Bqu(xja%minvgijjadj) =0.
= (Zj:ins ﬂj) =k ¢

Proof. Consider arbitrary k > ELE' It follows from the definition of A, Lemma 3.6,
and the fact that 3, € (0,1] that Af, < ar < (A + 0)B,. Hence, it follows from
Lemmas 3.4(d), 3.7, 3.11, and 3.12 that, under the conditions of the theorem,

Ex[¢(zr + ardy, 7)) — Ex[d(zr, T)]
< Ex[-anAq(zk, T, G Hi, dic) + 20w BeAq(2k, Ty G Hi, dic) + cuigi (di — dis)]
< = Bu(A— L(A+0)Br) Aq(zk, Trnins G Hio di) + B M.

For the scenario of {8} being a constant sequence for k > IET’S, one finds from above,
taking total expectation conditioned on (3.10), that, for all k > k. ¢,

IE‘r,low [¢($k + dk&kh %min)] - IE7',10w [¢(l’]§, 7imim)}
S _B(Z - %(E + H)B)ET,IOW[Aq(ka 7iminv 9k, Hka dk)] + BQM

Summing this inequality for j € {IZT{, cee Eﬂg +k}, one finds by Assumption 3.2 that

¢min - IE‘r',low [¢(xﬁhg ) 7imim)]
S IE'r,low [¢(xﬁmg+k+17 fmin)] - ]ET,IOW [(b(xér,g’ 7:min)}

Bretk
< - /B(A - %(A + H)IB)ET,IOW Z AQ(xja Tmin, 9j Hja d]) + (k + 1)62M,
j=kr ¢
from which (3.11) follows. Now consider the scenario of {x} diminishing as described.
It follows that for sufficiently large k > k, ¢ one finds 8, < A/(A + 6); hence, let us
assume without loss of generality that, for all k£ > ET’E, one has 8, < A/(A+6), which
implies A — $(A + 0)Bx > A. Similar to above, it follows for all k& > k, ¢ that

Er,low M)(xk + &kgkn 7_-min)] - IE‘r',low [¢(Ika 7_—min)}
< — L ABKE tow[Aq(h, Trnins G Hiy di)] + BRM.
Summing this inequality for j € {k,¢, ..., kr¢+k}, one finds by Assumption 3.2 that
d)min - IE7',10W [QS(xET’E ) 7_-min)]

S IE-r,low [¢(xE1—,s+k+1’ 7_—min)] - IE~r,low [(b(xﬁﬁg ) 'T_min)}

kre+k kre+k
S - %A]ET,IOW Z ﬂ]AQ(zja’T__mln7gj7HJ7d]) +M Z 5]2
J=kr¢ j=kr¢
Rearranging this inequality yields
kr etk _ kr etk
_ 2(Er 10w [¢($*T yTonin )] —@min) —
IE‘r,low Z /BjAQ(xjaTminagijjadj) kzg +% Z 6327
=k ¢ i=Fkr¢
from which (3.12) follows. d
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The following corollary carries the result of Theorem 3.13 to a statement about
the expected properties of the sequences {|lgr + J yxll2} and {[lck||2}, where the
multiplier yy is defined by (2.6) for all k¥ € N. In particular, the corollary shows that
the primal iterate sequence {xj} generated by the algorithm offers stationarity and
feasibility in expectation. We close the corollary with the observation that at any
iterate sufficiently close to a stationary point, the error of the Lagrange multiplier
estimate is directly proportional to the error in the stochastic gradient estimate.

