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Abstract

Gradient sampling (GS) has proved to be an effective methodology for the minimization of objective
functions that may be nonconvex and/or nonsmooth. The most computationally expensive component
of a contemporary GS method is the need to solve a convex quadratic subproblem in each iteration. In
this paper, a strategy is proposed that allows the use of inexact solutions of these subproblems, which,
as proved in the paper, can be incorporated without the loss of theoretical convergence guarantees.
Numerical experiments show that by exploiting inexact subproblem solutions, one can consistently reduce
the computational effort required by a GS method. Additionally, a strategy is proposed for aggregating
gradient information after a subproblem is solved (potentially inexactly), as has been exploited in bundle
methods for nonsmooth optimization. It is proved that the aggregation scheme can be introduced without
the loss of theoretical convergence guarantees. Numerical experiments show that incorporating this
gradient aggregation approach substantially reduces the computational effort required by a GS method.

1 Introduction

The gradient sampling (GS) methodology has proved to be effective for solving nonsmooth, nonconvex
minimization problems. Based on the conceptually simple idea of computing an approximate e-steepest-
descent direction at a point by finding the minimum-norm element of the convex hull of gradients evaluated
at randomly generated nearby points, one can prove convergence to stationarity of a GS method under
relatively loose assumptions. That said, here are two ways in which implementations of GS methods could
be more efficient:

e Each iteration of a GS method requires the solution of a convex quadratic subproblem (QP) for
computing a search direction. The overall computational expense of a GS method could be reduced if
one could terminate each call to a QP solver early, then employ the inexact QP solution as the search
direction in the “outer” GS method. Such an inexact solution might cause a search direction to be less
productive than if an exact QP solution were computed, meaning that more “outer” iterations may be
required. However, as in other optimization algorithms that exploit inexact subproblem solutions, one
might still obtain overall computational savings through consistently reduced per-iteration costs.
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CCF-1740796.
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e Bundle methods represent another important class of algorithms for nonsmooth minimization. Imple-
mentations of bundle methods can be made significantly more efficient through the use of subgradient
aggregation, wherein one can compress the information from a QP solution such that a subsequent QP
can be solved more rapidly. Implementations of GS methods could be made more efficient if such an
idea could be incorporated.

In this paper, we propose enhancements to the GS methodology such that one can exploit inexact
subproblem solutions and gradient aggregation. (We do not refer to subgradient aggregation since the
GS methodology requires the identification of points at which the objective function is differentiable or
even continuously differentiable, at which gradients are to be evaluated, when search directions are being
computed.) We show techniques for exploiting these ideas that maintain the convergence guarantees of
previously proposed GS methods. Implementations of our ideas in a C++ software package show that
exploiting both inexact subproblem solutions and gradient aggregation can lead to consistently noticable
reductions in required computational effort.

1.1 Literature Review

The GS methodology was introduced by [4]; see also [3]. Shortly after, [24] showed an elegant convergence
analysis of a GS method, and showed how the convergence guarantees could be maintained by multiple
variations of the basic approach. Later, [I0, I1] showed how one could sample gradients adaptively and
introduce quasi-Newton Hessian approximations to maintain convergence guarantees while improving prac-
tical performance. (Here, as is common in the literature on quasi-Newton methods for solving nonsmooth
optimization problems, we use the term “Hessian approximation” loosely; rather than as an approximate
second-derivative matrix, it should merely be thought of as a matrix that approximates local changes in the
gradient at points at which f is differentiable.) See also [12] for how to loosen the restrictions on the Hessian
approximation scheme. A feature of the algorithms in all of these articles is that the analyses require that
the convex QP subproblems for computing search directions must be solved exactly in every iteration.

A method for reducing the costs associated with solving QPs in a GS method was proposed by [31]. In
this work, the authors argue that an “ideal” direction, which can be computed using a relatively inexpensive
procedure, can be used in place of a QP solution when it is found to be sufficiently large in norm. The
authors argue that convergence guarantees are maintained with this replacement, and show empirically that
fewer QPs need to be solved. Our proposed approach is different from this one in two main respects. First,
rather than prescribe a formula for a particular direction that may be used, our algorithm involves conditions
for an inexact QP solution that are more generic. This gives more computational flexibility to the algorithm.
Second, whereas the algorithm by [31] still requires that some QPs be solved exactly—such as when the
“ideal” direction is too small in norm, which occurs when approaching stationarity—our algorithm allows
for inexact solutions of the QPs in all cases.

GS ideas have been extended in various ways, such as to attain good local convergence rate properties
[1I7] and to solve constrained optimization problems [9,[19][38]. See [B] for further discussion. Such extensions
are beyond the scope of this article, wherein we focus on techniques for unconstrained minimization that
ensure convergence from an arbitrarily chosen starting point. That said, our proposed enhancements could
be employed in conjunction with these extensions.

Another prevailing methodology for solving nonsmooth optimization problems is the class of bundle
methods, which have a long history [II, 2], 221 23] 14l [15] 16l 18] 25 291 B3] B4] 36l B7]. The technique
employed in some bundle methods that is relevant for this paper is that of subgradient aggregation; see,
e.g., [21]. The use of aggregation in this paper is similar, although the surrounding convergence analysis is
different due to the distinct differences in the convergence analyses of bundle and GS methodologies. For
one thing, convergence analyses of GS methods are inherently probabilistic due to the random sampling of
points.



1.2 Notation

We write R to denote the set of real numbers, R™ to denote the set of n-dimensional real vectors, and R™*"™
to denote the set of m-by-n-dimensional real matrices. We write N := {0,1,2,...} to denote the set of
nonnegative integers and use 1 to denote a vector of ones whose length is determined by the context in
which it appears (e.g., through an inner product with a vector of known length).

Throughout the paper, we consider the minimization problem

min f(z), (1)

where the objective function f : R™ — R satisfies the following assumption.

Assumption 1.1. The objective function f is bounded below over R™, locally Lipschitz on R™, and contin-
uwously differentiable on an open set D with full measure in R™.

We propose GS algorithms, each of which is designed to produce an iterate sequence—i.e., {xx} with
xp € R™ for all K € N—converging to stationarity of f, which is to say that any cluster point of {z)} is
stationary for f. Throughout, we refer to stationarity in the sense of [7]. Such stationarity for f can be
defined as follows. By Rademacher’s theorem under Assumption the (Clarke) set of generalized gradients
of f at x € R™ is given by

0f(x) = conv {klim Vf(zg) : {zr} — x with x, € D for all k € N} ; (2)
—00

see [7, Theorem 2.5.1]. For € € [0,00), the set of e-generalized gradients of f at z € R™ is
Ocf(x) = convdf(B(z,€)), where B(x,e) :={Z € R": || — z|j2 < €}. (3)

One finds that 9o f(z) = 0f(x); see [13 Corollary 2.5]. A point z € R™ is said to be e-stationary for f if
0 € .f(x) and is said to be stationary for f if 0 € 3f(x).

The first algorithm that we propose (see Algorithm on page (7)) has a nested loop (with the “inner” loop
being stated in Algorithm [2|on page . Iterations for the “outer” loop are indexed by k € N. We apply this
iteration number subscript to other values—in addition to xzy—computed in the outer loop of the algorithm.
Iterations for the inner loop are indexed by j € N. Quantities computed during the inner loop are denoted
with a double-subscript; e.g., d ;.

One could remove from Assumption the assumption that f is bounded below, in which case the
methods that we propose would terminate finitely at a stationary point for f or, with probability one,
generate iterates that either converge to (e-)stationarity for f (see Theorems and or have objective
values that diverge to —oo. However, to focus on the more interesting setting, we include in Assumption 1.1
that f is bounded below, meaning this latter case cannot occur. For the algorithms that we propose to be
well posed, one only needs to assume that f is (not necessarily continuously) differentiable in an open set
with full measure in R™. However, a theoretical guarantee of convergence to stationarity requires that f
be continuously differentiable over such a set, as we have included in Assumption See [5] for further
discussion.

1.3 Outline

In Section [2] we propose and analyze an algorithm that employs inexact subproblem solutions. In Section
we propose gradient aggregation within a GS method and show that it can be used while maintaining the
same guarantees as the method from Section 2] Numerical experiments employing both techniques are
presented in Section [4l Concluding remarks are given in Section



2 GS Algorithm with Inexact Subproblem Solutions

We propose a GS algorithm that allows for the use of inexact subproblem solutions in each iteration. In
this section, we present the proposed algorithm, then prove that iterates generated by it converge to (e-
)stationarity with probability one. In our presentation, we focus on the components of the algorithm and
analysis that are distinct from previous GS methods. Components that are not unique are provided in an
online companion to this article.

