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Abstract

We introduce a geometrically transparent strict saddle property for nonsmooth
functions. This property guarantees that simple proximal algorithms on weakly convex
problems converge only to local minimizers, when randomly initialized. We argue
that the strict saddle property may be a realistic assumption in applications, since it
provably holds for generic semi-algebraic optimization problems.

1 Introduction

Nonconvex optimization techniques are increasingly playing a major role in modern sig-
nal processing, high dimensional statistics, and machine learning. A driving theme, fully
supported by empirical evidence, is that simple algorithms often work well in highly non-
convex and even nonsmooth settings. Gradient descent, for example, often finds points with
small objective value, despite existence of many highly suboptimal critical points. A grow-
ing body of literature provides one compelling explanation for this phenomenon. Namely,
typical smooth objective functions provably satisfy the strict saddle property, meaning each
critical point is either a local minimizer or has a direction of strictly negative curvature
(e.g., [6,129,]30,|62,163]). For such functions, randomly initialized gradient-type methods
provably converge to local minimizers, escaping all strict saddle points [36}/52]. Moreover,
stochastically perturbed gradient methods escape strict saddles efficiently, indeed, in poly-
nomial time [23}28]|34].

Smoothness of the objective plays a crucial role in the existing literature on saddle avoid-
ance. Some extensions to constrained optimization do exist. The papers [15]28,64] investi-
gate saddle point avoidance for the problem of minimizing a smooth functions over a smooth
manifold. The works [31,145,/50] propose algorithms for minimizing a smooth objective over
a closed convex set. At each step of these algorithms, one must minimize a nonconvex
quadratic over a certain convex set (an NP hard problem in general). The work [4] pro-
poses a polynomial time first-order algorithm for minimizing a smooth objective over linear
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inequality constraints[T] At each step of this algorithm, one identifies the “active linear con-
straints” and then attempts to find a “second-order stationary point” of the loss in the
restricted subspace.

Though impressive in scope, existing work has yet to answer the following question:

Do simple algorithms on typical nonsmooth and nonconvex optimization prob-
lems converge only to local minimizers?

This question as stated is purposefully vague, since “simple algorithms” and “typical opti-
mization problems” can be interpreted in multiple ways. Let us try to formalize both ideas.
First, if one believes that gradient descent is a canonical first-order method for smooth
minimization, it is natural to focus on three concrete algorithms for nonsmooth and non-
convex problems: the proximal point [43]/44,47.|56], proximal gradient [5,/49], and proximal
linear [9}21,22,|41,48] methods. This is the path we follow in the current work.

The latter issue, identifying a typical optimization problem, is more subtle. To motivate
our approach, let us revisit the following question: why is the strict saddle property a rea-
sonable assumption for smooth minimization? A first compelling reason is that the property
holds in practice for specific problems of interest. There is, however, a more classical justi-
fication, one rooted in stability to perturbations. Namely, consider the task of minimizing a
smooth function f on R?. Then for a full measure set of perturbations v € R?, the perturbed
function f,(x) = f(z) — (v,z) is guaranteed to satisfy the strict saddle property—a direct
consequence of Sard’s theorem. Consequently, in a precise mathematical sense, the strict
saddle property holds generically in smooth optimization. This justification does not suggest
one can forgo verification of the strict saddle property in concrete circumstances, but it does
suggest that the property is widely prevalent.

Seeking to identify a similarly reasonable class of nonsmooth objectives on which simple
algorithms converge to local minimizers, the current paper accomplishes the following.

We formulate natural geometric conditions, guaranteeing the proximal point,
proximal gradient, and proximal linear algorithms escape all saddle points. More-
over, the proposed conditions are generic: they hold for almost all linear pertur-
bations of weakly convex and semi-algebraic problems.

The class of optimization problems we consider is broad. A function f is called p-weakly
conveg if the assignment = — f(x) + §||«||? is convex for some p > 0E| Common examples
include pointwise maxima of smooth functions and all compositions of Lipschitz convex
functions with smooth maps. For detailed contemporary examples, we refer the reader
to [13,/16,/17,124,33]. The genericity guarantee applies to semi-algebraic functionsff]7 and
more broadly, to those that are definable in an o-minimal structure—a virtually exhaustive
function class in applications.