COROLLARY 3.14. Under the conditions of Theorem 3.13, the following hold true.
(a) If B =B € (0,24/(A+0)) for all k > k. ¢, then

E7-15+}€

g +J77 sl k—o0 (ke +1)BM

E; T E 22 4 |2 —

TOW | k+1 — RH || J || qumin(A_%(A
J=kre

(b) If ZZO:ET‘E Bk = oo and Zzigﬂg B < oo, then

+0)8)

et
||QJ+J yJHQ
lim E., _ E o7 wlla — 0,
o e low (E?ﬁk > % ( +|CJ|2)

k v
from which it follows that
limint B o7 gk + I3 + llwle] = 0

In addition, in either case, there exists §, € Ry such that if ||z — xi||2 < 05 for
some stationary point (., y«) € R™ x R™ for (3.1), then for any 64 € Ry one finds

oz

ci <0y = T — yslla < 2K40y,

2

where, under Assumption 3.2, k. € Ry is an upper bound for

Hy J!
Jo 0

Proof. Parts (a) and (b) follow by combining the results of Lemmas 2.11 and 2.12,

the relation (2.15), and Theorem 3.13. The remainder follows with Lemma 2.6 since

for xy, sufficiently close to x., one obtains with g, := V f(z.) and ¢, := ¢(x,) = 0 that

-1 -1
s 4 B[ 4T
- 2
_ ‘ [Hk Jq_l A _g*] . <|:Hk JkT]—l B |:Hk JE:|—1> [9*}
J. 0 | Ck J. 0 Jo 0 0 ,
< g0 %]| +dmn
from which the desired conclusion follows. O

We close our analysis of this case with the following remark.

Remark 3.15. Consideration of the conclusion of Corollary 3.14(a) reveals the
close relationship between our result and a conclusion that one reaches for a stochastic

Copyright © by STAM. Unauthorized reproduction of this article is prohibited.



Downloaded 05/25/21 to 64.121.78.61. Redistribution subject to SIAM license or copyright; see https://epubs.siam.org/page/terms

1374 BERAHAS, CURTIS, ROBINSON, AND ZHOU
(sub)gradient method in an unconstrained setting. Notice that
2kw BTmi 1 Emin?min 40 <_1M+0H K \/M
2I€\1/BJW . v min | o %minL"l‘F ghkd

= I = R N
Koo (A40)8) ey ((uinfaie 5 (Smnlainey)5)

Our first observation is a common one for the unconstrained setting: The value above
is directly proportional to 8. To reduce this value, one should choose smaller 3, but
the downside of choosing smaller § is that the algorithm takes shorter steps, meaning
that it takes longer for this limiting value to be approached (recall (3.11)). On the
other hand, while larger 8 means that the algorithm takes larger steps, this comes at
the cost of a larger limiting value. A second observation, unique for our algorithm, is
the influence of §. The quantity above is directly proportional to 6, meaning that the
optimal choice in terms of reducing this value is # = 0, in which case one obtains

2y BM 9-0, reB¢ M
K Tmin (A5 (A+0)5) ka(1-56)

However, this results in a nonadaptive algorithm with &y = Be&x7r/ (7L + T') for all
k € N. This choice has some theoretical benefits (see also our discussion in section 5),
but we have found this conservative choice to be detrimental in practice.

3.2.2. Poor merit parameter behavior. Theorem 3.13 and Corollary 3.14
show desirable convergence properties in expectation of Algorithm 3.1 in the event
that the merit parameter sequence eventually remains constant at a value that is
sufficiently small. This captures behavior similar to that of Algorithm 2.1 in the
deterministic setting, in which the merit parameter is guaranteed to behave in this
manner. However, for the stochastic Algorithm 3.1, one of two other events are
possible, which we now define mathematically as follows:

e Event E,s.o: there exists infinite K. C N and Thig € Ryg such that 7, =
Thig > T and & = Epin for all k € K. Since 77! > 7 for all k € N,
this means 741 > 7irial for all k € K.
e Event E-\o: {7t} \/0.
Our goal in this part of our analysis is to argue that these events, exhibiting what we
refer to as poor behavior of the merit parameter sequence, are either impossible or
only occur with probability zero. For these considerations, let us return to assuming
that Assumptions 3.1 and 3.2 hold (and not Assumption 3.10).

Let us first consider event F,s. As shown above in the definition of E, s, the
merit parameter remaining too large requires that the stochastic trial value 77! con-
sistently overestimates the deterministic trial value T,ﬁ”"”. The following proposition
shows that under a modest assumption about the behavior of the stochastic gradients
and corresponding search directions, this behavior occurs with probability zero.