2.1 Algorithm Description

In iteration k € N of our proposed algorithm, an iterate z; € D is available along with a sampling radius
e € (0,00), a set of sample points

X =A{xk0, Tk 1, Thop, t C B(zk, €x) N'D where xy ¢ = xy, for some p € N,
and the corresponding matrix of gradients
Gy = [Vf(.%‘k70) Vf(x;g,l) cee Vf(a:k,pk)] S Rnx(karl). (4)

Given this matrix of gradients, a symmetric positive definite Hessian approximation Hy, and the correspond-
ing inverse Wy := H ! the search direction is computed by approzimately solving the primal-dual pair of
quadratic optimization problems (QPs) given by

min z+1d2ﬂ max — & ka2
(P) = { (d=)ekm 2, and (D) :={ veR™ 2l : (5)
st. GLd < 21 st. 17y =1, y>0

We assume that both Hy and W) are available for all ¥ € N. It is straightforward to maintain both
approximations through the use of quasi-Newton techniques.
Letting (dg «, 2,+) denote the optimal solution of (P) for each k € N, one finds that the solution compo-
nent dj, . can be viewed as the minimizer of the piecewise quadratic function
- max AV f(xx)"d} + 5lldl|7, -
i€{0,....pr }
The optimal solution yg . of (D) can be viewed as the vector such that Gyx . is the least Wj-norm element

of the convex hull of the columns of Gy, i.e., the W-projection of the origin onto this hull. The following
lemma reveals important properties of these solutions.

Lemma 2.1. For all k € N, either (di ., zk«) = (0,0) and the origin lies in the convex hull of the columns
of G, or dy . is a direction of strict descent for f at xj with

Vf () diy < —df, , Hydp, . < 0. (6)

In all cases, di » = —WiGryk« and ||Gryk,«

|Wk' = ||d/€,*||Hk'

Proof. Proof. The properties follow from the Karush-Kuhn-Tucker conditions for (5)); see, e.g., [10, Eq. (27)]
and [I1l Lemma 2.2]. O O

As our focus is on an algorithm that solves approzimately for all k € N, the statement of our algorithm
is facilitated by defining, in each “outer” iteration, sequences of inner iterates of a solver for the primal-dual
subproblems (B]). Let {(d,;, z,;)} and {y ;} be sequences of primal and dual iterates, respectively, generated
when is solved iteratively. Our algorithm requires that both primal and dual QP iterate sequences are
generated. However, this is not an expensive requirement. After all, motivated by Lemma [2.I] one may
choose for a given yy ; € RP*F1 o set

dk,j — —WkaykJ and Rk, < Inax Vf(l‘k,i)Tko, (7)
ZG{O,..‘,pk}



in which case one only needs to generate a dual iterate sequence and a corresponding sequence of primal-
feasible solutions is obtained through @ In addition, to reduce expense, one does not need to evaluate (@
in each inner iteration; one might only evaluate it and check for termination periodically and/or after an
initial number of inner iterations. In any case, for the sake of generality, we define our algorithm to allow
{di;} and {-WiGryx ;} to differ.

With respect to the QP solver, we merely assume that the following holds.

Assumption 2.1. For all k € N, the primal and dual iterates when solving satisfy {(dk.j, 2.5, Yr,;) } —
(dk, s 2 Yo ). In addition, for all (k,j) € N x N, one has

Gldy; <zp;1, 17yp; =1, and yx; >0,

i.e., (dij, 2k.j, Yk,;) is primal-dual feasible for all (k,j) € N x N.

Under Assumption the primal and dual iterates satisfy weak duality with respect to for all
(k,7) € N x N. In particular, defining the QP primal and dual objective functions ¢, : R” x R — R and
0 : RP+T1 — R, respectively, where

ar(d,z) =z + 3||d||3, and 6(y) = —1|Gryll3y, .

one has that g (d,j, 2k, ;) > Ok (yk,;) for all (k,j) € N x N.

Our algorithm with inexact subproblem solutions is stated as Algorithm [T]on page[7} for which the details
of the search direction computation are stated in Algorithm [2] on page The statement of Algorithm
focuses on its unique aspects related to the conditions that we require of inexact QP solutions. Other
subroutines that we employ for the line search, iterate perturbation strategy (a feature required by the
theoretical convergence analyses of all GS methods), sample set updates, and quasi-Newton updates are
similar to those used in [I1l [12]. Hence, we relegate them to the online companion. The algorithm also
requires a subroutine for setting parameters related to the quasi-Newton updates that influence the line
search subroutine. The approach is derived from properties of the self-correcting nature of quasi-Newton
updating; see [6]. This subroutine is also provided in the online companion.

Each iteration of Algorithm [2] takes a new approximate subproblem solution from the QP solver. The
loop terminates in one of two situations. If holds, then one has obtained a dual iterate such that
the corresponding convex combination of columns of G is sufficiently small in appropriate norms. In this
case, one has identified that the current iterate may be sufficiently close to eg-stationarity, in which case
Algorithmreduces the sampling radius. On the other hand, if holds along with either or , then
our analysis in the following subsection reveals that a sufficiently accurate QP solution yielding a direction
of sufficient descent has been obtained. The condition is motivated by Lemma specifically @, since
(di,yr) = (fWkaykde’yk,J’e) yields

T, _ T _ T AT _ T
Vf(xr) di = =V f(xr) WiGryr < —ryj G WiGryr = —kdy, Hyd,.

The role played by conditions and , which make use of the values defined in and @D, is explained
in the following subsection.

Notice that an implementation of Algorithm |[2| does not require storage and a search through all previous
subproblem solutions when determining the indices in Line [3] One only needs to store the best (in terms of
objective values) primal and dual solution estimates during the loop and employ these values when checking
for termination of the loop. Line [3]is only written in this manner for ease of exposition, and to allow us to
consider situations in which these inner iterations do not necessarily produce primal and dual subproblem
solutions that have objective values that converge monotonically to the optimal value.

2.2 Inexactness conditions for the QP solver

Convergence analyses of GS methods rely on a fundamental property of any compact, convex set, call it
S C R™, that does not contain the origin. Intuitively, this property is that if u € S is sufficiently close to the



Algorithm 1 Gradient Sampling Algorithm with Inexact Subproblem Solutions

Require: (0,a) € (0,00)%; (1,¢) € (0,1)% ¢ € (1,00); ¢ € (0,1]; p € N with p > n+ 1; 39 € D; Hy = 0;
€o € (0,00).

1: Set Wy + Hy'', Xy + {0}, po < 0, Go by (@), and o + 0.
2: Set (1, 1) € (0,1) x (1,00) by Algorithm

3: Choose 77 € (1, 1).

4: for all k € N do

5: if |V f(zr)||2 =0 then

6: terminate and return the stationary point xy.
7 end if

8: Set yi,j, by Algorithm [2| (page .

9:  Set (d,yr) < (—WikGrYk,jo, Yk,jo)-

10: Set ay, > 0 by Algorithm

11: if holds (Wlth Yk.jo = yk)

12: set €xy1 ¢ Ve, and opyq ¢ 0;

13: else if o > o

14: set €xy1 ¢ €, and o041 < O;

15: else

16: set €x41 ¢ € and Op41 < LO.

17: end if

18: Set 41 € D by Algorithm [G]

19: Set (Hyt1, Wgy1) by Algorithm

20 Set (Xy1,pri1) by Algorithm [Eland Gyyq by (@).
21: end for

projection of the origin onto S, then u makes a sufficiently acute angle (with respect to a given metric) with
any v € S. Such a lemma appears as [4, Lemma 3.1] and [24, Lemma 3.1], and is proved in a more general
setting as [I1, Lemma 3.5]. The conditions that we impose on inexact subproblem solutions are motivated
by trying to ensure a property of this type, but in an even slightly more general setting. Specifically, the
lemma that we use is the following. In the lemma, we refer to the concept of a W-projection (with W > 0)
of the origin onto a compact, convex set S, i.e.,

Py (S) := argmin ||s||w. (14)
seES
Our new generalization of the lemma can be seen in the inequality 7 which does not require that a given

vector u € S is sufficiently close to the W-projection of the origin, but merely sufficiently close to a small
enough neighborhood of this projection.

Lemma 2.2. Suppose S C R" is a compact and convex set with 0 ¢ S. For any 8 € (0,1) and W = 0, there
ezists (s,0) € (0,00)% such that, for any (u,v,5,0) € S x S x (0,5] x (0, 8] with

[ullw < (1 + )l Pw (S)llw + 6 (15)
(where Py (S) is defined in (T4)), it follows that v Wu > B|lul|%,.

Proof. Proof. Consider arbitrary § € (0,1) and W = 0. To derive a contradiction, suppose the implication
is false, that is, for any (s,d) € (0,00)? there exists (u,v,¢,0) € S x S x (0,¢] x (0,8] with

lullw < 1+ )[[Pw (S)llw +6 and v Wu < B|ullfy.
This means that there exist infinite sequences {u;} C S and {v;} C S such that

luillw < (14 1/9)||Pw(S)|lw + 1/i and vZTWui < 3”%”%{/ for all ¢ € N. (16)



Algorithm 2 Search Direction Computation for Algorithm

Require: v € (0,00); (p,x) € (0,1)?

