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Abstract

Classical results show that gradient descent converges linearly to minimizers of
smooth strongly convex functions. A natural question is whether there exists a locally
nearly linearly convergent method for nonsmooth functions with quadratic growth.
This work designs such a method for a wide class of nonsmooth and nonconvex lo-
cally Lipschitz functions, including max-of-smooth, Shapiro’s decomposable class, and
generic semialgebraic functions. The algorithm is parameter-free and derives from
Goldstein’s conceptual subgradient method.

1 Introduction

Slow sublinear convergence of first-order methods in nonsmooth optimization is often illus-
trated with the following simple strongly convex function:

f(z) = max ; + %HxHQ for some m < d and all 2 € R?. (1.1)
For example, consider the subgradient method applied to f, which generates iterates x.
Since f is strongly convex, classical results dictate that f(z)—inf f = O(k™!). On the other
hand, under proper initialization and an adversarial first-order oracle, there is a matching
lower bound for the first m iterations: f(x)) —inf f > (2k)~! for all & < m; see [8,36].
Beyond the subgradient method, the lower bound also holds for any algorithm whose kth
iterate lies within the linear span of the initial iterate and past £ — 1 computed subgradients.
Thus, one must make more than m first-order oracle calls to f, i.e., function and subgradient
evaluations, before possibly seeing improved convergence behavior.

While such methods make little progress when k& < m, this behavior may or may not
continue for £ > m. On one extreme, the subgradient method, continues to converge slowly
even when equipped with the popular Polyak stepsize (PolyakSGM) [38]; see Figure (Il On
the opposite extreme, more sophisticated algorithms such as the center of gravity method
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or the ellipsoid method converge linearly, but their complexity scales with the dimension of

the problem, a necessary consequence of the linear rate of convergence; see the discussion
in [8, Chapter 2].
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Figure 1: Comparison of NTDescent with PolyakSGM on ([1.1). Left: we fix d and vary m;
Right: we fix m and vary d. For both algorithms the value f(x}) denotes the best function
seen after ¢ oracle evaluations.

A natural question is whether there exists a first-order method whose behavior lies in
between these two extremes, at least for nonsmooth functions f satisfying regularity con-
ditions at local minimizers. Regularity conditions often take the form of growth — linear
or quadratic — away from minimizers. Well-known results show that subgradient methods
converge linearly on nonsmooth functions with linear (also called sharp) growth [38]. On the
other hand, in smooth convex optimization quadratic growth entails linear convergence of
gradient methods. However, to the best of our knowledge, no parallel result for nonsmooth
functions with quadratic growth exists. Thus, in this work, we ask

is there a locally nearly linearly convergent method for nonsmooth functions with
quadratic growth whose rate of convergence and region of rapid local convergence
solely depends on f?

Let us explain the qualifiers “nearly” and the “solely depends on the function.” First, the
qualifier “nearly” signifies that the method locally achieves a function gap of size £ using
at most, say, O(C}log®(1/¢)) first-order oracle evaluations of f, where C; depends on f.
Second, the qualifier “solely depends on the function,” signifies that C; and the size of the
region of local convergence do not depend on the dimension of the problem, but instead
depend only on the function f through intrinsic quantities, such as Lipschitz and quadratic
growth constants.

In this work, we positively answer the above question for a class nonsmooth optimization
problems with quadratic growth. The method we develop is called Normal Tangent Descent
(NTDescent). We formally describe NTDescent in Section [1.4] For now we illustrate the
performance of NTDescent on f from in Figure . In both plots, we see NTDescent

2



improves on the performance of PolyakSGM, measured in terms of oracle calls. This is a
fair basis of comparison since both PolyakSGM and NTDescent perform a similar amount
of computation per oracle call. Figure also shows that the performance of NTDescent
is dimension independent. We highlight that this performance was achieved without any
tuning of parameters for NTDescent. Indeed, our main theoretical guarantees for NTDescent
(Theorem do not require the user to set any parameters.

The problem class on which NTDescent succeeds consists of locally Lipschitz nonsmooth
functions with quadratic growth and a certain smooth substructure at local minimizers. Im-
portantly, we do not assume the problems under consideration are convex, though convexity
entails improved guarantees. Two example classes with such smooth substructure include
(i) “generic” semialgebraic functions and (ii) properly C? decomposable loss functions satis-
fying strict complementarity and quadratic growth conditions [40]. A semialgebraic function
is one whose graph is the finite union of intersections of polynomial inequalities. Semial-
gebraic functions (more generally tame [25] functions) model most problems of interest in
applications. If f is semialgebraic, for a full Lebesgue measure set of w € RY, we will show
that the tilted function f,: z + f(z) +w'x has quadratic growth and the desired smooth
substructure at each local minimizer, explaining the qualifier “generic.” On the other hand,
a properly C? decomposable function is one that decomposes near local minimizers as a
composition of a positively homogeneous convex function with a smooth mapping that maps
the minimizer to the origin. Decomposable functions appear often in practice, e.g., in eigen-
value and data fitting problems. An important subclass of decomposable functions consists
of so-called “max-of-smooth” functions, which are the maximum of finitely many smooth
functions that satisfy certain regularity conditions at minimizers, e.g., f in (1.1)).

The precise smooth structure used in this work was recently identified in [15], where
it was shown to be available in generic semialgebraic and decomposable problems. Since
it is available in many problems of interest, throughout this introduction we call this the
combination of quadratic growth and smooth substructure typical structure and call functions
possessing this combined structure typical. We present the formal structure in Section [3]
At the heart of this structure is a distinguished smooth manifold M — called the active
manifold — containing a local minimizer of interest. We formally define the active manifold
concept in Definition but at a high-level the two crucial characteristics are that (i) along
the manifold, the function f is smooth and (ii) normal to the manifold, the function grows
sharply. For example, Figure |2 depicts the nonsmooth function f(u,v) = u? + |v| for which
the u-axis plays the role of M. In Section [I.3.1] we will examine this function and explain how
we use its typical structure in NTDescent. This example also has the smooth substructure
developed in several seminal works in the optimization literature, including those found in
work on identifiable surfaces [44], partly smooth manifolds [30], VU-structures [28]34], and
minimal identifiable sets [20]. However, crucial to the analysis of NTDescent are two further
properties introduced in [15], called strong (a)-regularity and (b<)-regularity. Strong (a)-
regularity roughly states that the function is smooth in tangent directions to manifold up
to an error term which is linear in the distance to the manifold. On the other hand, (b<)-
regularity is a one-sided uniform semismoothness [32] property that holds automatically
when f is (weakly) convex. Both properties hold for the two variable example in Figure
and for the function in (|1.1]), where the active manifold is the subspace in which the first m
variables take on the same value: M = {z € RY: 2y =29 = .. Ty}
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Figure 2: The function f(u,v) = u® + |v| has typical structure.

Before turning to the description of NTDescent, we point out that similar smooth sub-
structure has been utilized for first-order methods in nonsmooth optimization, most famously
for functions with VU-structure , and more recently for max-of-smooth functionsﬂ For
VU functions, so-called “bundle-methods,” which possess an inner-outer loop struc-
ture, have been shown to converge superlinearly with respect to the number of outer-loop
steps ; see also the survey . These methods have excellent empirical performance,
but a complete account of their inner-loop complexity remains elusive. On the other hand,
in a recent breakthrough, Han and Lewis proposed a first-order method — Survey Descent
— that converges linearly on certain strongly convex max-of-smooth objectives, stepping be-
yond the classical smooth setting . The method shows favorable performance beyond
the max-of-smooth class, e.g., on certain eigenvalue optimization problems, but no theoret-
ical justification for this success is available. We discuss Survey Descent in more detail in
Section [Tl We now motivate NTDescent.

1.1 Motivation: Goldstein’s conceptual subgradient method

To motivate NTDescent and the role of smooth substructure, let us set the stage: consider
the nonsmooth optimization problem

minimize,cga f(x),

where f: R? — R is a locally Lipschitz function, which is not necessarily convex. The algo-
rithm developed in this work assumes first-order oracle access to f ,,. In particular,
at every x € R? we must be able to evaluate f(z) and retrieve an element of the Clarke
subdifferential Of (x). Informally, the Clarke subdifferential is comprised of convex combina-
tions of limits of gradients taken at nearby points; a formal definition appears in Section |1.7]
The Clarke subdifferential reduces to the familiar objects in classical settings. For example,
when f is C!, the Clarke subdifferential reduces to the singleton mapping {V f}. In addition,
when f is convex, the Clarke subdifferential reduces to the subdifferential in the sense of
convex analysis.

!'Though they also benefit from smooth substructure, prozimal-methods do not fall within the oracle
model of first-order methods considered in this work. Thus, we omit them from our discussion.



The starting point of this work is the classical conceptual subgradient method of Gold-
stein [23]. The core object in this method is the Goldstein subdifferential:

Oy f () := conv U If(y) for all # € R* and o > 0. (1.2)
yEBo ()
This subdifferential is simply the convex hull of all Clarke subgradients of f taken at points

inside the ball of radius o. Its importance arises from the following descent property proved
in [23]: fix 0 > 0 and x € R? and let w denote the minimal norm element of 9, f(x). Then

w
f (x—am> < f(z) — o||w|| if w # 0. (1.3)
w
This property motivates Goldstein’s conceptual subgradient method, which simply iterates:
Wk .
Tpy1 = Ty — O where w = argmin |Jw||. (1.4)
[[w| wed, f(w)

This algorithm is remarkable since it is provably a descent method for any Lipschitz function
and even converges at a sublinear rate. Indeed, a quick appeal to (1.3 yields

k=0,..., K —1 o€

min |lwgl|| < ¢ holds when K=0 (f(@ﬁ—_mmf) .

While this exact variant of the Goldstein method is not necessarily implementable, recent
work has devised approximate versions of the method that have similar sublinear convergence
properties [17,/47].

The algorithm introduced in this work approximately implements the method . The
goal of this work is to prove that the method is locally nearly linearly convergent on typical
nonsmooth functions. To develop such a method, we must resolve two issues for this problem
class. First, we must develop rapidly convergent algorithms that approximately compute
the minimal norm element of the Goldstein subdifferential. Second, we must devise an
appropriate regularity property that ensures the proposed method converges nearly linearly.
We discuss both of these properties in turn, beginning with the regularity property, which
we call the Goldstein-Kurdyka-FLojasiewicz (GKL) inequality.

1.2 Linear convergence via the GKL inequality

The GKL inequality is motivated by the following simple observation: if the bound

ollwgl| = n(f(xx) — min f)

holds for some 7 > 0 and all £ > 0, then the Goldstein method converges linearly to a
minimizer of f. A potential issue with this inequality is that the vector wy is zero whenever
o is larger than the distance of x; to the nearest critical point of f; thus the algorithm may
stall whenever xj is near enough to a minimizer. This suggests a simple relaxation of the
property that allows o to depend on xy.



Indeed, in this work, we will provide conditions under which the following bound holds
near a local minimizer Z of f: there exists a constant > 0 and a function o: R? — R,
such that for all x near z, we have

o (x)dist(0, Or@) f () = n(f(x) — f(T))- (1.5)

We call this property the GKL inequality due to its similarity to the Kurdyka-Lojasiewicz
(KL) inequality [6]. The KL inequality requires that a suitable nonlinear reparameterization
1 : R — R of the function gap is bounded by the minimal norm Clarke subgradient for all x
near x:

dist(0, 0f (x)) > ¥(f(x) — f(2)).

In recent years, the KL inequality has played a key role in the convergence of proximal
methods for nonsmooth optimization and in continuous time analogues of the subgradient
method; see e.g., [23],5],6,45]. In contrast to the proximal and continuous-time settings, we
do not know whether the KL inequality alone allows one to design a locally linear convergent
discrete time subgradient method.

A well-known property of the KL inequality is its prevalence: it is valid for any lower-
semicontinuous semialgebraic function f. We will show that the GKL inequality is also
prevalent in the sense that it holds for the aforementioned problems with typical structure.
In this way, the conceptual method with varying oy := o(zp) will locally converge
linearly on such problems. The reader may wonder whether we can or must find the precise
value o(zy). We will show that for typical problems, an appropriate o, may be found through
a line search procedure.

1.3 Approximately implementing Goldstein’s method

The GKL inequality ensures that the conceptual Goldstein method converges linearly, pro-
vided the stepsize ¢ is chosen adaptively. To move beyond the conceptual setting, we must
develop strategies for approximating the minimal norm element of 0, f(x) for ¢ > 0 and
r € R% Let us suppose we have such a method and denote it by MinNorm(z, o). Then the
method of this work simply iterates:

Tpy1 = Tp — Uk“lwu—]]z” and wy = MinNorm(xy, oy,) (1.6)

for an appropriate sequence g > 0. We discuss and develop two different implementations
of MinNorm(z, o) in this work. Given z € R? and ¢ > 0, both methods iteratively construct
a sequence of Clarke subgradients go, ..., gr_1 taken at points in the ball B,(x) and then
output a “small” convex combination w € conv{go,...,gr_1}, which satisfies the descent
condition

(- o) < ) - Zloll

]l

The oracle complexity of MinNorm(z, o) is then 7" function/subgradient evaluations, and we
hope to ensure that 7" is relatively small, say, constant or at most

T =0 (log(A})) where A, , := dist(0, 0, f(x)).
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Provided that T is on this order, that f satisfies the GKL inequality, and that o is chosen
appropriately, the iterate z;, will satisfy f(z;) — f(Z) < € after at most O(log?(1/¢)) itera-
tions, a nearly linear rate of convergence. This complexity ignores the cost of choosing an
appropriate stepsize oy, but we will show that in typical problems we can find appropriate
ok, with at most O(log(1/¢)) function/subgradient evaluations.

We are aware of two MinNorm type methods in the literature, but their complexity is
either too large or is useful only in low dimensions problems. For example, the works |17,{47]
introduced such a method for general locally Lipschitz functions. However, the complexity of
the method is T'= O(1/A, ) — too large for our purposes. On the other hand, the work [17]
also introduced a method tailored to low-dimensional weakly convex functions, a broad
class of nonconvex functions that includes all compositions of Lipschitz convex functions
with smooth mappings. However, the method is based on cutting plane techniques, so its
complexity scales linearly with dimension: 7' = O(dlog(1/A,,)).

This work develops faster MinNorm type methods for the aforementioned typical problems.
The MinNorm type algorithm we develop uses the existence of the active manifold to quickly
reveal an approximate minimal norm Goldstein subgradient. Let us briefly illustrate this
structure and MinNorm type algorithms with a simple example.

1.3.1 Finding small subgradients in a simple example with “typical” structure

Consider the following simple function of two variables f(u,v) = u? + |v|, which has a
unique minimizer at £ = (0,0). Here, the u-axis plays the role of the manifold M, along
which f is smooth and grows quadratically and off of which f grows sharply; see Figure 2]
The manifold M naturally induces a decomposition of f into smooth fy(u,v) = u? and
nonsmooth fy(u,v) = |v| components. This decomposition has two key properties. First,
the gradients are orthogonal: V fy(u,v) is tangent to M, while V f,,(u,v) is normal M
when v # 0. Second, the gradients provide a description of the minimal norm Goldstein
subgradient w, € 9,f(u,v) at a point x = (u,v) near z. The description depends on
whether (x,0) are in one of two regimes, which we call the normal and tangent regimes,
respectively:

V fy(u,v) if (z,0) are in the normal regime;

~

~ 1.7
{Vfu(u, v) if (z,0) are in the tangent regime. (1.7)

A precise description of these regimes is not relevant at the moment. However, we mention
that given any z sufficiently near Z, there exists some o > 0 such that (z,0) is in either
the normal or tangent regime. Moreover, we can locate this o via a line search. Let us now
describe how this decomposition enables rapid estimation of w,.