PROPOSITION 3.16. If there exists p € (0, 1] such that, for all k € N,
T3 e T T
Pk[gk di, + max{dk dek7 O} > 9i dy, + Inax{dk, delm O}] >p,

then E s occurs with probability zero.

Proof. 1f, in any run of the algorithm, ¢! dy + max{dl Hydy,0} < 0 for all suf-
ficiently large k& € N, then 7.7 = oo for all sufficiently large k¥ € N and event
E;s0 does not occur. Hence, let us define Kyq C N as the set of indices such that
k € Kgq if and only if gfdy + max{d} Hydg,0} > 0, and let us restrict attention
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to runs in which Kg4q is infinite. For any k € Kg4q, it follows that the inequality
g{&k + max{&ZHkak, 0} > ngdk + max{dngdk, 0} holds if and only if

—trial _ (A=) lcklla < (A=) lcklla

7t trial )

— — = = T,
G di+max{d, Hedy,0} — 9% drtmax{d] Hedi,0} k

Hence, it follows from the conditions of the proposition, the fact that 7, < ﬂi’"ml for
all k € N, and the fact that kg4 is infinite, that for any £ € N the probability is one
that for a subsequent iteration number k > k one finds 75, < ffz”‘” < Tfi”“l. This, the

fact that Lemma 2.16 implies that {T}é”“l} is bounded away from zero, and the fact
that if the merit parameter is ever decreased, then it is done so by a constant factor,
shows that one has 7, < 757 for all sufficiently large k& € N with probability one. 0O

As a concrete example of a setting that offers the minimum probability required
in Proposition 3.16, we offer the following. This is clearly only one of many example
situations that one could consider to mimic real-world scenarios.

Ezample 3.17. If, for all k € N, one has Hy > 0 and g, ~ N(gk, Xx) for some
Y € S™ with ¥y = 0, then the condition in Proposition 3.16 holds with p = %

Proof. Let k € N be arbitrary. The tangential component of the search di-
rection is Up = Zpwg, where, under Assumption 3.2 and the stated conditions,
wy, = —(ZIHpZy,) 1 ZF (g, + Hyvr). Plugging in this solution and simplifying yields

Frdy + d, Hydy, = of HY(I — HY? 228 Hy 20) 2D HY ) (H7 Vg, + HY o).

Since g, is normally distributed with mean gz, it follows that this value is normally
distributed with a mean of the same form, but with g in place of g, (see, e.g., [32]).
Since a normally distributed random variable takes values greater than or equal to its
expected value with probability %, the conclusion follows. 0

Let us now consider the event E,\ . One can learn from Lemmas 2.15 and 2.16
from the deterministic setting that the following holds true.

ProrosiTioN 3.18. Consider an arbitrary constant gmax € Ryq. If, for a run
of Algorithm 3.1, the stochastic gradient estimates satisfy |G — gkll2 < Gmax for all
k € N, then the sequence of tangential step components {uy} is bounded, and there
exist kr € N and Tmin € R such that T, = Tmin for all k > k.

Proof. Boundedness in norm of the tangential step components follows in the
same manner as in Lemma 2.15 with (g, @) in place of (gx, ug). Further, the claimed
behavior of the merit parameter sequence follows in the same manner as in the proof of
Lemma 2.16 using (g, di, Ux) in place of (gx, di, ux), where in place of the constants
(K71, kr,2) one derives constants (R, 1, R 2) whose value depends on gmax as well as
the upper bound on the sequence {||gk||2} (under Assumption 3.2). O

By Proposition 3.18, if the differences {7, — g} are bounded, then the merit pa-
rameter sequence will not vanish, i.e., event E.\ o will not occur. This is guaranteed
if the distributions defining the stochastic gradients {g,} ensure uniform bounded-
ness or, e.g., if f(z) = %Zil fi(z) and g, = Vfi, () for all k& € N, where the
component functions { f;} have bounded derivatives over a set containing the iterates
and in each iteration 4 is randomly sampled uniformly from {1,..., N}.

