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Abstract

A worst-case complexity bound is proved for a sequential quadratic optimization
(commonly known as SQP) algorithm that has been designed for solving optimization
problems involving a stochastic objective function and deterministic nonlinear equality
constraints. Barring additional terms that arise due to the adaptivity of the mono-
tonically nonincreasing merit parameter sequence, the proved complexity bound is
comparable to that known for the stochastic gradient algorithm for unconstrained non-
convex optimization. The overall complexity bound, which accounts for the adaptivity
of the merit parameter sequence, shows that a result comparable to the unconstrained
setting (with additional logarithmic factors) holds with high probability.
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1 Introduction

We present a worst-case complexity analysis of an algorithm for minimizing a smooth
objective function subject to nonlinear equality constraints. (Due to the nature of
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the algorithm, this worst-case complexity analysis holds in terms of iterations, func-
tion evaluations, and derivative evaluations.) Problems of this type arise in various
important applications throughout science and engineering, including optimal con-
trol, PDE-constrained optimization, and resource allocation [3, 4, 20, 29]. However,
unlike the vast majority of the literature on equality constrained optimization, the algo-
rithm that we consider has been designed to solve problems in which the objective
function is stochastic, in the sense that it is defined by the expectation of a function
that has a random variable argument. The algorithm that we consider assumes that
evaluations of the objective function and its gradient are intractable to obtain, but that
it has access to (unbiased) stochastic gradient estimates.

A few algorithms have been proposed recently for solving problems of this type.
These approaches fall into two categories: penalty methods [9, 25, 30] (which includes
the class of augmented Lagrangian methods) and sequential quadratic optimization
(commonly known as SQP) methods [2, 23]. Penalty methods aim to solve the con-
strained optimization problem by adding a term to the objective function, weighted by
a penalty parameter, that penalizes constraint violation. Unconstrained optimization
techniques are then applied to minimize the resulting penalty function, after which
the penalty parameter may be modified and the minimization is performed again in an
iterative manner until a solution is obtained that (approximately) satisfies the original
constraints. Methods of this type perform well in some situations, but in others they
perform poorly, e.g., due to ill-conditioning and/or nonsmoothness of the subproblems.
Such methods also often suffer due to their sensitivity to the particular scheme used
for updating the penalty parameter. See [28] for further commentary on the advantages
and disadvantages of penalty methods.

In practice in both deterministic and stochastic optimization contexts, penalty meth-
ods are frequently outperformed by SQP methods. Indeed, it is commonly accepted
in the deterministic optimization literature that a state-of-the-art algorithm is an SQP
method that chooses stepsizes based on a line search applied to a merit function. In
this deterministic setting, such an algorithm is intimately connected with applying
Newton’s method to the first-order primal-dual necessary conditions for optimality of
the problem [32].

In this paper, we present a worst-case complexity analysis of the SQP method
proposed in [2], which can be seen as an extension of an SQP method from the
deterministic to the stochastic setting. A consequence of our analysis is that, in an
idealized setting in which (i) one knows a threshold for the merit parameter below
which knowledge of the exact gradient would not lead to a merit parameter decrease in
any iteration (which, for one thing, is a threshold for the merit function to be exact [18])
and (ii) the algorithmic rule that might otherwise modify the merit parameter is skipped,
the number of iterations required until the method generates a point at which first-order
necessary conditions for optimality hold in expectation with accuracy ¢ € (0, 00) is
O(e _4). This is the type of result that one should expect, since this is the same bound
proved to hold for a stochastic gradient method employed to solve an unconstrained
nonconvex problem [14]. However, our analysis does not only consider this idealized
setting; we go further and prove a worst-case complexity bound for the algorithm
when the merit parameter threshold is unknown and the algorithm adaptively updates
a monotonically nonincreasing merit parameter sequence. We prove under reasonable
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assumptions that the aforementioned worst-case bound, with additional logarithmic
factors, holds with high probability. The high-probability aspect of this result arises
due to the uncertainty of the behavior of the adaptive merit parameter sequence that is
a consequence of the uncertainty due to the stochastic gradient estimates, and it does
not reflect any uncertainty of the behavior of the method during situations in which
the merit parameter sequence remains constant. A major challenge in our analysis
is accounting for the transient behavior of the adaptive merit parameter sequence in
the sense that our analysis accounts for the real possibilities that (i) different runs
of the algorithm may decrease the merit parameter by varying amounts and (ii) it is
not possible to bound the number of iterations until the merit parameter settles on
a sufficiently small value. In other words, since our loose assumptions do not allow
for one to presume that the algorithm experiences two distinct phases (e.g., one in
which—over a bounded number of iterations—the merit parameter is reduced down to
a threshold, then a second in which it remains fixed), our analysis must account for the
possibility that the merit parameter is transient through any number of iterations, which
leads to significant complications that are not present in the context of unconstrained
optimization.

To the best of our knowledge, ours is the first worst-case complexity result for
an SQP algorithm that operates in the highly stochastic regime (where one merely
presumes that the stochastic gradient estimates have bounded variance) for solving
stochastic optimization problems involving deterministic nonlinear equality con-
straints. Prior to this work, the only known complexity results for stochastic constrained
optimization were for algorithms for solving problems with simple constraint sets that
enable projection-based methods [14, 16, 26] and Frank-Wolfe type methods [19].
(One exception is a complexity bound proved for the SQP algorithm proposed in [23],
although that result only holds for the idealized setting in which the algorithm has
a priori knowledge of a threshold for the merit function parameter.) After the ini-
tial release of this paper, the article [24] appeared that proposes an SQP method that
uses stochastic estimates of the objective gradient and Hessian of the Lagrangian and
computes search directions using a sketch-and-project framework. The algorithm in
that paper does not use a merit function and requires that the stepsizes remain within
prescribed intervals that are non-adaptive to the stochastic gradients. Under standard
assumptions, that algorithm offers a worst-case complexity result that is comparable
to the one we derive in this paper, as well as an asymptotic convergence rate. Our
analysis focuses a great deal on the complications that arise due to the adaptivity of
the merit parameter sequence, which essentially means that the algorithm in our con-
sideration is aiming to reduce a merit function that changes during the optimization
process. Hence, many aspects of our analysis are quite distinct from the analyses that
have been presented for stochastic gradient methods in the context of unconstrained
optimization or optimization over simple constraint sets, for which the tool for mea-
suring the progress of an algorithm—namely, the objective function itself—remains
the same throughout the optimization.
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1.1 Problem formulation
The algorithm that we consider is designed to solve problems of the form

mIiR{}, fx) st c(x) =0, with f(x) =E[F(x,w)], (1)

where f : R" - R, c: R" - R™, wis arandom variable with associated probability
space (2, F,P), F : R" x £2 — R, and E represents expectation with respect to P.
In particular, similar to [2], we make the following assumption.

Assumption 1 The objective function f : R” — R is continuously differentiable and
bounded below by fiow € R and the corresponding gradient function Vf : R" —
R" is bounded and Lipschitz continuous with constant L € (0, co). The constraint
function ¢ : R" — R™ (where m < n) and the corresponding Jacobian function
J = Ve i R" — R™ " gre bounded, each gradient function V¢; : R" — R" is
Lipschitz continuous with constant y; for alli € {1, ..., m}, and the singular values
of J = V¢ are bounded below and away from zero.

Defining the Lagrangian ¢ : R” x R”™ — R corresponding to (1) by £(x, y) :=
f(x) 4 c(x) Ty, first-order primal-dual stationarity conditions for (1), which are nec-
essary for optimality under Assumption 1, are given by

Vyl(x, y) c(x) '

1.2 Notation

We adopt the notation that || - || denotes the £;-norm for vectors and the vector-induced
£>-norm for matrices. We denote by S” the set of n x n dimensional real symmetric

matrices. The set of nonnegative integers is denoted as N := {0, 1, 2, ..., }. For any
integer k € N, we use [k] to denote the subset of nonnegative integers up to k, namely,
[k] := {0, ..., k}. Correspondingly, to represent a set of vectors {vg, ..., vy}, we
define v == {vo, ..., vk}

Given¢ : R — Rand ¢ : R — [0, 00), we write ¢(-) = O(¢(-)) to indicate that
¢ ()] < co(:) for some ¢ € (0, 00). Similarly, we write ¢(-) = O(p(+)) to indicate
that |¢(-)| < ce()] logE(-)l f0r~some ¢ € (0,00) and ¢ € (0, c0). In this manner, one
finds that O(¢(-)] log(-)|) = O(g(-)) for any ¢ € (0, 00).

The algorithm that we analyze is iterative, generating in each realization a sequence
{xx}. (See Sect.4.1 for a complete description of the stochastic process generated by
the algorithm.) We also append the iteration number to other quantities corresponding
an iteration, e.g., fi := f(xg) forall k € N.

1.3 Outline

Section 2 provides a worst-case complexity result for the algorithm from [2] for
the deterministic setting, and uses this result and further commentary to provide an
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overview of our main result for the stochastic setting. Details of the algorithm for the
stochastic setting are presented in Sect. 3, followed by our main result and analysis,
which are provided in Sect. 4. Finally, we provide concluding thoughts and mention
future directions in Sect. 5.

2 Outline of main results

Our algorithm of consideration is derived from Algorithm 3.1 in [2], which is proposed
for the stochastic setting. As a precursor, Algorithm 2.1 was proposed in [2] for the
deterministic setting, many of the features of which are used in Algorithm 3.1 in [2]
for the stochastic setting. In Algorithm 2.1 in [2] for the deterministic setting, the kth
search direction d; € R" is computed by solving a subproblem defined by a quadratic
approximation of the objective function and an affine approximation of the constraints
using derivative information at the current iterate x; € R". This computation also
results in a Lagrange multiplier vector yr € R™. The subsequent iterate is set by
Xk+1 < Xi + apdy, where o € (0, 00) is a stepsize determined by a procedure
to reduce the merit function ¢ : R” x (0, c0) — R defined by ¢(x, ) = tf(x) +
llc(x)|l1.In particular, based on properties of the search direction di, a value of the merit
parameter t; € (0, tx—1] is set by the algorithm, after which oy € (0, 00) is computed
to ensure that ¢ (xg, tx) — ¢ (xx+1, Tx) is sufficiently positive. This description of the
algorithm suffices for providing an outline of our main results; for further details about
the algorithm that we analyze, see Sect. 3.

2.1 Complexity of the deterministic algorithm

To motivate our main result for the stochastic setting, it is instructive to state a worst-
case complexity bound for the deterministic algorithm. Such a result is the following;
further details and a proof are provided in Appendix A. The approximate stationarity
conditions in (3) have been defined for consistency between the primal and dual
stationarity measures; the reason that this choice leads to such consistency is revealed
in the analysis in Appendix A.

Theorem 1 Consider Algorithm 2.1 in [2] and suppose that Assumption 1 holds along
with Assumption 2.4 from [2] (see also the similar Assumption 2 on page 8 for our
stochastic setting). Let t_1 € R_ be the initial value of the merit parameter sequence
and let Tmin € (0, T—1] be a positive lower bound for the merit parameter sequence
(the existence of which follows from Lemma 2.16 in [2]). Then, for any ¢ € (0, 1), there
exists (k1,k2) € R_y x R_ such that the algorithm reaches an iterate (xi, yx) €
R" x R™ satisfying

lgk + J vl < & and /lcklli < & 3)
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in a number of iterations no more than

(Tl(fo_flow)+ ”C()”l)g_z. @)

min{K{, Tmink2}

Theorem 1 is notable since it shows that Algorithm 2.1 in [2] has the standard
worst-case iteration, function-evaluation, and derivative-evaluation complexity for a
first-order-derivative-based algorithm for solving equality constrained optimization
problems; see [8] for a comparable complexity bound for another “short-step” algo-
rithm for solving equality constrained problems. That said, the O(¢~2) bound in
Theorem 1 is not surprising. After all, such a complexity bound is well-known for
gradient-based algorithms for solving unconstrained nonconvex optimization prob-
lems as well. Since Algorithm 2.1 in [2] and its corresponding analysis do not exploit
the use of exact higher-order derivative information, this complexity bound is on
the order of what could be expected for such a method. There are ways for achiev-
ing improved worst-case complexity if higher-order derivatives are employed in a
constrained-optimization algorithm (see, e.g., [7, 13, 17]), but the use of such higher-
order derivatives—especially in the stochastic setting—is outside of our scope.

2.2 Preview of the complexity of the stochastic algorithm

Moving to the stochastic setting, there are a few major technical hurdles that need to
be addressed, all of which relate to the adaptivity of the merit parameter sequence.
In particular, the analysis for the deterministic setting relies heavily on the facts that
(i) each step of the algorithm yields a sufficient reduction in the merit function for
the current value of the merit parameter, (ii) each such reduction in the merit function
can be tied to a first-order primal-dual stationarity measure for the current iterate,
and (iii) under Assumption 1, one can be certain of the existence of a positive lower
bound for the merit parameter sequence. This lower bound for the merit parameter is
referenced directly in the proof of the worst-case bound for the deterministic algorithm;
in particular, it is shown (see Lemma 13 and the beginning of the proof of Theorem 4)
that the improvement in the merit function from any iterate that is not e-stationary (see
(3)) is at least proportional to min{1, tmin}e 2, even if the current value of the merit
parameter is greater than tyi,. Unfortunately, these properties of the steps and merit
parameter sequence are not certain in the stochastic setting. For example, as discussed
in [2], it is possible—even under Assumption 1—for the merit parameter sequence to
vanish or for it to eventually remain constant at a value that is not sufficiently small,
and for there to be iterations in which the expected reduction in the merit function
cannot be tied to a first-order primal-dual stationarity measure. As a result, we have
devised new analytical approaches that confront the fact that {r;} is a random process,
the ultimate behavior of which is uncertain.

To aid the reader, we provide here an overview and commentary about our ultimate
complexity bound; see Corollary 1 on page 27. Our result is proved under Assump-
tion 1 along with others that are introduced in the subsequent sections. For one thing,
as is common in SQP methods for deterministic optimization, we assume that the
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subproblem defining the search direction in each iteration is defined by a matrix that
is positive definite in the null space of the constraint Jacobian; see Assumption 2
on page 8. We also assume, as is common for stochastic gradient methods, that the
stochastic gradient estimates are unbiased with variance bounded by M € (0, 00),
along with some related assumptions; see Assumption 3 on page 14. Furthermore,
our analysis conditions on the occurrence of an event that we call E (see (15)); this
event captures situations in which, over a total of knax + 1 € N iterations, the merit
parameter is reduced at most Smax € [kmax] times and the merit parameter is bounded
below by tmin € (0, 00). Under these conditions, our main complexity result shows
that, within kpnax + 1 iterations, it holds with probability 1 — § € (0, 1) that the algo-
rithm generates x;+ € R” corresponding to which there exists an associated Lagrange
multiplier y;'® € R™ such that

ELIV fior + Ty 1% + lleg 11 E]

— ol S el i .
Vkmax + 1
n (T—1 — Tmin) (Smax 10g(kmax) + 10g(1/8))>
kmax + 1 .
(5b)

This form of the result is commonly called a convergence rate since it bounds the
expected stationarity error from above by a function that decreases with the number of
iterations performed, namely, kmax + 1. This bound can be used to form a worst-case
complexity result. Specifically, the result above and Jensen’s inequality imply that,
within kpyax + 1 iterations and as long as spax = O(log(kmax)) (more on this below),
it holds with probability 1 — § that the algorithm requires at most (’)(8’4) iterations
to generate x+ with corresponding y,%' such that E[||V fi+ + J,; VE©lllE] < e and

llck+ |11 E] < €. The probability in this result is with respect to the distribution of
the stochastic gradients conditioned on the occurrence of the event E.