1: Set
Ty < 0% + 203 € (0,1). (8)
2: for all j € N do
3: Set j, <—arg min  gg(dy,i, 2k,) and jo < arg max  Or(Yrs)-
1€4{0,...,5} 1€4{0,...,5}
4: if qu(dk,j,» 2x.5,) > 0, then set Ay j = oo
: else set
o2 4 204
/\qu +—max<{1— Gk(ljﬂc,o) s (9)
6: end if
7 if
max{||WiGryk,jo l|2: |Gryr,jo ll2} < Ve, (10)
8: then terminate and return y; j,;
9: else if
— V£ (xr) " WiGryr j, < */‘Ey{,ngngkak,jg (11)
10: and either
A (dr gy s 2h.5,) — Ok Wkjo) < Ti(—ar(drj, s 2k.5,)) (12)
11: or
Ok (Yr.jo) — O (Yr,0) = Anjy (ar(d 5,0 28,5,) — Ok (Yk,0)) (13)
12: then terminate and return y ;,.
13: end if
14: end for

Since § is compact, these sequences have convergent subsequences; hence, without loss of generality, one can
assume that {u;} — v and {v;} — v for some (u,v) € S x S with

VT Wu < Bllulffy- (17)

On the other hand, by the definition of {u;}, it follows that uw = Py (S), which is nonzero since S does not
include the origin. Moreover, by [2 Proposition 1.1.8] and the definition of Py (S) (as the W-projection of
the origin onto S), one finds that

0—uw)!Wrw—u) <0 <= vTWu > ||Jul%,
which contradicts since 5 € (0,1). O O

Our goal now is to prove two lemmas that motivate the use of and as stopping conditions for
the loop in Algorithm Specifically, if 0k (yk,«) < 0, each lemma shows that these conditions— and
, respectively, in the two lemmas—imply that

0> Ok(Yk,jo) = (1 + 0%) O (Yrx)

(18)

= 0 <||Gryr.jollw, < (14 0r)|Gryn,«llw,-
Importantly, these algorithmic conditions imply that (18]) holds without knowledge of yy «. The inequalities
in are important since they, along with Lemma [2.2] (c.f. (L5))), play a central role in our convergence
analysis in §2.3] for Algorithm [T}



Lemma 2.3. Suppose that, in iteration k € N of Algorithm one has 0 (yi,+) < 0. In addition, suppose
that, during iteration j € N of Algorithm@ (during outer iteration k € N), one finds that holds. Then,

holds.
Proof. Proof. By weak duality for , one has that

Ok (W) — Ok (Wijo) < ai(digys 2k5,) — Ok (Yk,jo)
and  — qr(dr,j,» 2k,j,) < —Ok(Yr,x)-

Combined with and (B), it follows that

Ok (Yke) = Ok (Ynojo) < (=01 Uk ) = (9% + 203) (= Ok (Y.+)),
which shows that holds, as desired. O O]

When 05 (yk,.) < 0, weak duality for implies that can hold only if gx(dk,j,, 2x,5,) < 0. Hence,
one does not need to check if g (dxj,, 2x,j,) < 0 holds before employing as a stopping condition for the
QP solver. By contrast, the next lemma shows that should be used as a stopping condition for the QP
solver only if qx(dg,j,, 2x,5,) < 0. Algorithm [2| ensures this by setting A j, < oo when qx(dg j,, 2r,5,) > 0,
and otherwise the lemma shows that A ; € (0,1).

Lemma 2.4. Suppose that, in iteration k € N of Algorithm one has 0 (yr.«) < 0. In addition, suppose
that, during iteration j € N of Algorithm@ (during outer iteration k € N), one finds that qx(dyj,, 2k,j,) <0

and holds. Then, holds.
Proof. Proof. By qx(dgj,, 2r,j,) < 0 and weak duality for , one finds in @ that

O (Yr,0)

— =7 > 1. 19
Tk (dr 5, s 2k.5,) (19)

If Ok (yx,0) = qr(d,j,» 2k.5,), then (dyj,, 2k, j, Yk,0) is a primal-dual solution of and O (yr,0) = Ok (Yrj,) =
0k (yk,+), which means that holds. Hence, we may proceed under the assumption that 0y (yx0) <
qx(dr.j,» 2k,j,) < 0, which implies that holds strictly. Observing @[), one finds Ay j, € (0,1). This fact,

, and weak duality for imply

O (Yk.,jo) — Ok (Yr,0) > Mg, (ar(drj,» 21.5,) — O(Yr,0))
> Moy Ok (Yr,x) — 0(yr,0)) > 0,

which along with A ;. € (0,1) and the facts that 0 (yx,«) < 0 and

Or (Yx,0)
Ok (Y«

<

i j = Olveo) 2 (Qk(yM) Ok (Y )

@ (dr.jy > 2k, j, @ (e gy 2h,5,)

implies that
Ok (Yk.jo) = Mgy Ok (Yr) + (1 = Ak j, )0k (yr0)

Ok (Yx.0) ) (20)
> Ak, + (1= ) ————————— | 0 £)-
( ka]q ( kJ(I)qk(dk,jq»Zk,jq) k(yk7 )

In addition, one finds that Ay j, in @ satisfies

Ok (Yk.0) 2
A > — 0';2f + 20y, B Qk(d:,j;;k,jq) - (1 + Uk)
k.ja = 0% (Yx,0) 1 B 0% (Yx.,0) 1 ’

@k (dk,jg %k, 5q) @k (dk,jg 2k,5q)



implying that i)
k\Yk,0
@ (dkjy > 2k.5,)

which along with and the fact that 0y (yx ) < 0 shows that

Mgy T (1= Ak j,) < (1+04)%,

O (Yx,0)

0 )= (1+0 29 ),
Qk(dk,jq,zk,jq)> KWk 2 ( 1) 20 (Y )

Ok (Yr.jo) = ()\lmq + (1= Aej,)
as desired. O 0

2.3 Convergence Analysis

In this section, we show under Assumptions [I.1] and 2.1] that Algorithm [I] either terminates finitely with a
stationary point for f or, with probability one, generates a sequence of iterates that converge to stationarity
for f. Throughout this section, let I be the indices of the outer iterations performed by the algorithm before
termination (if the algorithm ever terminates) or the failure of a subroutine (if a subroutine ever fails). The
subroutines that may fail are the iteration perturbation procedure (Algorithm |§| in the online companion)
and the sample set update (Algorithm |8/ in the online companion), wherein failure means that a loop does
not terminate. If such an event occurs in iteration k, then I = {1, ..., k}. If the algorithm never terminates
and no subroutine ever fails, then one simply has that the iterations performed are I = N.

We begin by showing that the algorithm is well posed along with important properties of the subroutines
stated in the online companion.

Lemma 2.5. Algorithm[1] is well posed; it either terminates finitely or, with probability one, it performs an
infinite number of iterations. In any case, for all k € IC, the following hold true.

(a) Hi =0 and Wy, = H; ' = 0.
(b) (di,y) satisfies ||dil m, = [|Gryrllw,-

(¢) In Line Algorithm @ terminates finitely with o, > 0. If pr < p, then ap = 0 or ai € [, @).
Otherwise, if pr = p, then oy € (0,a]. In any case, if a > 0, then

Fxy) = flax + ardy) > oy max{||dx |3, [|Gryr |13} (21a)
and vTdy > 7V f(x) T dy, where v € Df (xp + ardy), (21b)

or at least (21al) holds (which is sufficient if deemed by Algorithm@.
(d) In Line Algorithm@ yields, with probability one, xy11 € D satisfying

f(@r) = f(@re1) > nag max{||di 3, | Gryrll3}, (22a)
Vi (@ri1) de =7V f (2r)" di, (22b)
and ||zg + apdy — Tpr1l]e < min{ag, e } min{||dg||2, |Grykll2}, (22¢)

or at least satisfying and (which is sufficient if deemed by Algorithm@.
(e) If Line[2q is reached and one finds that

Idillzr, > €Elldell3 and a, > a, (23)
then Algom'thm@ yields X411 < {Tk11} and pry1 < 0; otherwise, with probability one,

X1 < ({Thg1} USky1 U (X NB(zpy1; €641))) C B(wpp1, €p41) with prry > min{pg + 1,p}.

10



Finally, let Kgw = {k € K : agdy =: s # 0}, which are the indices for which Algorithm @ may yield
(Hig1, Wig1) # (He, Wi). If Kgw is infinite, then for any x € (0,1) there exists (p, 1) € (0,00)? with
< T such that, for every K € N, the following hold for at least [x K| values of k € Kg w :

wlGryrlls < 11Gryklliy, (24a)
and |WiGryell3 < Tl Gryrl3- (24b)

If Ku,w is finite, then such constants exist satisfying for all k € K.

Proof. Proof. If the algorithm reaches iteration £ € K in which the condition in Line [5| holds, then the
algorithm terminates finitely. In this case, all subroutines in iterations {0,1,...,k—1} must have terminated
successfully prior to termination. Moreover, in this case, follows from the fact that only a finite number
of iterations are performed and the following proof of part (a) of the lemma:

(a) The facts that Hy > 0 and Wy > 0 follow from the initialization of the algorithm. Now suppose that
iteration 1 is reached. If sy = 0, then Hy < Hy = 0 and Wy < Wy = 0; otherwise, positive definiteness
of H; and W follows the fact that implies st vy > 0 and from well-known properties of BFGS
updating; see, e.g., [35, Chapter 6]. Inductively, positive definiteness of Hy and Wy for any k£ € N
follows by the same arguments.