IThis work appeared concurrently with our manuscript.

2Weakly convex functions also go by other names such as lower-C?, uniformly prox-regularity, paraconvex,
and semiconvex. We refer the reader to the seminal works on the topic [2[51L[54L57L[59].

3A function is called semi-algebraic if its graph decomposes into a finite union of sets, each defined by
finitely many polynomial inequalities.



1.1 The role of curvature

To motivate our core geometric conditions, we revisit the role that curvature plays in saddle-
point avoidance. Setting the stage for the rest of the paper, consider the task of minimizing
a weakly convex function f on R? First-order optimality conditions show that any local
minimizer T of f satisfies the criticality condition:

df(z)(v) >0 for all v € R

where df (z)(v) denotes the directional derivative of f at Z in direction v (see Definition [2.1)).
Conversely, sufficient conditions for local optimality at a critical point  require a close
look at the second-order variations of f along particular directions, namely those where the
directional derivative is zero. Mirroring the smooth setting, one may naively call a critical
point Z a strict saddle if there exists a direction v such that df(z)(v) = 0 and f decreases
quadratically along v. This definition, however, is insufficient for saddle avoidance: simple
examples show that typical algorithms can converge to such saddle points from a positive
measure of initial conditions.

Negative curvature alone does not guarantee escape from saddle points.

To illustrate what can go wrong, consider the example

min - f(z,y) = (2| + |y[)? — 227, (1.1)
(z,y)€R?

the graph of which is shown in Figure[lal First, observe that the origin meets the conditions
of the candidate “strict saddle” definition. Indeed, f is differentiable at the origin and the
origin is a critical point. Moreover, f decreases quadratically along all directions making a
small angle with the z-axis. Next, we turn to algorithm dynamics. Figure depicts the
subgradient flow —%(t) € df(y(t)). From the picture we find a positive measure cone, sur-
rounding the y-axis and consisting of origin-attracted initial conditions. Moreover, we show
in Appendix [B] that a typical algorithm—the proximal point method—initialized anywhere
within this cone also converges to the origin, illustrating the inadequacy of the definition.
While this argument shows that negative curvature is insufficient for nonsmooth optimiza-
tion, it can be made even more definitive by smoothing the problem at hand. Namely, an
alternative view of the proximal point method recognizes that the dynamics of the algorithm
coincide with the dynamics of gradient descent on a C! smooth approximation of f, called
the Moreau envelope (see Section. The smooth envelope, whose graph and gradient flow
are shown in Figures [Id and [Id] has the same cone of directions of second-order negative
curvature as f, but despite its smoothness and negative curvature, gradient descent cannot
escape the origin. The problem persists under a variety of different choices of the step-size.
Note that there is no contradiction with the saddle avoidance property of gradient descent
on smooth functions, since the envelope is not C?, but merely C*-smooth around the origin.
Although this example appears damning at first, it is highly unstable, since small linear
tilts of the function do not exhibit the same pathological behavior around critical points—a
direct consequence of the forthcoming results.
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Figure 1: The function f in (I.1)), its Moreau envelope, and their subgradient flows.

1.2 The role of the active manifold

We have seen that negative curvature alone is insufficient for saddle avoidance. We argue
here that in addition to negative curvature, one must make a structural assumption on the
way nonsmoothness manifests. To illustrate and contrast with example (1.1)) above, consider:

Jin, g@,y) = |zl - v (1.2)
The graph of g is shown in Figure [2a) while its subgradient flow appears in Figure [2b
Looking at the figure, we see that the subgradient flow of ¢ sharply contrasts with that
of the pathological example . Indeed, while both functions have directions of negative
curvature, the set of origin-attracted initial conditions of the flow —dg¢ is simply the x-axis—
a measure zero set. This favorable behavior of g arises because its nonsmoothness manifests
in a structured way: its unique critical point z (the origin) lies on a smooth manifold M (the



y-axis). The function g then varies smoothly along M and sharply normal to M meaning:

inf{||v|| : v € Ag(2), z € U\ M} >0,

where U is some neighborhood of z. Such “active manifolds” have classical roots in optimiza-
tion and serve as a far reaching generalization of “active sets” in nonlinear programming.
Important references include both the original works [1,[10H12}25-27,39,/65] and the more
recent work on partial smoothness [40] and cone reducibility [8]. Here, we most closely follow
the framework developed in [20].
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(a) The function g(z,y) i

(b) Subgradient flow 5 € —dg(~)

Figure 2: The function g(z,y) = |z| — y* has an active manifold at the origin.