The first three quantities on the right-hand side of the convergence rate, namely, in
(5a), representing the initial objective function gap, initial constraint violation, and the
variance of the stochastic gradient estimates, mirror the presence of similar terms that
appear for comparable results for the stochastic gradient method in an unconstrained
or simple-constraint-set setting [14, 16, 26]. The final term in (5b), on the other hand,
as well as the fact that the result is stated as a high-probability result, are unique to our
setting and arise due to the adaptivity of the merit parameter sequence. If one were to
have prior knowledge of Tp;p, then one could set 7_; = Ty, (and disable the update
mechanism for the merit parameter in the algorithm), in which case our analysis would
show that the expected stationarity error is bounded above by (5a) (surely, not only
with high probability).

In the context of an adaptive merit parameter sequence, the particular form of our
complexity result depends on the magnitude of sy« relative to kpax + 1, i.€., the bound
on the number of times that the merit parameter is decreased relative to the total number
of iterations performed. One setting in which our result is relatively straightforward
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is when, over all realizations of the algorithm, the differences between the stochastic
gradient estimates and the true gradients are bounded deterministically, in which case
the merit parameter sequence is provably bounded below, which in turn means that
Smax 18 bounded by a value that is independent from kpnax + 1 (at least as long as
kmax 1s sufficiently large relative to T_1 /Tmin); this follows from a deterministic lower
bound on Ty, [2, Proposition 3.18] and the fact that whenever the merit parameter is
decreased, it is done so by a constant factor. Beyond this setting, for another concrete
example of a situation in which sp,x is guaranteed to be sufficiently small relative to
kmax, we prove in Sect. 4.5 that if the distributions of the stochastic gradient estimates
are sub-Gaussian, then with probability 1 —§ one finds that spax = O(log(log(%))),
meaning that our proved convergence rate is not ruined by the term in (5b). There are
certainly other special cases in which similar types of relationships between spyax and
kmax hold, but for our purposes we simply provide the example in Sect.4.5.

3 Algorithm

For ease of reference, in this section we present Algorithm 3.1 from [2] (slightly
modified, as explained at the end of this section), which is designed to solve problems
of the form (1) and is our focus for the remainder of the paper. In the spirit of an SQP
method, the algorithm computes a search direction d; and Lagrange multiplier vector
Yk in iteration k € N by solving

min - fi + gld+1d"Hd st i+ Jd =0, (6)
e n

where g is a stochastic gradient estimate at x; and Hy € S” is chosen independently
from gi. Under Assumption 1 and the following Assumption 2 (that we make through-
out the remainder of the paper), the solution of (6) can be obtained from the unique
solution of the linear system

He T3 [d] _ [
ki ®

Assumption 2 The sequence {|| H||} is bounded by Ky € R_ ), where for all k € N
the matrix Hy € S" is chosen independently from g . In addition, there exists { € R_
such that, for all k € N, the matrix Hy € S” has the property that u ' Hyu > ¢ lluell5
for all u € R" such that Jyu = 0.

After computation of (di, yr), the remainder of the kth iteration involves (i)
updating the merit parameter, (ii) updating an auxiliary parameter needed for the
stepsize computation, and (iii) computing a positive stepsize. These algorithmic com-
ponents are designed with the aim of yielding a sufficiently positive reduction in
a model of the merit function, which in turn is aimed at yielding a sufficiently
positive reduction in the merit function itself. The algorithm employs the model
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q:R" xR, xR"x§" x R" — R defined by
qx,7,g. H,d) =t(f(x) + g'd + s max{d"Hd, 0}) + |lc(x) + J (x)d||1,

and the reduction function Ag : R” x R, x R" x §" x R" — R, fora givend € R"
satisfying c(x) + J(x)d = 0, defined by

Aq(x5fyng7d) = q(xyr7g7 H,O) _Q(x’ 7787 Had)

(3)
B (gTd + 4 max{d " Hd, 0}) lle@)]s.
Specifically, in order to ensure in iteration k that 7y < 73— and
Aq(x, T, gk Hie, di) > 37 max{d] Hidr, 0} + ollckll1 = 0 ©9)
holds for all T < 1, the algorithm sets, for user-defined o € (0, 1), the value
il 00 if g dy + max{d; Hxdy,0} <0
e < U=0)llcl otherwise (10)
8 de+max{d,| Hidy.0} ’
and then sets, for some €; € (0, 1), the merit parameter value
_ ifr_. < trial
R an
(1 —e)™  otherwise.
Then, for use in the stepsize computation (as motivated in [2]) it sets
. A H..d _ ifE, < trial
grial q Xk, Tk gk,z ks ) then & < k-1 . if & 1= &
Tk ||| (1 —ez)§M otherwise
(12)

for some €¢ € (0, 1), which, for one thing, ensures &§; < E,:rial. The last component
in the kth iteration is to set the stepsize, the magnitude of which is controlled by a
prescribed sequence {Br} C (0, 1], which is employed in the following projection
interval that is used in the stepsize computation:

) . Brékte  Brértk
Projk(') = Proj ( ‘ |:‘L'kL +r’ wlL+ I’ + 6'8]3 ’

where Proj(- | B) represents the projection operator onto the interval B C R. As in
other stochastic-gradient-based methods, the convergence properties of the method
depend on properties of {8}, which in many analyses is considered to be a constant
or diminishing sequence. We establish our complexity result for the case of constant

{Br} with B = O(1/vkmax + 1) for all k € [kmax]-
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Overall, the algorithm that we consider is stated as Algorithm 1. The only changes
from Algorithm 3.1 in [2] are the fixed iteration limit (kmax) and the concluding step
for producing the return value (xg+). This method of sampling £* to produce the return
value is consistent with other approaches in the literature on complexity analyses for
algorithms for solving nonconvex optimization problems; see, e.g., [14]. It amounts to
uniform sampling over the iterates when constant { 8 } is considered, as in our analysis.
Finally, we remark that Algorithm 1 presumes knowledge of Lipschitz constants for
the objective and constraint gradients, although in practice one might only estimate
these values using standard procedures [12].

Algorithm 1 Stochastic SQP Algorithm

Require: xg € R";kmax € Ny € R_j5€r € (0, 136z € (0, 1);0 € (0, 1);61 € R_5{Bx} C (0, 1];
0 e Rzo; L € (0,00), a Lipschitz constant for Vf; I" € [Z;”:l yi, 00), where y; € (0,00) is a
Lipschitz constant for V¢; for all i € [m]

1: for all k € [kmax] do
2 Compute (dg, yi) as the solution of (7)
3:  if di = 0 then _
4 Set rflal < 00, T} < Th—1> Slglal < 00, and & <« &
5: Set @y init < 1, @k init < 1, and o < 1
6 else (if d. # 0)
7 Set /14l by (10) and 7 by (11)
8 Set £l and £ by (12)
oo B Aq( Hy.dy) e
S Pk AG WXk T8k Tiodk)  qnq a7y oo Gy e — gl
B o 17 N OV AT S TP
10: Set @y, <~ Projj, (&k,init) and o, < Projk(&k,im), then
oy ifay <1
ap < {1 ifay <1<ay
ap ifag > 1
11:  endif
12: Setxpqp < xp + oygdy
13: end for
14: Sample k* € [kmax ], where P[k* = k] = Zkr/nsﬁ for all k € [kmax], then return xx
k=0 Pk

4 Complexity analysis

We begin our complexity analysis by describing the algorithm as a stochastic process
(Sect.4.1), then formalizing the assumptions that we make about the stochastic gradi-
ent estimates (Sect.4.2). We then state, in some cases in a slightly modified form, some
key lemmas from [2] that are needed for our analysis (Sect.4.3). Our generic com-
plexity result, which has been outlined in Sect. 2, is then stated and proved (Sect.4.4).
Consequences and extensions of our generic complexity result are then discussed for
some special cases of distributions for the stochastic gradient estimates for which our
required assumptions hold with high probability (Sect.4.5). Finally, we conclude this
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section by outlining a form of our generic complexity result that relaxes one of our
minor simplifying assumptions (Sect.4.6).

Similarly as for the convergence analysis in [2], our complexity analysis makes
use of orthogonal decompositions of the search directions computed by the algorithm;
in particular, for all k € N, we express dy = uy + v, where ux € Null(J;) and
v € Range(/J, kT ). We note here that conditioned on the algorithm having reached x; at
iteration k, the normal component vy, is deterministic, depending only on the constraint
value cj and the Jacobian Jj.

In addition to the quantities that are computed explicitly in Algorithm 1, our analysis
also refers to the quantities that would have been computed in each iteration k € N,
conditioned on the event that the algorithm has reached x as the kth iterate, if the true
gradient V f(xi) is used in place of the stochastic gradient g;. These quantities are
denoted by a “true” superscript. For example, in iteration k, the true search direction
and corresponding true Lagrange multiplier estimate are the solution of the linear

system
Hy J|||dme Vfx
k k 1: _ f (xx) 7 (13)
Jk 0 ykrue Ck
which may be decomposed as d;"¢ = u{™® + vy, where u}"® € Null(J) and vy €
Range(lk—r ). Here, we write vy (without a superscript) since the normal component of
the search direction is defined in a manner that makes it independent of the objective

gradient (estimate). Similarly, the true value of the merit parameter that would have
been computed is denoted

oo if V f(xx) "™ + max{(d{™) " Hyd{™®, 0} <0

(=0)llcklh
V7 o) T Fmax{ () T Hid™ 0}

trial,true
‘L'k .
otherwise.

This definition of t,i“al’m'e guarantees that, for any 7 < r,i“al’tr”e, one finds

Aq(xi, T,V f (xx), Hi, di™) = 3t max{(d{™) " Hed™, 0} + o i 1. (14)

4.1 Stochastic process
Henceforth, for the sake of formality, we shall refer in our analysis to the stochastic

process generated by Algorithm 1. Specifically, in terms of values that are computed
by the algorithm itself, we have the stochastic process

{(Xk, Gk, D, Y, T, Bk, Ap)},
where, for all k € N, the random variables are: the algorithm iterate X}, stochastic
gradient estimate Gy, search direction Dy, Lagrange multiplier estimate Yj, merit

parameter 7%, ratio parameter =y, and stepsize Ay. For all k € N, a realization of the
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corresponding element of this process has been denoted (xi, gk, dk, Yk Tk, &k, Qk)-
Similarly, in terms of “true” values and step decomposition values that are not com-
puted by the algorithm, but are defined for the sake of our analysis, we have the
simultaneously generated process

true grtrue ystrue --trial,true
{(Vlon’Dk s U s I 577( )}

where, for all £ € N, the random variables are: the normal search direction com-
ponent Vi, the tangential search direction component Uy, the true search direction
D¢, the true tangential search direction component U;™*, the true Lagrange mul-
tiplier estimate Y;"™°, and the true trial merit parameter ’Tkmal’tme. For all k €
N, a realization of the corresponding element of this process has been denoted
(U, ug, di™, ulee, yire, r,inal’true). Finally, for the sake of tracking the number of
merit parameter updates that occur during runs of the algorithm, we define the stochas-
tic process {Sk}, where for all k € N the random variable S; represents the number
of merit parameter decreases up to the end of the kth iteration, i.e., the number of
iterations in which 7; < 7;_1. For all k € N, a realization of S; is denoted sy.

In any run, the behavior of Algorithm 1 is dictated entirely by the initial conditions
and the sequence of stochastic gradient estimates that are generated. Let Gy denote the
o-algebra generated by the random variables {Gy, ..., Gx—_1}, a realization of which
(along with all initial conditions of the algorithm, including X = x¢) determines the
realizations of

k — t t t trial, true k—1
{X]}jzl and {(Djv Y]v 7}5 :‘]7 A]v Vjv U]’ Djl’l]e, U/rue’ YJI”UC’ 7—] ’ S])}I:()
For completeness, let Gy = o (xp). As aresult, {Gx }x>0 is a filtration.

4.2 Assumptions

Our analysis presumes certain good behavior of the sequences of merit and ratio param-
eters that are set adaptively by the algorithm. Formally, given (kmax, Smax, Tmin» Emin) €
N x N x R>0 X R>0, our main result characterizes the worst-case behavior of Algo-
rithm 1 conditioned on the event denoted as

E := E(kmax, Smax, Tmin, &min)s (15)

which we define as the event such that

- T > Tmin > 0 for all k € [kmax],
TN > g > O forall k € [kmax]s
— Ex = &pin > 0 for all k € [kmax], and
Itk € [kmax] : Tk < Tx—1}] < Smax-

Consideration of this event as a focus for proving a worst-case complexity result for
Algorithm 1 is justifiable for the following reasons.
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— The condition in E that the ratio parameter sequence {Z}} is constant over all
iterations is not actually essential for our analysis; rather, it is made for the sake of
simplicity. Indeed, in Sect.4.6, we present an extension of our main result to the
setting in which this parameter sequence is not constant. Observe that, as proved
in [2, Lemma 3.5], the sequence {5} is bounded below by a positive real number
whose value is deterministic, i.e., it is independent of the sequence of stochastic
gradient estimates that are generated by the algorithm. Hence, for the sake of
simplicity, we assume for now that {&}} is constant and leave the statement of
the more complicated version of our main result to a subsection at the end of our
analysis.

— The conditions in E pertaining to the behavior of the merit parameter sequence are
not necessarily minor, since stochasticity in the gradient estimates can cause the
merit parameter to vanish, even in settings when the merit parameter would remain
bounded below in the deterministic algorithm. That said, in Sect. 4.5, we consider
a particular setting in which the distributions of the stochastic gradient estimates
are sub-Gaussian over any run of the algorithm, in which case we show that the
merit parameter remains bounded below with high probability, meaning that our
main worst-case complexity bound—which holds with high probability due to
the adaptivity of the merit parameter sequence—remains essentially unchanged
in this setting when we do not presume upfront that the merit parameter sequence
remains bounded above a positive real number.