In this work, we estimate w, with two separate MinNorm type methods, depending on
whether (x,0) is in the normal or tangent regime. In the normal regime, we use the MinNorm
type method of [17], which we show terminates in finitely many steps due to the lower
bound A, , = Q(1). In the tangent regime, we introduce a new MinNorm type method which
estimates V fi; through a certain symmetry induced by u-axis. To motivate this symmetry,
recall that we may always identify V f;; by a reflection across the u-axis:

1 1
V fulu,v) = §Vf(u,v) + §Vf(u, —v) for all u,v € R with v # 0.
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We cannot hope for such a perfect symmetry in general problems. Instead, a central insight
of this work is that a similar approximate symmetry exists in problems with typical structure.
To illustrate, consider Figure 3] This figure depicts a point x in the tangent regime together
with the result of a normalized gradient step:

Vi)

Ty =2 — Oz

IV £ ()l

As can be seen from the figure, x, is an approximate reflection of x across the u-axis, which
“flips the sign” of the nonsmooth component of Vf: V fy,(x) = =V fy(x,). Thus, in this
setting, one may “cancel out” the nonsmooth component by a simple averaging:

Y fu(z) ~ %Vf(:v) + %Vf(m.

While seemingly crude, we will show this strategy generalizes to typical functions.
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Figure 3: Contour plots for f(u,v) = u® + |v|. Left: The point x = (1,.1) together with the
approximate reflection z, = x — .3% across the u axis. The solid light green arrow is
parallel to the negative gradient direction —V f(z). The dashed arrows denote the orthogonal
decomposition of —V f(z), respectively —V f(z), into the vectors —V fy,(z) and —V fy(x),
respectively —V fy(z1) and —V fy,(z4). From the plot, we see V fy,(z) = =V fy(x). Right:

The point  with estimate —3(V f(z) + V f(z4)) of the vector —V fy(z).

1.3.2 Two MinNorm methods: NDescent and TDescent

To generalize the strategy of the previous section, we will prove that the minimal norm Gold-
stein subgradients of typical problems similarly split into tangent and normal components
just as in ((1.7). Then, we introduce two MinNorm type methods for “normal” and “tangent”
steps. For normal steps, we use a small modification of the MinNorm type method of .
We call this method Normal Descent (NDescent) and describe it in Algorithm (I} As in the



simple example above, we will show that NDescent must terminate with sufficient descent
in finitely many steps, provided ¢ is lies within an appropriate range.

Algorithm 1 NDescent(z,g,0,7T)

1: Set gy = g and t = 0.

2: while T — 1> ¢, [|g]| > 0, and Z||gs]|> > f(z) — f (z — JHZ—Z”) do
3: Choose any r satisfying 0 < r < a||g:].

4: Sample ¢; uniformly from B, (g;).

5: Choose y; uniformly at random in the segment [z,z — UHE_ZH]'
6: Choose g; € Of (y:).

& Jr+1 = AIgMIn, crg, o1 [[2]]2-

8: t=1t+1.

9: end while

10: return g;.

On the other hand, for tangent steps, we develop a new MinNorm type method, which
likewise relies on an approximate reflection property. We call this method Tangent Descent
(TDescent) and present it in Algorithm 2 Given an input point z, stepsize o > 0, and
initial subgradient gy € 0f(x), TDescent repeats the following steps

Choose: gy € 0f ( Ik ) ;

r— 00—
||9k:||

Update: g+ = argmin||g||,
9E€[gr 3k

until it achieves descent f(z — UHZ—:”) < f(z) — gllgx|| or runs over budget. Here the interval
[gk, gx] denotes the line-segment with endpoints g and gi. The motivation for this method
is that for typical problems the step x — Jﬁ is locally an approximate reflection across M
that “flips” the normal component of the Goldstein gradient. Indeed, let y := Py () denote
the projection of x onto M and let N := N, (y) denote the normal space to M at y. Then

we will prove that for all k£, we have

(Pngr, 9k) < —C||Pngill + O(|ly — z||),

for some C' > 0, provided o lies within an appropriate range. This inequality ensures that
each step of the TDescent geometrically decreases the “normal component” of g, until we
arrive at an approximate minimal norm Goldstein subgradient.

Algorithm 2 TDescent(z,g,0,T)

1: Set go =g and t = 0.

2: while T'— 1> ¢, [|g|| > 0, and &||gil|2 > f(z) — f (z — UHZ—Z”) do
3 Choose g; € Of(x — am).

4: Gep1 = argmin, g, o0 [|2]] -

5 t=1t+1.

6: end while

7. return g;.




1.4 The NTDescent algorithm

We call the main algorithm of this work Normal Tangent Descent (NTDescent) and present it
in Algorithm [4] At a high-level the method is an approximate implementation of Goldstein’s
conceptual subgradient method as in , using NDescent and TDescent as MinNorm type
methods. As input it takes three parameters: an initial point z; a sequence of grid-sizes
{G}} for the line search on o; and a sequence of budgets {7} } for the MinNorm type methods
NDescent and TDescent. Later we will show that the user may simply set T, = G, =k + 1
for all £ > 0.

Algorithm 3 linesearch(z,g,s,G,T)

1: Set vy = g.

2: fori=0,...,G—1do

3 0, =277,

4: u; = TDescent(xy, 0;, T, v;).
5

6

vi+1 = NDescent(z, 0y, T, u;).

. end for
7. T = argmin{f(z'): 2’ € {x}U{x—oiﬁ: o; < ””iT“H,i:O,...,G—l}}.
8: return z.

Algorithm 4 NTDescent(x, g, {Gr}, {7%})
Require: g # 0

1: Set xg =z and gg = g.

2: for k=0,1,... do
3: Tr1 = linesearch(zy, g, ||gol|, Gk, Tk).
4
5

Choose gi11 € Of (Th41)-
. end for

The workhorse of NTDescent is the line search procedure in Algorithm |3| (1inesearch).
Let us briefly comment on the structure of this method. Lines [2] through [6] of Algorithm
implement a line search on . Line [7] chooses the Goldstein subgradient that provides the
most descent, while enforcing the trust-region constraint o; < w Line (7| also ensures the
NTDescent is a descent method. Within the line search procedure, we evaluate TDescent
and NDescent a total of G times each. Not all of the calls to TDescent and NDescent
will succeed with descent within the allotted budget T', but we will show that for typical
problems, at least one will generate sufficient descent provided z;, is close enough to a local
minimizer and 7' is sufficiently large. The line search allows the possibility that o is as large
as 1/2, which might force x; to leave the region surrounding the minimizer z. This concern
is what motivates the somewhat unusual structure of the line search method wherein the
MinNorm-type methods are nested. Indeed, on the one hand the nesting ensures the norms
of the Goldstein subgradients ||v;41]| are decaying as o; increases. On the other hand, the
trust region constraint ensures that o; is not chosen too large. Finally, we mention that
the right-hand-side of the trust region constraint is divided by s = ||go|| to ensure that the
algorithm is invariant under rescaling of f.
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1.5 Main convergence guarantees for NTDescent

The main contribution of this work is a local, nearly linear convergence rate for NTDescent.
The local rate holds under a key structural assumption — Assumption [A] — which formalizes
the concept of typical structure and mirrors the structure of the simple function considered
in Section [I.3.1] While we formally describe Assumption[A]in Section 3] for now, we mention
that it holds for max-of-smooth and properly C? decomposable functions, provided the local
minimizer 7 is in fact a strong local minimizer that satisfies a strict complementarity con-
dition; this class that includes the max-of-smooth setting considered in |24]. Assumption
also holds for generic linear tilts of semialgebraic functions: if f is semialgebraic, then for a
full Lebesgue measure set of w € R?, Assumption |A| holds at every local minimizer Z of the
tilted function f,: 2+ f(z) +w'z. We now present the theorem.

Theorem 1.1 (Main convergence theorem). Let f: R? — R be satisfy Assumption |A| at a
local minimizer ¥ € Re. Fiz budget {Ty} and gridsize {Gy} sequences satisfying

min{7Ty, Gy} > k+1 for all k > 0.

Choose an initial point zo € R and subgradient go € Of(xo) such that gy # 0. Consider
iterates {xy} generated by NTDescent(zo, go, {1k}, {Gr}). For any q,ko,C > 0, let Ey, ,c be
the event:

flaw) = f(2) < max{(f(zr,) — f(2))q" ", Cq"} for all k > ko.

Then there exists ¢ € (0,1), C;C" > 0, and a neighborhood U of T depending solely on f
such that for any failure probability p € (0,1) and all kg > C" max{log(1/p), 1}, we have

P(Eyyqc | o1 €U) 21 —p.
Moreover, if f is convex, we have
P<Ek0,q,0) Z 1— p.

The theorem, which is justified in Theorems and [6.5], bounds the function gap and
distance by a quantity that geometrically decays in k. Let us examine the local complexity.
Recall that each outer iteration of NTDescent requires at most 27,G), first-order oracle
evaluations. Thus, if T, = G, = k+1 for all £ > 0, the total number of oracle evaluations of
K steps of NTDescent is at most O(K?). In other words, the local complexity of achieving
an ¢ optimal solution is O(log®(1/¢)) for all sufficiently small & > 0. Therefore the theorem
establishes a local nearly linear rate of convergence for NTDescent.

1.6 Outline

The outline of this paper is as follows. In Section [L.7]we present notation and basic construc-
tions. This section describes a key structure — the active manifold — and cannot be skipped.
In Section [2| we present the sublinear convergence guarantees, which will be useful in the
convex setting. This section also introduces key properties of the NDescent method, which
will be used later in the work. In Section [3| we introduce our main structural assumption —
Assumption [A] - and show that it is satisfied for the generic semialgebraic and decomposable
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problem classes. In Section [4] we show that Assumption [A] implies the GKL inequality.
In Section [5[ we show that the TDescent and NDescent methods terminate rapidly under
appropriate conditions. In Section [6], we use the GKL inequality and Assumption [A]to prove
that NTDescent locally nearly linearly converges. Finally, in Section [7] we provide a brief
numerical illustration.

1.7 Notation and basic constructions

We use standard convex analysis notation as set out in the monograph [39]. Throughout,
R? denotes a d-dimensional Euclidean space with the inner product (-,-) and the induced
norm ||z|| = \/(x, z). We denote the open ball of radius € > 0 around a point x € R? by the
symbol B.(x). We use the symbol B to denote the closed unit ball at the origin. For any
set X C R, the distance function and the projection map are defined by

dist(z, X) := ;g)f’( lly — z|| and  Py(x):= argerflvin ly — ||,
v

respectively. For any set X C R% all 7 € X, all x € R? and all y € Py(z), we have
ly — z[| < 2[|lz — z|.

We call a function h: R — R sublinear if its epigraph is a closed convex cone, and in that
case we define
Lin(h) := {x € R?: h(z) = —h(—2)}

to be its lineality space. Given a mapping F': R? — R™ and a point Z € R, we define
F(x)— F(«
lip(Z) := limsup I£(z) (@)l

ol
r,x'—ZT ||J} r ||

x#x’

Given a mapping F': RY — R™ ™ into the space of m x n matrices and a point € R? then

we define )
| F(x) — F(2')||op

lip?(Z) := lim sup

)

z, 2 =% ||a7 - [L”H
oz’
where || - ||op denotes the operator norm defined on R™*".

Semialgebraicity. We call a set X C R¢ semialgebraic if it is the union of finitely many
sets defined by finitely many polynomial inequalities. Likewise, we call a function f: R? — R
semialgebraic if its graph gph (f) = {(z, f(z)): € R?} is semialgebraic.

Subdifferentials. Consider a locally Lipschitz function f: RY — R? and a point 2 € R
The Clarke subdifferential is the convex hull of limits of gradients evaluated at nearby points
of differentiability:

of (x) = conv{lim Vf(x): x; L {L‘},

1—00
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where 0 C R? is the set of points at which f is differentiable (recall Radamacher’s theorem).
If f is L-Lipschitz on a neighborhood U, then for all x € U and v € df(x), we have ||v|| < L.
A point T satisfying 0 € df(z) is said to be critical for f. The Goldstein subdifferential,
which appears in (1.2)), will be a central object throughout. An important fact is that 9, f ()
is a closed convex set for any x € R? and ¢ > 0.

Manifolds. We will need a few basic results about smooth manifolds, which can be found
in the references [7,26]. A set M C R? is called a CP-smooth manifold around # (with
p > 1) if there exists a natural number m, an open neighborhood U of z, and a C? smooth
mapping F': U — R™ such that the Jacobian V F(z) is surjective and MNU = F~1(0). The
tangent and normal spaces to M at © € M near Z are defined to be T(x) = ker(VF(x))
and Ny (z) = Ty(z)t = range(VF(z)*), respectively. If M is a C2-smooth manifold
around a point Z, then there exists C' > 0 such that y — 2 € Th(z) + C|ly — z||*B for all
x,y € M near . We also have that x — Py(z) € Na(Pr(z)) for all o near . Moreover,
the projection mapping Py : RY — R is CP~! smooth on a neighborhood of # and satisfies
VPuy(z) = Pry,(z) for all x € M near 7.

Covariant gradients and smooth extension Let M C R? be a CP-manifold around a
point x for some p > 1. Then a function f: M — R is called C'%-smooth (with ¢ > 1) around
a point x € M if there exists a C'? function f : U — R defined on an open neighborhood U
of x and that agrees with f on U N M. In that case, the projection of Vf(:c) onto Th(x) is
independent of the choice of f . We call this projection the covariant gradient of f at x and
denote it by

Vf(x) i= Pryw(Vf(z)).

For example, the smooth extension

Im = foPp

of fis C™™P=14} smooth on a neighborhood of = and agrees with f along M. Thus, we will
use the identification: Vf(z) := V fa(2).

Active Manifolds. In this work, we will assume the local minimizers of interest lie on
an active manifold. Informally, an active manifold is a smooth manifold along which the
function varies smoothly and off of which the function varies sharply. We adopt the formal
model of activity explicitly used in [20]. Related models exist, e.g., identifiable surfaces [44],
partly smooth manifolds [30], VU-structures [28,34], and g o F' decomposable functions [41].

Definition 1.2 (Active manifold). Consider a function f: R? — R and fix a set M C R?
containing a point = satisfying 0 € 9f(Z). Then M is called an active CP-manifold around
z if there exists a neighborhood U of Z such that the following are true:

e (smoothness) The set M is a CP-smooth manifold near Z and the restriction of f to
M is CP-smooth near 7.

e (sharpness) The lower bound holds:
inf{|jv| : v € Of(x), x € U\ M} > 0.

13



We now turn to sublinear convergence guarantees.

2 Global sublinear convergence of NTDescent

The main goal of this work is to show that NTDescent locally converges nearly linearly
for “typical” nonsmooth optimization problems. A natural question is whether NTDescent
also possess global nonasymptotic convergence guarantees. In this section, we prove two
such guarantees: First, for arbitrary Lipschitz functions, we analyze the rate at which
dist(0, Oy, f(xx)) tends to zero. Second, for convex Lipschitz functions, we analyze the rate at
which f(z) tends to inf f. Before stating the result, we recall three key Lemmas, which un-
derlie the proof. The first lemma shows that the vectors u; and v; generated by linesearch
are Goldstein subgradients of decreasing norm.