This completes the proof of the lemma for the case when the algorithm reaches k € K at which the condition
in Line 5| holds. Hence, we may proceed under the assumption that this condition does not hold for any
kek.

Suppose that the algorithm reaches iteration k € K. To prove that, with probability one, it reaches
iteration k + 1 (i.e., without failure of a subroutine), it suffices to prove parts (b)—(e) (since part (a) has
been proved above).

(b) By part (a), one has Hy > 0 and W}, > 0, from which it follows that strong duality holds at the primal-
dual optimal solution of . Since 0 (y) < 0 for all y € N, there are two cases to consider, namely,
whether 0y (yx,«) = 0 or 8 (yx, +) < 0. First, suppose that 0 (yx,«) = 0. Since W}, > 0, this implies that
Gryk,» = 0. Under Assumption we have that yi; — yr«. This limit, the fact that Gryr,. = 0,
and the facts that Wy > 0 and € > 0 together imply that holds for some sufficiently large j € N.
Now suppose that 0k (yx ) < 0. If holds for any j € N, then the inner loop terminates and there
is nothing left to prove; hence, we may proceed assuming that does not hold for any j € N. Under
Assumption we have that (dk j,Yk;) = (dk .+, Yk,«). This limit, continuity of g5 and 6y, the fact
that Ok (yk,«) < 0, strong duality for (5], Lemma and the fact that 7, € (0,1) imply that
and will be satisfied for some sufficiently large j € N. Finally, the fact that Hy = W, ! and at
termination of the inner loop the algorithm yields dy = —Wj Gy implies that ||di||m, = ||Grykllwy.,
as desired.

(c—d) The proof follows in the same manner as that for [II, Lemma 2.3].

(e) The proof follows in the same manner as that for [II, Lemma 2.5].

Since we have shown that if the algorithm reaches iteration k € IC, then it reaches iteration k + 1 with
probability one, it follows that, again with probability one, an infinite number of iterations are performed.
Finally, with respect to the stated property of the sequence {(Hg, Wi)}keky w the proof follows in the same
manner as that for [I2, Corollary 3.2]. O O

The next three lemmas are similar to results previously proved for GS methods. First, the following lemma
is a simple consequence of the previous lemma (specifically, parts (c) and (e)) and the sample set update
strategy, namely, Algorithm [8| (in the online companion). A similar result was proved as [I1, Lemma 3.3].

Lemma 2.6. If K =N, then K, := {k € N: ay > 0} is infinite.
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Proof. Proof. Suppose £ = N and observe by Lemma c) that ag > 0 for all £ € N. In order to derive a
contradiction, suppose that there exists an index k, € N such that o = 0 for all K € N with & > k,. By
Lemma ¢), this means that py < p —1 for all & > k,. However, with a = 0, one finds that does
not hold, which by Lemma (e) implies that pgy1 > min{py + 1,p}. This implies the existence of some
k > kg such that pp > p, which by Lemma (c) implies that ap > 0, a contradiction of the definition of
the index k. O O

The next lemma shows a useful upper bound on the objective function value at iteration k + 1 € K; for
a similar result, see, e.g., [I1, Lemma 3.4].

Lemma 2.7. Ifk+1 € K, then

flerg1) < flaw) = snllere — xplle max{(|di |2, [|Gryrll2}-

Proof. Proof. Suppose k+1 € K, which implies that k € . Lemma a) and (b) imply that dj = 0 if and
only if Gryr = 0. If d, = 0 and Gy = 0, then zp 1 = z and the result follows trivially. Otherwise, in

iteration k € K, Lemma [2.5(d) shows that x;1 satisfies (22a) and (22d). The triangle inequality and (22d)
imply
[€ks1 — 2kll2 < min{ay, e} min{|[dx |2, |Gryrll2} + axlldrll2
< aglldillomin{2, 1 + [|Gryxll2/ [l dl2}-

Hence, along with (22a]), one finds that

flaner) = flar) < —nag max{||dy[3, | Gryxll3}
= —nov||di || max{||di |2, |Gryell3/ |1 dil2}

max{|[d||2, IIkaklg/ldkHz})
min{2, 1+ [|Gryrll2/lldrl2}
< —gnllwerr — wgll2 max{|di 2, [|Gryll2},

< —nllerst — il (

as desired. O 0

Now we enter the core theory of GS methods. At its heart is the closure of the convex hull of gradients
at points of differentiability in an ex-neighborhood about a given point T € R™, namely,

G(Z, e) := clconv V f(B(Z, e) N D). (25)

along with, for any w € (0,00), the subset of the Cartesian product of €x-balls about zj given by
Pk
E(E,w) = {Xk € H(B(mk,ek) ﬂD) :
0

1P (conv({V [ (2)}aexIwi < [Pwi (G(T, er)llwi +w}7

both of which are defined with respect to each iteration number k € N and a point Z € R™. (In the definition
of T(Z,w), recall that Py, (-) has been defined in (14).) The following lemma, which follows [24, Lemma
3.2(1)], [10, Lemma 4.7], and [11} Lemma 3.6], shows that if the sample set size indictor py, is sufficiently large
and xy, is sufficiently close to Z, then for any w € (0,00) there exists a nonempty open subset of Ty (Z,w).
This will be critical in our main result, where we need to show in certain situations that an element of this
subset can be found through random sampling of points.

Lemma 2.8. Let T € R and w € (0,00) be given. If k € K and px > n + 1, then there exists {( > 0 such
that with xy, € B(T, () there is a nonempty open T C T(Z,w).
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Proof. Proof. Using the metric defined by Wy, the proof follows the same argument of [24], Lemma 3.2(i)],
which makes use of Carathéodory’s theorem. O O

We now present a convergence theorem for Algorithm Much of the proof follows similar arguments
as that for [I1] Theorem 3.1], which we present for completeness. The new features are two-fold: (1) Our
algorithm is even less conservative about the Hessian and inverse Hessian updates than the method in [I1],
so our convergence result relies on arguments about self-correcting properties of BFGS updating that we
have stated in Lemma which borrows from [12]; and (2) our inexactness conditions and our Lemma
which have not appeared before for GS methods, play critical roles in the proof of the theorem.

Theorem 2.1. Suppose ¢ € (0,1). Algom'thm either terminates finitely with a stationary point for f or,
with probability one, it performs an infinite number of outer iterations. In the latter case, with probability
one, the sampling radius sequence satisfies {€x} \( 0 and every cluster point of the iterate sequence {xy} is
stationary for f.

Proof. Proof. If Algorithm [I| terminates finitely with a stationary point for f, then there is nothing left to
prove. Otherwise, by Lemma it follows with probability one that an infinite number of outer iterations
are performed, meaning L = N. Since our desired conclusion only needs to hold with probability one, we
may assume going forward that & = N. Under this assumption, our next aim is to prove that {ex} \, 0 with
probability one. We consider two cases.

e Case 1: Suppose that g := {k € N : dj; = 0} is infinite. By Lemma a) and (b), it follows that
Gryr = 0 for all k € KCy. This fact, the fact that |Ky4| = oo, and imply that {e;} N\, 0.

e Case 2: Suppose that K4 := {k € N : dj, = 0} is finite. Let us proceed by supposing that there exists
k. € N and a sampling radius € € (0,00) such that e, = € for all k¥ € N with k¥ > k.. Our aim is to
show that the existence of such a pair (ke, €) occurs with probability zero. From (10)),

max{||dkll2, || Grykll2} > ve for all k > k.. (26)

On the other hand, Assumption Lemma and (22a)) imply that

> llaksr — el max{||di |2, | Gryll2} < oo (27a)
k=k.
> agmax{|di 3, IGkyxl3} < oo. (27b)
k=k.