— The condition in E pertaining to the existence of sy, is not actually an additional
requirement beyond the existence of Ty, in the event. After all, by the construction
of Algorithm 1, it follows that when the merit parameter is decreased, itis decreased
by at least a constant factor, from which it follows (under the existence of i)
that spax exists and satisfies

Smax < min {kmax +1, [M” . (16)
log(l —€;)

That said, for simplicity and generality in our analysis, we define sy« as a quantity

that is decoupled from the above (conservative) inequality.

In summation, while our analysis requires the existence of a lower bound for the merit
parameter sequence, and correspondingly an upper bound on the number of potential
decreases in the merit parameter, it does not presume other convenient behavior of
the merit parameter sequence. For example, our analysis does not presume that the
merit parameter sequence eventually settles on a sufficiently small value in a number
of iterations that can be bounded in a convenient manner. Rather, our analysis respects
the stochastic, transient behavior of the merit parameter sequence that one finds in the
actual behavior of the algorithm in practice. We have strived to derive a complexity
bound that, under relatively loose assumptions in the highly stochastic regime, matches
(up to logarithmic factors) in a constrained setting the results that are considered state-
of-the-art for the unconstrained setting, even though the algorithm needs to discover
for itself, in an adaptive manner, an appropriate balance between the objective function
and constraint violation measure. Given our focus on event E, we now introduce the
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filtration defined by
Fr:=GyrNE forall k e N, a7

where, for all k € N, we use G N E to denote the trace o -algebra of event E on the o -
algebra Gi,i.e. GrNE = {GNE : G € Gi}. Here and throughout the remainder of the
paper, we let P[] (respectively, [E¢[-]) denote probability (respectively, expectation)
conditioned on Fj, which encodes information up to the start of iteration k € N, i.e.,
we define

Pyl] :=P[|Fx] and Eg[-] := E[-[F].

Our analysis assumes the following about the stochastic gradient estimates. Such
an assumption, namely, that conditioned on the filtration one has that the stochastic
gradient is unbiased and has bounded variance, is common in analyses of stochastic
optimization methods.

Assumption 3 There exists M € R_, such that, for all k € [kmax], one finds
E[Gr] = V£ (Xi) and Ex[IGx — V(X031 < M. (13)
In addition, there exists M; € R_, such that, for all k € [kmax], one finds

either Py[V £ (X)) (Dr — D) < 0,7 < Tr—11=0o0r  (19a)
ExlIGk — V£ (X) 21V f (Xe) T (Dx — D) <0, Tk < Teei] < My (19b)

Observe that (19b) follows from (18) if there exists p € (0, 1] such that, for any
k € [kmax] with Pi[V f(X3) T (Dy — D,‘{r“e) < 0,7 < Tr—1] > 0, one finds

PiIV £ (X) (Dx — DI™) <0, Tk < Tie1] > p.

After all, in this setting with Z; representing the event that V £ (X;) T (Dy — D) <0
and 7, < 7;_1, and Z; representing the complement of Z;, one finds along with
Jensen’s inequality that

VM = Ei[lIGr — V£ (X0)ll2]
=Pr[Zi] - ExlllGk = VX121 Zi] + PrlZi] - Ex[IGk — V f (X)) 121 Z¢]
> p-Ei G — VF(X)l2l Zi],

50 (19b) holds with M, = /M /p- Such a p exists, for example, when the objective
of (1) is a finite sum of N terms and each stochastic gradient estimate is computed as
a so-called mini-batch estimate through the uniform (random) selection of b indices,
in which case the above holds with p = b/N.

We make one additional assumption for our analysis, namely, the following.
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Assumption 4 There exists p; € (0, 1] such that, for all k € [kmax], one finds

Pi[G[ Dy + max{D, Hy Dy, 0}
> V f(Xg) " DI + max{(D{™) " Hy D{™, 0}] > p-.

Similar to [2, Proposition 3.16], Assumption 4 allows us to prove that, with high
probability, the number of iterations in which 7; > 7" is not too large. In [2,
Example 3.17], it was shown that the inequality in this assumption holds with p; = %
when, conditioned on having reached a realized iterate xi, the stochastic gradient G
has a Gaussian distribution. We show in Sect. 4.5 that this result can be extended to
other settings as well.

4.3 Properties of algorithm 1

In this section, we state key preliminary results from [2] that are needed for our analysis.
It is important to note that these results are written in [2] in the context of conditioning,
forallk € N, on aparticular realization of the algorithm up to the beginning of iteration
k, which is different from our setting in which we condition on F. That said, one finds
that these results from [2] carry over, with nearly the same line of arguments, to our
setting. After all, for any random variable X that is F;-measurable and any random
variable Y with E[|Y]|] < oo and E[|XY]|] < o0, [15, Theorem 4.1.14] states that

E[XY|Fk] = XE[Y|F]. (20)

This property, combined with the arguments found in [2], is sufficient to prove the
results of this section, so we state them without proof.

By [2, Lemma 2.10], there exists «,, € R_ such that, for all kK € [kmax], if
U2 > &y || Vil|?, then $(DI) T Hy DI > Le||Ue||2, where ¢ is defined in
Assumption 2. Correspondingly, let us define

_ IR + leXoll i 1T = ol Vill?
| lleXoll otherwise.

The following Lemmas 1 and 2 show that there exists a common quantity that both
bounds from above the squared-norm of the true search direction plus the constraint
violation and bounds from below the reduction in the model of the merit function.
Essentially, the combination of these results shows that the search direction offers
sufficient decrease relative to its norm. Here, Lemma 1 is stated using a different
norm for ¢(Xy) than in [2, Lemma 2.11]. The result holds in the same manner (with
a different value for xy ) due to the norm equivalence between || - || and || - ||; in R™.
We state the result in this manner for consistency with the measure used in our final
results.
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Lemma 1 ([2, Lemma 2.11]) Let Assumptions 1 and 2 hold. Then, there exists ky €
R_ ) such that, for all k € [kmax], the true search direction and constraint violation

satisfy | DF“II* + lle(Xo)lh < (kg + D
Lemma 2 ([2, Lemma 2.12]) Let Assumptions 1 and 2 hold. Then, there exists k,; €

R_, such that, for all k € [kmax] and T € R_j with T < ’Z;fri“l"me, one finds
Aq(X, T,V f(Xp), Hx, D) = kg T .

The next lemma shows that the reduction in the merit function is at least a reduc-
tion in the model of the merit function defined with respect to the true gradient and
true search direction, except for two terms that may be attributed to the noise in
the stochastic gradient estimates. Observe that the requirement in the lemma that
Bk Ex Ty /(TxL + I') € (0, 1] for all k € [kmax] can be enforced in practice, despite
the fact that { Z¢} and {7} evolve randomly. After all, since {Z}} and {7} are mono-
tonically nonincreasing, one need only choose 8 € R_, sufficiently small such that
BE_11—1/(t—1L + I') € (0, 1] to find that B = B for all k € [kmax] satisfies the
requirement.

Lemma3 ([2, Lemma 3.7]) Let Assumptions 1 and 2 hold and suppose that
B ExTi/(TxL + I') € (0, 1] for all k € [kmax]. Then, for all k € [kmax], one finds
¢(Xx + AxDi, To) — ¢ (Xi, Tt) < —ArAq(Xy, Toe, V f(Xy), Hy, D™
+ YAk BeAq(Xk, Tk, G, H, Dy) (21
+ ATV f(Xi) T (D — D).

The next two lemmas bound (in expectation) differences and products between
stochastic and true quantities. These bounds are critical in the analysis.

Lemma4 Let Assumptions 1, 2, and 3 hold. Then, for all k € [kmax], it follows
that B [Dy] = D™, Ex[Ux] = U™, and B[Yi] = Y. Moreover, there exists
kg € R_and kg € R_, such that, for all k € [kmax], one finds

IVfXI = kg,
IDE*Il < kallV f (Xl < Kakg,

Ex [l Dk — D"N] < kaBr[lIGr — V(X < kavV M, and
Ex[| D — DIV f (X) T (D — DY) < 0, Ti < Tie1] < kaMs.
Proof Except for the last inequality, the result follows from the assumptions and (the
proof of) [2, Lemma 3.8]. As for the last inequality, observe as in [2, Lemma 3.8] that
| Dk — D™|| < kallGr — V f (Xi) |, which with (19) gives

Exll| Dk — DIV f(Xi) T (Dg — D) < 0, Tt < Ti1]
< kdBi[IGx — VXV (X)) T (Dg — D) < 0, Ty < Tim1] < kaMy,

as desired. O
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Lemma5 ([2, Lemma 3.9]) Let Assumptions 1, 2, and 3 hold. Then, for allk € [kmax],
it follows that

V(X0 D = B [G Di] = V(X)) " DY — 7'M
and Bi[D} Hiy Dyl > (D) Hy DI,

4.4 Complexity result

In this section, we present our main complexity results. We derive our results in largely
the same manner as the global convergence result in [2], but with two major changes
that stem from the need to characterize the behavior of the algorithm in the context
of an adaptive merit parameter sequence. At a high level, the two modifications are as
follows:

1. We derive, in Lemma 6, an upper bound for the last term in (21), the derivation
of which is complicated by the fact that, conditioned on Fy, this term is the prod-
uct of three correlated random variables: Ay, 7x, and V f (X) T (Dy — D}(“‘e). A
critical aspect of our derived bound is that we isolate a term for the event when
V(X)) (D — D,‘(me) < 0 and 7y < 7;_1, since this happens to be an event
that complicates subsequent aspects of our analysis. In Lemma 9, we prove a high-
probability bound on the sum of the probabilities of the occurrences of this event
over a run of the algorithm.

2. A critical aspect of the analysis in [2] for the deterministic setting is that one can
always tie the reduction in the model of the merit function to a first-order stationarity
error measure (with respect to the constrained optimization problem) due to the
fact that 77("‘&1’“”6 > 7; forall k € N. Unfortunately, however, this inequality is not
guaranteed to hold in the stochastic setting, which is problematic for our purposes
in this paper. To account for this issue, we define an auxiliary sequence {7} (not
generated by the algorithm) such that 7; := min{7, ’];:”al‘true} for all k € [kmax]-
In Lemmas 7 and 8, we analyze behaviors of the algorithm with respect to this
auxiliary sequence, and in Lemma 9 we Provide a high-probability bound on the
total number of iterations in which Z"*""™¢ < 7; may occur. (More precisely,
Lemma 9 considers a superset of the iterations in which this bound may occur,
which serves our purposes just as well.)

The first few results in this section consider properties of algorithmic quantities
conditioned on F. Conditioned on JF, let us define three events:
— Ey1, the event that V £ (Xx) " (Dg — D{™®) > 0;
~ Ey, the event that V £ (Xx) T (D — D{™®) < 0 and Ty = Ty—y; and
— Eyg 3, the event that V £ (Xx) T (Dg — D{™®) < 0 and Ty < Ti—1.

We now derive an upper bound on the final term in (21). In the following lemma,
we use, given k € [kpax], the stepsize values

< . Bk Emin Tmin A= = BréminTr—1
min,k * TminL ¥+ I-v’ min,k * 77{7114 I I—v’ (22)

and Amaxk = A + 0Bt

o
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The first value here represents a lower bound on the smallest stepsize that may be
computed in the event that 7y < 7;_;, whereas the second value is the smallest
stepsize that may be computed in the event that 7, = 7;_; it is easily verified that

“;in, 0 < A;in’ - Hence, Amax « represents an upper bound on the largest stepsize that

may be computed.

Lemma 6 Suppose that Assumptions 1, 2, and 3 hold, and let k; € R_, be defined

<

by Lemma 4. Then, for all k € [kmax ], and with the stepsizes (amin, o ;in, o Amax,k)
defined as in (22), one finds that

Ex[ATiV f (Xi) T (D — D))
< (AmaxkTk—1 — Qi Tmin)kgka M Pr[Ex 3] + OB Ti—1kgkca~'M.
Proof Consider arbitrary k € [kmax ], and for ease of exposition, let us denote Ey ; =
Ex[V (X)) T (D — D}{r“e) |Ex, jlforall j € {1, 2, 3}. By the Law of Total Expectation,

the factthat 0 < tmin < 7x < 7x_1 under E, (20), and the definitions of &S A

min, k> **min, &’
and Amax k, one finds that

Ex[ ATV f (X)) T (D — D))
= Ecl ATV f(X) (D — D) Ex 1 1Pk Ex.1]
+ Bk [Ac Tk V f (Xi) T (D — D) Ege 2P [ Ex 2]
+ BhLACTLY f (X0) T (Dx — D) | Ex 31Px[ Ex 3]
< Amax k Te—1Ex 1Pel Ex 1] + Al 1 Te—1Ex 2Pk [ Ex 2]
+ @ in x Tmin Bk 3Pk [ Ex 3]

Using this inequality, the Law of Total Expectation, (20), and Lemma 4 (E;[ D] =
D,tcme), one obtains three upper bounds by adding and subtracting like terms:

Ei[ATiV f (Xi) T (D — D]
< Amax k Te—1Ex 1 Pr[Ex 1] + Amax k Te—1Ex 2Pi [ Ex 2]
— OB Ti—1 By 2P  Ex 2]
+ Amax k Tx—1Ek 3Pk [ Ex 3] + (@i Tmin — Amax & Ze—1)Ex 3Pk [ Ex 3]
= 0B Te—1Bx 2Pl Ex 2] + (oin 4 Tmin — Amax.k Te— ) Ex 3P Ex 3]
and Ex[AATV f (X)) T (D — D)
< Ak Te1 B i Pel Ex 1] + 08¢ T B 1 Pi Ex 1]
+ Anin x Zk—1Ex 2Pk [ Ex 2]
+ Anin i Te—1Ex 3Pk [ Ex 3] + (@gin g Tmin — Amin x Ze— 1) Ex 3Pk [ Ex 3]
= 0B Tem1Ea APkl Ex.1] + (in  Tmin — Amin x Ze— D Ex 3P [ Ex 3]
and Ex[A¢TiV f (Xp) T (Dg — D)
< i 1 Tmin Bk 1Pk Ex 1] + (Amax k Te—1 — @i g Tmin) Ex, 1 Pe [ Ex 1]
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+ ariin,krminEk,Z]P)k[Ekl] + (A;in,kﬂ—l - a;in’k‘fmin)Ek,zpk[Ek’z]
+ i Tmin Bk 3Pk [ Ex 3]
= (Amax,kTh—1 — ar;in,kfmin)Ek,lPk[Ek,l]

+ (Amink Ze—1 — i 1 Tmin) Ex 2 Pi [ E 2].
From averaging these upper bounds And the definition of Apax k, One obtains

Exl A TeV f (Xi) T (Dr — D)
< 3 Ak + 208D Ti1 — 0min x Tmin) i, 1 Pi[Ex 1]
+ 2 Agink — 0B Ti—1 — ot Tmin) B 2Pi [ Ex 2]
+ 3 Qo Tmin — QAT ¢ + 0B Tk 1) Ex 3Pk Ex 3]
= $(Aginx +20BDTi—1 — i Tmin) (B 1PR[Ex 1] + B 2Py [Ey 2])
— 0B i1 Ex pPrl E 2]
— JQAG + 0BD Tt — 20 Tmin) Ei 3Pk [ Ex 31

(23)

This bound can be rewritten as follows. By the Law of Total Expectation, Lemma 4,

and V f(Xy) € Fr, one finds that

Ei 1Pr[Ex 1] + Ex 2Pr[Ex 2]
= B[V f(Xp) " (Dx — D) — Ex 3Pl Ex 31 = —Ei 3Pl Ex 31,

and along with Lemma 4 one finds that

~Ei 2Pl Ex 2] = —Ei[V £ (X)) T (Di — D) | Ex 21Pe[ E 2]
< B[V £ (X Dk — DNl Ex 2]Pi[ Ex 2]
= E[IVf (Xl Dx — DIl
— Bk LIV £ (X D — DN Ex 1 1Pk [Ex. 1]
—Ex IV f (X Dk — DNl Ex 31Pk [ Ex 3]
< ExlIIV £ (Xl Dk = D]
< g Bi [l Dk — D] < egeay/M.