Lemma 2.1 (Properties of linesearch). Let f: R? — R be a locally Lipschitz function.
Fir v € RY, subgradient g € 0f(x), budget T, and gridsize G. Let u; and v; be generated by
linesearch(z,g,G,T). Then

Ui Vi1 € O, f () and [vis |l < [Juill < ] (2.1)
foralli=0,...,G—1.

Proof. The proof follows by induction. We prove the base case only, since the induction
is straightforward. First note that the inclusion vy € 9f(x) implies that ug € 0,,f(x),
since TDescent constructs ug as a convex combinations of subgradients evaluated in the ball
B,, (7). Likewise, due to the argmin operation on line {4 of Algorithm , the subgradients
generated by TDescent are decreasing in norm. Consequently, we have ||ug| < |lvof. A
similar argument shows that vy € 0,,f(x) and ||vi|| < ||ugl]. This completes the proof. [

The next lemma shows that when f is convex, the minimal norm Goldstein subgradient
may be used to bound the function values. We place the proof in Appendix [A] since it
follows from a standard argument.

Lemma 2.2 (Subgradient inequality). Suppose that f: R? — R is a continuous convex
function. Let x,y € R, Let L denote a Lipschitz constant for f on the ball Boy(x). Then

f(@) = fy) < llw — yl|dist(0, 05 f (x)) + 20 L.

The final lemma provides conditions under which NDescent terminates with descent with
high probability. The result is closely related to [13, Corollary 2.6].

Lemma 2.3 (NDescent loop terminates with contraction). Let f be a locally Lipschitz func-
tion. Fiz initial point x € RY, radius o > 0, subgradient g € 0, f(x), and failure probability
p € (0,1). Furthermore, let L be a Lipschitz constant of f on the ball By, (x). Suppose that
o< % and that T satisfies:
2
T> [ _ 64L
dist*(0, 0, f(x))

14

] 210g(1/p)]



Define g, := NDescent(x,g,0,T). Then ||g.|| # 0 and the point x, =z — UHZﬁ satisfies

Flay) < fz) — adist(O,Sagf(x))

Proof. First note that g, € 0,f(x), so ||g4+] > dist(0,0,f(z)) > 0. Now, recall that

NDescent is precisely |13, Algorithm 1] with a more restrictive bound on the perturbation
radius r. Indeed, in |13, Algorithm 1], r must satisfy

g2y

for all t > 0. We now show that the constraint r < o||g;|| implies the above bound. To that

with probability at least 1 — p.

end, define the univariate function h: a +— \/ 1-— (1 - 12‘%%)2 Then h is increasing in a for

a < L. Moreover, for a € [0, L], we have h(a) > \/ﬁL Consequently, since

dist(0, 0,/ (x)) < gl < L
for all ¢ < T, we have

dist (0, 9, f(x)) || g: |l

r<o < h(dist(0, 0, f(x <h )
lgell < 1951 < h(dist(0, 05 f ()| gell < hCllgel])llgel
Thus the proof is a direct application of [13, Corollary 2.6]. O]

Given the above three lemmas, we are now ready to state and prove our main sublinear
convergence guarantee.

Theorem 2.4 (Sublinear convergence). Let f: R4 — R be a locally Lipschitz function. Fix
initial point o € R? and subgradient go € Of (x). Assume that gy # 0. Let L be any Lipschitz
constant of f over the widened sublevel set

S:={x+u: f(x) < f(xo) and u € B(z)}.

Fiz a budget sequence {Ty}, gridsize sequence {Gy}, and failure probability p € (0,1). Let
{zr} be generated by NTDescent(z, g,{1%},{Gr}). Then for all K > 0, the following holds
with probability at least 1 — p: Define G := ming<g<ox—1 G and T = ming<p<orx—1 Tk-
Then for all i < G, we have

ngmggr}(ildist((),amf(mk)) < max{g(f( O')ZK 1nff 1Ly 21\;§KG/p V128Lo }

Now suppose that f is convexr and denote D := maxg<p<ox—1 dist(zy, argmin f). Then

{D max{8<f(xK)K inf /) , 161 21\;5[{6;/1) \/ELJZ} + 2L0i} .
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Proof. Fix 1 < G and define

o e { 16L+/2log(KG/p) \/@La}
i T , i

For every K < k < 2K — 1, define

Vit1
Tp, 1= Tp — Oj— where v; 41 := NDescent(xy, u;, 0;, Ty,

||Uz'+1||

where u; and v; appear in the definition of linesearch(zy, gx, G, Tk); see Algorithm . Note
that v;41 € O,, f(xx) by Lemma 2.1 Thus, in the event {dist(0,d,, f(zx)) > €}, we have

1. xy, is well-defined since v;1; # 0;

2. the trust region constraint o; < w is satisfied, since

I

S S

||Ui+1|| > diSt(Oaaaif(xk)) > \% 128[/0‘1 >
S

where the final inequality follows from the bound s = ||go|| < L, a consequence of the
inclusion B(xy) C S and the Lipschitz continuity of f on S.

Finally, for every K < k < 2K — 1, define

B o;dist(0, Dy, f (x1))
8

Ay = {f(x;”) — flzg) > } N {dist(0, O, f (k) > €}

Now we apply Lemma [2.3|

To that end, observe that since f(xj) is nonincreasing and o; < 1/2, every iterate xy
satisfies By, (zx) C S. Consequently, L is a Lipschitz constant of f on By, (). Therefore,
by Lemma for every K < k < 2K — 1, we have

P(Akﬂ) § P(AkJ | dlSt(O,aaszEk)) 2 ek,i) (22)

< L
- GK
Thus, by a union bound, with probability at least 1 — %, at least one of the following must
hold at every index K < k < 2K — 1:

Flans) — flay) < —29st0 : oS @) st (0,0, Fon) < e

If dist(0, O, f(zx)) < €; for some k satisfying K < k < 2K — 1, then the result follows. On
the other hand, suppose that for all K < k < 2K — 1, we have dist(0, 0, f(zx)) > €; in
particular, we have dist(0, d,, f(z))) > v/128La;. Therefore, with probability at least 1 — £,
we must have

0;dist(0, 0,, f (z1))
8 )

frps) < for,) < flag) — for all K <k <2K —1.
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where the first inequality follows since the trust region constraint is satisfied for zy, ;. Iterating
this inequality, we have with probability at least 1 — %, the bound

8(f(zx) — f(zar))
o, K ’

‘ ‘ 1 2K—1 .
min  dist(0, 9, f (24)) < - k;{ dist (0, 0y, f (21)) <

K<k<2K-1

This proves the result for ¢. Taking a union bound over 7 then yields the bound for minimal
norm Goldstein subgradient for all i < G.

To prove the function value bound, fix an ¢ < GG and let k; be the index which attains
the minimum. Then

flzag—1) —inf f < f(zg,) —inf f < dist(xy,, Xs) Kéiréig}(_l dist(0, Oy, f(x1)) + 20, L,
where the first inequality follows since f(zx) is nonincreasing and the second inequality
follows from Lemma [2.2] The proof then follows immediately. O]

The theorem provides bounds on the minimal norm Goldstein subgradient within any
window of indices K < k < 2K — 1. Let us briefly investigate the setting T}, = k + 1 for all
k > 0. In this case, the theorem implies that with probability at least 1 — p, we have

for all « < G. Let us now suppose G is large enough that there exists ¢ < G satisfying
(1/2)K~'? < g; < K'/2, e.g., we may assume G} = Q(log(k'/?)) for all k > 0. Then, we
find that at most O(KG) first-order oracle evaluations are needed to choose find a point
with z; satisfying

dist(0, D172 f (21)) = O(K /),

where O hides logarithmic terms in G, K and p. Let’s consider two settings for Gy.

1. Setting 1: Gy = O(log(k'/?)). In this case, NTDescent finds a point z;, satisfying
dist(0, . f(x1)) < € using at most O(e*) first-order oracle evaluations.

2. Setting 2: Gy = k + 1. In this case, NTDescent finds a point z; satisfying
dist(0, . f(x1)) < € using at most O(¢7°) first-order oracle evaluations.

The complexity of Setting 1 is smaller than the complexity of Setting 2. Nevertheless, when
we establish our local rapid convergence guarantees, we will work in setting 2, which has
more favorable local convergence properties. Before moving on, we note that the above
guarantees likewise apply in the convex setting, namely NTDescent finds a point x; with
f(zp) — f* < € using at most O(e~4), respectively O(e79), first-order oracle evaluations in
Setting 1, respectively Setting 2.

This concludes our sublinear convergence guarantees for NTDescent. In the following
section, we describe the key structural assumptions needed to ensure that NTDescent locally
rapidly converges.
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3 Main assumption, examples, and consequences

In this section, we introduce our key structural assumption — Assumption [A]l In Section
we show that Assumption [A] holds for generic semialgebraic functions and certain properly
C? decomposable functions. Then in Section [3.2] we extract several key consequences of
Assumption [A] These consequences will be instrumental in proving the GKL inequality and
rapid convergence of NTDescent. We now turn to the assumption.

Assumption A. Function f: R? — R is locally Lipschitz with local minimizer z € R

(A1) (Quadratic Growth) There exists v > 0 such that

f(2) — f(z) > %nm —Z|?  for all  near .

(A2) (Active Manifold) Function f admits a C*-smooth active manifold M around .

(A3) (Strong-(a) regularity) There exists C(4) > 0 such that

| Proiy) 0=V f ()|l £ Crayllz—y| for all z € R, v € 0f(x), and y € M near 7.
(A4) ((b<)-regularity) The following inequality holds

fly) > f(z)+ v,y — ) + o(||ly — z||) asy 3 7 and v — 7 with v € of(x),
where o(+) is any univariate function satisfying lim; , o(t)/t = 0.

Some comments are in order. Assumption is a classical regularity condition that
ensures local linear convergence of gradient methods for smooth convex optimization. As-
sumptions |[(A2)| |(A3), and |(A4)| describe the interaction of f and a distinguished smooth
manifold M. Assumption |(A2)| requires M to be an active manifold for f around z in the
sense of Definition [1.2} In particular, along the manifold M, the function f is C* smooth
with covariant gradient V o f; see Section[L.7)for a definition. Assumption [(A3)|shows that in
tangent directions the covariant gradient along the manifold approximates the subgradients
of f up to alinear error. This property recently appeared in [4,15], where it was used to study
saddle avoidance properties of the subgradient method for nonsmooth optimization. Finally,
Assumption is a restricted lower smoothness property, showing that linear models of f
off the manifold are underapproximators of f on the manifold up to first-order. Note that
the property is automatic if f is weakly convex, meaning the mapping  — f(x) 4 &||z||* is
convex for some p > 0. The weakly convex class is broad and contains all compositions of
convex functions with smooth mappings that have Lipschitz Jacobians; see the survey [12]
for an introduction. We mention that the name “(b<)-regularity” is motivated by “uniform
semismoothness” property of [15], which was called the “(b)-regularity property.”

In the following section, we provide several examples of Assumption [A]
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3.1 Examples of Assumption [A]

In this section we show that the aforementioned problems satisfy Assumption [A] The most
important example is the class of generic semialgebraic functions. The following theorem is
essentially contained in [15],19], but we provide a proof for completeness.

Theorem 3.1 (Generic semialgebraic functions). Consider a locally Lipschitz semialgebraic
function f: R — R. Then for a full Lebesque measure set of w € RY, the tilted function
fu: x> f(x) +w'w satisfies Assumption |A| at every local minimizer.

Proof. The proof is a consequence of [15, Corollary 2.7.6] and [19, Theorem 4.16(ii)]. The
result [19, Theorem 4.16] shows that for a full Lebesgue measure set of w € RY, the following
hold: every local minimizer Z of f, lies on a C* active manifold M, verifying ; and the
quadratic growth condition holds at Z. Next, [15, Corollary 2.7.6] shows that f,, also
satisfies the strong (a) property along M; applying |15, Theorem 2.2.4], we deduce that
fw also satisfies the (b<)-regularity property along M at 7. ]

Turning to our second class, we introduce so-called properly C? decomposable functions,
originally proposed and analyzed in [40]. At a high-level, the class consists of functions that
are locally the composition of a sublinear function with a smooth mapping, which together
satisfy a transversality condition.

Definition 3.2 (Decomposable functions). A function f: R? — R is called properly C?
decomposable at T as h o ¢ if near Z it can be written as

f(x) = f(z) + h(c(x))

for some CP-smooth mapping c¢: RY — R™ satisfying ¢(Z) = 0 and some proper, closed
sublinear function h: R™ — R satisfying the transversality condition:

lin(h) + range(Ve(z)) = R™.

The following theorem theorem shows shows that decomposable functions satisfy As-
sumption [A] near local minimizers if they also satisfy a strict complementarity condition and
a quadratic growth bound. The proof is a consequence of results found in works [15],20,/30,40].

Theorem 3.3 (Properly decomposable functions). Consider a locally Lipschitz function
f: R — R. Let z be a local minimizer of f and suppose that f is properly C* decomposable
at T. Furthermore, suppose that

1. (Strict Complementarity) We have that 0 € ridf(Z).

2. (Quadratic growth) There exists v > 0 such that

flx) = f(z) > %Hx —z|? for all x near z.

Then [ satisfies Assumption [4] at Z.

19



Proof. To set the notation for the proof, recall that since f is properly C* decomposable,
there exists functions h and ¢ satisfying the conditions of Definition [3.2l The discussion
in [40, p. 683-4] then shows that the set

M := ¢ (lin(h))

is a so-called C* partly smooth manifold for f around Z in the sense of Lewis [30]. Thus,
according to [20, Proposition 10.12], partial smoothness and strict complementarity ensure
that f admits a C* smooth active manifold M around Z, verifying . In addition, |15,
Corollary 2.6.3] ensures that f satisfies the [(A3)| and |(A4)| properties along M. O

A popular class of decomposable objectives arise from pointwise maxima of smooth func-
tions that satisfy an affine independence property. For example, this class was considered in
the work of Han and Lewis [24]. As an immediate corollary of Theorem we show that
such functions satisfy Assumption [A]

Corollary 3.4 (Max-of-smooth functions). Consider a locally Lipschitz function f and a
family of C* smooth functions f;: R? — R indexed by a finite seti € I. Fix a local minimizer
T of [ and suppose the set {V f;(Z)}ics is affinely independent. Suppose furthermore that f
18 locally expressible as

flz) = max fi(z) for all x near T.
1€
Then provided the strict complementarity and quadratic growth conditions of Theorem
hold, the function f satisfies Assumption[4] at Z.

Proof. To prove the result, note that the affine independence property is simply a restatement
of the transversality condition of Definition for the smooth mapping x — (f;(x));er and
the sublinear function y — max;cs ;. O

We now turn our attention to the key consequences of Assumption [A]

3.2 Key consequences of Assumption [A]

The following proposition summarizes the key consequences of Assumption [A] The proof of
the result is straightforward, but technical, so we place it in Appendix

Proposition 3.5 (Consequences of Assumption. Suppose [ satisfies Assumptian at T.
Then there exists 5 > 0 such that on the ball Bos, (T), the projection operator Py is C* with
Lipschitz Jacobian and the smooth extension fuy = f o Py is O with Lipschitz gradient.
Moreover, following bounds hold:

1. (Quadratic growth) The quadratic growth bound holds throughout Bas, ().