In conjunction with , the bound in implies that the iterate sequence {xy} is a Cauchy
sequence, meaning {zx} — T for some T € R™. At the same time, with , the bound in
implies that {a;} — 0. We claim that this implies that p; = p for all sufficiently large k € K, where
Ko is defined as in Lemma[2.6] Indeed, since {ay,} — 0, it follows by Lemma [2.5{c) that for sufficiently
large k € N either (i) px < p and oy, = 0 or (ii) pr = p and oy > 0. Combined with the fact that
|Ka| < o0, it follows along with Lemma that there exists an infinite number of iterations indexed
by k > k. such that axdy # 0 and pp = p, whereas all other iterations for sufficiently large k > k. yield
ar = 0. Going forward, for ease of notation in the remainder of the proof of this case, since xp 1 < x
and (Hpy1, Wiy1) < (Hg, W) whenever «p = 0, let us proceed without loss of generality under the
assumption that k. = 0 and € = ¢y, and that oy > 0, di # 0, and p = p for all k£ € N. Notice that
under these conditions the set g w defined in Lemma equals N. Correspondingly, for a given
X € (0,1), let IC), be the indices of iterations for which holds; in particular, for k € Ky, one has

from (24a)-(24T) that

1
max{[[du |2, [Guynl 2} < llGryelly, where o= max{ﬂ,u}. (28)
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Since does not hold for any k > k., it follows that either or holds for all k£ > k.. Hence,
by Lemmas and it follows that holds for all k > k., meaning for all k£ > k. that

1Gryrllw, < (14 on)|| Pw, (conv({V f(2) }oex,)) W (29)

— Subcase 2a: If T is e-stationary, then ||Pw, (G(Z, €x))|lw,, = 0 for any Wy, > 0. Therefore, with
€ (0,00) defined in (28)), w = ve/(/a(1 + o)), and (¢, T) chosen as in Lemma it follows
that there exists k. € N with k¢ > k. such that x5 € B(Z, () for all k > k¢ and, with (29)),

max{||d |2, [|Gryrll2} < Vil Gryrllw,
< V(L + on) || P, (conv({V f () }ae x, ) [l (30)
< Vp(l+op)w < ve
whenever k > k¢, k € Ky, and &), € 7. Combining and 7 it follows that Xy ¢ T for
all k > k¢ with k € K,. However, this is a probability zero event since for all such k the set Aj
will contain new points from B(zg, €x) that are generated independently whether or not k € Ky,

meaning that with probability one there exists sufficiently large such k with k € Iy, and &}, € T,
which would yield .

— Subcase 2b: If 7 is not e-stationary, then it follows from Lemma [2.5(c) that «y, satisfies (21a)
for all k € N. In particular, (21a)) holds either with ay > @ or with «y < & such that

flak + 7 awdr) = flax) > —ny™ og max{||di 3, | Gryrl12}- (31)

In the latter case, Lebourg’s mean value theorem [7, Theorem 2.3.7] implies the existence of a
point ¥y € [wg, 71 + v tardy] and g, € 0f(Fy) such that

flar + 7 Ponde) — fae) =7 owdi d. (32)
Combining (31)), (32), and the fact that dy = —Wj, Gy, one finds that
i WiGryr < nmax{||di |13, |Gryrll5}- (33)

On the other hand, for any w € (0,00) and (¢, T) as in Lemma there exists k,, > k. such that
z), € B(Z, min{¢, ¢/3}) for k > k, and, with (29),

1Grykllwi, < (L4 op)|| P, (conv({V f(2) }rex )l wi
< (14 o) |1 Pw, (G(T, k)l + (1 + op)w

whenever k > k,, kK € Ky, and &, € 7. Hence, for such k, it follows by Lemma with
S =G(T,¢x), B =np € (0,1) (where this inclusion is guaranteed by Algorithm [4), and W = W
that for sufficiently small o), € (0,0) and w € (0,00) one finds that and (34) imply

(34)

V"W Gryi > nul|Gryr iy,

) ) B (35)
> nmax{||d |3, |Grykllz} for all v e G(T,ep).

There exists ks > k., such that oy is sufficiently small for all & > k, with k£ € K, since the fact
that {ax} — 0 and the construction of the algorithm implies that {0} — 0. Together, and
imply that g, ¢ G(Z, ;) whenever k > k,, k € Ky, and &), € T. However, by the facts that
17y, = 1 and y, > 0, Assumption and [7, Proposition 2.1.2], it follows for all k£ > k, with
k € Ky, that

ldill2 = |WkGrykll2 < VEIGEYE|2 < VELz,0

where Lz ) € (0,00) is a Lipschitz constant for f over B(Z,e). This shows that {||dy||2}rex,
is bounded. This fact, along with {ay} — 0, implies that aj < ve/(3||dk||2) for all sufficiently
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large k € Ky, i.e., v tag||di|2 < €/3 for all sufficiently large k& € K,. Along with the fact that
xp € B(Z,min{(,e/3}) implies ||zx — Z||2 < €/3, it follows that & € B(Z,2min{¢,e/3}/3) and
hence gi € G(T, €x) for all sufficiently large & € N. Overall, since g € G(Z, €;) whenever k > k,,
ke Ky, and X, € T, yet gx € G(Z,¢;) for all sufficiently large k, it follows that X) ¢ T for all
sufficiently large k € K,. However, this is a probability zero event since |KC,| = co and the sample
points are generated independently of whether k € ICy,.

We have shown that {ex} \, 0 with probability one. If {e;} 0, then by there exists an infinite index
set Ke:={k € N : €1 < vei} where

max{||dk||2, || Gryrll2} < ex for all ke ..

The same argument as in [I0, Theorem 4.2, Case 2], which borrows from [24, Theorem 3.3, part (iii)], shows
all cluster points of {x}} are stationary for f. O O

Our second convergence result, presented as the following corollary, considers the case when one chooses
1 =1 so that the sampling radius remains that ¢y € (0,00) for all k¥ € K. Similar results have appeared in
the literature to prove a similar property of other GS methods; see, e.g., [24, Theorem 3.5].

Corollary 2.1. Suppose ¢ = 1. Algorithm[1] either terminates finitely with a stationary point for f or, with
probability one, it performs an infinite number of outer iterations. In the latter case, with probability one, it
either reaches iteration k € N such that 0 € G(xk, €;) or every cluster point of the iterate sequence {xy} is
€o-stationary for f.

Proof. Proof. As in the proof of Theorem if Algorithm [I] terminates finitely with a stationary point for
f, then there is nothing left to prove. Otherwise, by Lemma [2.5] it follows with probability one that an
infinite number of outer iterations are performed, meaning C = N. If the algorithm reaches iteration k € N
in which 0 € G(xg, €x), then there is nothing left to prove. Otherwise, following the arguments in the proof
of Theorem it follows that inf{||Gryx||2 : K € N} > 0 is a probability zero event. In the probability one
event that inf{||Gryxll2 : ¥ € N} = 0, the conclusion follows from the fact that J., f is closed. O O

3 GS Algorithm with Gradient Aggregation

Our second algorithm adds a conceptually straightforward, but practically significant enhancement to Algo-
rithm [I] In particular, we add a procedure for exploiting gradient aggregation that can significantly reduce
the size of the subproblems to be solved approximately in each “outer” iteration of the algorithm. We remark
that this enhancement to the GS methodology is only possible when one is able to employ inexact subprob-
lem solutions. This is the case since the exact solution of a subproblem involving a “gradient aggregation
vector” does not offer the exact solution of a subproblem involving individual gradients and no aggregation.

In this section, we present a statement of the proposed algorithm, then show that it offers the same
convergence guarantees as does Algorithm [f}

3.1 Algorithm Description

Our algorithm with inexact subproblem solutions and gradient aggregation is stated as Algorithm The
algorithm borrows much from Algorithm [I} we have written it in such a manner that only its unique steps are
stated. The main idea of the enhancement is the following. For any k£ + 1 € IC such that a; > 0, the matrix
of gradients Gj1 contains all points in the set Xj11, as in Algorithm [1} However, for any k£ + 1 € K such
that xx4+1 = x) since ay, = 0, rather than solve a subproblem defined by gradients at all points in X1, the
algorithm considers a subproblem in which the gradients defining the matrix G (which compose a submatrix
of G41) have been aggregated into a single “gradient aggregation vector” Gyy. The following lemma shows
that a feasible point for the subproblem that the algorithm considers in iteration k + 1 corresponds to a
feasible point for the subproblem that would be defined by all gradients in Ggilr
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Algorithm 3 GS with Inexact Subproblem Solutions and Gradient Aggregation

Require: [...same parameters and initial values as in Algorithm [1} except Gy ...]
1: Set G by (@), Gi8® by (@), and a_q « 0.
2: for all k € N do
3: if a1 > 0 or p; > p then

4: set G G}?‘n;

5: else

6: set G <+ ngg.

7 end if

8: [...same as Line [5| through Line [19|of Algorithm [1]...]
9: Set (Xg+1,Pr+1) by Algorithmand G;“_El by .

10: if a; > 0 then

11: set G55« G

12: else

13: set Gi%i — [vf(xk-l-l) Gryk [Vf(x)]IEXk+1\(wk+1UXk)} :
14: end if

15: end for

Lemma 3.1. Consider k € K such that k > 1 and ax_1 = 0, meaning G, = G3*%. For any j € N such
that yi. ; is computed, this vector, which is feasible for the dual problem in , corresponds uniquely to a
feasible point for the dual problem in if G were used in place of G, = G}%8.

Proof. Proof. Consider any j € N such that yi ; is computed. Let [yx ;|1 and [y ;]2 denote the first and
second elements of yy ;, respectively, with the subvector of all remaining elements of y ; being denoted as
[Yk,j]>2. One finds that

Gagg .

k Yk,j

= Vf(@r)yr, il + (Gr-1yp—1) [k sl2 + [V (@)]eex\@uxe_.) [Yr.j]>2
[Yk.5]1 o [Yk,i]1

= [Vf(xr) Gr—1t [Vf(@)]ecri\@uxe )] |Ye-1lursl2| = G |ye—1lurl2|
[yk,j]>2 [yk,j]>2

where—since 17y, 1 =1, 1Ty, ; = 1, yx—1 > 0, and yx ; > 0—it follows that

lyr i1 [Yk,s]1
17 |yr—1lyeglz| =1 and  |yr—1lye,l2| >0,
[Yk.j]>2 [Yk.i]>2
which proves the desired result. O O

Theorem 3.1. Suppose ¢ € (0,1). Algom'thm@ either terminates finitely with a stationary point for f or,
with probability one, it performs an infinite number of outer iterations. In the latter case, with probability
one, the sampling radius sequence satisfies {ex} \, 0 and every cluster point of the iterate sequence {xy} is
stationary for f.