4. Numerical results. In this section, we demonstrate the empirical perfor-
mance of our proposed Algorithm 2.1 (for the deterministic setting) and Algorithm 3.1
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(for the stochastic setting) using MATLAB implementations. We consider their per-
formance on a subset of the equality constrained problems from the CUTE collection
[3]. Specifically, of the 123 such problems in the set, we selected those for which (i) f
is not a constant function, (ii) n4+m < 1000, and (iii) the LICQ held at all iterates in
all runs of all algorithms that we ran. This selection resulted in a total of 49 problems.
Each problem comes with an initial point, which we used in our experiments.

4.1. Deterministic setting. Our goal in this setting is to demonstrate that,
in practice, our proposed Algorithm 2.1 (“SQP Adaptive”) is as reliable a method
as the state-of-the-art Algorithm 2.2 (“SQP Backtracking”). We do not claim that
SQP Adaptive is always as efficient as SQP Backtracking since, as has been verified
by others in the literature, the line search scheme is typically very effective across a
broad range of problems. That said, since our algorithm for the stochastic setting is
based on SQP Adaptive, it is at least of interest to demonstrate that this approach is
as reliable as SQP Backtracking. For these experiments, we chose each Hy to be the
Hessian of the Lagrangian at (g, yr—1). For both algorithms, for any k such that the
inertia of the matrix in (2.6) is not correct with this choice, a multiple of the identity
is added in an iterative manner until the correct inertia is attained. This is a common
strategy in state-of-the-art constrained optimization software; see, e.g., [34].

For these experiments, the parameters were set as 71 = 1, e = 107, 0 = 1/2,
n=10"*%p=3,L_1=1,v1,=1,v=1/2 and o = 1. In line 5 of Algorithm 2.1,
all Lipschitz constant estimates were set as 1/2 times the estimates from the previous
iteration. A run terminated with a message of success if iteration k& < 10* yielded

i+ T pilloo < 10-° max{L, lgo + T yolloc} and [lewlloo < 107° max{L, colloc };
otherwise, the run was considered a failure. Figure 4.1 provides Dolan—Moré per-
formance profiles [13] for iterations and function evaluations required by the two
methods. (The profiles are capped at t = 20.) As expected, the performance of SQP
Backtracking was typically better than that of SQP Adaptive. That said, SQP Adap-
tive was as reliable as this state-of-the-art approach. Over all iterations of all runs of
SQP Adaptive, the stepsize «y, was chosen less than one 40.9% of the time, equal to
one 41.8% of the time, and greater than one 17.3% percent of the time.

We speculate that there may be situations in which SQP Adaptive can outperform
SQP Backtracking in the deterministic regime. For example, we also ran the same
set of experiments as above, but with Hy = I for all k¥ € N for both algorithms, and

<

0.1 - —— SQP Adaptive 0.1 —— SQP Adaptive
—-—-SQP Backiracking —=-—- SQP Backtracking

Fi1a. 4.1. Performance profiles for SQP Adaptive and SQP Backtracking for problems from the
CUTE test set in terms of iterations (left) and function evaluations (right).
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found that SQP Adaptive often outperforms SQP Backtracking, especially in terms
of requiring fewer function evaluations. This appears to be due to SQP Backtracking
requiring more function evaluations per iteration—during the line searches—when
second-order derivatives are not employed.

4.2. Stochastic setting. Our goal in this setting is to compare the performance
of our proposed Algorithm 3.1 (“Stochastic SQP”) against that of a stochastic sub-
gradient method (“Stochastic Subgradient”) applied to minimize the exact penalty
function (2.3) (which represents the current state-of-the-art for constrained stochastic
optimization). For these experiments, we used our test set of 49 CUTE problems but
considered multiple runs for different levels of noise. In particular, for a given run
of an algorithm, we fixed ey € {1078,1074,1072,10!} and then for each iteration
set the stochastic gradient estimate as g, = N (g, enI). For each problem and noise
level, we ran 10 instances. This led to a total of 490 problem instances for each
algorithm and noise level. Each run of Stochastic SQP was given a budget of 1000
iterations while each run of Stochastic Subgradient was given a budget of 10000 iter-
ations. We tuned the value of 7 individually for each problem instance for Stochastic
Subgradient. In particular, for each problem instance, we ran the algorithm for the
11 values 7 € {10719,1072,...,1071,10°} and selected the value for that instance
that led to the best results in terms of feasibility and optimality errors (see below).
Overall, this means that for each problem, Stochastic Subgradient was given 110 times
the number of iterations that were allowed for Stochastic SQP. (This broad range of
7 was needed by Stochastic Subgradient to obtain its best results. The selected 7
values were roughly evenly distributed over the set from 1071 to 10°.)