2. (Smoothness of Py) For all x € Bs, (Z) and 2’ € Bys, (T), we have
1Pam(@’) = Pra(@) = Prygpaien (@' — @)l < Caq(dist® (@, M) + [l = 2'*),  (3.1)

where O = 2lipyp, (7).
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3. (Bounds on V. f) For all x € Bs, (T), we have
v _ _
SI1Pwm(@) = 2l < IVarf (Pra(@))| < Bl Paal) — 2], (3.2)
where [ := 2lipy; (7).

4. (Consequence of strong (a)) For all x € Bs, (z) and o < 5, we have

| Pry (P (9 — VS W)l < Coy(dist(z, M) + 0);
%UJI“)( ) | Pryy(priandll < Cloy(dist(z, M) + o) + Blly — Z||;
gEs [ (T

sup || Pry(Pu)) (9 — ¢')|| < 2C(o (dist(z, M) + o). (3.5)
9.9’ €00 f(x)

5. (Aiming) For all x € Bs, (Z) and all v € Of(x), we have
(v, — Py()) > pdist(x, M), (3.6)
where p := 1 lim inf A dist(0, 0f (z')).

6. (Subgradient bound) For all x € B;, (%) and o < 0a, we have

sup |[|g| <L,
gea(,f(w)

where L := 2lip(T)

7. (Function gap) For all x € Bs, (), we have
F(&) ~ £(2) < Laist (e, M) + 2 [[Paa) — 21 (3.7

Let us briefly comment on the result. Item [2| provides a crucial smoothness property of
the projection operator of M. Item [3|shows that the gradient of the smooth extension fx,
is proportional to the distance of the projection y to Z. Item [] shows how the Goldstein
subgradients inherit the strong (a) property of Assumption . Indeed, Equation ({3.4])
shows that Goldstein subgradients are “small” in tangent directions and Equation shows
Goldstein subgradients vary in an approximate Lipschitz fashion in tangent directions. Item/]
shows that the subgradients of f off of the manifold have a constant level of correlation with
x — Py(x), i.e., the direction —v “aims” towards the manifold. Note that p > 0 due to
Assumption [(A2)] The proof of Item [f] is based on Assumptions [(A2)] and [(A4)} a similar
result appears in [14, Theorem D.2]. Item |§| provides a bound on the Goldstein subgradients
of f near Z; we will appeal to this bound many times throughout the analysis without
referencing this proposition. Finally, Item [7] decomposes the function gap into a sum of
two terms: the distance to the manifold and the squared distance of the projection to the
solution. The proof relies on smoothness of f along the manifold. Note that the trivial upper
bound L||x — Z|| for the gap can be weaker than ({3.7)).

This concludes our discussion of Assumption [A] The following three sections establish
further consequences: the GKL inequality (Section ; rapid local convergence of NDescent
and TDescent (Section [5)); and rapid local convergence of NTDescent (Section[f]). In all three
sections, we use the notation and results introduced in Proposition [3.5
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4 Verifying the GKL inequality under Assumption [A]

In this section we establish the GKL inequality for functions satisfying Assumption [Al
Throughout the section, we assume that that Assumption [A]is in force. We also use notation
set out in Proposition [3.5]

We present the formal statement and the GKL inequality in Theorem [4.3] which appears
at the end of this section. The proof is a consequence of the two lemmata. In the first
lemma, we prove a constant size lower bound for d, f(x), whenever o is sufficiently small.
The proof of this bound relies on the active manifold assumption and the aiming
inequality . A consequence of the argument is that all elements of 0, f(x) are correlated
with the normal direction © — Py(x) € Na(Pum(z)). Later in Proposition we will also
show that Algorithm [1| (NDescent) terminates rapidly when o is in the regime, motivating
the name Normal Descent. We now turn to the lemma.

Lemma 4.1 (Lower bound on Goldstein subgradients). Define

Dy = ——F7——— d Dy =
o sL/w :

1 %
5"
Then for all x near T and 0 < o < Dsdist(x, M), we have
dist(0,0, f(x)) > Ds.

Proof. Assume x € Bs(z) and o < § where § < 0/4 and 04 is chosen as in Proposition .
Let ' € B,(z) C B;s, (%) and observe that

(v, 2" — Ppm(2')) > pdist(z', M)

for all v € Of(z'). Observe that we may upper bound the inner product:

(v, 2" = Pu(2'))

< (v, & = Pum(@)) + [|vllllz” = =l + [[oll[[ () = Pl

< (v,x — Pum(2)) + LDydist(z, M) + L|| Py, (pr ey (2 — 2')|| + LCu(0® + dist®(z, M))
< (v,x — Py(x)) + 2LD;dist(x, M) + LCy(0? + dist*(z, M)),

where the second inequality follows from the bound ||z — /|| < o, the bound ||v|| < L, and
Item [2| of Proposition 3.5 Therefore, shrinking ¢ if necessary, we have

(v,2" — Pp(2')) < (v, — Pp()) + 3LDydist(z, M).
Consequently we have

(v, — Pp(x)) > pdist(2’, M) — 3L Dy dist(x, M)
> pdist(z, M) — po — 3L Dy dist(z, M)
> (1 — Dy(1 4 3L/p))dist(z, M)
= Dsdist(x, M). (4.1)
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Now fix g € 0, f(). By definition of 9, f(x), there exists a family of coefficients A; € [0, 1],
points z; € B,(x) C Bs(Z), and subgradients g; € 0f(z;) indexed by a finite set ¢ € I such
that > .., A\ = land g = }_..; Aig;- Thus, by (4.1, we have

(9.0 — Pum(z)) = > N (gi,2 — Pu(x)) > Dodist(z, M)

iel

Therefore, we have
||g|| > <g,3:‘ - PM(:E»
—  dist(x, M)

as desired. ]

2D27

In the second lemma, we provide a lower bound for dist(0,d,f(x)) on the order of
|Prm(z) — Z||, provided o is on the order of ||Py(x) — Z||. The proof of this bound relies
on quadratic growth and strong (a)-regularity. A consequence of the argument is that the
minimal norm element of d, f () is close to the tangent vector Vo, f(Pum(2)) € Tam(Pum(x)).
Later in Proposition we will also show that Algorithm [2| (TDescent) terminates rapidly
when o is in the regime, motivating the name Tangent Descent. We now turn to the lemma.

Lemma 4.2 (Lower bound on Goldstein subgradients). Define

Cli=- and Cy =

Then for all x near T satisfying
max{dist(x, M), o} < Cqf|Pm(z) — Z|],

we have
| Pry(Pri(an (9Nl = Cil|[Prm(x) — 2| for all g € 0, f(x).

Proof. Assume z € Bs,(Z) and o < 6o where d5 is chosen as in Proposition [3.5] Define
y = Pyp(z). Then by (3.3)), for all g € 0, f(x), we have

. 7 _
1Pryu) (9 = Vamf @) = Cla(dist(z, M) + o) < —ly — 2|l
In addition, by (3.2)), we have ||V f(y)|| > 3|y — Z||. Therefore, for all g € 9, f(x), we have
. Y _
1P (DI 2 IV ar f ()] = Cray(dist(z, M) +0) = - [ly — z]],

as desired. O

Given these lemmata, we are now ready to establish the GKL inequality (1.5). The
following result, verifies the bound

odist(0,9, f(z)) > n(f(z) — f(z)),

for some n > 0 provided z is sufficiently near & and o lies within one of two regimes, described
in Item [I] and Item [2] of Theorem [£.3] Item [I] and Item [2] roughly correspond to the regimes
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considered in Lemma and Lemma [4.2] respectively. Comparing with the statement of
the GKL inequality in , we see that GKL inequality of Theorem does not require
knowledge of an explicit function o(z). Instead, we need only find some o proportional to
Dqdist(z, M) or Cy||Papm(z) — Z|| up to a factor of, say, 2. Later in Proposition |6.1| we show
that this flexibility allows us find an appropriate o through the linesearch procedure.

Theorem 4.3 (GKL Inequality). Suppose that function f satisfies Assumption at T € RY,
For any constants a; € (0, D1] and ay € (0,Cy], there exists 6 > 0 such that

. . Yas Haq _
odist(0, 0, f(x)) = min {40 max{20La3, 8} 20 max{L/2,3/a3} } ((z) = (@),

whenever x € Bs(Z) and o > 0 satisfy Item |1] or Item @
1. (a) Hdist(z, M) < 0 < ardist(z, M);
(b) a2||Py(x) — Z||* < dist(z, M).
2. (o) BPu(z) — 2| <0 < a||Pm(z) — z[|;
(b) S < 10ay | Prg(ir) — 7).
Moreover, for any x € B;(Z)\{z}, there exists o > 0 such that Item[]] or Item[d is satisfied.

Proof. Suppose that § < min{da,1/(10C3)} is small enough that the conclusions of Lemmal[d.1]
and Lemma [£2] hold. We first show we that either Item [ or Item [l is satisfied for
any © € Bs(z) and some o > 0. Note that if z € M, Item [2| is trivially satisfied for
o = as||Pm(z) — Z||. Thus, we focus on the case where dist(z, M) > 0 and Item [1| cannot
be satisfied for any ¢ > 0. In this case, we have

dist(x, M) < a3||Py(z) — Z||* = 10as0]|| Pu(x) — Z|?

with o = as||Pym(x) — ]| /10. Thus, Item [2] is satisfied.
Now we prove the GKL bound is satisfied whenever Item [I| or Item [2| holds. Let us
suppose that Item || holds for some x € Bs(z) and o > 0. From ({3.7]), we have the bound:

dist(x, M) > % (dist(z, M) + agHPM(x) _ jHQ)
1 . 4 _
> max{L/2, 3/a2} <Ldlst(x,,/\/l) + §HPM($) _ x||2)
1

> T )~ 1)

Now observe that the assumptions of Lemma are satisfied since a; < D; and x and o
satisfy Item [I} Therefore, we have

odist(0, 0,/ (x)) 2 7 > Elldist(a, M) > 5o {*;‘72’ Gy @) = J@)

as desired.

24



Next, let us suppose that Item [2[ holds for some = € Bs(z) and ¢ > 0. From ({3.7)), we
have the bound:

HPM(Q;) _ jHZ > 1 (dlSt(JJ,M)HPM(SC) — 'fH

- 2 10@20’
1 (dist(x, M) _p
S L (dstiE, M) _
> 5 (B Pute) - o)
> ! Ldist(z ./\/l)—i-éHPM(l’) —z|?
~ max{20La3, 5} ’ 2

1
>
~ max{20La3, 5}

(f(z) = f(2))-
Now observe that since ay < Cy and 2 and o satisfy Item [2| we have
o < Cy||Pm(z) — 2| < Ce < 1/10.
Consequently, we have
dist(x, M) < 100Cs||Ppm(z) — Z|| < Cs||Ppm(z) — 2|

Therefore, max{dist(z, M), o} < Cs||Pm(z) — Z||, so the conditions of Lemma [4.2| are satis-
fied. Thus, we have

_ Ya2 _
2 e @ — @),

. oy
odist(0, 95 f(2)) 2 ol Prupa@) (9l = =1 Pm(2)

where the last inequality follows from ¢ > $2||Prp(2) — Z||. This completes the proof. O

This concludes the proof of the GKL inequality under Assumption [A] In Section [6] we will
use the GKL inequality to establish rapid local convergence of NTDescent. Before proving
that, the following section analyzes TDescent and NDescent methods.

5 Rapid termination of NDescent and TDescent under
Assumption [A]

In this section, we analyze the NDescent and TDescent method, showing that both methods
rapidly terminate with descent in appropriate regimes. Throughout the section, we assume
that that Assumption [A]is in force. We also use the results and notation of Proposition [3.5]
Lemma [£.] and Lemma [4.2]

The main results of this section are Propositions [5.1] and 5.5, which analyze NDescent
and TDescent, respectively. Proposition [5.1| shows that NDescent terminates with descent
in a constant number of iterations within the regime considered in Item [I] of Theorem [.3]
Proposition [5.5/shows that TDescent either terminates with descent in O(log™ (f(x)— f(Z)))
iterations or f(z) — f(Z) is already exponentially small in 7" within the regime considered in
Item [2] of Theorem [4.3] These lemmata will be the basis of our main convergence theorem —
Theorem [6.3] - appearing in Section [6]
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5.1 Analysis of NDescent

The following proposition shows that NDescent locally terminates in finitely many iterations
whenever o is sufficiently small. The result is a simple consequence of Lemmas [2.3] and [4.1]

Proposition 5.1 (NDescent loop terminates with descent). For all x near T, radii o > 0
with o < Didist(x, M), subgradients g € O, f(x), failure probabilities p € (0,1) and budgets
T > 0 satisfying

6412
T>
> %

] 2log(1/p)]

the point x, := NDescent(x,g,0,T) satisfies

2

_ odist(0, 9, f(x))
8

flzy) < f(x) with probability at least 1 — p.
Proof. Choose x near enough to x that ¢ < min {%1278, ) A} and the conclusion of Lemma

holds. Then we have the lower bound dist(0, d, f(x)) > D,. Consequently, the result follows
immediately from Lemma [2.3] O]

We now turn to analysis of the TDescent step.

5.2 Analysis of TDescent

The main goal of this section is to prove Proposition [5.5] which shows that TDescent termi-
nates rapidly. The proof of the Proposition relies on three technical lemmata that analyze
the structure of Goldstein subgradients when ¢ is sufficiently small and x is sufficiently near
Z: Lemmal|5.2|states that elements of Goldstein subdifferential with small normal component
are descent directions. Lemma [5.3| shows that normalized subgradient steps approximately
reflect points across the active manifold. Lemma [5.4] uses the approximate reflection prop-
erty to show that TDescent geometrically decreases the normal component of the input
subgradient, ensuring that we rapidly find a descent direction.

We now turn to the Lemmata. The first lemma shows that Goldstein subgradients with
small normal component are descent directions.

Lemma 5.2 (Descent with small normal part). There exists Cs, Cy > 0 such that for all x
near T, o >0, and g € O, f(x)\{0} satisfying

1. max{dist(z, M),0} < Cs]|Pu(x) — z||;

2. 1Py @) (@) < Call Pr(z) — 2%,

we have Il
g agllg
(o= oir) < s - 7EL
gl 8
Proof. We define the constants

_ C
(5 := min {02, W(:)} and Cy = —.
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We fix € Bs(Z) for some 6 < dp and define y := Py(z), T := Tm(y), and N := N (y).

We assume ¢ is small enough that o < 5 and ||y — 7| < \/%10 .

The starting point of the proof is Lebourg’s mean value Theorem |11, Theorem 2.4],
which ensures that there exists v € d, f(x) such that

g g o o
(- orl) = 1000 = (o) = =T o Prlal) = 7 (0 P o)
il il gl gl
In what follows, we will show that the first term satisfies (v, Pr(g)) > 1[lg||*, while the
second term satisfies | (v, Py(g)) | < gllg/|?, vielding the result.
Indeed, beginning with | (v, Px(g)) |, we have

CiL

) 1
| (v, Pn(9)) | < LIIPn(9)ll < CuLlly — z||* < o0 lgll* = §||9||2,
1

where the first inequality follows from Lipschitz continuity of f; the second and fourth
inequalities follow by assumption; and the third inequality follows by Lemma [£.2] Next we
prove a lower bound on (v, Pr(g)). Since v € 0, f(z), Equation (3.5) implies that

1Pr(v = g)| < 2 (dist(x, M) + o).