1.3 Escape from saddles by the center stable manifold theorem

Formalizing the favorable behavior of example , we will call a critical point z of a
function g a strict saddle whenever (i) g admits an active manifold containing z, and (ii)
the function g decreases quadratically along some direction v satisfying dg(z)(v) = 0. A
function g is said to have the strict saddle property if each of its critical points is either a
local minimizer or a strict saddleﬁ Though it may seem that this definition is stringent at
first, the strict saddle property is in a precise mathematical sense generic. Namely, it follows
from [18] that given any semi-algebraic weakly convex function g, the perturbed function
gu(x) = g(z) — (v, z) has the strict saddle property for almost all v € ]Rd In particular,
almost all linear perturbations of the function f in do have the strict saddle property.

With the definition of a strict saddle at hand, we can now outline the main results of the
paper. As in the smooth setting, first explored in the seminal paper [36], our arguments will

4Perhaps more appropriate would be the terms active strict saddle and the active strict saddle property.
For brevity, we omit the word “active.”

®Weak convexity is not essential here, provided one modifies the definitions appropriately. Moreover, this
guarantee holds more generally for functions definable in an o-minimizal structure.



be based on the center stable manifold theorem. Namely, we will interpret the three simple
minimization algorithms as fixed point iterations

Ty = S(zp) for some maps S: R — RY.

Table [1] lists the maps S(-) for the proximal point, proximal gradient, and proximal linear
algorithms. In each case, the fixed points of S(-) are precisely the critical points of the
minimization problem.

’ Algorithm ‘ Objective ‘ Update function f,(y) ‘
Prox-point r(z) r(y) + 5,lly — z|]?
Prox-gradient | g(z) + r(z) g9(x) + (Vg(z),y — x) +1r(y) + 5,lly — 2|
Prox-linear h(F(z))+r(x) | M(F(z)+ VEF(z)(y—z)) +r(y) + i!ly — a|?

Table 1: The three algorithms with the update S(z) = argmin,, f,(y); we assume h is convex,
r is weakly convex, and both g and F' are smooth.

To put our guarantees in context, it will be useful to recall the center stable manifold
theorem. To this end, suppose that the iteration map S(-) is C'-smooth on a neighborhood
of some fixed point z. Then Z is called an unstable fized point of S if the Jacobian V.S(z)
has at least one eigenvalue whose magnitude is strictly greater than one. The center stable-
manifold theorem [61, Theorem II1.7] guarantees the following: if Z is an unstable fixed point
of S and the Jacobian V.S(Z) is invertible, then almost all initializers x in a neighborhood U
of T generate iterates {S*(x)},>; that eventually escape the neighborhood. More precisely,
the theorem guarantees that the set of initial conditions

{zeU:S*z)eUforal k >1}

has zero Lebesgue measure. All that is needed to globalize this guarantee is to ensure that
the preimage S™(V) of any measure zero set V is itself measure zero. Then for almost all
initial conditions z € R¢, the limit limy_,, S¥(x), when it exists, is not an unstable fixed
point of S. A straightforward way to ensure that the inverse S—! respects null sets is by
introducing the relaxation map:

T(x):=(1—a)x+aS(z). (1.3)

Both T and S have the same fixed points, and any fixed point z at which V.S(Z) has a real
eigenvalue strictly greater than one is an unstable fixed point of 7. Moreover, if the map S
is Lipschitz, then the inverse T—! preserves null-sets for sufficiently small o € (0, 1).