Proof. Proof. For all k € N, the result of Lemma [2.1] holds regardless of whether G, = G}3%® or Gy = GI'!
due to the fact that G, has V f(z) as its first column in either case. The results of Lemmas and also
continue to hold regardless of whether G, = G}** or G, = G};“H, implying that the inner loop terminates
finitely for all k € K. Now consider the pair (dg, yx) = (—WiGryk, yx) upon termination of the inner loop in
iteration k € K. If Gy = G, then the properties of (d, yx) are the same as that in Algorithm Otherwise,
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when G}, = G3%%, one may consider
)1
Yr—1[Yk)2 (36)
[Yr]>2

as the dual vector, as shown by Lemma [3.1] The arguments of Lemmas and Theorem 2.1 now follow
in the same manner as in Sectionusing Gf;“n in place of G, and y; or in place of the dual vector for all
k € K. Crucial in these arguments is that, if the sample set size indicator py ever exceeds p, then Gy, = GEC““
and the algorithm behaves as Algorithm [1] for such k£ € K. O O

Corollary 3.1. Suppose ¢ = 1. Algorithm[3 either terminates finitely with a stationary point for f or, with
probability one, it performs an infinite number of outer iterations. In the latter case, with probability one, it
either reaches iteration k € N such that 0 € G(xy, €x) or every cluster point of the iterate sequence {xy} is
€o-stationary for f.

Proof. Proof. The proof follows from that of Theorem [3.1]in the same manner as the proof of Corollary
follows from that of Theorem 2.1l O O

4 Numerical Experiments

In this section, we present the results of numerical experiments with implementations of our proposed algo-
rithms. The main purpose of these experiments is to show that the introduction of inexactness and gradient
aggregation can reduce the computational expense of an adaptive GS algorithm consistently and often sub-
stantially. As a sanity check, we also provide a comparison between our implementation of Algorithm [3| and
a state-of-the-art code. All experiments were run on a Macbook Air with a 2.2 GHz Dual-Core Intel Core
i7 processor running macOS 11.4.

We implemented our algorithms in the C++ software package NonOpt [8]. For the parameters used in the
algorithms and subroutines, we employed the values stated in Table These values are used consistently
across all of our experiments. As is typical in implementations of GS methods, our implementations assume
that z + agd, € D for all k& € N, meaning that the loop in Algorithm [f] always terminates in the first
iteration; hence, the parameter ¢ is not used. The initial point zqg € R™ in each run of the algorithm was
chosen in a problem-dependent manner; see the references given below in our discussion of the test problems
used.

NonOpt contains a dual active-set QP solver that we used for solving the QP subproblems arising in the
implementations of our algorithms. To reduce CPU time, during the solve of a given QP, the termination
conditions 7 are not checked in every iteration of the QP solver. Instead, these conditions are checked
only after (py + 1)/4 QP iterations have been performed, and after this threshold is reached, the conditions
are checked only once every four QP solver iterations.

In our implementations, the outer iteration sequence terminates if

max{||Gryrllcos |WiGrys oo, ex} < 107* (37)

or once an objective function value tolerance or CPU time limit is reached. These latter criteria are discussed
in further detail in the subsequent subsections.
We consider the performance of three implementations, to which we refer as follows:

e GS-exact: An implementation of an adaptive GS method in which the QP subproblems are solved
“exactly” in each iteration; in particular, every aspect of this implementation is the same as that of
GS-inexact (below), except that, when tasked to solve each QP subproblem, the QP solver is run until
the £,o-norm of the KKT error for the QP is reduced below 10719,

e GS-inexact: An implementation of Algorithm

e GS-inexact-agg: An implementation of Algorithm

17



Table 1: User-specified parameters for our implemented algorithms and subroutines.

Parameter(s) Range Values Description
v (0, 00) 1 Stationarity measure tolerance
a<a (0, 00) 10720 < 100 Stepsize thresholds
init (0, 00) 1 Initial stepsize
p (0,1) 0.01 Inexactness threshold bound
K (0,1) 0.0001 Inexactness threshold
) (0,1) 0.1 Sampling radius reduction factor
L (0,1) 0.5 Inexactness parameter reduction factor
n<n (0,1) 10719 < 0.9 Armijo—Wolfe line search parameters
p [n+1,00) NN 10n Sample set size threshold
o (0, 00) 10 Inexactness threshold reset value
vy (0,1) 0.5 Stepsize modification factor
p<1<¢ (0, 00) 1072 <1 <108 BFGS updating thresholds
13 (0, 00) 10720 Curvature threshold
D N 100 Size of addition to sample set
Hy =0 1 Initial Hessian approximation
€0 (0, 00) max{0.01,0.1[|Vf(z0)|lso} | Initial stationarity radius

4.1 Randomly Generated Test Problems

Our algorithms are designed to minimize objectives that may be nonconvex and/or nonsmooth. However,
in order to conduct a controlled comparison between the aforementioned implemented algorithms, our main
experiment involves randomly generated convex test problems of the form

5161111@% QTI + %OSTHx + max{Az + b},
where g € R", H € R™*" is symmetric and positive definite, A € R™*" b € R™, and the max is taken
element-wise. (By employing convex, as opposed to nonconvex test problems, we can be sure that the results
of our experiments are not skewed by two algorithms converging to different local minimizers and other
related circumstances.) The problems were constructed such that the unique global minimizer is always
z, = 0, the global minimum is always f(z.) = 0, and the number of elements of the vector Az, +b =10
yielding the max, call it m 4, is always predetermined.

When solving potentially nonconvex and/or nonsmooth optimization problems, termination conditions
can be sensitive in practice; e.g., one can find that the termination condition may be satisfied relatively
early for some problems, whereas for other problems the magnification of small numerical errors can cause
to take longer to be satisfied. Hence, we added a condition for these experiments that terminates an
algorithm whenever the objective value is less than a prescribed threshold of 1073. This is reasonable in
these experiments since f(z,) = 0 for all problems.

For the purposes of these experiments, fifteen problems were generated; with n = 1000 and m = 500,
five problems were generated for each of the values my € {125,250,375}. In this manner, we provide
results for a range of dimensions of the “U-space” and “V-space” at the minimizer; see, e.g., [27]. For each
problem, each of the three implemented algorithms were run from the same randomly generated starting
point; in particular, each element for the initial point was drawn from a standard normal distribution. Since
GS methods are randomized, we ran each algorithm 10 times for each problem and provide averages of
performance measures over these 10 runs.

Results for GS-exact, GS-inexact, and GS-inexact-agg are provided in Tables[2] 3] and [4] respectively.
Averaged over the 10 runs for each algorithm and problem, we provide the required number of iterations
(iters), required total number of QP solver iterations (QP-iters), required number of objective function
evaluations (funcs), required number of objective gradient evaluations (grads), and final objective value
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(f). Since the total computational effort is roughly proportional to the total number of QP iterations,
for GS-inexact and GS-inexact-agg, we provide the relative change in the required total number of QP
iterations as compared to GS-exact. (This is a rough proxy for computational effort since the cost for each
QP solver iteration can differ depending on the number of nonzero variables in the dual solution estimate.
That said, we found it to be the best measure for comparison, as opposed to CPU time which can vary
despite the algorithm being run with the same initial conditions, random number generator seeds, and so
on.) In these statistics, a negative percentage indicates that GS-inexact (or GS-inexact-agg) required
fewer total QP solver iterations than GS-exact; e.g., a statistic of —z% indicates that the algorithm lowered
the required total number of QP solver iterations by 2%.