Consequently, we have the bound

1
(v, Pr(9)) = (Pr(v), Pr(9)) = 5 (1Pr()II* + [|1Pr(9)I* = [|Pr(v = 9)I*)
1
> §||PT(9)”2 - 20(2a)(d18t2(m7M> + 02)
1 _
> §H9H2 — | Px(9)|I” = 4CE,)C3lly — Z1?
1 B W Cs
> §H9H2 — Cilly —z[|* - C—%HQHQ
1 2 C?.C?
> Zlall2 — 2400 — #1121 all2 — (a) 2
> 5 lgll Clg\ly z[|*llg 2 gl

1
S a2
> 2lgl’
where the third and fourth inequalities follow from Lemmal4.2| This completes the proof. [

The next Lemma proves the approximate reflection property that was described in the
introduction. The lemma roughly shows that normalized subgradient steps approximately
“fip the sign” of the normal component of the subgradient; see Section for more
intuition.

Lemma 5.3 (Approximate reflection across manifold). There exists C5,Cs > 0 such that
for all x near z, o > 0, and g € 9, f(x)\{0} satisfying

mox { S o < CyPue) -,
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we have

) C,C . A g
(PP (9),9) < =Cs[ Py ypaiangll+ 42 2| Pu(z)—zl*  for all g € Of (93 i

Proof. We fix x € Bg(z) for some 0 < d5/2 and define y := Pp(x), T := Tm(y), an
N = Np(y). We assume ¢ is small enough that o < d,/2. We define constants Cy :=

and
B CyCs }
Clay(1+0a) 41+ (1 +6a)Cm) (e + L)B) )

We also assume ¢ is small enough that

NE A N S

Cs := min {

- 1
lv=2ll< s hearar oo (5.1)

We now turn to the proof.
Define u := 4. Note that since x € Bs, /2(Z) and 0 < 4/2, we have z — ou € By, (Z).

Therefore, by the aiming inequality (3.6]), we have

SQ,x—au—PM (x—au))/Eny—au—PM (a:—au)u.

—A —B
We aim to simplify this inequality with (3.1)). To that end, first note that

|x — ou — Py(x — ou) — (x — Pym(x) — 0 Pn(w))|| = ||Pm(x — ou) — Pp(x) + o Pr(u)|
< Cpy(dist?®(z, M) + o2). (5.2)

Consequently, we have
B > plla — Pu(@) — o Py(u)]| - nCu(dist®(z, M) + 0%)
> opl| Py (u)]| — pdist(z, M) — uCay(dist?(z, M) + o?).
Likewise, we have
(g,0Pn(u)) = —A+(§,2 — ou — Py (z — ou) + o Pyu)
— A+ [|glldist(z, M) + (|| Caa(dist? (z, M) + 0?)

<
< —B + Ldist(z, M) + LC(dist?(z, M) + o?)
< —op|| Px(u)|| + (p + L)dist(z, M) + (n + L)Cpq(dist?(z, M) + 0?),  (5.3)

where the first inequality follows from triangle inequality and (5.2)). Note that so far we
have only used the assumption x € By, /2(Z) and o < §5/2. Next, multiply both sides of the
above inequality by ||¢g|| and bound the right-hand-side:

: L )
(Pxi,g) < —ul|Pyg| + (M+L)||9|Ldlst(x,/\/l) n (M+L)||g||CM(<i1st (z, M) + 0?)

< —pllPrgll + (4 L)Csllgllly =zl + (1 + L)CeCpliglllly — 2[|(1 +9)
< —pllPrgll + (14 (14 0)Cn) (i + L)Csllgllly — ]
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< —pllPagll + (1 4+ (14 6)Cp) (e + L)Cs (|1 Pr(g) || + [P (9)[Dly — ]

C,Cs
p -
1Pl - 21,
where the second inequality follows from the Lemma assumption and the bound dist(z, M) <
|z —Z|| < 6; the third inequality follows from combining terms; the fourth inequality follows
from the decomposition g = Py(g) + Pr(g); and the fifth inequality follows from ({5.1) and
the definition of Cg. The proof will be complete if we can show that

1Pr(g)ll < 28y — |-

1
< —§HPN9H +

To that end, we have
1Pr(9)|| < (Croy(dist(z, M) + o) + Blly — Z|) < (C6Clay(1 +0a) + B)lly — z|| < 28]y — =,

where the first inequality follows from (3.4)); the second inequality follows from the lemma
assumptions and the bound dist(x, M) < Cyolly — Z|| < Cs(0a/2)||ly — Z||; and the third
inequality follows from the bounds on Cy. This completes the proof. O]

The following lemma shows that every step of TDescent geometrically decreases the
normal component of the subgradient, up to a tolerance of O(||Py(z) — Z||?).

Lemma 5.4 (Normal component shrinks geometrically). There exists constant C; > 0 such
that for all x near T, o >0, and g € Of(x — JH;%”)\{O} satisfying

1 |1Pyyppatangll = Call Pam() — Z[|*;
2. max {SEM o\ < 0Py () — 3]
the vector ¢’ = argmingg(, o ||| satisfies:

302
1PN (Paa(a) (9P < (1 - 64L52> | Pxp(Prs e 911

Proof. We fix x € Bgs(z) for some 6 < 0o and define y := Py(z), T := Tm(y), and
N := Np(y). We assume 6 is small enough that o < §,. We define

B GG
QC(a) ’ 320(@5

07 = mln{ ,06,03}.

We also assume 0 is small enough that ||y — z|| < 1/C7. Consequently,
dist(z, M) < Crolly — 2| < Crlly — ],

since 0 < Cy||ly — 7|| < 1. We now turn to the proof.
Consider the optimal weight A" := argmin,cyq;[|g + A(g — g)||. By definition we have
g =g+ N(§— g). Moreover, a quick calculation shows that

N = max {min {—M, 1} ,O} .
19— gll
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We claim that the following bound holds on \':

(Pn(9),9 —9) <\ < 3(Pn(9),9—9)

- <A< - - . 5.4
L2 IEDIE o4
Note that (5.4)) is an immediate consequence of the following bound:
1 . . 3 .
0<—5(Pv(9).9—9)=—{9.9—9) < —5(Pn(9). 9~ 9). (5.5)

Indeed, if (5.5)) holds, then N = min {— l9.9-9) 1} . Thus, we obtain the upper bound

lg—gll*°

9.9—9) . 3{Pn(9)g—9) _ 3({Pn(9).§—9

lg—gl> = 2 lg—gl> — 2[Pn(g—9I*

Likewise, we obtain the lower bound

) . (9.9—9) : (9.9—9) (9.9—9) (Pn(9).9—9)
4 mm{ g —gl*’ }_ mm{ 412 7 } 42— 8L2 ’

N <

where the first inequality follows from the bound ||g — g||* < 2(||g||* + ||¢]|*) < 4L?. Thus,

we now prove ([5.5]).
To that end, note that (5.5)) is equivalent to the following bound:
~ - PN g 7.@ —4g
(Pr(g).g— g < V-9 =9) (5:6)

Therefore, we first bound [(Pr(g), g — g)|:

(Pr(9),d — g)| < [[Pr(g)|llPr(g —g)ll
< 20 (dist(z, M) + 0)(Co (dist(z, M) + o) + By — Z||)
< 4C(0)Cr(2C)Cr + B)lly — z|?

CaCs _
< Sy -l

where the second inequality follows from ({3.4]) and (3.5)); the third inequality follows from the
lemma assumption; and the fourth inequality follows from the definition of C';. To complete
the proof of (5.6), we show that €45y — z||? < —1 (Pn(g), 9 — 9):
> Cs||[Pn(g)ll —
S C,Cs

CyC5

oy — o (57)

ly — 2|I*,

where the second inequality follows from Lemma (recall C7 < C); and the third inequal-
ity follows from the bound <||Py(g)|| > %<5 ||y — z||>. Thus, the equivalent bounds (5.6)

and ((5.5)) hold. Consequently, Equation (5.4) holds.
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Now we turn to the contraction argument. Now consider the function r: R — R satisfying
r(A) = [I1Pn (9 + 22X (Px(9),§ — 9) + X*|[Py(g — g)*  forall A€ R.
Observe that
1P ()P = 1Pn ()" +2X (Pr(9), g — 9) + (N[ Pw(g = g)II* = r(X).
Therefore, by convexity of r and , we have

PV = r(x) < o {r (P00 (29 =)

2||Pn(g — 9)II”
To complete the proof, we show each term in the “max” is bounded by <1 — W) | Px(g)]2.
To show this, we will use the following consequence of .
. C4C _
—(Pn(9),3 — 9) > Cs[| Py (9)]| — = 5Hy —|* > 5HPN(9)H, (5.8)

where the final inequality follows from the bound
observe that

%Hy —7||? < %HPN(g)H Indeed, first

L(=3Px(9). 5 —9) _ 2 3{Pn(9).9-9)
( I )"'PN(Q)" 1 PG -9

3C2
<(1- 0 ) P 2
< (1~ 7r g 100

< (1- 2 vl

where the second inequality from (5.8) and the third inequality follows from the bound
I1Py(g— 9)|I> < |lg — g||* < 4L Likewise, observe that

e L e (o
< |Pstg) - G0 | (Paloh = g)

< (1- 25 1Pl

where the first inequality follows from the bound ||[Pn(g — ¢)||*> < ||g — ¢||*> < 4L? and the
third inequality follows from ([5.8]). Therefore, the proof is complete. m

The following proposition is the main result of this section. It shows that TDescent must
either terminate with descent or f(z) — f(z) is already exponentially small in 7.

Proposition 5.5 (TDescent loop terminates with descent). Fiz T € N. Then for all x near
z,v € 0f(x), and o > 0 satisfying

max {M,a} < min{Cy, C;}|y — Z||,

o

at least one of the following holds:
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1. we have

(min{C%,C2}L + B)L

3:“’2 )T/Q.
Cy

f(:l?) - f(f) < - 256.L2 ’

(1
2. the vector g := TDescent(x,v,0,T) satisfies ||g|| > 0 and

.9 N odist(0, 0, f(x))
o) < s

Proof. We fix x € Bs(Z) for some § < §p and define y := Py (z), and N := Ny (y). We
assume ¢ is small enough that o < d, and that the conclusions of Lemmas [4.2] [5.2] and [5.4]

Turning to the proof, note that Lemma ensures that dist(0,0,f(x)) > 0. Thus, if
TDescent(z,v,0,T) terminates at ¢ < T, then Item [2 must hold. For the remainder of the
proof, we suppose that TDescent(z,v,0,T) terminates at iteration ¢ = 7" and that Item
does not hold. In this case, Lemma ensures that the iterates g; of TDescent(x,v,0,T)
satisfy | Pyx(g:)|| > Cul|ly — z||? for all 0 < ¢t < T'. Therefore, by Lemma [5.4] we have

3C2
st < (1= 55 ) IPs(@lP. forano<e<T-L
As a result,
T/2 T/2
ol < IPxonl _ Il (,_ 3CE\™* _ L () 3cz\"
- Cy - Cy 6412 — Oy 6412 '
Consequently,

f(z) — f(z) < Ldist(x, M) + B|ly — z|?

< (min{C3, CFHL + )y — )
(min{C%,C2}L + 8)L X 302\ "2
04 ( - @) )

IN

where the first inequality follows from (3.7)) and the second inequality follows from the lemma
assumptions. The proof then follows from the identity C5 = £. n

5.2.1 Some loose ends: eventually small subgradients

Before ending this section, we must establish one final technical result for TDescent. Namely,
in Lemma we show that for appropriate o, TDescent eventually generates small sub-
gradients on the order of O(||z — Z||). This property is intuitive because dist(0, 9, f(x)) =0
whenever o > ||z — Z||. This property will help us ensure that the iterates of NTDescent (Al-
gorithm []) cannot leave sufficiently small neighborhoods of Z. Indeed, since the subgradients
vip1 generated by Algorithm [3| (1inesearch) are decreasing in norm, we will show that the
trust region constraint o; < ””’T“H in Line [7] of Algorithm [3| must eventually be violated for
large 7. This ensures large o; are never chosen.

To prove this claim, we first establish a refinement of the approximate reflection property
in Lemma Compared to Lemma the following lemma deals with a different range
of parameters.
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Lemma 5.6 (Approximate reflection across manifold). Define Cg := el :L). Then there

exists a constant dgra € (0,04/2] such that for all x near , o > 0, and g € 0,f(x)\{0}
satisfying

Cydist(z, M) < 0 < darid,

we have

A R g
(6,9) < =Csllgll + 2C5|| Pryyppean (9)l| - for all g € Of (x - 0m>'

Proof. We fix x € Bs(Z) for some 0 < d,/2 and define y := Puy(x), T := Tam(y), and
N := Np(y). We assume that 0 and dgyigq are small enough that

max{2(s1 + L)Cu(6/Cs + Scria), Ciay (6 + Scia) + 285} < % (5.9)

Then arguing just as in the buildup to (5.3)) in the proof of Lemma (which only requires
x € Bs,2(7) and 0 < dgria < 6a/2), we have

P P
<g, O'HTNHQ> < —ou ” ||19V|T/|| + (p + L)dist(z, M) + (1 + L)Cpq(dist*(z, M) + 0%).

Rearranging, we find that

(Png,g) < —pl||Pngll +

(n+ L) g||dist(z, M) n (1 + L)||gl|Cr(dist®(z, M) + o?)
ag o
< —pl|Pygl| + %HQH + (1 + L)Cpy(dist(z, M)/Cs +a) - | 9]
i
< —pl|Pygl| + ZHQH,

where the second inequality follows by definition of Cs and the third follows from (/5.9)
together with the bounds dist(z, M) < § and 0 < dgrqa. Now observe that

A A . _ H
(Prg, 9) < | Prallllgll < (Cr(dist(z, M) + o) + Blly — z]) - lgll < Zllgll,

where second inequality follows from ({3.4]) and the third inequality follows from ([5.9)) together
with the following three bounds: (i) dist(z, M) < ||z —Z| < 6; (ii) ||y —Z| < 2|z —Z| < 26;
and (iii) o < dgria. Therefore,
X . . [ 1
(9:9) = (Png,9) + (Prg, g) < —ul|[Pngll + Slgll < =S llgll + ull Prg)l
as desired. O]
Finally, we prove that that TDescent eventually generates small subgradients.

Lemma 5.7 (TDescent yields small subgradients). Fiz T € N. Then for all x near T, for
allo >0, and g € 0, f(x)\{0} satisfying

Csdist(z, M) < 0 < d¢yid,

the vector ¢' := TDescent(x, g,0,T) satisfies

T/2 _
Hg’||§max{(1— 15) ol AC0 +4(Cio + 20) - ), LD (m”}.

6412
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Proof. We fix © € Bs(Z) for some § < d/2 and define y := Py(x) and T := T(y). We
assume ¢ is small enough that the conclusion of Lemma holds for x. We also define
¢ := C(g(dist(z, M) 4+ o) + B|ly — Z||. Note that by Proposition we have ||Pr(v)|| < ¢
for all v € 0, f(x).