In addition, Lemma 4 also yields that

—Ex 3PilEx3] = —Ex[V £ (X0) " (Dr — D) Ey 31Pk[ Ex 3]
< Ex[IVS(X)IDx — Dl Ex 31Pk[ Ex 3]
< kgka M Pi[Ey 3].

Combining (23), (24), (25), and (26), the desired result follows.

(24)

(25)

(26)

O
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Now, for all k € [kpnax], let us define
j;{ — min{’Z}, Z{trial,true}‘ (27)

Lemma7 Suppose that Assumptions 1, 2, and 3 hold and let kg € R_, be defined by
Lemma 4. Then, for all k € [kmax], one finds that
Ex[Aq(Xx, Tk, G, Hy, Dp)]
< BilAq(Xx, Ta, V f (X4), Hi, DY)+ (Tt + Tmin) ™' M
+ (Tem1 = Tmin) (ka VM 2icg + VM) + k(M + 36)).

Proof By the definition of Ag in (8), one has that

Ex[Aq(Xk, Tk, G, Hy, Dy)]
Ex[~T(G] Dy + 5 max{D] Hi Dy, 0}) + [lc(Xo)ll1]
Ex[~Ti(G{ Dk — V f(Xi) " DI + L max{D{ Hy Dy, 0}
1 max{(D{") " Hy D™, 0))]
+ B[~ Tk (V £ (X0) T DI + § max{(D{*) " He D™, 0)) + [le(Xi0) 1]
= EdTu(Vf(X0) T D™ — G Dy + L max{(D{™) " H, D{™, 0}
I max{D} HyDy,0)]+ Ex[Aq(Xx. Tk, V £ (X1). He, D{*)].  (28)

Now, for simplicity of notation, define

O = Vf(X )TDtrue . GTDk
+ 1 max{(D}{™) " H; D{™, 0} — 1 max{D, Hy Dy, 0}.

Let E denote the event that Qx > 0 occurs and let E ‘Q denote the event that Q; < 0
occurs. By the Law of Total Expectation and (20), one has that

Ex[7x Okl = Ek[TkalEQ]Pk[EQ]+]Ek[Tka|E IP[ED]
< Te—1Ex[ Ok EQIPIE 0] + TminEx [ Qk | EG 1P E 1.

Therefore, by the Law of Total Probability, Lemma 5, (20), Jensen’s inequality, and
convexity of max{-, 0}, it follows that

Exl[7: Oxl < Ti 1Bk [Ok|EQIPk[E Q] + Thm1 Bl OklEQIPED]
+ (tmin — Ze—1)Ex[ Qx| EGIP[E]
= T 1Ex[ Okl + (tmin — Th—1)Ex[ Ok | EGIPL[E]
= T (VF (X)) D™ — Ex[G] D]
+ 1 max{(D{™®) " Hy D}, 0} — 1Ex[max{D/ Hy Dy, 0}])
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+ (tmin — Te-DE[ Qi | EGIPKE]
< L1 "M + (tmin — Te- B[ Qx| EQIPKE],

and by similar reasoning one finds that

Exl[7x Qi < TminEx[ Ok | EQIPk[E 0] + TminEx[ Ok | E IP[EG ]
+ (Tk—1 — i) Ex[ Qx| EQPk[E ]

Tmin Bk [ Qk] + (Tk—1 — Tmin) Bk [ Qk | EQIPk[E ]
< tmind "' M + (Tee1 — tmin) Ex[ Qi | EQIPA[ E ).

A

Averaging these two upper bounds, one finds that

Ex[7k Ok] < 3 (Tiet + Twmin)t ™' M + S (Ti—t — Tomin) Ex [ Ok | EQIPA[E ]
+ 3 (tmin — Te- DEr[Qk | EIPL[EG). (29)

Our goal now is to bound the latter two terms in (29). Toward this end, observe that by
the triangle and Cauchy-Schwarz inequalities, the proof of Lemma 4, Assumption 3,

(20), Jensen’s inequality, and concavity of the square root over R,

Ex[|V £ (X0) T D™ — G| D]
Ex[|V £ (Xi) T D" — G D1 + Ex[|G] D™ — G| Dx|]
IDF BRIV £ (Xk) — Gill] + Exl Gl D™ — Dy ll]

Kng\/Ek[”Vf(Xk) = GilP1 + kaBellIGi NIV f (Xk) — Gill]

kake BRIV £ (X0) — Gl
+ kB l(1Gk = V £ XD + IV £ XD IV F (Xe) — Gl
< KkakgN'M + kg(M + kgN'M) = kigv'M kg + ' M). (30)

IA

A

IA

IA

In addition, by the Cauchy-Schwarz inequality, the proof of Lemma 4, Assumption 3,
(20), and since ||a||® < 2(lla — b||*> + ||b]|?) for any (a,b) e R" x R",

B [| 4 max{(Dy) T H D, 0} — 4 max(D] Hi Dy, 0}

14 max{(D™) T Hy D, O}|+Ek” max{D] Hka,O}H

< SIHND N + 1 He I Ex [l D 1]

< LIHNDE N + i | Hi | Ex[I|Gll*]

< SIH DN + kI HellEx LG — V£ (X1 + 1V £ (X0)11%]

< %KHKng + KHK§(M + ng) = KHK[%(M + %K;). 3D
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By the Law of Total Expectation, (30), and (31), it follows that
Ex[QrlEQIPk[EQ] = Ex[| Okl EQIPr[E ]
= Ex[1Qkll — Exll Qx| EGIPL[EG]
< Kdm(2/<g + \/M) + KHKdZ(M + %/{é),

and by a similar argument, one finds that
—E[ Q| EQIPLEG] = Exl| Qkll EGIPKEG]
= Ex[1Qkl] — Ex[I Qx| EQIPk[E]
< KaVMQ2ig + VM) + ICHK; (M + %ng) .

The conclusion follows by combining these equations, (28), and (29). O

Our next lemma bounds differences between expected reductions in the model of
the merit function that account for cases when 7; < 7.

Lemma8 Let Assumptions 1, 2, and 3 hold and let kg € R_, be defined by Lemma 4.

Then, forallk € [kmax], with (a3 A Amax.k) defined as in (22) and ﬁ{ defined

3 min,k’ ;ﬁn,k’
in (27), one finds that

Exl A Ag(Xx, Tx, V f (X1), Hy, DI)] — Bx[Ax Aq(Xx, Th, V f (Xi), Hy, DI™)]

2 1
= (Amax,k/];c—l - Ol;lin,kfmin)’(d/fg(l + jKHKd)
and

Ex[ A Ag(Xx, Tk, Gi, Hi, D)1 — B[ Ax Aq (X, i, Gi, Hy, Dy)]

= (Amax,kﬂ—l - a;in’kfmin)’(d(z + kpKka)(M + ng)
Proof Under the stated assumptions and definitions, one finds that
(T = T0) = AcTe — ATk < Amaxk Ti—1 — @i Tmin-

Hence, under the stated assumptions, it follows from the stated lemma and definitions,
along with the definition of Ag in (8) and equation (20), that

Ee[AcAq(Xx, Tx, V £ (Xi), Hic, D)) — Ex[Ax Aq(Xe, Te, V £ (X), Hi, D)
EclAc(Te — TO(V £ (X) T DI + L max{(Df™) T H,. D™, 0))]

T 1 t T tri
< (Amax k Tr—1 — oy 1 Tmin) [V f (Xi) * D™ + 5 max{(D;") " Hy D", 0}
2 1 2.2
=< (Amax,k,];c—l - a;jn’kfmin)(/(d’(g + jKHKng),

and, along with ||a||> < 2(|la — b||*> + ||b||?) for any (a, b) € R" x R”, one finds

Ex[Ax Aq(Xx, Tk, G, Hi, D)1 — B[ A Aq(Xy, i, Gy, Hy, Dy)]
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EclAx(Tk — To)(GY Dy + L max{D}] Hi Dy, 0))]
(Amaxk Te—1 — Oin  Tmin) B [|G} Di + § max{D; Hy Dy, 0}]
(Amax,kﬂfl - Of;lin,,l{'fmin)(/(d + %KgKH)Ek[||Gk”2]

< (Amank Tiot — @i Tmin) (Ka + 331c) QM +12)),

A

IA

which together are the desired conclusions. O

Our next lemma is a critical element of our analysis. For any s € N and § € (0, 1),
let

8

§:= (32)
{ max*lso} kmax
I ()
and
0(s, 8) := s + log(1/8) + \/1og(1/3)2 + 2slog(1/8). (33)

This lemma provides a bound on two quantities with high probability, the first of
which is the sum of the probabilities of the occurrences of event Ej 3 over the run of
the algorithm.

The following lemma also provides a bound on the cardinality of the random index
set,

Ky = {k € [kmay] : T < 7;_1} . (34)

By the manner in which {7}, {Z(trial’tme}, and {73} are defined, this set is always a

superset of the iterations in which ’ZA} < Ti; hence, by bounding the cardinality of
(34), one bounds the cardinality of the set of iterations in which ’fk < Ty, which is
needed for our main theorem. The reason that we consider the set K; in (34) is the
fact that the event 'Z;:“al’true < Ti—1 and its complement are members of Fi; in other
words, the occurrence of the event defined by this inequality does not depend on Gy.

Lemma 9 Suppose Assumptions 1, 2, and 3 hold. Then, for any § € (0, 1),
kmax
P [Z PilEr3] < £(Smax: 8) + 1H >1-3. (35)
k=0

In addition, suppose Assumption 4 holds as well. Then, for any § € (0, 1), (35) holds
and

P [|/cr| < F(Smap&—‘ H >1—86. (36)
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Proof This result is proved in Appendix B. O

Our proof of Lemma 9 uses a novel tree structure for analyzing the behavior of
the adaptive merit parameter sequence in the context of an algorithm for solving
constrained stochastic optimization problems; see also [1, Appendix B] for the use of
such a tree structure in a different context. Starting with the initialization at a root node,
each subsequent level of the tree captures different sets of realizations of the algorithm
in terms of the number of decreases of the merit parameter and the probability that the
parameter will be decreased further in the next iteration. The leaves of the tree represent
either bad situations when the sum of the probabilities that the merit parameter could
decrease exceeds a critical threshold (defined with respect to the function ¢ defined
in (33)) or good situations in which this sum remains below the threshold and the
maximum number of merit parameter decreases has occurred and/or the iteration limit
has been reached. Essentially, in this manner, bad situations are when the algorithm
repeatedly has a high probability of decreasing the merit parameter, but does not do so
a sufficient number of times. The proof of Lemma 9 ultimately relies on applications
of Chernoff’s bound—employed with respect to independent random variables that
are defined carefully with respect to the non-independent random variables in the
stochastic process defined by the algorithm—to show that the probability is small that
the algorithm ends at a bad leaf node.

We are now prepared to prove a convergence rate result.

Theorem 2 Suppose Assumptions 1, 2, 3, and 4 hold, let smax € N\ {0}, letky € R_,
be defined by Lemma 4, define

&min Tmin E_17-1
Amin '= ———— and Apayx i= ——,
min toinl + T an max T L+T

suppose that By = B for all k € [kmax] Where

eV forsome y e (O M} 37)
" Vkmax + 1 © Amax +60 ]

define

M= }(Amax +0B)(7—1 + Tmin)¢ ' M
+ 3 (Amax + 08)(1-1 — Tmin) (kaV'M (25 + /M) + kkg(M + 3k7))
+ Gr_llcg/cd\/ﬁ
KEy = ((Amax +0B)T—1 — AminTmin)Kgka M<,
kag1 = ((Amax +0B)T_1 — AminTmin)kak; (1 + Skpkg) and

kag.2 = (Amax +0B)T-1 — AminTmin)ka (1 + 3xka) (M + k),

and, for all k € [kmax], let ’Zi be defined as in (27). Then, for any§ € (0, 1), it follows
with K* having a discrete uniform distribution over [kmax] and § and € defined as in
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(32) and (33) that, with probability at least 1 — §,

E[Aq(Xk+, T+, V f(Xk+), Hg+, D) E]

= o (710 = fain) + ol + My + ks y Elsmax, 8) + 1)/ vKmar + T
B AminY vkmax + 1

4 2(kpg1y + KAq,ZVZ/\/ kmax + 1) lrz(smax» 8) + 1—‘

(38)
Aminy (kmax + 1) Pt

Proof First, consider arbitrary k € [kmax]. By Lemmas 3 and 6 and equation (20), one
has that

Erl¢ (Xk + Ax Dy, Ti)1 — Exlo (Xk, To)]
< Ex[—ArAq(Xe. Te. V £ (Xi), He, D) + 3 AcBAq (X, Tr, G, Hy, D)
+ ATV f (X T (D — D))
< Ex[—AcAq(Xe. T, V f (X0), Hi, D) + 3 ABAq(Xk, Tk, Gk, Hi, Dy)]
+ (Amax k Tk—1 — @pin g Tmin)Kgka M P [ Ey 3] + 08> Ti— 1k gk M. (39)

Our next aim is to prove that, roughly speaking, one in fact finds that

B¢ (Xi + Ak Dk, Ti)] — Exl¢ (Xk, Ti)]
< =3 AminPEr[Aq (Xx, Tk, V f (Xk), Hy, D)1 + “noise.” (40)

Such a bound does not follow directly from (39) since the first term on the right-hand
side in (39) involves a model reduction with respect to 7; (which cannot be tied to
a stationarity measure), whereas the first term on the right-hand side of the bound in
(40) involves a model reduction with respect to ’]A} (which can be tied to a stationarity
measure). Toward the aim of proving a bound of the form in (40), first observe that it
follows with Lemma 7 that

Ex[—AcAq(Xi, Te. V f(Xi), He, D) + LA BAq(Xk, Tr, G, Hye, Dy
+ (Amax k Tk—1 = Ui g Tmin)Kgka M Pk [ Eg 3] + 08> Ti—1kgkcaN'M
< —AminBE[Aq (X, Tk, V f (X), He, DI™)]
+ 3 (AmaxB + 087 BE [ Aq Xk, T, G, Hi., Di)]
+ ((AmaxB + 087 Tkt — AminBTmin)kgka M Pl Ep3] + 0B Ti— 1k gkaN'M
< —(Amin — 3(Amax + 0)B)BE[Aq(Xi. Tu, V f (X). Hy, D{™)]
+ $(Amax + 0B (Tim1 + Tmin)¢ ' M
+ 3 (Amax + 0B) B> (Tk—1 — Tmin) (kaV'M 2ucg + v/ M) + k(M + 3k7))
+ ((Amax + 08 Tem1 — AminTmin) BKgka M Pk [ Ex 31+ 0> Ti1kcgka~'M
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< _‘Amm,BEk Aq(Xg, Te, V.f(Xy), Hi, D)
+ gy BPk[Ex 3] + MB?, 41)

where the final inequality follows due to the fact that (Apax + 68)8 < Amin holds by
the definitions of 8, ¥, Amin, and Amax.