Table 2: Results for GS-exact averaged over 10 runs.

n m  ma iters QP-iters funcs grads f
1000 500 125 964 4583 6486 21495  +9.948857e-04
1000 500 125 961 5199 6521 24482  +9.943792e-04
1000 500 125 898 3042 6023 19725 +9.956177e-04
1000 500 125 1029 3026 6782 20148 +9.940536e-04
1000 500 125 916 4040 6258 25183  +9.953463e-04
1000 500 250 1076 16090 7433 41892  +9.922383e-04
1000 500 250 869 10493 6303 36224  +9.893498e-04
1000 500 250 1210 37689 7563 43487 +1.194211e-03
1000 500 250 1088 13620 7189 38885  +1.409556e-03
1000 500 250 1080 13870 7204 41252  +1.092632e-03
1000 500 375 2063 47562 10405 55532  +2.080894e-03
1000 500 375 1861 56658 10348 74029  +1.329274e-03
1000 500 375 2193 87014 11563 74775 +1.756560e-03
1000 500 375 2061 71832 11111 79926  +2.028260e-03
1000 500 375 1882 65654 10059 62165 +2.326188e-03

Table 3: Results for GS-inexact averaged over 10 runs. The final column indicates the relative change in
QP-iters compared to GS-exact.

n m my | iters QP-iters funcs grads f | change in QP-iters
1000 500 125 957 3024 6518 26306 +9.968597e-04 -34.003142%
1000 500 125 948 3131 6448 26093  +9.943444e-04 -39.767679%
1000 500 125 897 2818 6116 23888 +9.951412e-04 -7.3501867%
1000 500 125 1025 2848 6837 22942  +9.967565e-04 -5.865829Y
1000 500 125 905 4096 6351 32989  +9.944478e-04 +1.3910897%
1000 500 250 1105 9444 7456 44674 +1.078713e-03 -41.3053347%
1000 500 250 1036 8875 7015 44131 +1.076791e-03 -15.417969Y%
1000 500 250 915 3953 6656 39961  +9.926499e-04 -89.511723Y%
1000 500 250 924 3428 6717 39259  +9.904635e-04 -74.829662,
1000 500 250 1082 8180 75569 48848 +1.031102e-03 -41.021038%
1000 500 375 1362 17336 8145 55212  +1.509360e-03 -63.549472,
1000 500 375 1547 31698 9817 83939  +1.379415e-03 -44.053803%
1000 500 375 1382 16480 8545 63765  +1.559232e-03 -81.059730%
1000 500 375 1718 35042 9584 66791 +1.977902e-03 -51.216579%
1000 500 375 2031 56392 11059 92092 +1.801977e-03 -14.107727Y%

Let us start with a few general observations about these experiments. First, between the termination
condition and the condition that the algorithm terminates if the objective value fell below 1072, one
finds that the solutions obtained by all algorithms on all problems were comparable in quality with final
objective values on the order of 1073. Second, one finds that the computational effort required by the
algorithms was directly proportional to m 4; this is expected since increasing m 4 increases the dimension of
the V-space of the objective function at the solution.

Most importantly, one finds in the results in Tables[2] [B] and [4] that inexactness and gradient aggregation
reduces the total number of QP solver iterations consistently and often substantially. Interestingly, one also
finds in many cases that GS-inexact and GS-inexact-agg also require fewer outer iterations. This was not
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Table 4: Results for GS-inexact-agg averaged over 10 runs. The final column indicates the relative change
in QP-iters compared to GS-exact.

n m my | iters QP-iters funcs grads f | change in QP-iters
1000 500 125 974 2130 6428 17515  +9.950228e-04 -53.521403%
1000 500 125 965 2147 6413 18405  +9.965422e-04 -58.709156
1000 500 125 911 1682 6020 14611  +9.948074e-04 -44.679662%
1000 500 125 1012 2715 6733 22958  +9.941496e-04 -10.277594/,
1000 500 125 929 2022 6180 17479  +9.948088e-04 -49.9405947,
1000 500 250 935 2775 6675 32963  +9.948877e-04 -82.7486347
1000 500 250 1021 10064 6742 33816  +1.002834e-03 -4.092971Y%
1000 500 250 897 2316 6350 30019 +9.920159e-04 -93.8540247%
1000 500 250 932 2541 6608 31248  +9.937333e-04 -81.3399417,
1000 500 250 924 2302 6459 27277  +9.965494e-04 -83.398221Y%
1000 500 375 860 2679 6414 45224  +9.910356e-04 -94.367142),
1000 500 375 855 2702 6466 47196  +9.928050e-04 -95.229876Y%
1000 500 375 831 2676 6285 47392 +9.938719e-04 -96.924309%
1000 500 375 960 14692 6797 48239  +1.141195e-03 -79.5459167,
1000 500 375 1015 19647 7165 54267 +1.005219e-03 -70.073932,

necessarily expected, and might not represent behavior that one should anticipate in general. That said, one
explanation for this behavior is that requiring exact subproblem solutions may tend to produce shorter search
directions, whereas by allowing inexactness in the subproblem solutions the algorithm is able to take longer
steps in each iteration. In any case, due to the reduced number of QP solver iterations required per outer
iteration, one may expect a reduction in total computational effort for GS-inexact and GS-inexact-agg
even if these algorithms were to require the same number, or even more, outer iterations than GS-exact.

4.2 Test Set Problems

To demonstrate that our implementations can be competitive with a state-of-the-art solver, we performed an
experiment to compare the performance of the state-of-the-art code LMBM [20] and GS-inexact-agg. The ex-
periments with GS-inexact-agg in the previous subsection were performed with full BFGS approximations,
but the experiments in this subsection were performed with a limited-memory BFGS strategy with a history
of 50 so that the algorithm would be more similar to LMBM, which uses limited memory approximations (with
a history of 7).

We chose a set of 20 test problems for which LMBM has been tuned, some of which are convex and some
of which are nonconvex. The first ten problems come from [I4] and the second ten come from [30]. (LMBM
comes with implementations of the first ten problems; for the remaining test problems, we obtained Fortran
implementations from [28].) In these sources, each problem is provided with an initial point zy € R™, which
were the initial points that we used in our experiments. All of the problems are scalable in the sense that
they are defined for any value of n € N. We chose n = 1000 for all problems.

LMBM and GS-inexact-agg have many differences. For example, LMBM employs a bundle method while
GS-inexact-agg employs a GS method. The termination criteria of the two codes are also very different; e.g.,
besides observing termination criteria related to detecting stationarity, LMBM may terminate due to various
reasons related to the iterate and/or objective value not changing significantly between iterations. Hence,
in order to offer a fair and illustrative comparison, we ran LMBM for each problem 10 times and found the
average CPU time required per problem. (The solve for most problems terminated within a few seconds; the
only exceptions were that for Test29_5, which required approximately 30 seconds, and that for Test29_13,
which required approximately 15 seconds.) We then ran GS-inexact-agg with a CPU time limit of the
maximum of the average time required by LMBM and one second. This caused GS-inexact-agg to terminate
in a large majority of the runs due to the CPU time limit, even though it would have continued to iterate
to obtain better solutions if it were allowed to do so. Due to the random behavior of GS-inexact-agg, we
ran the solver 10 times for each problem and present averages over these runs.

The results obtained by the codes are shown in Table 5| LMBM reports the number of iterations (iters),

20



function evaluations (funcs), and final objective value (f). For GS-inexact-agg, we additionally provide
(averaged over all runs) the number of QP subproblem solver iterations (QP-iters) and gradient evaluations
(grads). Since the algorithms have various differences, it is not necessarily informative to compare the
number of iterations or function evaluations required by the two methods. On the other hand, one can
compare final objective values, with respect to which one finds that the results are generally comparable.
LMBM yields lower values for some problems while GS-inexact-agg yields lower values for a few others.

Table 5: Results for LMBM and GS-inexact-agg averaged over 10 runs

name iters funcs f iters QP-iters funcs grads f

MaxQ 21940 22808 +4.987830e-06 5234 5253 15000 5267  +4.021445e-04
MxHilb 441 861 +6.166410e-03 140 140 687 200 +1.134878e-03
Chained_LQ 300 1824 -1.412780e+03 66 150 446 130 -1.412639e+03
Chained_CB3_-1 291 1690 +1.998000e+03 72 143 501 145 +2.012761e+03
Chained _CB3_2 66 150 +1.998000e+03 61 80 300 93  +1.998000e+03
ActiveFaces 523 569  +1.376680e-14 15 17 391 344  +3.961526e-05
Brown_Function_2 493 4217  +2.136910e-09 27 141 201 107  +9.041635e-01
Chained Mifflin_2 546 3892 -7.064510e+02 40 136 316 168 -7.062611e+02
Chained Crescent_1 177 817 +3.681010e-08 37 44 187 52  +4.728769e-08
Chained _Crescent_2 903 9626  +1.369240e-04 34 141 262 101 +1.353061e-01
Test29.2 62 63 +9.815390e-01 307 354 1643 358  +7.212000e-01
Test29.5 1230 4563  +6.434430e-06 185 369 948 374  +8.359626e-07
Test29.6 44 48  +2.000000e+00 37 142 292 119  +2.007236e+00
Test29_11 283 1336  +1.203580e+04 13 147 170 121 +1.208292e+04
Test29.13 3747 7092 +5.665460e+02 92 1451 1219 1134  +6.140429e+02
Test29_17 962 2247  +3.574260e-03 8 152 148 114  +1.096233e-03
Test29.19 143 1012 +1.000000e+00 29 144 274 123  +1.013406e+00
Test29_20 277 3087 +5.000010e-01 46 140 394 142  +5.008065e-01
Test29.22 21 172 +1.966970e-06 10 153 163 118  +3.056232e-04
Test29.24 315 1945  +4.232150e-02 32 138 352 119  +1.102612e-01

5 Conclusion

We have proposed, analyzed, and tested two algorithms for minimizing locally Lipschitz objective functions.
The algorithms are based on the gradient sampling methodology. The unique feature of the first algorithm is
that it can allow inezactness in the subproblem solutions while maintaining convergence guarantees, which
is new to the literature on gradient sampling methods. The unique feature of the second algorithm is that
it can use inexact subproblem solutions and aggregated gradients in place of individual gradients in the
subproblem definitions. Our numerical experiments show that employing inexactness and aggregation can
each reduce computational effort.
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Online Companion: GS Algorithm Subroutines

In this online companion, we present subroutines needed for the GS algorithms with inexact subproblem
solutions and gradient aggregation proposed in the paper. Besides the first, these subroutines have been
motivated and presented in previous articles, as mentioned in the following subsections. We include them
here, along with pointers to lemmas that prove their properties, for ease of reference for the main body of
the paper.
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A.1 Sufficient decrease parameter selection

For our proposed algorithm, the sufficient decrease parameter n € (0,1) employed in the Armijo-Wolfe
conditions, specifically in , needs to be set sufficiently small relative to an upper bound on the condition
number of (at least a subset of) the generated Hessian approximations. A similar relationship was required
in [T} eq. (3.1)]. Generally speaking, the Hessian approximations in a BFGS updating strategy can become
arbitrarily ill-conditioned, but it is sufficient for our purposes to employ an upper bound that holds for a
fraction of good iterations that will provably occur; see [6].