Turning to the proof, note that the result is holds automatically if ¢' = 0. Thus, we first
consider the case where TDescent terminates in descent, meaning

/

9
O'—,.
g’

flzy) — flx) < —JHSQ | where x, =1 —

Since 0 < daria < 0a/2 and x € By, (%), it follows that z, € Bs, (). Thus, by Item [1] of
Proposition 3.5, we have

f(s) 2 J(@) + Slle - 2l 2 /@),

Consequently, we have

1@ - f(e) < -1

Rearranging then gives the upper bound ||¢'|| < M as desired.

Let us now suppose that TDescent does not termlnate With descent or with ¢’ = 0. In
this case, the iterates go, ..., gr of TDescent(x,g,0,T) exist and satisfy ¢; € 0, f(x) for all
t <T'. We consider two cases.

Case 1. Now suppose ||¢g;|| < 4c for some ¢ satisfying 0 < ¢ < T'. Since ||¢;|| is a decreasing
sequence, it follows that ||¢'|| = |lgr]| < 4¢. Recalling that dist(z, M) < ||z — 7| and
|ly — z|| < 2[|z — z|| yields the bound:

1]l < 4c < 4C(4)0 + 4(Cay + 28) ||z — 2|,

as desired.

Case 2. Next suppose that for all 0 <t < T we have 4c¢ < ||g;||. In this case, Lemma
shows that for all ¢ <T', we have

X p [ p
e 900 < =5 llgell + ullPrgell < =5 llgell + ue < =gl (5.10)

We now use this bound to prove a one-step geometric improvement bound for ||g;||?. To that
end, fix any t < T — 1 and define the weight \ := ’i'é%}” and the vector gy := g + ANt — g1)-
Notice that A\ € [0, 1], since
plodl o w
A= <1,
16L2 — 16L -

where the first equation follows since g; € 9, f(x) and the second follows since L > p. Thus

lgeell® < lgall® = lgell® +2X (e, G0 — g0) + A*[|ge — gll?
< lgell® + 22 (ge, Ge) — 2A[lgel|> + 4L N?
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Ap
< HgtH2 - 7”%” +4L*X?

2
H 2
=(1-
( 64L2> HgtH )

where the first inequality follows by definition of g;,1; the second inequality follows from
the fact that L is a local Lipschitz constant of f near z; and the third inequality follows
from ([5.10f). Thus, to complete the proof, simply unfold this recursion to get the bound

Mz T 2
19/l = llgel < (1 ) lgoll2

642

as desired. O

6 Rapid local convergence of NTDescent

In this Section, we present our main convergence guarantees for the NTDescent method under
Assumption [A] The main results of the section are Theorem and Theorem [6.5], which
analyze the nonconvex and convex settings respectively. In the nonconvex setting, we prove
that iterates of NTDescent locally nearly linearly converge, provided some iterate reaches a
sufficiently small neighborhood of z. In the convex setting, we strengthen this guarantee,
showing that for any initial starting point zy and any failure probability p, there exists some
index K, after which NTDescent nearly converges linearly with probability at least 1 — p.
Both results are a consequence of the local one-step improvement bound of Proposition [6.1}
This proposition shows that with high probability, the following hold locally for 1inesearch:
its output is nearby its input; and the function gap geometrically decreases whenever it is
larger than a quantity that is exponentially small in the inner loop budget and the gridsize.
The former property is useful later for ensuring that that the iterates of NTDescent do not
escape a local neighborhood of z.

Throughout this section, we assume that following assumptions and notation are in force.

Assumptions and Notations. We assume that
1. the budget Ty and gridsize Gy satisfy min{T}, Gy} > k + 1 for all £ > 0.

2. We fix an initial we an initial point zo € R? and gy € df(xp). We assume that xg is
not a critical point, so gg # 0. We denote the initial subgradient norm by s := ||go||-

We let {x)} denote the sequence of iterates NTDescent (o, go, {1}, {Gx}) applied to f. We
assumption [Al is in force at a point z. We fix a base neighborhood Bs(Z) with § < 64
small enough that if z € Bs(Z), then conclusions of Proposition , Theorem and

Lemmas [4.1] b.1] p.5 and [5.7 hold. Below, we apply Theorem [4.3] with the following

constants aq, as:

min {01/8, CQ, 07}

a; = min{ Dy, Dy/s} and a9 = 0
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We furthermore assume that the following upper bound on §:

1 y ymin{dgia/2, 1/4}>
2((11 + 2@2) ’ 32082[’7 QCE%L ’

0 < min{l,

Now consider the following three terms, which appear in our convergence rate analysis: for

all T, G > 0, define
: 2 2 2 T/2 2 \ T/2
€17 i= max (min{C3,C7}L + B)L 1— 3 (1= M LY
’ Cy 25612 6412
L g

min{l,a;} 2min{l, a; }a3

€2, 1= Max { ,8C ) s} 27 ¢

=1 1min ) pa
P 8 40 max{2La3, B} 20 max{L/2,3/a3} |

In the statement of the following propositions, the constant p € (0,1) plays the role of a
local contraction factor, while the terms €, p and ey ¢ are upper bounds for function gap of
NTDescent.

We now turn to the one step improvement argument.

6.1 One step improvement
The following proposition presents our one step improvement bound.

Proposition 6.1 (One step improvement). Suppose that function f satisfies Assumptz’on
at T € R The following holds for all x sufficiently near T, subgradients g € Of(z) and
gridsizes G > [logy(1/daria)|: Fiz a failure probability p € (0,1) and budget T satisfying

72 |20 o1/,

Then with probability at least 1 — p, the point & = linesearch(x, g, s, T, G) satisfies
1. f(z) = f(7) < max{p(f(z) — f(2)), e1r, 1,6}
2. |7 — 2|l < Coymax {e1r/s, e2,6/5,v/2(f(x) — f(7))/ min{s, 7} };

8(Ca)+Cla)C+2
where Cy ::max{l, (Ca) é> : 'B),2C’8,%,Cig}.

Proof. We will first establish the first item of the Proposition. To that end, let us assume
that f(x) — f(Z) > max{e; r, €2,¢}; otherwise the proof is trivial. In this case, we claim that
x must satisfy either Item [I] or Item [2] of Theorem for at least one o; with i < G — 1.
To derive a contradiction, suppose that both items are not satisfied for x with any choice
of o; with ¢ =10,...,G — 1. We will show that neither Item nor its complement can be
satisfied, leading to a contradiction.

Throughout the following argument, we will use the following bound:

max{aydist(z, M), aslly — Z||} < (a1 +2a2) 6 < = = 01,

N | —
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where y := Py(z). Now suppose that Item [1b| holds, i.e., a3||y — Z||* < dist(x, M). Then
Item |la] must fail for any o;. We claim that this ensures o9 > a;dist(x, M). Indeed, if
oo < apdist(x, M), we must have

o9 < (a1/10)dist(x, M) < ardist(z, M) < o1,

since og cannot satisfy Item . Thus, there exists some j < G — 1 such that o; = 270y
satisfies Item [Ta], a contradiction. Therefore, we have

oo > ardist(z, M) > ara3lly — 7|

In this case, by (3.7)), we have

) = 1) < Listo, M)+ Gl ol < (54 35 ) v <

a;  2a3a;

which is a contradiction. Therefore, Item[Ib|cannot hold, so we have a3|ly—z|? > dist(z, M).
Next, for the sake of contradiction, suppose that there exists o; satisfying Item [2a] In
this case, since o; > (az/10)||y — Z||, we have

dist(z, M) < a3lly — #? < 10a10,]ly — 7]

i.e., 0; also satisfies Item which is a contradiction. Therefore no o; satisfies Item 2a We
claim that this ensures og > as||y — Z||. Indeed, if og < aslly — Z||, we must have

a0 < (az/10)[ly = Z|| < aolly — 7| < oe-1,

since oy cannot satisfy Item . Thus, there exists some j < G — 1 such that o; = 270y
satisfies Item [2a], a contradiction. Therefore, we have

oo > az|ly — z|| > /dist(z, M).
In this case, by (3.7)), we have

o) = £(@) < Laie(o, M)+ Sy =7l < (L4 502 ) of <

2

which is a contradiction. Therefore, there must exist o; satisfying either Item [1] or Item [2| of
Theorem [4.3]

Let us now fix a o; satisfying either Item [I] or Item [2| of Theorem [£.3] Then, by Theo-
rem [£.3] we have the bound

oidist(0, 05, f(2)) > 8(1 — p)(f(z) — /().

In what follows, we will use the above bound to prove that with probability at least 1 — p,
we have f(2) — f(z) < p(f(x) — f(&)) whenever f(z) — f(z) > max{eir, 2.
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Contraction case 1: normal step. We first suppose that there exists o; satisfying Item ]
In the interest of analyzing v; 11 € 0,, f(x), let us show that x, 0;, and T satisfy the conditions
of Lemma 5.1} indeed, by Item [Ta] of Theorem 4.3} we have

0< ag; S aldist(x,/\/l) S D1d18t<l',M)7

in addition, from the definition Dy = p/2, it follows that T satisfies the conditions of
Lemma 5.1} Therefore, with probability at least 1 — p, we have

(o= o) = @) < £10) - 1(0) = Fist(0.0,0) < pls0) = F(2))

|Vig1]]

Next, we show that v;;; and o; satisfy the trust region condition o; < w Indeed,
recall that by Lemma [4.1] dist(0,d,, f(z)) > Ds. Consequently, we have

D»o dist(0, 05, f(2))0 _ [[vixall

o; < apdist(x, M) <
s s s

Therefore, with probability at least 1 — p, we have

@)~ f@) < f (x _ a—) 1@) < p(f(@) - F(@),

|vig1]]

as desired.

Contraction case 2: tangent step. Next, we suppose that there exists o; satisfying
Item [2] of Theorem [4.3] In the interest of analyzing u; € Oy, f(), let us show that z, o;, and
T satisfy the conditions of Lemma 5.5} indeed, by Item [2a] of Theorem we have

0; < aglly — || < min{Cy, Cr}|ly — Z|;
in addition, by Item [2b] of Theorem [4.3] we have
dist(x, M) /o; < 10as||ly — Z|| < min{Cs, C7}|y — Z||.
Therefore, since f(z) — f(Z) > €17, Lemma 5.5 implies that

U

(o= o) = £@) < 7(0) = @) = Gdin(0,0,, () < pl1(0) ~ 1)

[u

Next, we show that u; and o; satisfy the trust region condition o; < @ To show
this, we first note that o; and x satisfy the conditions of Lemma [£.2} indeed, by Item [2a] of
Theorem [4.3] we have

0; < aslly — z|| < Colly — z|;

In addition, by Item [2] of Theorem [4.3] we have

dist(z, M) < 10az0i[ly — #[| < 10a3]ly — z||* < Cally — 2],

38



where the third inequality follows from the bounds ay, < % and [y — z|| < 2§ < 1/as.

Therefore, by Lemma [4.2] we have ||u;|| > C4||ly — Z||. Consequently, we have

S S

0; < aplly — T

Observe that v;;; = u; since NDescent will terminate at the first iteration if the descent
condition is met. Therefore, we must have

1) = 1@ < 7 (2= o) = @) < (o) - £1)
[vi1]
as desired.
Having proved the desired contraction f(Z) — f(Z) < p(f(x) — f(Z)), we now turn to the
bound on ||z — z|.

Stepsize bound. We now no longer assume that f(z)— f(z) > max{esq, €1,7}. We claim
that we have

max {o;: 0; < [[vina]|/s} < Comax {e1r/s,e26/5,v/2(f(x) = f(2))/ min{s,7}},

0<i<G-1

To prove this, we will apply Lemma [5.7]
To that end, we first verify that there exists an index ¢ such that o; satisfies a slightly
stronger version of the assumptions of Lemma Indeed, recall that by the quadratic

growth condition |(A1)| we have the bound

dist(z, M) < [l — 2| < V/2(f(z) — f(Z))/-
Thus, to satisfy the assumptions of Lemma we prove that there exists ¢ such that
R, := Cs\/2(f(x) = f())/7 < 0i < dria- (6.1)

Indeed, first notice that oy < dquq since G > [logy(1/0ara)]. Thus, if 09 > R,, the
bound ([6.1)) holds for oq. If instead oy < R, we have

0o < Ry < Cs\/2L5 /vy < min{dgria/2,1/4} < min{dgia, 1/2} < 1/2 =061,

where the second inequality follows by Lipschitz continuity of f and the inclusion x €
Bs(z). Thus, there exists ¢ such that o; € [min{dgua/2,1/4}, min{dgua, 1/2}]. Since
min{dgra/2,1/4} > R,, inequality follows.

Now let i, be the minimal such index such that is satisfied for ¢ = i,. If i, # 0, the
bound o;, 1 < R, holds. In particular, o;, < 2R,. Therefore, considering the cases 7, = 0
and 7, # 0 separately, we have

R, < o;, <max{og,2R,}.

Now we bound the step length ||z — Z|| by considering two cases.
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First suppose that o;, > ||u;,||/s. In this case, (2.1]) ensures o;, > ||v;,+1]|/s. Then, since

0; is increasing in 4, we have
o -l < max {os o1 < Jossall /)
<o,
< max {09, 2R, }

< Comax {ez.6/5,v2(f () — f(2))/ min{s,7}} .

Therefore have

|z — Z|| < Comax {e11/s, e2,6/5,v/2(f(x) — f(z))/ min{s,7}},

as desired.
Next suppose that o;, < |lu,,
following bound also holds:

/s. We consider two subcases. First suppose that the

_ U@ = /@) 62)

| ui,

Then, since o;, > R,, we have

< \f329(f (@) - £(@)/C2.

Second, suppose that (6.2)) does not hold. Let us apply Lemma

i,

2 \ 7/2
s | < max { (1-25)  LtCmax{on26llo — 7} +4(Clo + 28l - a-cu}

2 T/2
< max { (1 - 6ZL2> L,8C4y00,8(Cay + CsClay 4 25) || — EH}

<max{l-e1r,1:€7,8(Cl) + CsCl +20)||z — Z||}

< sCymax{er /s, e2a/s,||r — |},

where the second inequality follows by considering cases C(qyo0 < (Coy + B)||z — Z|| and
Cyoo > (Coy + B) ||z — Z||. Therefore, as long as o;, < ||u,,||/s, we have

.| < max { sComax{err/s, e2a/s, | — 7}, 1/321(f () = £(2))/C2} .
To complete the proof, recall that by (2.1), for all j > ., we have ||v;|| < ||u,.|. Thus,
.: . < .
odnax {oi: 0i < fJviall/s}
< . A
— OSIZrlSaécfl {0-1*7 |uz* ||/S}

< max {00, 2Cslw — 7|, Comax{err/s, e c/s, o = 2|}, /32y(f () — £(2))/(Css?)}
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< max {2Cs|lx — 7|, Comax{eir/s, 2.6/, & — 7|}, v/32v(f () — [(2))/(Css?) }

< Cymax {e1r/s,e26/s, o — 2l V2(f(2) - f(2))/7}

< Comax {e17/s,e2.6/5,/2(f(x) — f(2))/ min{s, v} },
where the third inequality follows from the bound oy < Cye; r/s; the fourth inequality follows
from the bounds 2Cs||z — z|| < Cyl|z — Z|| and Cy > ~y/s; and the fifth inequality follows

from the bound ||z — z| < /2(f(x) — f(Z))/7, a consequence of quadratic growth (A1)}
Therefore, we have the stepsize bound:

|Z2—2| < max {o;: 0; < [vina]l/s} < Comax{e17/s,ea/s,v/2(f(x) = f(2))/ min{s,7}},

0<i<G-1

as desired. O

6.2 Main convergence theorems

We are now ready to prove the main results of this work. The goal of this section is to prove
that the following event occurs with high probability.