1.4 The main results
We can now summarize our main results:

We show that around each strict saddle of the problem, each of the iterations
maps S(-) in Table [1| is C* smooth. Moreover, if T is a strict saddle, then the
Jacobian V.S(Z) has a real eigenvalue strictly greater than one.
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From this result, the center stable manifold theorem guarantees that iteration locally
escapes strict saddles. Seeking to globalize the guarantees, we compute the global Lipschitz
constants for the proximal point and proximal gradient methods. We deduce that, when
randomly initialized, the relaxed iterations for both the proximal point and proximal
gradient methods converge to local minimizers of weakly convex functions, provided they
have the strict saddle property. On the other hand, without placing further restrictions on
the problem data, we are unable to compute the global Lipschitz constant of the map S(-)
corresponding to the proximal linear algorithm. We leave it as an intriguing open question
to determine Lipschitz properties of the proximal linear update.

The outlined results may seem surprising at first: the optimization problem is nonsmooth
and yet we prove the iteration maps S(-) are C'-smooth around any strict saddle. The reason
is transparent and derives from the interplay between the active manifold and weak convexity.
Take the proximal point method for example. The very definition of the active manifold
guarantees that the fixed point iteration S(-) maps an entire neighborhood X around an
strict saddle Z into the active manifold M. Consequently, for all x € X, the update S(z)
can be realized as a minimizer of a smooth function over the active manifold:

S(x) = argmin f(y) —i—QLHy—xHQ. (1.4)
yeM %
Weak convexity, in turn, ensures that S(Z) satisfies a quadratic growth condition for the
problem , which by classical perturbation theory guarantees that S(-) is C'-smooth on
a neighborhood of Z. It only remains to argue that the negative curvature of the objective
function at z implies that the Jacobian V.S(Z) has at least one real eigenvalue greater than
one. Though this computation is straightforward for the proximal point method, it becomes
more interesting (and surprising) for the proximal gradient and proximal linear algorithms.

Roadmap. The outline of the paper is as follows. Section [2|is a self-contained presen-
tation of the necessary preliminaries for formalizing the ideas of the introduction. Then in
Sections [3 [ and [5] we directly analyze the iteration maps for the proximal point, proximal
gradient, and proximal linear algorithms. Section [6] establishes iterate convergence of the
relaxed schemes under the Kurdyka-Lojasiewicz property.

2 Preliminaries

Throughout, we follow standard notation in convex and variational analysis, as set out for
example in the monographs [14,46,55,58]. We consider a Euclidean space R? endowed with
an inner product (-,-) and the induced norm ||z|| = y/{x, z). The unit sphere in R? will be
denoted by S, For any function f: RY — RU {cc}, the domain and epigraph are the sets

dom f = {z € R?: f(x) < oo}, epi f = {(z,r) eRI xR :r > f(x)},

respectively. The function f is called closed if epi f is a closed set. For any set M C R,
the indicator function 4 evaluates to zero on M and to +oo off it. For any function
f:RY - RU{oo} and a set M C R?, we define the restriction foq := f + drs. Throughout,
the symbol o(r) will denote any univariate function satisfying o(r)/r — 0 as r \ 0.
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Consider a differentiable mapping F(z) = (Fi(),..., F,(z)) from R? to R™. Through-
out, the symbol VF(z) € R™*¢ will denote the Jacobian matrix, whose ij’th entry is given
by %Fl(x) Thus row i of VF(x) is the gradient of the coordinate function Fj(z). In the

particular case m = 1, we will treat VF(z) either as a column or as a row vector, depending
on context. For a C?-smooth function ¢g: R x R® — R™, we partition the Hessian as follows:

Vead(2,y) Vayg(z,y)
v? ’ — )
g(m y> Vyzg(x, y) Vyyg(x, y)

2.1 Subdifferentials and subderivatives

The following definition records the standard first and second-order differential constructions,
which we will use in the paper. After the definition, we will comment on the role of each
construction. For further details we refer the reader to [58, Definitions 8.1, 8.3, 13.59].