Algorithm 4 Sufficient Decrease Parameter Selection

Require: ¢ € (0,1), ¢ € (1,00), and Hy > 0 from outer algorithm; x € (0, 1).
1: Set 1
R (tr(Ho) — Indet(Hp) + ¢ — 1 —Ing) € (0,00).
—x @

2: Set ¢; + e~ /2,
3: Set ¢y (resp., c3) as the smallest (resp., largest) value in (0, 00) such that

1—r+4Inr>—¢y forall r € [eg,c3).

4: Set p < ci/cg and [ < 1/c3.
5: Set

b

} € (1, 00).

,uemax{

= 1=l
=1~

6: Choose 7 € (0,1) such that nu € (0,1).
7. terminate and return (1, 1)

A.2 Line search

Given a descent direction for f at xj, the line search is intended to find a stepsize satisfying the weak Armijo-
Wolfe conditions; see and, e.g., [35]. However, as motivated by [L1], the line search may terminate early
if the sample set size indicator py is less than the prescribed integer p € [n + 1,00) or may ignore the
curvature condition —and switch to a “backtracking Armijo” line search—if both p; > p and a certain
number of iterations of the line search have already been performed without termination. This potential
switch to a backtracking Armijo line search may be needed due to potential nonsmoothness of f, since under
Assumption one can only show that an Armijo-Wolfe line search can “bracket” a stepsize satisfying the
Armijo-Wolfe conditions ; see [20, Theorem 4.7]. One could ensure finite termination of an Armijo-Wolfe
line search, without having to switch to a backtracking Armijo line search as a backup, with a stronger
assumption on f, such as it being weakly lower semismooth; see [32].

Our line search subroutine is stated as Algorithm [5} Given 1 € (0,1) and 7 € (n, 1), the Armijo-Wolfe
conditions that we use are stated as . We remark that does not use the directional derivative of f
at xy along dy, as is typical in the Armijo condition in the context of smooth optimization; rather, it uses
squared norms of search direction quantities, which is common in GS algorithms when nonnormalized search
directions are used; see, e.g., [24, Eq. (4.2)].

A proof of Lemma ¢) can be found in that for [II, Lemma 2.3].

A.3 Iterate perturbation

Gradient sampling algorithms require that each iterate lies in the set of points over which the objective
function f is differentiable (for well-posedness of the algorithm) or even continuously differentiable (for the
convergence guarantees); see [5]. For our proposed algorithms, we employ Algorithm |§| to ensure that each
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Algorithm 5 Armijo-Wolfe Line Search

Require: (7,7, ) from outer algorithm; @ € [, 00); anit € (0,00); v € (0,1).
1: Set [ <—6, u @, and ap < Qinit.-
2: if di = 0 then
3: terminate and return oy.
4: end if
5: for all £ € N do
6: if pp < p and o < o then
7
8
9

set ay < 0, terminate, and return ay. [truncate and take null stepsize]
end if
: if a; < a then
10: set [ < 0. [switch to backtracking Armijo line search]
11: end if
12: if holds or both ap < a and hold then
13: terminate and return ay. [success|

14: end if
15: if (21al) does not hold then

16: set u < ag;

17: else

18: set | + ay.

19: end if

20: set ag + (1 =)+ ~yu.
21: end for

iterate lies in the set D defined in Assumption If, after the line search, the resulting trial point is
contained in D, i.e., zp +axdy € D, then xy41 is set to be this trial point; otherwise, the iterate perturbation
strategy in Algorithm |§| aims to compute xx 1 € D satisfying .

Algorithm [6] can fail if its for loop iterates infinitely. However, under Assumption this is a probability
zero event. In other words, it terminates finitely—meaning the subroutine runs successfully—with probability
one

A proof of Lemma 2.5(d) can be found in that for [II, Lemma 2.3].

A.4 Hessian and inverse Hessian approximation strategy

The Hessian approximation strategy employed in [I1] is conservative in the sense that it might replace a
BFGS approximation with an L-BFGS approximation in order to ensure that, in certain cases, the eigenvalues
of the Hessian approximation are bounded above and below away from zero. For our purposes, we employ the
less conservative strategy advocated in [12], which exploits the self-correcting properties of BFGS updating.
The subroutine we use is stated in Algorithm [7]

Lemma A.1. The properties pertaining to {Hy} and {Wy} stated in Lemma[2.5 hold.

Proof. Proof. Positive definiteness of Hy,1 and Wy follows by induction and the fact that Hy > 0 and
Wy = 0. In particular, if sp = 0 or does not hold in iteration £ = 0, then H; « Hy > 0 and
W1 < Wy = 0; otherwise, positive definiteness of H; and W; follows the fact that implies sf vy and
from well-known properties of BFGS updating. Inductively, positive definiteness of Hy41 and Wi for any
k € N follows by the same arguments. Finally, with respect to the properties of {W}}, the proof follows in
a similar manner as that for [I2] Corollary 3.2]. O
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Algorithm 6 Iterate Perturbation

Require: ¢ € N.

1: Set xp11 < Tk + apdy.
2: if o, = 0 or di, = 0 then
3: terminate and return xy ;.
4: end if
5: for all / € N do
6:  if 231 € D and either holds or each of (22a)), (22d), and ¢ > ¢ hold then
7: terminate and return z;;
8: end if
9: Sample xx11 from a uniform distribution over
B (xk + apds, min{ay, e, } min{||d||2, ||kak2}) .
Cmax{||dy2, |Gryrll2}
10: end for

A.5 Sample point generation

With zp1 € D in hand, a GS algorithm turns to setting the set of sample points Xj1 and corresponding size
indicator pg41. To limit the size of the sample set, which has the benefit of reducing the costs of subsequent
QP solves, we follow the lead of [11], which sets Xjy1 « {zky1} if, for (£,a) € (0,00)2, one finds that
holds. Otherwise, the sample set preserves points near x;1 and augments it with randomly generated
points, the hallmark of GS methods; see Algorithm

Like for Algorithm[6] one finds that Algorithm [§]can fail if its do-while loop iterates infinitely. However,
under Assumption this occurs with probability zero. The subroutine runs successfully with probability
one.

A proof of Lemma e) can be found in that for [IT, Lemma 2.5].
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Algorithm 7 Hessian and Inverse Hessian Approximation Updates

Require: ¢ € (0,1) and ¢ € (1,00) from outer algorithm.

%

. Set Sk apdy and 0 T+l — Tk
if Sk = 0 then
set (Hyt1, Wit1) < (Hi, Wh).
else
Compute 9, as the smallest value in [0, 1] such that
vg < Ugsg + (1 — Dx )y
yields
Uk ol _ —
¢ < i and <, 38
2= Tl ™™ Tu 38)
then set -
TH TH T
ch+1 — ([_ Sl;skk) H, (I— S;;Sk k> + ’U];}ik
sp Hysp s;, Hysy, S, U
\T T T
and Wiy (I - ”;s’f> Wi <I - ”;s’f) 1 Kk
S Vk S Vk Si. Uk
end if
terminate and return (Hgy1, Wii1).

Algorithm 8 Sample Set Update

Require: « from outer algorithm; £ € (0,00); p € N with p > 1.

10:
11:

1
2
3
4
5:
6
7
8
9

. if holds then

set Xpt1 < {2k+1} and pr41 < 0, terminate, and return (Xji11,pr+1)-

: end if

: do

set Sg41 as a set of P points from a uniform distribution over B(2g 41, €x41)-

: while Sk—i-l §Z D

: Set X411 {$k+1} @] (Xk n ]B(Z‘]H_h 6k+1)) U Sky1 and pr41 < |Xk+1‘ —1.

. if Pk+1 > P then

: remove the pr1 — p eldest members of X411 (except {xk+1}) and set pri1 < p.
end if

terminate and return (X1, prr1)-
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