Definition 6.2 (Ey, ). For any ky > 0, ¢ € (0,1) and C > 0, let Ej, 4 denote the event
that for all £ > kg, we have the following two bounds:

ax{(f(zx,) = f(2))g" ™™, Cq*};
max{(f(wr,) — f(2))g" ", Cq"}.

We will lower bound the probability of the event Ej , ¢ in both nonconvex and convex
settings for a particular choice of ¢ and C'. In the nonconvex setting, our result will lower
bound the conditional probability of Ej, , ¢, given that iterate xy, enter a sufficiently small
neighborhood of z. To prove the result, we will simply iterate the one-step improvement
bound of Proposition [6.1, In the convex setting, we will lower bound the unconditional
probability of Ej, ,c. To prove this result, we will combine the conditional result with the
sublinear convergence guarantee of Theorem [2.4, We begin with the nonconvex setting.

Theorem 6.3 (Main Theorem: Nonconvex Setting). Let C' = 24852 Then there exists
K > 0 and a neighborhood U of * such that the following holds: For every ko > K, we have
exp (— ")

P(Ey g0 |1 €U) 21— T exp (= 521)’

whefr’e q = max {p’ \/1_7 2:536%’ %} and

L (min{C2,C2}L+B)L L 8
C':= max { 2047 ) L’ min{l,a1} + 2min{l,a1 }a3’ SC(‘I)’ S} '

41



Proof. Let 0 be small enough and let K be large enough that the conclusions of Proposi-
tions and holds for all z in Bs(z) and G, T > K. Assume that K is large enough
that for all £ > K, we have

e11./5 < /2611, /7 and €26, /s < \/2€2.6, /7 where 7' := min{s, v}. (6.3)

We now choose a neighborhood U := By (z) of & with ¢’ > 0 small enough that z; does not
escape Bs(z) for all k > kq. To that end, for all ky > K and ¢’ > 0, define

Dk,’o,&’ = Z C19 max { \/2 maX{(SILq(kiko)a qu}/fyla \/2617Tk /,yla \/262,Gk /7/} :

k=ko

Notice that Dy, s is finite due to the lower bound min{7}, Gy} > k + 1. Now fix K large
enough and ¢’ small enough that

Dko,é’ + 5, S (5/2 for all k() 2 K.

Using this notation, our neighborhood is U := By (Z).
We now turn to the proof. Consider the following sequence defined for all k > kq:

k-1

by =0 + Z Cy max {\/2 max{d’ Lqlk—ko) C'qk} [+, \/2617Tk/’7’, \/2627%/7’} :

Jj=ko

Note that by, < /2 for all k > kq. Define the event Fy, := {zy, € U}. For every k > ko,
define the quantity Ry, := max{(f(zy,) — f(Z))g" %, Cq*} and the decreasing sequence of
events

A= () {f(ej) = f(z) < R; and ||z; — Z|| < b;}.

Jj=ko
We claim that for all k& > kg, we have

P(Agi1 | AN Fy) > 1 — exp(=T5/C"). (6.4)

Indeed, Proposition [6.T]implies that, conditioned on AN Fj,, the following three inequalities
are satisfied with probability at least 1 — exp(—1}/C"):

1. ||$k — f” < bk;
2. ||wpsr — 2]l < Comax {17, /s, €26,/ v/ 2(f(x) — F(2))/7'};
3. f(wrr) — f(2) < max{p(f(zx) — f(T)), €113, €26, }-

Thus, the bound ([6.4]) will follow if we can prove that whenever the above three conditions
hold, we have ||zg11 — Z|| < bgy1 and f(apy1) — f(Z) < Ria-
To that end, we first prove ||zx1 — Z|| < bry1. Indeed,

21 = 2l < Nlzkpa = @l + [z — 2]
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< Comax {e11,/5, 2.6/, V2(f(xx) — [(2))/7'} + b
< Cymax {\/2max{(f(ws,) = F(2)g®), Ca b/, \ 2615, /75 2606,/ ) + e

S C(9 max {\/2 max{dqu(kikO)a qu}/fyla \/261’7‘,9 /7/7 \/262,Gk/7/} + bk = bk+17

where the third inequality follows from ((6.3]) and the definition of Ax; and the last inequality
follows by Lipschitz continuity: f(zx,) — f(Z) < Ll||lay, — Z|| < Ld’. Next, we prove the
bound on f(xgy1) — f(Z) < Rgyq. Indeed,

f(karl) - f(i) < maX{ﬂ(f(xk> - f(f))v €1,Ty> EZ,Gk}
< max{pmax{(f(zx,) — f(2))¢" ", C¢"}, e11, €26, }
< max{Rpi1, €11, €26, }-

Next, we prove that max{e; 7y, €2, } < Rgi1. Beginning with € 7, , we have

; 2 (12 2\ Tk/2 2 N\ Tk/2
€1 = max (min{C5, CI}L + B)L (1 3p (1o I
’ Cy 25612 64 L2

9 Ty 9 Ty
3[1/ 2 [LL 2
<C 1 1
= ©max {( 256L2> ’ ( 64L2> }

S qu+1 S Rk+17

where the first and second inequalities follow from the definitions of C' and ¢ together with
the lower bound 7}, > k + 1. Turning to e ¢, , we have

L B

8
min{1,a;} * 2min{1, a; }a3’

€26, = max{ Cla)s S} 270k < 027 < Cg"™ < Ry,

where the first and second inequalities follow from the definition of C' and ¢ together with
the lower bound G}, > k+ 1. Putting these bounds together, arrive at the desired inequality:
f(zrs1) — f(&) < Ryyq. Consequently, the bound holds. Moreover, due to the bound
T > k+ 1, we have

P(Aps1 | Ax N Fry) > 1 —exp(—T3/C") > 1 —exp(—(k+1)/C"). (6.5)

Now we relate Ay to Ey,. To that end, by the conditional law of total probability, for all
k > ko, we have

P(Apsr | Fry) > P(Apq1 | A N Fry)P(Ag | Fry) > P(Ay | Fr,) — exp(—(k +1)/C"),

Therefore, for all £ > kq, we have

C . ! exp(—%)
P(Ar| Fiy) = P(Ak, | Fiy) — D exp(j/C') > 1 - T
Pt 1 — exp(—"%~)
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where the final inequality follows since P(Ay, | F,) = 1. Now recall that supys,, by < /2.
Therefore, defining the event

Eioqc = 1f(xx) — f(Z) < Ry for all k > ko and and 2, € Bs(7)},

we have ( i +1)
) exp(—=~5—

! > >1— ¢ .

P(Bhyac | Fu) 2 Jim P4 | Fio) 2 1= 7= s

Next, recall that since § < d,, the quadratic growth bound (A1)
2 2 _ 2
o — || < ;(f(xk) - [(z)) < ;Rk

holds for every k > ko within the event Ej . Thus, Ey, ¢ 2 B , o Therefore, we have

! eXp(_%)
P(Eyyq0 | Fry) > P(Epy g0 | Firg) > 1 - = exp(~ 521y’
as desired. ]

Now we turn to the convex setting. Our goal is to prove a lower bound on P(Ej, ,c)
for all sufficiently large ky. Before stating the result, we recall a simple fact about convex
functions satisfying Assumption [A} we place the proof in Appendix [C]

Lemma 6.4. Suppose that function f is conver. Then f has bounded sublevel sets. In
addition, for every neighborhood U of x, there exists a constant a > 0 such that

{z €R": f(z) — f(@) <a} CU.
We now turn to our main theorem.

Theorem 6.5 (Main Theorem: Convex setting). Suppose that f is convex. Fix a failure
probability p € (0,1). Then there exists a constant K, > 0 such that for any ky > K,

P(Ekyqc) 2 1—p,
where ¢ and C are defined as in Theorem [6.3,
Proof. Choose K > 0 and U as in Theorem [6.3] Let a satisfy
{r e R f(a) - f(7) <a} CU.
Using Theorem [6.3] choose K; > K large enough that for ko > K, we have
P(Eyyqc | xk, €U) > 1—p/2. (6.6)

In the remainder of the proof, we prove there exists K, > K; such that P(zy, € U) > 1—p/2
for all kg > K. Note that this yield the proof, since in that case

P(Epyq.0) > P(Epyqc | 7k €U)P(zy €U) > 1+p*/d—p>1—p.
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To lower bound P(xy, € U), we apply the Theorem . To that end, first note that f is
Lipschitz continuous on

={z+u: f(z) < f(x) and u € B(x)}.

since S is bounded by Lemma [6.4 Let L’ denote this Lipschitz constant. Now choose K
large enough that there exists i < ming,<g<ar,-1{G} satisfying

(1/2)K,"* <o, < K; 2.
In addition, assume K5 is large enough that

1 — inf 2L \/2log(2K3 _ L
diam(S) max{ G(f(xf;é)ﬂ - f), k Kol% /D) ,V128L'K, 1/2} +4—7 <a.
2 2

Then, by Theorem , we have with probability at least 1 — p/2, the bound

flxog,—1) — f(Z) < a.

When this bound holds, we have x, € U for all £ > 2K5 — 1 since f(xj) is nonincreasing.
Therefore, defining K, = max{2K, — 1, K}, we have

Pz, € U)>1—p/2 for all kg > K,
as desired. O

Thus, we have established a local nearly linear convergence rate for NTDescent. Before
moving to a brief numerical illustration, we explain how Theorem [I.1] from the introduction
follows from the above results.

Remark 1 (Establishing Theorem [1.1]). Theorem from the introduction immediately
follows from Theorems [6.3]and [6.5] Indeed, first the event Ej, ¢ from Theorems [6.3]and
is slightly stronger than the corresponding event Ej, ,c from Theorem for particular ¢
and C. Second, from looking at the proofs, we note that U depends solely on f, while K,
depends only on p and f. The main loose end is the dependence of K, on p, which we seek
to show is on the order of K, = O(max{log(1/p),1}). Looking through the proofs, we find
this dependence of K, on p arises from two required bounds: first from (6.6

exp (—7&)

1 —exp (—Kgfl)

32L4/2log(2K2/p)
< C//
K2 =
P

for some constant C” > 0 depending only on f. From these bounds we see that we may
choose K, = O(max{log(1/p),1}), as desired.

1— >1—p/2;

second from
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7 Numerical illustration

In this section, we briefly illustrate the numerical performance of NTDescent on two non-
smooth objective functions, borrowed from [1,/9,29,31]. In both experiments, we compare
NTDescent to the subgradient method with the popular Polyak stepsize (PolyakSGM) [38],
which iterates

f(l’k) — inf f

Tpy1 = Tp — Wy, for some wy, € Jf (xy).
In the first example, inf f is known, in the second, we estimate inf f from multiple runs of
NTDescent. We choose to compare against the subgradient method because it is a simple first-
order method with strong convergence guarantees in convex [38] and nonconvex settings |16].
Importantly, PolyakSGM accesses the objective solely through function and subgradient eval-
uations. Thus, we compare the accuracy achieved by PolyakSGM and NTDescent after a fixed
number of oracle calls, i.e., evaluations of Jf.

Let us comment on the implementation of NTDescent. First, in both experiments, we do
not tune parameters of NTDescent. Instead, we simply choose

T, =k+1 and Gy = min{k + 1, [log,(107'%)]} for all £ > 0.

Second, we attempt to save first-order oracle calls by breaking the loop on Lines [2| through [6]
of Algorithm |3| whenever we find that o; > ||v;41]|/s. Since o; is increasing in ¢ and ||v;41]|
is nonincreasing in 4, this does not affect the iterates x5, of NTDescent; see Lemma [2.1]

We now turn to the examples.

7.1 A max-of-smooth function

In this example, f takes the following form

1
fie) = max qola+ oo B} (71

where we generate a random vector A € R™ in {A > 0: >~ X\, = 0}, a random positive
semi-definite matrix H;, and a random vector g; satisfying that > " A;g; = 0. In this case,
one can show that with probability 1, f satisfies Assumption [A] at its unique minimizer 0.
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Figure 4: Comparison of NTDescent with PolyakSGM on . Left: we fix the dimension of
the problem and vary the number of smooth functions; Right: we fix the number of smooth
functions and vary the dimension of problem. For both algorithms the value f(z}) denotes
the best function seen after ¢ oracle evaluations.

In Figure |4 we plot the performance of NTDescent and PolyakSGM for multiple pairs of
(d,m). Figure shows that the performance of NTDescent depends on m. On the other
hand, Figure shows NTDescent performance is independent of d, as expected. Both
plots show that NTDescent outperforms PolyakSGM.

Before turning to our second experiment, let us briefly mention two alternative methods
— Prox-linear [10,21}22,43,46] and Survey Descent [24] — which could be applied to this
problem. In order to explain these algorithms, let us write f = max;—;__,{f;}, where the
fi are the quadratic function from .

Prox-linear method. Given a point z € R?, the Prox-linear update z solves

zy = argmin max {fi(w) + (Vfi(w),y — )} + Slly — |
yERd 1=1,....m 2

One may show that z, geometrically improves on z; see [18]. However, in contrast to

NTDescent, the prox-linear method requires that the components f; are known. This is

stronger than the first-order oracle model considered in this work. Thus, we do not compare

NTDescent with prox-linear.

Survey Descent The Survey Descent method is a multi-point generalization of gradient
descent, designed for max-of-smooth functions. Rather than maintaining a single iterate
sequence, the Survey Descent maintains a survey S of points, meaning a collection of points
{s;}7, at which f is differentiable. A single iteration of the Survey Descent method then
aims to produce a new survey St = {sf}™, satisfying

2

s :=argmin Hfl? - <5i - %Vf(&))

z€Rd
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subject 105 1(s;) + (V. (s5), = 53) + 5 = s3I < (50) + (Vf(si)o =) V) 41,

Here, L is an upper bound on the Lipschitz constant of V f; for alli = 1,...,m. In [24], Han
and Lewis study linear convergence of Survey Descent on max-of-smooth functions under
the conditions of Corollary [3.4f Given a survey S, they show that the updated survey S+
geometrically improves on S (in an appropriate sense) whenever the following conditions are
satisfied: (i) all elements of the survey S are near ; (i) the survey S is valid, meaning there
exists a permutation a such that

fa(i)(si) = f(SZ) and (9f(81) = {Vfa(l)(sl)} fOI' all 1 = 1, oo,

To estimate the number of components m and find a valid initial survey S sufficiently close
to , Han and Lewis suggest an empirical procedure based on running a nonsmooth variant
of BFGS [31] for several iterations. After running BFGS, they suggest to (i) compute an
estimate m of m from a singular value decomposition of the computed gradients, and (ii)
build the survey from m past iterates in such a way that the computed gradients form an
affine independent set. From the numerical illustration in [24], Survey Descent performs well
on several small problems. However, since the initialization procedure and implementation
of Survey Descent are somewhat sophisticated, we leave a detailed comparison between
NTDescent and Survey Descent and to future work.