Definition 2.1 (Subdifferential and subderivatives). Consider a function f: RY — RU{co}
and a point Z with f(z) finite. Then the subdifferential of f at z, denoted 0 f(z), consists of
all vectors v satisfying

f(x) > f(Z) 4+ (v,2 — Z) + o(||z — Z|) as T — .
The subderivative of f at Z in direction @ € R is

) @
df (z)(u) := llgl’{%lf ; :

u—u

The critical cone of f at T for v € R? is
Cy(7,0) = {u € R: (0,u) = df (7)(u)}.
The parabolic subderivative of f at T for u € domdf (x) with respect to w is

1 (&) (i) = timing LT 0F ) — /@) — @@

N0 %tQ
w—w

We now comment on these definitions, in order. First, a vector v lies in the subdifferential
Jf(Z) precisely when the affine function = — f(Z) + (v,x — Z) minorizes f up to first-
order near r. The definition reduces to familiar objects in classical circumstances. For
example, differentiability of f at z implies the set 0f(Z) is a singleton, containing only the
gradient V f(z). Convexity of f too entails a simplification, wherein 0f(Z) reduces to the
subdifferential of convex analysis.

While the subdifferential encodes the set of approximate affine minorants, the subderiva-
tive measures the maximal instantaneous rate of decrease of f in direction w. Like the
subdifferential, the subderivative reduces to familiar objects in classical circumstances. For
example, if f is locally Lipschitz at Z, then one may set u = w in its defining expression.
Simplifying further, if f is differentiable at Z, we recover the directional derivative expression



df (z)(u) = (Vf(z),u). Finally, if f is convex, then the subderivative reduces to the support
function of the subdifferential

df (z)(u) = sup{{a, v) : v € Of(2)},

highlighting the dual roles of the subdifferential and subderivative constructions.

For smooth losses, necessary optimality conditions entail vanishing gradients, while suf-
ficient optimality conditions follow from second order growth properties of f. Similar char-
acterizations persist in the nonsmooth setting. In particular, the subderivative and the sub-
differential feature in first-order necessary optimality conditions, where the (dual) criticality
condition 0 € Jf (%) is equivalent to the (primal) nonnegativity condition

df(z)(u) >0  for all u € R (2.1)

A point T satisfying these first-order necessary conditions is thus called critical for f.
Sufficient optimality conditions, on the other hand, make use of second-order variations of
f. Namely, suppose that a point Z is critical for f and consider a direction @ € RY. There
are two possibilities to consider. On the one hand, if df(z)(u) > 0, then f must locally
increase in direction @. On the other hand, if df(z)(u) = 0, then we must examine second
order variations of f to determine local optimality. Such directions of ambiguity for the
subderivative make up the critical cone C(z,0). For these directions, we must look to the
parabolic derivative d?f(Z)(i|w), a measurement of the second order variation of f along a
parabolic arc with tangent direction % and second-order variation w. This construction too
simplifies when f is C? smooth at Z, reducing to the familiar second order variation:

&' f(z)(ualw) = (V*f(z)a,a).

This relation suggests second-order optimality conditions for nonsmooth problems. Although
we will not appeal to such conditions directly in this work, we record them here for com-
pleteness. If Z is a local minimizer of f, then df(z)(u) > 0 for all w € R", and more-
over inf,egn df(Z)(ulw) > 0 for any nonzero u € Cy(z,0). Complementing this necessary
condition, a large class of functions, those that are parabolically reqular, may also be en-
dowed with a sufficient optimality condition. Namely, if df(z)(u) > 0 for all u € R™ and
infern d f(Z)(u|w) > 0 for any nonzero u € C¢(z,0), then Z is a local minimizer of f. We
refer the reader to [8] or [58, Theorem 13.66] for details.

2.2 Smooth minimization on a manifold

The main results of this work exploit local smooth features of nonsmooth optimization prob-
lems (c.f. Definition . In the presence of these features, the constructions of Deﬁnition
locally simplify. Before moving to the general setting, we thus interpret the various derivative
constructions in the classical setting of minimizing a C?-smooth function f on a C?-smooth
manifold M. To that end, we first recall the definition of a manifold.

Definition 2.2 (Smooth manifold). A subset M C R" is a C? manifold of dimension r
around T € M if there is an open neighborhood U around z and a mapping G from R"



to R™" such that following hold: G is CP-smooth, the derivative VG(Z) has full rank, and
equality holds:
MNU={zeU:Gx)=0}

We call G = 0 the local defining equations for M around z. The tangent space to M at Z is
Tam(T) :=ker VG(Z) and the normal space to M at T is Npy(Z) := range VG(Z)*.