Letus now combine (39) and (41) to prove a bound of the form in (40) by considering
two complementary events. In particular, let Ey ; be the event that 7M™ < 7;

and let Ef . be the event that 7, wialtue: 7. _|. Observe that Ex ; and E¢ i only

depend on the history of the algorlthm prior to iteration k and thus the U—algebras
enerated by Ej ; and EC are included in Fj. Therefore, by [15, Theorem 4.1.13],

g Y Lk, k.7 y

for any random variable Z, we have

Ek[Z|Ek -] = Ex[Ex[Z]| Ex, ] and E[Z|E} ] = Ex[Ex[Z]| E} 1. (42)

Hence, we can use Lemma 7—and Lemma 8 as well, which is used below—even if
one conditions on the occurrence of Ey ; or of Ec o Let us now consider Ec kot and
Ej. ¢ in turn. Conditioning on Ef ko> one finds from (39), (41), (42), and the fact that

,];{mal ,true > T > T = ’]7( (by (27)) in Ek,r that

Er[¢(Xx + Ak Dk, TO|E; 1 — Exlo (Xk, To) | Ey ]
= Ex[Exlo (Xk + Ak Di, Tx) — ¢ (Xi, T E ]
< Exl—AxAq(Xx, Ta, V f (Xx), Hi, D™
+ 3 ALBAG(Xy, Tx, G, Hy, D)IEf ]
+ (Amax k Te—1 — Oyin 4 Tmin)Kgka M PeLEg 3| Ef 1+ 08> Ti—1kgka v/ M
= B[~ AcAq(Xi, Te. V £ (X0), Hi, D™
+ 1 ABAG(Xk, Tt G, Hi, Dy)|E} ]
+ (Amax i Tk—1 — yin 4 Tmin)Kgka M P Eg 3| Ef L1+ 08> Ti1kgkcav/'M
< — 3 AminBE[Aq(Xy, Tt V f(Xk). He, D*)|Ef ]
+ ks BPr[Ex 3| Ef ] + Mp>.

On the other hand, one finds from (39), (41), (42), and Lemma 8 that

Exl¢ (Xk + Ak D, Ti) | Ek,r] — Ex[¢ (Xk, Ti)| Ex 2]
< Ex[—AAq(Xk, T, V f (Xi), Hi, D
+ S ABAG(Xk, Tk, Gk, Hi, Di)|Ex ]
+ B[~ Ak Aq(Xk., T, V f (Xx), Hy, D™
+ S AeBAG(Xy, Tk, Gr, Hi, Di)|Ey.c]
— B[~ AxAq (X, T, V f (Xp), Hy, D™
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+ YA BAG(Xy, Tk, G, Hy, D)l Ey. ]
+ (Amax k Tk—1 — @i 1 Tmin)Kgka M P [ Ey 3| Ex ¢ ]
+ Gﬁzﬂ_lkglcdm
Ex[—Ar Aq(Xk, Tx, V f(Xk), Hi, D™
+ YA BAG(Xk, Tk, Gk, Hi. D)l Ex ]
— L AminBEA[AG(Xk, Te, V £ (Xi), Hi, D) Eg ¢
— B[~ AxAq (X, T, V f (Xk), Hy, D™
+ S ABAG(Xk. Tk, Gi, Hi, Di)|Er.c]
+ gy BPLEx 3| Ex ] + MB?
— % AminBE[AG(Xi, T, V f (Xi), Hi, DY) Ex ]

IA

IA

+ (Amax kT 1 — Gyin 1 Tmin)kak g (1 + SKrica)
+ 5 (Amax k Tk -1 — G Tmin)ea (2 + K ica) (M + 1) B
+ kg BPLEx 3| Ex.c] + MB?
— 3 AminBE[AG Xy, Tk, V f (Xi), Hi, DY) Ep ]
+ k3 BPLE 3| Exc] + MPB* + kag.1 B+ kag 2B

IA

Hence, by the laws of total probability and expectation, one finds that

Ex[¢(Xx + Ak Dk, Ti)] — Ex[é (X, Ti)]
= (Exl¢(Xx + AxDr, T)|Ek,c] — Ex[¢ (Xi, Ti) | Ex, e DPr[ Ex. <]
+ (Exlg (Xk + Ax D, To) | Ef 1 — Eild Xy, To) | ER  DPRLES ]
< =3 AninBELAG(Xy, Tk, V £ (Xi). Hi, D))
+ Ky BPLLEx 3] + MB? + (kag.1 B+ kag 2B*)PilEx <.

Summing this inequality for all k£ € [knyax] yields

kmax
> (Bl (Xk + AeDr, To)l — Eilgp (Xi, TOD)
k=0
kmax R
< Y (=5 AminBEAG(Xk, Tt V £ (Xi), Hi, D*)])
k=0
kmax —
+ Y (kes BPULER 3] + (kg1 B + kag 2BYPRLEx 1) + (kmax + DMPB?.
k=0
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Next, by Lemma 9, it follows that, with probability at least 1 — §, one finds

kmax
D (Bl (Xx + Ax D, To)] — Exlg (Xx, To))
k=0
kmax R “
< —3AminB Y EilAq(Xp, To, V £ (X0), Hi, D)) + ks B(E(Smax, 8) + 1)
k=0

€(Smax, 8) + 1

T

+ (Kag1 B+ Kag2B%) ’7 —‘ + (kmax + DM B>

Taking the total expectation (conditioned on E) of the above inequality,

kmax
> (E$(Xi + Ak Dx, To) | E] — Elp (Xx, To)|ED)
k=0
kmax n "
< —3AminB Y E[Aq(Xy, Ti, V £ (Xi), Hi, D) E] + K3 B (Smax, 8) + 1)
k=0
(smax. 8) + 1 —
+ (kaga B + kag2B%) {uw + (kmax + DMB?. 43)
The left-hand side of this inequality satisfies
kmux
> (Elp Xk + ArDx, T)| E] — Bl (Xx, To)|E])
k=0
kmax
=> (Em(ﬂxk + ADy) = finin) + lle(Xx + A D) 1| E]
k=0
— E[T(f (X) = fmin) + ||c(xk)||1|E]>. (44)

Since {7;} is a non-decreasing sequence and f(Xx) > fmnin, one finds
—E[7x (f (Xx) = fmin) + c(X)IMIE] = =E[ZT4—1(f (Xi) = fmin) + lc(X) 1] E].
Thus, from (44), it follows that
kmax
Z(]E[¢(Xk + Ak D, T) | E] — E[¢ (Xi, To) | ET)
k=0
> E[ T (f Kk +1) — fmin) + ¢ Kb+ D IHET = T=1(fo — fmin) — llcolln
> —7-1(fo — fmin) — llcoll1-
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Combining this with (43) and dividing by Apin ka“x B, one obtains that

Kmax
LN BlAq(. B, V (X0, Hy, DI)IE]
2420 B ko
5 (r—l(fo — fmin) + llcoll1 + Gemax + DMB2 + iy B(E(smax, §) + 1))
mmzkmax
n 2kaq.1B + Kag.2B%) V(smax, 8) + 1—‘
mmzkm" D
Hence, by the definitions of K* and 8, the desired conclusion follows. O

The following corollary translates the result of the preceding theorem to a result
pertaining to a stationary measure of (1); recall (2).

Corollary 1 Under the assumptions, conditions, and definitions of Theorem 2, it holds
with probability at least 1 — § € (0, 1) that
E}

1 (fo — fmin) + lcolls + My?
KqTmin AminY v/kmax + 1

kY (C(smax, 8) + 1)
kg TminAminY v/ kmax + 1

2k a1V + Kag 2/ VEmax + 1 1)) F(smax, 8 + 1]

Kg Tmin AminY (kmax + 1) Pt

3 + l[e(Xk)

g | VS Xk + J(Xg#) TYise)?
Ky

< 2(Kq;+l)(

+2(kg + 1) (

+(Kw+1)<

Hence, the complexity bound described in Sect. 2.2 (see (5)) holds.

Proof The result follows by Lemma 1, Lemma 2, Theorem 2, and (13), which implies

that |V f(Xg+) + J(Xg=)TYE|| = | He= D4l < k|| DE4|. The worst-case
complexity bound in Sect. 2.2 follows by comblmng this result with the definitions of
KEs» KAg,1> KAg,2> and Lemma 21 in Appendix C. O

This result, as well as that of Theorem 2, is proven under the assumption that
Smax > 1. When spax = 0, this result simplifies to a deterministic complexity bound
with the terms dependent on spax and § omitted. Under the condition spmax = 0, the
proof follows by noting that Px[Ey 3] = Px[Ex, -] = O for all k € [kmax] (Where Ej ;
is defined in the proof of Theorem 2) along with a similar argument to the proof of
Theorem 2.

Again, we remark that this result, when viewed in terms of the squared norm of
the gradient of the Lagrangian, matches the worst-case complexity of the stochastic
gradient method for the unconstrained setting [14].
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4.5 Complexity result for symmetric sub-Gaussian distributions

In this section, we show that if each stochastic gradient is unbiased with a symmetric,
sub-Gaussian distribution and (for simplicity) the ratio parameter sequence remains
constant, then the conditions involved in Assumptions 3 and 4 and the event E in (15)
occur with high probability. Specifically, this is shown under Assumptions 1, 2, and
Assumption 5 below, where it is important to note that Assumption 5 conditions on
elements of Gi, not Fj. Overall, our analysis in this section shows that if one makes
Assumptions 1, 2, and Assumption 5, then one can be assured that the conditions
required for Assumptions 3 and 4 and the event E occur with high probability, meaning
that if, in turn, one makes Assumptions 3 and 4 and assumes that E occurs, then our
main results of the prior subsection hold.

Assumption 5 There exists M € R_, such that, for all k € [kmax],

E[GklGk]l = V f(Xk)
and E[exp(|Gx — V f(Xp)|I*/M)|Gi] < exp(1), (45)

and the random vectors Gy — V f(Xy) and V f(Xy) — G have equal distributions.
Finally, for all k € [kmax], the ratio parameter =y, satisfies Ey = Enin-

Our first lemma shows that, under Assumptions 1, 2, and 5, an inequality of the
form in Assumption 4 holds.

Lemma 10 Under Assumptions 1, 2, and 5, it follows for all k € [kmax] that

P[G{ Dy + max{D} HyDy,0} > V f(Xp)" D™ + max{(D{"*)" H D™, 0}|Gx] > 1.

Proof Consider arbitrary k € [kmax]. Let Z; be a basis for the null space of J(Xy),
which under Assumption 1 is a matrix in R#x(=m) Then, let Wi € R"™ be such
that Uy = Z; Wy, and let W™ € R"™" be such that U™ = ZW;™. By (7),
ZiWi = —Zi(Z] Hk Z) 7' Z]] (Gi + Hy Vi), so that

G| Dy + D{ Hi Dy
1/2 1/2 — 1/2 1/2
= V{121 - B 2(z] B 2o 20 1P PG+ 1YV

and similarly

Vf(Xk)TDtt‘ue (Dtrue)THk D[t{rue

1/2 1/2 — 1 2
= v/ 21 - 172l B 20) 7 Z] )

PV F (X0 + HP V).

)(H,
Hence, when conditioned on Gy, the random variables

G,jDk +max{D,ijDk 0} — Vf(Xk)TD‘“‘e max{(Dtme)TH D 0}
= V' 12U - B2z Bz 2] B G- V(X))
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and

V f(Xp) " DI + max{(DI") " H; D™, 0} — G| Dy — max{D, Hj Dy, 0}

2 2 _ 2 —1/2
= VB2 - H70Z] Bz Z] B HT PV (X - G)

are equivalent in distribution by Assumption 5. Therefore,

P[G] Dy + max{D]] Hy Dy, 0} — V f(X) " DI
— max{(D{™) " Hy D™, 0} > 0/Gx]
= P[Vf(Xx)" D™ + max{(D{™) " H; D™, 0}
— G} Dy — max{D] Hy Dy, 0} > 0|Gy]

and
1 = P[G] Dy 4+ max{D; Hy Dy, 0} — V f(X;) " Di™®
— max{(D{™) " Hy D™, 0} > 0/Gx]
+ ]P)[Vf(Xk)TD;(rue + max{(Dltcrue)THlet(rue’ 0}
— G| Dy — max{D Hy Dy, 0} > 0[Gx]
_ P[Vf(xk)TDltcrue + max{(D]t(rue)THletcrue’ O}
— G| Dy — max{D} HDy, 0} = 0|Gy],
which combined leads to the desired conclusion. O

Next, we state a result based on well-known properties of sub-Gaussian random
variables. This lemma follows in the same manner as [21, Lemma 5].

Lemma 11 Suppose Assumption 5 holds. Then, for any § € (0, 1),

k 1
IED|: max |Gy — Vf(Xp)| < \/M (1 + log (M))} >1-34.
kelkmax] 1)

We conclude by showing that, under Assumptions 1, 2, and 5, the conditions
involved in Assumption 3 and E occur with high probability.

Lemma 12 Suppose that Assumptions 1, 2, and 5 hold, let k, € R>0 be such that
max{|| Vkll2, ||Vk||%} < kyllc(Xp)ll2 for all k € N (whose existence follows from
Assumption 1 and [2, Lemma 2.9]), let k. be an upper bound for ||c(Xy)l|2 for all
k € N (whose existence follows from Assumption 1), and define

k 1
Kepin ‘= Ko <Kg + \/M (1 + log (%))
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+ K?H (\/M (1 + log <%>> +Kg+¢ +KHKUKC>>.