For both methods, the Lipschitz constants L and I' = Y. | ~; were estimated
using differences of gradients near the initial point and kept fixed for all subsequent
iterations. (This process was done so that L and T" were the same for both methods for
each problem.) For Stochastic SQP, we set Hy, = I for all k for fairness of comparison
with the (first-order) subgradient method. The other inputs for Stochastic SQP were
setas 7 1 =1,e=10"% 0=1/2, 6, =1,60 =10, and B = 1 for all k. Stochastic
Subgradient was run with a constant stepsize IoT for all k.

For each algorithm and each problem instance, we computed a resulting feasibility
error and optimality error as follows. If a run produced an iterate that was sufficiently
feasible in the sense that ||ck|lec < 1079 max{1, ||co|leo} for some k, then, with the
largest k corresponding to such a feasible iterate, the feasibility error was reported
as | ekl and the optimality error was reported as ||gr + J} yk||oo, Where yi was
computed as a least-squares multiplier using the true gradient g and Ji. (In this
manner, the optimality error is not based on a stochastic gradient; rather, it is a
true measure of optimality corresponding to the iterate xx.) On the other hand, if a
run produced no sufficiently feasible iterate, then the feasibility error and optimality
error were computed in this manner at the least infeasible iterate during the run. The
results are reported in the form of box plots in Figure 4.2.

Finally, let us comment on the occurrence of the event (3.10). In all runs of
Stochastic SQP, we found that 7, < Tﬁ”“l held 100% of the time in the last 100
iterations. In fact, for the noise levels 10~%, 104, 1072, and 10~!, this inequality held
in 99.92%, 99.10%, 99.22%, and 99.65%, respectively, of all iterations. This provides
evidence that the theory offered under the event E joy is relevant in practice.

5. Conclusion. We have proposed SQP algorithms for solving smooth nonlinear
optimization problems with equality constraints. Our first algorithm is based on
a state-of-the-art line-search SQP method but employs a stepsize scheme based on
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F1G. 4.2. Box plots for feasibility errors (left) and optimality errors (right).

(adaptively estimated) Lipschitz constants in place of the line search. We have shown
that this method has convergence guarantees that match those of the state-of-the-art
line-search SQP method, and our numerical experiments show that the algorithm is
as reliable. Based on our first algorithm, our second algorithm is designed to solve
problems involving deterministic constraint functions, but a stochastic objective. We
have proved that under good behavior of the merit function parameter, the algorithm
possesses convergence guarantees that match those of our deterministic algorithm
in expectation. We have also argued that a certain type of poor behavior of this
parameter only occurs with probability zero, and another type cannot occur under
pragmatic assumptions. Our numerical experiments show that our algorithm for the
stochastic setting consistently and significantly outperforms a (sub)gradient method
employed to minimize a penalty function, which is an algorithm that represents the
current state-of-the-art in the context of stochastic constrained optimization.

One assumption we have used is that the iterates remain in an open convex set
over which the problem functions and their derivatives are bounded. One could loosen
this assumption if one were to use our algorithm with # = 0. Indeed, notice that in our
analysis in section 3.2.1, boundedness of {||gx||2} is required in Lemma 3.11, but with
6 = 0 one has, for k > Fr.e, Bylarmigf (dy—di)] = (255750 ) 7B o (d — di)] =
0. Hence, our assumption about the boundedness of {||gi|l2} is only needed when
@ > 0. We have proposed our algorithm for this setting since it is the context of
6 > 0 that allows the stepsize scheme in our algorithm to be adaptive, which has a
significant benefit in terms of practical performance of the method.
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