7.2 An eigenvalue product function

In this example, we aim to optimize a function f that takes the following form
f(X) =log Ex(A® X),

where A is a fixed positive semi-definite data matrix, Ex(Y") denotes the product of K largest
eigenvalues of a symmetric matrix Y € SV, and ® denotes the Hadamard (entrywise) matrix
product, subject to the constraint that X is positive semi-definite and its diagonal entries
are 1. This example is a nonconvex relaxation of an entropy minimization problem arising
in an environmental application [1,9]. In our experiments, we choose A as in |1|: A is the
leading N x N submatrix of a 63 x 63 covariance matrix, scaled so that the largest entry is 1.
As suggested by [9], we reformulate this problem as an unconstrained optimization problem
using a Burer-Monteiro type factorization

Cmin (V) = fe(V), (7.2
where ¢: RV*N — SN gatisfies ¢(V) = Diag([diag(VV T)]~V2)V for all V € RV*Y. Here, the
mapping diag(-) takes a matrix an N x N matrix A to the N dimensional vector with ith
entry A;. On the other hand, the mapping Diag(-) takes an N dimensional vector v to the
N x N diagonal matrix with ith diagonal entry v;. A formula for the subgradient of f may
be found [9]. We do not attempt to verify that f satisfies the full Assumption . Instead,
we point out that under a “transversality condition,” function f admits an active manifold
at local minimizers [31].
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Turning to the experiment, we consider the case where N = 14 and K = 7. In this
example, the optimal function value inf f is not known. Thus, we run NTDescent from
four random initial starting points. We terminate each run of NTDescent when a certain
“optimality gap” R}, satisfies R, < 107'2. We denote the minimal function value achieved

across all four runs by f*. Let us now define and motivate the optimality gap. For iteration
k in Algorithm [] define

. k k k k
Ry = min {max{o"”, [, [1?}: o < 0|1},

where agk) and Ul@l are computed in Linesthrough@of Algorithmat iteration k. Provided
that x; is sufficiently close to a point  at which function f satisfies Assumption [A] it is
possible to show that Ry satisfies f(zy) — f(Z) S Rg. This is illustrated in Figure [fa} there
the optimality gap closely tracks the estimated function gap, when approximating by inf f by
f*. In Figure we compare the performance of NTDescent on the three runs which did not
achieve function value f* before termination. In all three cases, we see similar performance.
Next, for each run of NTDescent, we also run PolyakSGM from the same initial starting point,

estimating inf f by f*. We see that NTDescent outperforms PolyakSGM.

T T T
—4 | = function gap - = NTDescen
. -k =]
| 3
\'-.
1076 - \\ * 106 |
W
N *
\ S
-8 | \\ i | -8 i
10 u ~ 10
ALY =
\\\ =
-10 o
10710 L \ﬂ\ ....... - 10
AN
1l | 10712 |
10 l l L L \\\ l l L L
50 100 150 200 250 300 100 200 300 400 500
Cumulative oracle calls(x10%) Cumulative oracle calls(x10%)
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Figure 5: Numerical performance on . Left: close relationship between “optimality
gap” and function gap; Right: comparison of PolyakSGM and NTDescent from three initial
starting points. For both algorithms the value f(z}) denotes the best function seen after ¢
oracle evaluations. See text for detail.
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A Proof of Lemma 2.2

Let g denote the minimal norm element of J,f(x). Write g as a convex combination of
subgradients: g = > | A\;g; where > " | A\ = 1 and g; € 0f(x;) for some z; € B,(x) and
n > 0. Then

) + Z i9i,T; —y) + Lo

< fly) +{gx—y +ZA gi,vi — ) + Lo

< f(y) + dist(0, 0, f (x ))Hx —yll +2Lo,

as desired.

B Proof of Proposition

First, since M is C* smooth, the projection Py is C® smooth near z. In addition, since f is
C? smooth along M near Z, the composition fu := f o Py is also C® smooth near Z. Note
that 1 > 0 due to the active manifold assumption. Now, choose ¢ > 0 small enough that
the following hold:

1. V Py is Cp-Lipschitz on Bs(Z);

2. V fam is p-Lipschitz on Bs(7);

3. V2 fuq is p-Lipschitz on Bs(Z) in the operator norm, where p := thv2f (Z);
4. fis L-Lipschitz on Bs(Z);

5. the quadratic growth bound holds:

f(x)— f(z) > —Hx —z|? for all z € Bs(Z);
6. the strong (a) bound holds:
1Py (v = Vaf W) < Clallz =y (B.1)

for all z € Bs(z), v € df(z), and y € M N Bs(%).
7. the (b<) regularity bound holds:

F@) 2 f(@) + {v,2' — ) = Slle - 3] (B.2)
for all z € Bs(z), v € df(x), and 2’ € Bs(z) N M.
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8. the sharpness condition holds:

dist(0,0f(x)) > 2u for all x € Bs(z)\ M.

Given these bounds, let us define

) '—lmin ) il a
A9 '32p" 2(Clay + 28 +2CL) |

For this choice of da, Item [I| holds automatically. We now prove the remaining items.

B.1 Item [2 Smoothness of P),.

Fix 2/ € By, (Z) and = € Bs, (). Observe that Py (z) € Bas, () and we have the inclusion
x — Py(x) € Npm(Pu(z)). Consequently, we have

L. PTM(PM(JC))(x) = PTM(PM(x))(PM(x));
3. VPM(Pm(2)) = Pry(Pu(a))-

Therefore, we have

[P (") = Prm(z) — Pryypaa)) (3" — 2
= [[Pm(") = Pr(Pu()) — VPu(Pu()) (2" — Pp())|

C
< e’ = Pu (@)

< Cu(||2" = z|* + dist®(z, M)),

where the first inequality follows from Lipschitz continuity of V Py on Bys, () C Bs(Z).

B.2 TItem [3} Bounds on V. f

Recall that Py(z) € Bas, (Z) whenever x € By, (). Thus, below we prove that
%Hy =zl < IVAiu)ll < Blly =zl for all y € B, (7) N M.

This is equivalent to the claimed bound since V fy(y) = V. f(y) for all y € Bos, () N M.
Let us first prove the claimed upper bound. Due to the inequality,

fma(@) = fuu(®@) 2 S| Pule) = 2[*  forall & € By(a),

it follows that Z is a local minimizer of fr. Consequently, V fo(z) = 0. Thus, since [ is a
local Lipschitz constant of V foq on Bs(Z), we have

IVim)l < Blly — =l for all y € Bs(z) N M.
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Since 204 < 6, this proves the claimed upper bound.
Next we prove the claimed lower bound. It suffices to establish the following convexity
inequality:

fm@) + (Vim®), 7 —y) < fm(@) for all y € By, (2) N M. (B.3)
Indeed, if this inequality holds, we have
(VIn()y =) = fuly) = faa(@) = Sy = 7] for all y € Bys, (7) N M,

and the desired result follows from Cauchy-Schwarz.
To that end, observe that since V fu(Z) = 0 and V?fu is p-Lipschitz in Bags, (T), we
have

Fanly) < Fu@) + 5 OV @)y = 2), (g = 7)) + Ly~ 7P or all y € B, (7).

Consequently, we have the lower bound on the quadratic form: for all y € Bas, () N M, we
have

2 V(@)= 2. (0= D) > fuly) — faal®) — £y — I
g 2P —13
2 Hlly =" =% lly - 7]
> %Hy—mlﬁ (B.4)

where the second inequality follows from the quadratic growth bound and the third follows
from the bound ||y — Z|| < 255 < i_Z' Therefore, for all y € M N By, (Z), we have

FAn(E) 2 Fual) + (VFaalw), 7~ ) + 3 (P Fralw)(E — ), (7 — ) — 2y 7
> ualy) + (Y aaly), 7 — ) + 5 (V2 Faa()(E — ), (2 = ) — Ly —
> fuly) + (Vi) — o)+ Dy~ 2l = Ly - alf

KU

> fm(y) +(Vimy), T —y),

where the first and second inequalities follow by Lipschitz continuity of V2 fa4; the third in-
equality follows from (B.4); and the fourth inequality follows from the bound
ly — Z|| < 20a < . This completes the proof.

B.3 Item : Consequences of strong (a)-regularity

Fix z € Bs,(z) and 0 < d5. Recall that y := Py(z) € Bas, (%) since © € Bs, (z). Fix
g € 0,f(z). By definition of 9, f(x), there exists a family of coefficients A; € [0, 1], points
x; € B,(x) C Bs(Z), and subgradients g; € df(x;) indexed by a finite set ¢ € I such that
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Y icrAi=Lland g=3)".; Aig;. Therefore, by averaging the strong (a) bound (B.1]) over g;,
we find that

1P (9 = Vaf @I < Y- Nl Proy (90 = Vo ()]
i€l

<> ACalli — yll.
el

< C(a) (dist(x, M) + o).
Since g was arbitrary, it follows that for all z € By, (Z) and 0 < d,, we have

s 1Pracy (9 = VS ()] < Croy(dist(z, M) + o). (B.5)
geIs [ (T

Now we apply this bound to establish the two remaining inequalities.
Indeed, first observe that for all x € By, (z) and 0 < d,, we have

sup || Pry w9l < IVaf @)l + Coy(dist(z, M) 4+ o) < Blly — Z|| + Coy (dist(x, M) + o),

geaof(w)

where the first inequality follows from (B.5)) and the second inequality follows from Item .
This proves the first claimed bound. Second, observe that for all x € B, (Z) and 0 < da,
we have

sup || Pruw)(9 =9Il < sup [[Pruw)(9 = Vaf W)+ sup [[Pry (9 =Vl )l

g,g’eaaf(ac) geaof(m) g’Eaaf(:v)

< 20, (dist(z, M) + o).

where the second inequality follows from (B.5]). This completes the proof.

B.4 Item [5} Aiming inequality

Consider a point z € By, (Z), let kK = 2u, and define

& € argmin {f(z") + ||z’ — x| }.
J},EEQ(SA(:TK)

We claim that & € M N By, (7). Indeed, first note that by definition of # and the inclusion
T € Bas, (T), we have

f(z) = f(&)

& -l < B2

7 —zf] <7 — 2| < da,
where the second inequality follows since Z is a minimizer of f on By, (%), a consequence of

x
quadratic growth. Thus, by the triangle inequality, we have & € Bas, (Z). By Fermat’s rule,
we therefore have the inclusion:

0€d(f+nll-—z|)(@) € Of (%) + KB
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If & ¢ M, then dist(0,0f(2)) > k, contradicting the above inclusion. Therefore, we have
T € M N By, (T).
Turning to the aiming inequality, apply the (b<)-regularity bound to :
f@)> flx)+ (v, —x)y —ellz —z|| > f(2)+ (v, —2) + (k — &) || — 2|,
where we define ¢ := 11/2. Consequently, we have
(v,2 — Pyp(z)) > (k —¢)||lx — 2| + (v, 2 — Pu(x)) for all v € Of(x). (B.6)
We now bound the term (v, & — Py(z)): By the conclusion of Item [2| we have

1Prm(2) — Pr(@) = Prypaan (@ — 2)|| < Cu(llz — 2> + dist®(z, M)) < 20|z — &,

where the second inequality follows since € M. Thus, we have

[ (v, & = Pra()) | < {0, Pryy(prgian (@ = 2)) |+ 2Cum]lv]l ||z — 2]
< ||Prypamnvlllld = || + 2Cm L]z — 22
<(C a>dlst(fv M) + B||Pu(x) — 2|) | — || + 2Cm L]z — 2|?
< (Claoa + 280a + 20 L6x) |13 — x|
< 6||17—1‘||

where the second inequality follows from Item [4 and the third inequality follows from the
inclusion Pu(z) € Bas, (Z). Therefore, plugging this bound into (B.G), we arrive at

(v, = Pu(x)) 2 (v = 2¢) ||z = 2| = pdist(z, M),

as desired.

B.5 Item [6} Bounding subgradients

Fix x € B;, (%), 0 < da, and g € 0, f(x). By definition of 9, f(x), there exists a family of
coefficients \; € [0,1], points z; € B,(x) C Bs(z), and subgradients g; € df(z;) indexed
by a finite set ¢ € I such that ) .., A\; = 1 and g = > ,.; A\ig;- Recall that by Lipschitz
continuity of f on Bs(z), we have ||g;|| < L for i € I. Therefore,

lgll <> Nillgill < L.
il

as desired.

B.6 Item [7} Bounding the function gap

Fix a point = € Bs, (Z) and recall that Py(z) € Bas, (Z). Then by Lipschitz continuity of f
on Bs(Z), we have

f(x) = f(Pm(T)) < Ldist(z, M).
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Next, arguing as in the proof of Item , we find that V fy,(z) = 0. Thus, since V fy is
p-Lipschitz on Bs(Z), we have

FPAM(EN ~F(®) = sl Pra())—F(2) < (V Faa(), Prale) = 2421 Paa(a) 2] = )| Pas(a) 2

Putting both bounds together, we have

f@) = f(@) = f(@) = f(Pr(@)) + f(Pm(@)) — f(2) < Ldist(z, M) + S| Pr(2) — 2|,

as desired.

C Proof of Lemma 6.4

We remind the reader that Assumption [A] is in force. Consequently, by Item [I] of Proposi-
tion [3.5 we have:

fz) — (@) > %Hx —Z|*  for all x € By, ().

For any a > 0, we claim that

(€ R% )~ (@) S0} S Bo(@)  where 7y = max {2 \/g}

04’
Note that the inclusion follows from the following bound:

flz)— f(z) > %min{éA, |z — z||}||x — Z| for all z € R

Thus, in the remainder of the proof, we prove this bound.

To that end, note that if z € B;, (), the bound is immediate. Now fix x € R\ B;, (%)
and define the curve x;: t — (1 —t)x 4+ tZ. Let ty € [0, 1] to satisfy x4, € bdry Bs,(Z). Then
by Jensen’s inequality, we have

(1 —to)

5 le=2llllz,—2].

(1=to) f(x) = flz,)—tf(2) = (1—to)f(f)+%!\f€to—f|l2 = (1=to) f(Z)+
Consequently, since ||, — Z|| = d4, we have

o
f@) = 1@ = Thle = 2] > S minfss, o - 2/} e - 2

as desired. This completes the proof.

58



	Introduction
	Motivation: Goldstein's conceptual subgradient method
	Linear convergence via the GKL inequality
	Approximately implementing Goldstein's method
	Finding small subgradients in a simple example with ``typical" structure
	Two MinNorm methods: NDescent and TDescent

	The NTDescent algorithm
	Main convergence guarantees for NTDescent
	Outline
	Notation and basic constructions

	Global sublinear convergence of NTDescent
	Main assumption, examples, and consequences
	Examples of Assumption A
	Key consequences of Assumption A

	Verifying the GKL inequality under Assumption A
	Rapid termination of NDescent and TDescent under Assumption A
	Analysis of NDescent
	Analysis of TDescent
	Some loose ends: eventually small subgradients


	Rapid local convergence of NTDescent
	One step improvement
	Main convergence theorems

	Numerical illustration
	A max-of-smooth function
	An eigenvalue product function

	Proof of Lemma 2.2
	Proof of Proposition 3.5
	Item 2: Smoothness of PM.
	Item 3: Bounds on M f
	Item 4: Consequences of strong (a)-regularity
	Item 5: Aiming inequality
	Item 6: Bounding subgradients
	Item 7: Bounding the function gap

	Proof of Lemma 6.4