Then, for any 6 € (0, 1), it follows with probability at least 1 — § that the conditions
in Assumption 3 and event E hold with

k 1 1—o)(1 —
M, :\/M (1 + log (—max; )) Tmin = (d=o) —e) ‘I’C)( ef),
Tmin
1 T 1Kty
0g ((1—a)<1—e,))

log (ﬁ)

Proof By Lemma 11, the event considered in that lemma holds with probability at least
1 — 4. Hence, for the purposes of this proof, suppose that event holds. By Jensen’s
inequality, convexity of exp(-), and (45), it follows that

and Smax = min { kpax + 1,

E[IGx — Vfxol?1Gk] < M.

In addition, it follows from the event in Lemma 11 that (19) holds with M as stated in
the lemma. This accounts for Assumption 3. Now consider event E. First, it follows
from the arguments of [2, Lemma 2.15 and 2.16] combined with the eventin Lemma 11
that 7 > Tmin and ’];:”al‘true > Tmin for all k € [kmax] for Tmin as stated in the lemma.
Second, it follows from the stated value of T, and (16) that |{k € [kmax] : Tx <
Ti—1}] < Smax for smax as stated in the lemma. Finally, the desired behavior of {Z}}
follows from Assumption 5. O

4.6 Adaptive ratio parameter

In this section, we state a convergence rate result, which can be translated to a worst-
case complexity result, that relaxes the definition of the event E considered in prior
sections. In particular, we remove the assumption that Z; = &yin € (0, co) for all
k € [kmax]- Importantly, it has been proved in [2, Lemma 3.5] that, under our remaining
assumptions, there still exists &min € (0, 00) such that &y > &y for all k& € [kmax].
Therefore, by the manner in which the ratio parameter sequence is set, it follows that
there exists a maximum number of k € [kmax] such that Zy < Zj_1. Denoting this
limit as rmax € N, it follows (for the same reasons as the bound for s, in (16)) that

ro < min {kmax Ll Fog(émin/g—l)—‘} .

log(1 — €z)
To formalize our new assumption, we define
Eé := E(kmax, Smax> 'max> Tmin»> &min)
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as the event such that

— Ti = Tmin > 0 forall k € [kmax],
TN > i > O forall k € [kmax],
— Ef > &min > Oforall k € [kpax],

I{k € [kmax] : Tx < Tk—1}] < Smax, and
l{k € [kmax] : Ex < Ex—1}| < Fmax.

Since {Z}} is bounded below deterministically, this event is identical to the event E
defined in (15), except that one may have £€_; > &piy.
For the purposes of this section, redefining

Prl-] :=P[-|Eg, Gk] and Eg[-] := P[-|Eg, G],

our analysis of this case considers the following replacement of Assumption 3. Like
in Assumption 3, the latter part of the assumption only needs to involve probabilities
and expectations conditioned on the event that one or the other parameter decreases,
ie., 7y < Tx_1 and/or B} < &j_1.

Assumption 6 There exists M € R_, such that, for all k € [kmax],
E[Gi] = V£ (Xi) and Ex[IGx — V(X031 < M.
In addition, there exist (M, My, M3) € R3>0 such that, for all k € [kmax],

either P4[V f(Xp) " (D — D)) <0, T < Tx—1, Ex = Ex—1]1=0
or BxllGr — VXV F(X0) " (Dx = D)) < 0, Tk < Tr—1.
Ep = Ep-1] < My;
either P[V f(Xi) " (Dx — D)) < 0, Tk = Ti1, Bk < Ex-11=0
or Bxll|Gr — VFXOIIVf (X)) (Dx — D)) < 0, T = Tr—1,
Er < Er—1] < Mp;
and either P[V f(Xz)' (Dx — Di™)) <0, T < Tr—1, Ex < Ex_11=0
or Bx[l|Gr — VXNV f(X) T (Dx — D)) < 0, T < Tp—1,
Er < Er—1] = Ms.

We claim that this assumption holds with high probability under Assumption 5
(without the assumption that =y = &y, for all k € [kpax]), a result that can be derived
by modification of the techniques used in Sect.4.5.

The complexity analysis for this case follows by essentially the same arguments as
those used to derive a complexity result under Assumption 3. A slight modification of
Lemma 6 is needed to include the three events related to the sign of V f () T (D —
D;™"®) that appear in Assumption 6 (as opposed to the one in Assumption 3), which
yields a result in terms of the probabilities of these three events. Then, a slightly
modified Lemma 9 and the union bound can be applied two additional times to derive
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a complexity result. Since the analysis is a similar, but tedious extension of the results
in Sect. 4.4, we simply state the extension of (5) to this case without proof.

Theorem 3 Suppose that Assumptions 1, 2, 4, and 6 hold and consider arbitrary
6 € (0, 1). Then, within kmax + 1 iterations, it holds with probability at least 1 — § that
the algorithm generates xy+ € R" corresponding to which there exists an associated
Lagrange multiplier yi** € R™ such that

B[V fir + Jie vt N> + llew I Ee]
_ O<T—1(f0 — fiow) + llcollh + M
kmax + 1
+ (t—15-1 — Tmin&min) ((Smax + "max) 102(kmax) + log(1/6)) >
Vimax + 1

5 Conclusion

We proved a worst-case complexity bound (in terms of iterations, function evaluations,
and (stochastic) derivative evaluations) for the stochastic sequential quadratic opti-
mization method for solving optimization problems involving a stochastic objective
function and deterministic equality constraints proposed in [2]. While key to the prac-
tical performance of the algorithm, the adaptivity of the merit parameter introduced
a number of theoretical challenges to overcome. Under mostly standard assumptions,
we proved that, with high probability, a measure of primal-dual stationarity decays
at a rate of k—* (ignoring log factors), which translates into a worst-case complexity
bound on par with the stochastic gradient method in the unconstrained setting.
While our analytical approach has been developed for an SQP method that uses an
£1-norm exact merit function, it may be applicable to a wide variety of algorithmic
frameworks for constrained stochastic optimization. For example, our approach may
be modified to apply to methods that adaptively update critical parameters at each
iteration, such as adaptive penalty methods [5, 6, 22], adaptive augmented Lagrangian
methods [11], adaptive barrier methods [27], and penalty-interior point methods [10].
In addition, many constrained optimization algorithms generate (often unconstrained)
subproblems defined by an auxiliary parameter sequence that is updated dynamically
based off of the solution to the previous subproblem. Algorithms of this type include
penalty methods, augmented Lagrangian methods, and interior point methods [28]. In
cases when the objective is stochastic, this auxiliary sequence would also be a random
process, in which case analyzing the behavior of such a process would be paramount
to proving a complexity result for such a method. We believe that the techniques that
we have devised for this paper are broadly applicable and foundational for performing
complexity analyses of deterministically constrained stochastic optimization methods.

Funding Funding was provided by National Science Foundation (Grant Nos. 2030859, CCF-2008484) and
Office of Naval Research (Grant No. N00014-21-1-2532).
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A Proof of Theorem 1 (Deterministic Algorithm Complexity)

In this appendix, we prove Theorem 1, which states a worst-case complexity bound
for Algorithm 2.1 of [2]. We refer to quantities defined and employed in the analysis
in [2]. In particular, in this appendix, for all k € N, we suppose that gy = V f(xx)
and dy = up + v with uy € Null(Ji) and vy € Range(JkT) is the search direction
computed by solving the SQP subproblem with g = V f(xr). As seen in [2], the
convergence properties of Algorithm 2.1 in that paper are driven by reductions in a
model of the merit function in each iteration. Our first lemma proves a useful lower
bound for such a reduction.

Lemma 13 Deﬁne (KMU7 KH, Ky, Tmin, {7 0) € (O’ OO)S X (Oa 1) as ln [2] and let

1
f:=min{l, ———— % and & = Lew,piyk. 46
{ (1 “I‘Kuv)KvKlzq} 4§ uvky (46)

Then, for any ¢ € (0, 1), if ||gx + JkTka > ¢ and/or \/||ck|l1 > &, then
Aq (e, T, 8k, Hi, di) = min {o&, tmink | 7. 47)

Proof Consider arbitrary (e,k) € (0,1) x N such that ||gx + JkTka > ¢ and/or
ek ll1 > €. Let us consider two cases. First, suppose that ||cx|l1 > <&2. Then, by [2,
equation (2.9)],

Aq(xi., T, 8. Hi, di) > St max{d, Hdy, 0} + o e |l = ollck |1 > oke?,
which implies (47), as desired. Second, suppose that ||ck|l; < ®e? < ¢2, which by
the definition of (¢, k) implies that || gx + JkT vkl > e. It follows from this fact that
ldi|l > €/xm;indeed, if ||di|| < &/kn,thenby [2, equation (2.6) and Assumption 2.4]
one would find

ligk + T yell = | Hedll <k lldell < e,

which is a contradiction. Hence, ||di|| > €/kp, and by [2, Lemma 2.9], it follows that
loell? < ko llerll < kollcklll < kyke?, which combined shows that

2,2 2 2 2 2 52
e iy < Ndicll” = Nuxll” + Noell™ < lNugll” + woice”.

From this fact and the definition of &, it follows that

2 2
£ e 1
el > — — kye® = — (1= ———
K (1 + xuw)

KMUSZ

~ o2 2
= U 2 fwkeoke” 2 cuv vk 1%,
uv )k g

@ Springer



F.E. Curtis et al.

which along with [2, Lemma 2.10] implies &, Hidi > 3¢ |ukll® = ¢kuvkoke’.
Thus,

1 T 1 s 2
Aq (Xk, Tk 8k Hie, dk) = 5t max{dy Hidi, 0} + o llckllt = 3 Tmind kuvkvk €™,

which implies (47), as desired. O

We now prove Theorem 1, further details of which are provided in the statement
below.

Theorem 4 Define (7_1, fiow, @min, Tmin, 1, 0) € (0,00)* x (0, )? as in [2] and
(k,K) € (0,1] x (0, 00) as in (46). Then, for any ¢ € (0, 1), Theorem 1 holds with
(4) given by

_ <r1(f0 — fiow) + llcollt ) o2

K, = " =
N0min MIN{OK, Tmink}

Proof To derive a contradiction, suppose (3) does not hold for all k£ € {0, ... ,fg}.
Then, along with Lemma 13 and [2, equation (2.10) and Lemma 2.17], it follows for
all such k that

¢ Ok + adye, ) — ¢ (xg, ™) < —nagAq (xXk, Tk, gk, Hi, di)
< —Nomip Min{ok, Tmin/z}82-

By the definition of ¢, this means for all such k that

T fir1 + ekl < T fie + llckllt — notmin Min{o &, Tmink }&2.
Summing this inequality for all k € {0, ..., ?E}, one can deduce that
.
lleg, 41— lleoll + T, f, 41 — T0fo + Y, filtio1 — ™)
k=1

=< _(ES + D namin min{ok, Tmin/;}ez-

Since {tx} is monotonically nonincreasing, ||CE 1l = 0, and fi = fiow for all
k eN,

— A o
—llcolls + ngflow —70.fo + fiow(T0 — Tfs) < — (K¢ + Dnamin min{ok, Tmink }e”.
Rearranging this inequality, one arrives at the conclusion that

70(fo — fiow) + ||C0||1)8_2 - (T—l(fo — fiow) + ||CO||1) o

" ~ p - S - = E&
N0min MIN{OK, Tmink} N0min MIN{OK, Tiyink} '

E+15<

which is a contradiction. Therefore, one arrives at the desired conclusion that Algo-
rithm 2.1 yields an iterate satisfying (3) in at most K iterations. O
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B Proofs of Lemma 9

In this appendix, we prove Lemma 9. Toward this end, we prove for any § € (0, 1)
with 8 as defined in (32) and £(Smax, 8) as defined in (33), one finds

kde
P[me < T 1| Fel < Llsmax. §) + 1H >1-5. (48)
k=0

We build to this result, ultimately proved as Theorem 5, with a series of preliminary
lemmas.

As our first preliminary result, we state a particular form of Chernoff’s bound [31]
in the following lemma, which will prove instrumental in deriving (48).

Lemma 14 For any k € N, let {_Yo, ..., Yi} be independent Bernoulli random vari-
ables. Then, for any s € N and § € (0, 1), it follows that

k k
=Y PlY;=11>0(s.8) = P|> ¥j<s|=<4. (49)
j=0 j=0

Proof Suppose that & > £(s, §). By the multiplicative form of Chernoff’s bound, it
follows for p := 1 — s/u (which is in the interval (0, 1) by (49)) that

k

_1 o I Y
E:ijs <e 1M —¢ Fud S/u).
j=0

1 _
Hence, to prove the result, all that remains is to show that e~ 2n(=s/w? < §,i.e., that
—%,u(l —s/pn)? < log(8). Using log(s) = —log(1/$), this inequality is equivalent
to

0= 3u(1 —s/w)* —log(1/8) = 5 ( — 5)* — log(1/5),
which holds if and only if u? — 2u(s + log(1/8)) + s> > 0. Viewing the left-hand

side of this inequality as a convex quadratic function in x, one finds that the inequality
holds as long as w is greater than or equal to the positive root of the quadratic, i.e.,

s +log(1/8) + \/(s +1log(1/8))? — s2 = s +log(1/8) + \/log(l/5)2 + 2slog(1/8).

This holds since u > £(s, 3); hence, the result is proved. O

Now, we turn our attention to proving (48). For any realization of a run of the
algorithm up to iteration k € [kmax ], let wy denote the number of times that the merit
parameter has been decreased up to the beginning of iteration k and let p; denote the
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probability that the merit parameter is decreased during iteration k. The signature of
a realization up to iteration k € N is (pg, ..., Py, wo, - . . , Wk), which encodes all of
the pertinent information regarding the behavior of the merit parameter sequence up
to the start of iteration k.

One could imagine using all possible signatures to define a tree whereby each
node contains a subset of all realizations of the algorithm. To construct such tree,
one could first consider the root node, which could be denoted by N (Po, wo), where
Do 1s uniquely defined by the starting conditions of our algorithm and wo = 0. All
realizations of our algorithm follow the same initialization, so p, and wo would be
in the signature of every realization. Now, one could define a node N (Prp> wik)
at depth k € [kmax] (Where the root node has a depth of 0) in the tree as the set
of all realizations of our algorithm for which the signature of the realization up to
iteration k is (pg, - . ., Pg, Wo, - - ., Wk). One could then define the edges in the tree by
connecting nodes at adjacent levels, where node N (Prxy» wik)) is connected to node
N (Pik1s Pks1> Wik)> wi+1) forany pey € [0, 1] and wyt1 € {wk, wi + 1}

Unfortunately, the construction described in the previous paragraph may lead to
nodes in the tree representing realizations with probability zero occurrence. In order
to remedy this, we instead construct a tree where the nodes contain all realizations
whose probability signatures fall within specified intervals. To define such intervals,
consider arbitrary B € N \ {0} and let us restrict the sequence of values pyx] used to
define our nodes as those with

okl
Pk = (Pos ... pi) € {0, 5, ..., BT (50)

For p € {0,1/B, ..., (B — 1)/B}, these define the open probability intervals ¢(p)
given by

Now, we can construct our tree as follows. As before, first consider the root node,
which we denote by N(pg, wo), where po € {0,1/B, ..., (B — 1)/B} is uniquely
defined by the starting conditions of our algorithm so that P[7y < 7_1|Fo] € t(po)
and wo = 0. All realizations of our algorithm follow the same initialization, so with
po = P[7y < t_1]|Fo] one finds that py € t(pg) and wg are in the signature of
every realization. We define a node N (pk], wik)) at depth k € [kmax] as the set
of all realizations for which the signature of the realization at iteration k exactly
matches wyx) and has probabilities that fall within the intervals defined by pp; i.e.,
a realization with signature (P, wik) is @ member of N (pik), wix)) if and only if,
for all j € [k], one finds that p; € «(p;). The edges in the tree connect nodes in
adjacent levels, where N (px], wik]) is connected to N (pk], Pk+1, Wk], Wk+1) for
any pi4+1 € {0,1/B, ..., (B — 1)/B} and wiy1 € {wg, wx + 1}.
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Notationally, since the behavior of the algorithm up to iteration k € N is determined
by the initial conditions and stochastic gradients in Gx_1}, we write

Gii—1] € N(pixy, wik))

to denote the event that the signature of the algorithm up to k is a member of
N (pik), wikp). The initial condition, denoted for consistency as G[—1] € N(po, wo),
occurs with probability one. Based on the description above, the nodes of our tree
satisfy: For any node at a depth of k > 2, the event Gx—1] € N (px], wik)) oceurs if
and only if

P[Tk < Te—11Fk] € v(pi)s
k=1
Si-1:= ) IITi < Ti1] = wy, (51)
i=0
and Gk—21 € N(plk—11 Wik—11)s

where Z[-] denotes the indicator function of any given event.
Let us now define certain important sets of nodes in the tree. First, let

k

Egood = {N(P[k], w[k]) : (Z DPi < £(Smax, 3) + 1) A (W = Smax V k = kmax)}
i=0

be the set of nodes at which the sum of the elements of py is sufficiently small and
either wy has reached spmax or k has reached kpx. A node in this set is of interest
since, due to the iteration and/or merit parameter decrease limit having been reached,
the probability is zero that a certain “bad” event can occur over all realizations with
signatures that are members of the node; see Lemma 15 on page 38. Second, let

k
Lpad = {N(P[k], Wik)) ZP:’ > £(Smax. 8) + 1}
i=0

be the nodes in the complement of Lg40q at which the sum of the elements of pyx) has
exceeded the threshold £ (smax, 3) + 1. A node in this set is of interest since, due to
this threshold having been exceeded, all realizations with signatures that are members
of this node correspond to poor behavior of the algorithm (and there is no need to
consider the behavior of the algorithm beyond this point). Going forward, we restrict
attention to the tree defined by the root node and all paths from the root node that
terminate at a node contained in Lgo0d U Lpad- It is clear from this restriction and the
definitions of Lgo0d and Ly, that this tree is finite with the elements of Lgo0d4 U Lbad
being leaves.

Let us now define relationships between nodes. The parent of a node is defined as

P(N(pi1» wik)) = N(Ple—11, Wik—11)-
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On the other hand, the children of node N (px}, wix]) are defined as

{N(pik1> Pr+1> Wik, werD)} i N(pep, wik)) € Leood YU Load

C(N , W =
(N (pk1> wixy)) {@ otherwise.

This ensures that paths down the tree terminate at nodes in Lg00d U Lpad, making these
nodes the leaves of the tree. For convenience in the remainder of our discussions, let
cw) =40.

We define the height of node N (px, wik)) as the length of the longest path from
N (pik), wik)) to a leaf node, i.e., the height is denoted as

h(N(pix), wik))) = (min{j e N\ {0} : C/(N(pw, wiw)) = @}) -1,

where C/ (N ( Plk]> Wik1)) is shorthand for applying the mapping C(-) consecutively j
times. From this definition, 2 (N (pyx), wix))) = 0 for all N(pik}, wik)) € Lgood U Load-

Next, let us define two more sets of nodes that will be useful later. Let
Caec (N (px), wik))) denote the set of children of N(px), wik)) such that the merit
parameter decreases and let Cgec(N (pk]> wik))) denote set of children of N (px, wik))
such that it does not decrease, so

Cdec (N (pii1> wik))) == {N(P[k]> Pi+1, Wik]» Wit1) -
(N(prx1s Pr+1, Wik, Wkt1) € C(N(pie), wik))))
A (W1 = wg + 1)} (52)

and
Céec (N (P11, wix)) = {N(P[k]> P41, Wik]> Wkt1)

(N(prx1s Pr+1, Wik, wir1) € C(N(prey, wiky)))
A (Wi+1 = wy)}. (53)

Finally, let us define the event Ep,q,p as the event that for some j € [kmax] One
finds

J
Y PIT < Tii|Fil > Llsmax, 8) + fmHl 1] (54)
i=0

With respect to our goal of proving (48), the event Epyq, g is of interest since it is the

event that the given probabilities accumulated up to iteration j € [kmax] (and beyond)

exceed the threshold found in (48) plus a factor that is inversely proportional to B.
Let us now prove some properties of the leaf nodes.

Lemma 15 Forany k € [kmax] and (pix), wik)) with N (pix), wik) € Lgood, one finds

P[Gk—11 € N(pix), wik) A Epaa,B|E] = 0.
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On the other hand, for all k € [kmax] and (ppiy, wixy) with N (piiq, wix) € Lbad, one
finds

P[Gk—11 € N(pik)» wik) A Epaa,B|E]

k
< SH]P’[P[Z < Tio1|Fil € u(p)|E, Si—1 = w;, Gli—2) € N(pji—1}, wii—1)] -
i=1

Proof Consider an arbitrary index k € [kmax] and an arbitrary pair (px], wix]) such
that N (pk), wix)) € Lgood- By the definition of Lyoo4, it follows that

k

> pi < smax. ) + 1. (55)
i=0

Since the maximum depth of a node is kmax and the gap between the discrete values
in (50) is ., it follows along with (55) that

k
P [ZP[Z < Tt Fil > €lsmax, 8) + ol 4 1‘E, Glk-11 € N(pix» w[k])i|
i=0

k
<P |:Z (Pi + %) > (smax, 8) + Amatl 4 1‘E, Gik—11 € N(piiys w[k])i|
i=0

< Peman ) + 551 +1 > €loma, &) + S5 + 1| EL Gy € N oy, win) | = 0.
Therefore, for any j € {1, ..., k}, one finds from conditional probability that

P[54 holds A Gpj—1) € N(ppj1, wijDIE]

j
=P |:ZIF’[7? < Ti1|Fi] > £(Smax, 8) + k‘m‘% +1|E, Gij—11 € N(prj1, w[_,‘]):|
i=0

-P[Gyj-11 € N(pijp, win)IE] = 0.

In addition, (54) cannot hold for j = 0 since £(smax., $ )+1 > 1. Hence, along with the
conclusion above, it follows that E,q, g does not occur when a signature up to iteration
j € {l,...,k} falls into a node along any path from the root node to N (px], w])-
Now, by the definition of Lgood, at least one of wy = Smax Or k = kmax holds. Let us
consider each case in turn. If k = kpx, then it follows by the preceding arguments
that

klnﬂx
P |:Z P[7; < Ti—1|Fi] < £(Smax. 6) + k"“‘TfH + 1|E, Gk—11 € N(priys w[k])i| =1
i=0
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Otherwise, if wi = smax, then it follows by the definition of the event E that P[7; <

Ti—1|Fi1 = Oforalli € {k, ..., kmax}, and therefore the equation above again follows.

Overall, it follows that P[Gxk—1] € N(pk], Wik—1]) A Evad, B|E] = 0, as desired.
Next, we remark that

P[G[-17 € N(po, wo) A Evag,|E] =0

since

1 a kmax +1
P[Ty < 7—1|Fol < po+ E < £(Smax, 6) + % + 1.
Thus, consider arbitrary k € N \ {0} and (pjx], wik)) with N (p], wik)) € Load. One
finds

P[Gk—17 € N(ppx), wik) A Evad, BIE]
= P[Evag,B|E, Glk—11 € N(pix), wikD] - PIG—11 € N(ppx), wix) | E]
< P[Gu-11 € N(piy, wir)! E].

Hence, using the initial condition that G[—1; € N(po, wo), it follows that

PlG—11 € N(px1s wik)) A Evad, B|E]
< PIGi-11 € N(p), wDIE]l = P[Sl hOldS|E:|
= P[P[Tk < Tr—11Fk] € u(po)|E, Sk—1 = wk, Ge—21 € N (pr—11, wik—1))]
P [Sk—1 = wk A Glk—2) € N(pp—11, wik—1)| E]
= P[PITx < Tr—11Fi] € L(pu)|E. Sk—1 = wi, G-y € N(pp—13. wix—1)) |
“P[Sk—1 = wk|E, Gp—21 € N(ppr—11. wi—1) | P[Gr—21 € N (px—1. wix—1)) | E]
= P[G-1 € N(po, wo)]
k
: l_[ (IF’ [PLT; < Ti-11Fil € «(pi)|E, Si—1 = wi, Gli—2) € N(ppi—1}. wii—1))]

i=1

-P [Si—l =w; }E, Gii—2) € N(pji-1], w[i—l])])

k
= l_[ (]P’ [PIT; < Ti—1|Fil € «(pi)|E, Si—1 = wi, Gli—2) € N(ppi—1), wii—1))]

i=1

“P[Si—1 = wi|E, Gji—2) € N(pji-1, w[i—l])])- (56)

Our goal is to bound (56). Toward this end, define
Idec = {i S {1,...,]{} L Wi =w,-,1+1} and ISec = {i € {1,...,]{} L Wi =w,-,1},
which by the definition of wy) form a partition of {1, ..., k}. For any i € Zgec,

P[Si—1 = wi|E, G[j—21 € N(pi—1}, wi—1))]
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= P71 < Ti2|E, Gji—21 € N(pi—11, wii—1P] < pi—1 + %.
On the other hand, for any i € Zg_,

P[Si—1 = wi|E, G[j—21 € N(p[i—1}, w[i—1])]
= P[7,—1 = Ti2|E, Gii—21 € N(pji—17- wii—17)]
= 1 —-P[Ti_1 < Ti-2|E, Gi—21 € N(pji—13, wji—1P] <1 — pi—1.

Thus, it follows that the latter term in (56) satisfies

k
H]P’[Si—l = w;|E, G[i—21 € N(pi—13, wji—17)]

i=1

<\ [T+ []0-rD

i€lgec ielg..

Now let us bound this term. By the definition of Lpag4, one finds that

k k—1
D o pi > Lo ) +1 = Y pi > Llsmax. 9). (57)
i=0 i=0

In addition, by the definition of spyqx, it follows that wy < smax for all k € [kmax],

from which it follows that |Zgec| < smax. Now, let {Zg, ..., Zx—1} be independent
Bernoulli random variables such that, for alli € {0, ...,k — 1}, one has
1 g
P[Z; = 1] = pit+ % ?fl.+1ezdec
Di ifi+1elj,.

By (57), it follows from the definition of these random variables that Zf:_ol PlZ; =
1] > £(Smax, $ ). Then, it follows by Lemma 14 and the preceding argument that

I (pi_1+%) IT - pin)

i€Zgec i€Z§

dec

P[(Zi—y = 1foralli € Zgee) A (Zi—y = Oforalli € Zg,.)]

k—1
P [(Z Zi < smax) A(Zi—y = 1foralli € Tgec) A (Zi—; =O0foralli € Igec)}
i=0

k—1
<P |:Z Z; < Smaxi| = S
i=0

Combining this with (56), the desired conclusion follows. O

@ Springer



F.E. Curtis et al.

Next, we present a lemma about nodes in the sets defined in (52) and (53). The
lemma essentially states that a certain probability of interest, defined as the product of
probabilities along a path to a child node, can be reduced to a product of probabilities
to the child’s parent node by partitioning the childen into those at which a merit

parameter decrease has occurred and children at which a merit parameter decrease has
not occurred.

Lemma 16 Forall k € [kmax] and (pix}, wik)), one finds that

2

{(Pk+1: Wk 1):N (P11 Wik+11) €Caec (N (Pliy wik))) }
k+1

[TP[PIT < Ti-11Fi) € «pd)|E, Sio1 = wi, Gli—2y € N(ppi—1), wii—1))]

i=1

k
=[[P[PIT < Ti-11Fil € «(p)|E. Si1 = wi, Gii—2) € N(pji—13 wii—1))]
i=1

and, similarly, one finds that

2

{(Pr+1, Wk 1):N (P11, Wik +11) €C,. (N (P, wiky)) )
k+1

HP[P[Z < Ti-11F1 € u(p)|E, Si—1 = wi, Gi—2) € N(pji—1}, wii—1))]
i=1

k
= H]P’[P[Z < Ti-11F1 € up)|E, Si—1 = wi, Gji—2 € N(pji—1}, wii—1)] ,
i=1

where by the definitions of Cgec and Cy,. it follows that the value of w1 in the sum

in the former equation is one greater than the value of wi1 in the sum in the latter
equation.

Proof One finds that

2.

{(Pr+1,Wk41):N (Ple+11 Wik+11) € Cdec (N (Prry, wik)) }
k+1

HP[]P’[?? < Tio1|Fil € u(p)|E, Si—1 = wi, Gi—21 € N(pji—1}, wii—1))]
i=1

k
= HP[E”U? < Tio1|Fil € u(p)|E, Si—1 = wi, Gi—21 € N(pji—1}, wii—1))]
i=1

2

{(Pk+1,Wk+1):N (Ple+11 Wik+11) €Cdec (N (Prx, wik))}
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P [P[Ti+1 < Tkl Fis1] € t(pres)|E, Sk = wis1, Gpe—11 € N (g, wiey) ] -

The desired conclusion follows since, by the definition of Cgec (N (pi], wik])), all
elements in the latter sum have Sy = wi4+1 = wi + 1, meaning that the sum is
exhaustive over all possible outcomes with the same conditions, and hence the sum
is 1.

The proof of the second desired conclusion follows in the same manner with C_.
in place of Cgec and Sy = w41 = wg in place of Sy = wry1 = wi + 1. O

Next, we derive aresult for certain nodes containing realizations with wy = Spmax—1.

Lemma 17 For any k € [kmax] and (pix), wik)) such that wy = Smax — 1 and
N (pikys wik)) ¢ Lgoods it follows that

P[Gk—11) € N(pik)> wik) A Epaa,B|E]
k
< SH]P’[P[Z < Tio1|Fil € u(p)|E, Si—1 = wi, Gli—2) € N(pji—1}, wii—1)] -
i=1
(58)

Proof By the supposition that N (ppk}, wix]) ¢ Leood, it follows that any (ppx), wix))
with (N (pik), wik))) = 0 has N (ppk), wik)) € Lbad, in which case the desired con-
clusion follows from Lemma 15. With this base case being established, we now prove
the result by induction. Suppose that the result holds for all (pi], wik;) such that
Wi = Smax — 1, N(pk1, wik)) € Leood> and h(N (pk), wixy)) < j for some j € N.
Our goal is to show that the same statement holds with j replaced by j+ 1. For this pur-
pose, consider arbitrary (ppx), wix)) such that wy = smax — L, N (P, wix)) € Leoods
and h (N (pik), wiky)) = j + 1. Observe that by the definition of the child operators C,
Cgec, and C§,, it follows that

P[G-11 € N(pik)» wik) A Evad,B|E]

= Z P[Gk) € N(pi+11: Wik+11) A Evad, BIE]
{(Pk4+1, Wk DN (Prr+11 Wik+11) €C (N (pry, wik)) }

= > P[Gk) € N(pie+11, Wik+11) A Evad,BIE]
(P41, W1 N (P11 Wik+11) €Cdec (N (Pl s wik)) }

+ Z P[G € N(Pi+11, Wik+1) A Ebad, 81 E].
{(Prt 1, Wi 1N (Pli 17, Wik 1D €C e (N (P wik))) )

Since wx = Smax — 1, it follows from the definition of Cge. that for any (pr+1, Wi+1)
with N(p[k+1], W[k+1]) S Cdec(N(P[k], w[k])), one finds that wi4+1 = wi + 1 = Smax-
By the definition of spax, this implies that P[7x+; < T¢|Fr+1] = 0, so pry1 = 0.
In addition, since N (pik}, wik)) ¢ Lvad since C(N (ppy, wik))) # 9, it follows that
Zi:é Pk+1 =< £(Smax, §) + 1, meaning N (ppx+1), Wik+1]) € Lgood- Consequently,
from above and Lemma 15, one finds

P[Gk—11) € N(pix)» wik)) A Evad,BIE]
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= Z P[G) € N(pik+11s wik+11) A Evag, BIE].
(P15 Wit DN (Ppre 11, Wik+11) €Cee (N (P wipg )

Since h(N (p, wik) = j + 1, it follows that A(N (pix+1], wik+17)) < j for any
(Pik+11, wik+17) With AN (P11, wik+11)) € Chee (N (pk), wik)))- Therefore, by the
induction hypothesis and the result of Lemma 16, it follows that

P[Gk—17 € N(ppk), wik)) A Evad, B E]

{(Prt1, Wi 1):N (Ple+11 Wik+1D €C e (N (priy, wik)))}

k+1

) HP[P[Z < Ti-11F1 € up)|E, Si—1 = wi, Gi—2) € N(pji—1}, wii—1))]
i=1

k
< SH]P’[P['J? < Ti-11F1 € up)|E, Si—1 = w;, Gji—2) € N(pji—1}, wii—1))]
i=1

which completes the proof. O

Using the preceding lemma as a base case, we now perform induction on the
difference smax — wy to prove a similar result for arbitrary Smax.

Lemma 18 For any k € [kmax] and (piy, wixy) with N (pii), wik)) € Lgoods it follows
that

P[Gk—11 € N(pik)» wik) A Epaa, BIE]

min{smax —wi—1,A(N (p1, wix)))}
<35 3 <h(N(P[kJ, w[k])))
- J
Jj=0
k
. HP[]P’[']? < Ti-1|Fil € u(p)|E, Si—1 = wi, Gi—21 € N(pji—11, wii—1))] -

i=1

Proof For all (pyx), wix)) such that N (ppx), wik)) € Lgood and (N (px), wik))) = 0, it
follows that N (ppi], wik]) € Lpad- The result holds in this case according to Lemma 15

since one finds that Zr;ino{smaxfwrl,h(N(P[k],w[k]))} (h(N(p[l;va[k]))) _ (8) — 1. On the
other hand, for all (p), wix)) such that N (px), wix)) € Leood and smax — wy = 1, the
result follows from Lemma 17. Hence, to prove the remainder of the result by induction,
one may assume that it holds for all (pi}, wix)) such that N(pp), wik) € Leoods
h(N(ppy, wky)) < tforsomet € N, and smax —wi = r forsomer € N\{0}, and show
that it holds for all (pp], wik) such that N(pp, wiy) ¢ Lgood5 h(N(p, wky)) =
t + 1, and spax — wy = r. (Notice that the base cases above show that the result holds
fort = 0 and any r € N\ {0}, as well as for any r € N and r = 1. Hence, one may
complete the induction over the index pairs by showing that if it holds for (¢, r), then
it holds for (r + 1, r), as claimed above.)
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Consider arbitrary (pix), wix)) such that N (px), wix) € Lgood> AN (Pr), wix))) =
t + 1, and smax — wy = r. By the definitions of C, Cyec, and C§,, it follows that

P[Gx—11 € N(pP)> wik) A Evag,BIE]

= > P[Gk) € N(Pir+11, wik+11) A Epad, | E]
(P11 Wik 411N (P11, Wik +11) €C (N (priy s wik)) }

= Z P[Gx) € N(pik+11> Wik+11) A Evad, B E]
{(Plk-+11Wik+11):N (Ple+11, Wik+11) €Clec (N (P, wik)))}

+ Z P[Gk) € N(prk+11> Wik+11) A Evad,B|E].
(Pl 11 Wik1D N (Pl 11, Wik411) €C e (N (Prigs i)}

Further by the definition of Cgec, it follows that wi+1 = wi + 1 (thus Spmax — wWi+1 =
r — 1) for all terms in the former sum on the right-hand side, whereas by the definition
of Cg.. it follows that wyy1 = wy (thus Sypax — wi41 = r) for all terms in the latter
sum on the right-hand side. Moreover, from h(N (pjx), wix))) = t + 1, it follows
that 1 (N (prx+17, wik+17)) < ¢ for all terms on the right-hand side. Therefore, by the
induction hypothesis, it follows that

P[Gk—17 € N(pp), wik)) A Evad,BIE]

min{r—2,r} ¢
S S ( ')
. — J
{(Pte+17 Wk+1):N (P11, Wik+1]) €Cdec (N (pi) wik))} Jj=0

k+1
~ l_[]P’[]P’[f < Ti—11F1 € u(p)|E, Si—1 = wi, Gli—2) € N(pji—1}, wii—1))]
i=1

min{r—1,¢} ¢
" Y iy ()
{(Pre+11 Wk+11):N (P11, Wik +11) €C e (N (Pl wikg) } Jj=0 J
k+1
. HP[]P’U? < Tio1|Fil € (p)|E, Si—1 = wi, Gli—2) € N(pji—1}, wi-2))] .

i=1

which by Lemma 16 implies that

P[Gk—11) € N(pik), wik)) A Evad,BIE]

. min{r—2,¢} P min{r—1,¢} "
<X () x ()
= = N
k
-HP[E”[Z < Tio1|Fil € u(p)|E, Si—1 = wi, Gli—21 € N(pji—1}, wii—1))] -
i=1
(59
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To complete the proof, we need only consider two cases on the relationship between
t and r. First, if + < r — 2, then Pascal’s rule implies that

minj{i:—(:)z’t} <;> + mmg)l*” (;) B 2213 <;>
“()+ ()2 (0)+ (1)
(235 ()

3)-"E ()

J

~.

Since t < r — 2, it follows that h(Npyqwyg) =1+ 1 <r —1 = smax —wg — 1, which
combined with (59) proves the result in this case. Second, if # > r — 2, then similarly

min{r—2,t} 2 1

L () z ()-20)20)

J

.

1

)2 (()+(1)

j=1
1 1
)< (7))
i <l + 1) Smax_zwk 1 <h(Np[k]’w[k])>.
=0 J j=0 J

J

(
(t

Sincet > r — 2, h(Np[k],w[k]) =t+1>r—1=585max — Wr—1 — 1, which combined
with (59) proves the result for this case as well. O

We now prove our first main result of this section.

Theorem 5 For any § € (0, 1) with S as defined in (32) and £(Smax., 3) as defined in
(33), one finds that (48) holds.

Proof First, consider the case where spyax = 0. Then, by the definition of sy,
P[Tx < Tk—11Fi] =0,
for all k = [kmax], so the result holds trivially.

Now, let smax € N\ {0}. By construction of our tree and the definitions of Lgo0d
and Lypag, one finds that 2(N (pg, wo)) < kmax. In addition, by the definition of syyx,
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Smax — 1 < kmax, SO min{smax — wo — 1, A(N (po, wo))} = Smax — 1 > 0. Consider
arbitrary B € N \ {0} (see (54)). By Lemma 18 and (32),

min{smax —1 ,kmax} k
P[Evad,B|E] = P[G[-1] € N(po. wo) A Epad,B|E] < 6 2 ( fjf‘") -
j=0

Therefore, by the definition of Epaq g (see (54)), it follows that
kmax
P |:Z]P)[77< < Tk=11Fk] < €(Smax, 8) + % + 1’E:| >1-34.
k=0

Now, let us define the event Egood, 8 for B € N\{0} as the event that

kmax

S PIT: < Tt 1 F4] < Lsman, ) + Sl 11,
k=0

One sees that Egood, B 2 Egood, B+1 Tor all such B. Therefore, by the properties of a
decreasing sequence of events (see, for example [31, Section 1.5]), it follows that

kmax
P [Z PITk < Ti1]Fil < £(smax. 8) + 1H
k=0

k,
max n k 1
=P |: lim <Z P[Tx < Tx—11Fk] < €(Smax, 0) + % + 1) ’E:|

B—o0
k=0
kmax k + 1
= lim P| Y PTG < Tio1|Fil < Esmax, §) + 22— + 1'15 >1-3,
B—oo P B
as desired. O

Next, we present some preliminary results that are required to prove the second
statement of Lemma 9. Recall the random index set K; defined in (34). Our next
lemma shows a property about any iteration k € [kpax] in which k € K.

Lemma 19 Let Assumption 4 hold. Then, one finds that
P[T < 77c—l|~7:kvk e K] > Pr.
Proof In any iteration where ﬁrial’tr“e < Tx_1, it follows that ’Z;:rial’tr”e < 00, SO

trial,true _ (1 =o)lle(Xp)h
‘ V f(X0)T D™ + max{(D}™**) T Hc D™, 0}
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and thus
(1 =o)lle(Xp)ll1 < (Vf(Xp) " D + max{(D) " Hi D™, 0N Ti 1.
By the definition of 7, if
G{ Dy + max{D{ H Dy 0} = V f(X) T D + max{(D{*)T H D™, 0}
in an iteration such that ’Z;:ria]’true < Tr—1, then
(1 —o)lle(X)l1 < (G Dy + max{D;| Hg Dy, 0)Tx—1,

meaning that 7y < 7;_1. Observe that the event k € IC; only depends on the history
of the algorithm prior to iteration k and thus the o-algebra generated by k € K; is
included in F%. Therefore, by [15, Theorem 4.1.13], for any random variable Z, we
have

Ex[Zlk € K] = Ex[E[Z]]k € K- ].

Therefore, with I(E ) denoting the indicator of event E , it follows from Assumption 4
that

Pl Tk < Tiilk € Ki]

> B4 [1(G] Dy + max{ D} Hy Dy, 0} = V f (Xp) " DI
+ max{(D{") T Hy D, O)) [k € K]

= E4[Ex[1(G Dy + max{D; Hy Dy, 0} > V f(Xy) | DI
+ max{(D"*) " Hy D™, OD][k € K.]

= Ex[Pr[G] Dy + max{D; Hy Dy, 0} = V f(Xp) " DI
+ max{(D{") " Hy D{™, 0}]|k € K. ]

> Exlpclk € K] = pe,

as desired. O

The previous lemma guarantees that in any iteration in which Z{trlal’m’e < Tp_1, the

probability is at least p, that the merit parameter decreases. By the scheme for setting
T,

]Pk [,];Ctrial,truc < 72'7;{trial,true > ,]7(_1] — 0’ (60)

so one must have ’];:rial’tme < Ti—1 in any iteration when 7; < 7;. Thus, we can obtain
abound on the number of iterations at which 7,"*"™¢ < 7; by bounding the number
of iterations at which Z(tnal’true < Ti_1. Now we prove a result relating |, | to the

probabilities of decreasing the merit parameter over all iterations.
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Lemma 20 One finds that

kmax

Y BT < Tioi] = |Kelpr.
k=0

Proof By the law of total probability,

kmax
Y Pl < Tiei]
k=0
kmax
=Y PUTk < Tii1lk € KoAPilk € K]+ Pl T < Tioilk € KEIPx[k € K5
k=0
kmax
= Y BTk < Tiilk € Ko ]Pilk € K.
k=0

Now, similar to the previous lemma, we note that k € K; only depends on the history
of the algorithm prior to iteration k. Denoting the indicator of the event k € C; as
1(k € K;), it follows by Lemma 19 that

kmax kmax
Y BT < Tiilk € Ko JPilk € Kol = pr Y Bill(k € Ko)]
k=0 k=0
kl'l‘lllX
=pc Y 1k €Ky
k=0
= Pz |]C‘[| ’
where the second to last equality follows by 1(k € K;) € F;. O

Now, we are prepared to prove Lemma 9.
Proof (Lemma 9) For the first statement, observe that, for any k € [kmax], by the

defintion of Ej 3, the event 7y < 7x_; must occur whenever Ej 3 occurs. Therefore,
for any k € [kmax], one finds

PlTc < Te—11Fi] = PLEk 3| Fi].

Equation (35) then follows directly from Theorem 5.
Now, consider the second statement of Lemma 9. The proof follows by combining
Theorem 5 and Lemma 20 with the preceeding argument. O
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C Lemma Required for the Proof of Corollary 1

This appendix provides the following lemma, which shows that the order notation
result in (5a) and (5b) holds, as required in the proof of Corollary 1.
Lemma21 Ler § € (0,1), § be defined in (32), smax € N\ {0} and €(smax, d) be
defined in (33). Then,

E(smax» 8) = O (smax 10g(kmax) + log(1/5)) .

Proof Since smax € N\ {0}, it follows that

Smax — | Smax — |
kmax\ _ “Z kma)! " 3 Gma)!
' - (kmax — J)!

2

max{smax—1,0} <

il — 7)!
ey J =0 J kmax — J)! =0
Smax — 1 Kmax Smax — 1 ‘
=1+Z i<1+ Z(kmax)]
Jj=1 i=kmax+1—j Jj=1
= Smax (kmax)smaxi1 .

Then, by the definitions of €(spax., 3) and § , it follows that

CCsmans ) = O (smax + l0g(1/8))

= O (Smax +10g2(Smax) + (Smax — 1) log(kmax) + log(1/4))
= O (Smax log(kmax) +1og(1/6)) ,

as desired. O
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