Turning to the classical setting, consider the optimization problem

min f(y) subject toy € M. (2.2)
y€R4

Fix a point § € M and suppose that both the function f is C*-smooth around 3 and M
is a C%-smooth manifold around 7. Due to local smoothness, the subdifferential admits the
simple expression:

Ofm() = VI(y) + Nu()-

Recall that we use the shorthand fy := f + d,. From this expression, we see that a point
y € M is first-order critical for the problem ([2.2)) precisely when the inclusion holds:

0€ V@) + Nm@). (2.3)

This inclusion can be equivalently stated in terms of the Lagrangian function. Namely, let
G = 0 be the local defining equations for M around y and define the Lagrangian function

Ly, \) = f(y) +(G(y), A).

Then (2.3) amounts to existence of a (unique) multiplier vector A € R™ satisfying 0 =
V,L(y,A). Next, assuming g is critical, second-order necessary conditions read

(V2,L(5, Au,u) >0 for all u € Ta(y). (2.4)
Conversely, second-order sufficient conditions read
(V2,L(5, Au,u) >0 for all 0 # u € Tiy(y). (2.5)

It is well-known that the sufficient condition (2.5)) implies more that just local minimality;
namely, (2.5 holds if and only if there exists a > 0 such that

f)—f@) > ally—gl*,  forally € M near . (2.6)

Any point g satisfying (2.6|) is called a strong local minimizer of f on M.

The Lagrangian conditions and may be succinctly expressed through parabolic
subderivatives of fi((y), yielding a form independent of the choice of local defining equations
G = 0. In particular, a quick computation shows that for any u € T (y), the function
w — d*f(y)(u|lw) is constant on its domainﬁ Dropping the dependence on w, the equation
then holds:

& fan(§)(u) = (V5 L(5, Nu, u) for all u € T (y).

6The domain of d? faq(7)(u|-) consists of w satisfying ((V2G1(§)u,u), . .., (V2Gn_r(§)u,u)) = =VG(y)w,
where G; are the coordinate functions of G.
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The use of (2.5) goes far beyond verifying local optimality; indeed, this condition plays
a fundamental role in certifying solution stability under small perturbations. To illustrate,
consider the value function of the parametric family

90(3:) = Hylf {f(:v,y) “ye M}a (Px)

where f is C%-smooth and M C R? is a closed set. Let 7 be a minimizer of P; for a fixed
parameter T, and suppose that M is a C*-smooth manifold around 3. Let G = 0 be the
local defining equations for M around gy and define the parametric Lagrangian function

L(z,y,\) = f(z,y) +(G(y), \).

Since 3 solves Pz, there is a multiplier vector A satisfying 0 = V,L(Z, 7, \).

The following perturbation result will form the core of our arguments. In short: both
the value function ¢(z) and the minimizer of P, vary smoothly with z, provided two mild
conditions hold (level-boundedness and quadratic growth). Moreover, the derivatives of both
the value function and the solution maps can be computed explicitly. For details and a much
more general perturbation result, see [60, Theorem 3.1].

Theorem 2.3 (Perturbation analysis). Suppose that the following two properties hold.

1. (Level-boundedness) There ezists a number v > ¢(Z) and a neighborhood X of &
such that the set

U lye M: f(z,y) <~} 15 bounded.

TeX

2. (Quadratic growth) The point § is a strong local minimizer and a unique global
minimizer of Pz.

Define the partial Hessian matrices
Hy = V2 L(Z,7,\), Hyy = V2,L(Z, 5, N), Hy, = V2, L(Z,7,)),
and the quantities

n(h) = min  (Hyh, h) + 2(Hv, h) + (Hyyv,v),

ve€TM(Y)
O(h) = argmin (Hy,h, h) + 2(Hzyv, h) + (Hyyv,v).

veTM(Y)

Then for every x near T, the problem P, admits a unique solution y(x), which varies C*-
smoothly and admits the first-order expansion

y(x+h) =9+ ®(h) + o(||h]]) as h — 0.
Moreover, the function ¢ is C%-smooth around T and admits the second order expansion

p(T +h) = (7) + (Vo f (2,9), k) + 5n(h) +o([B]*)  as h—0.
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The two assumptions of the theorem play different roles. The level-boundedness property
ensures that the solutions of the perturbed problems P, lie in a compact set around y. The
quadratic growth property in turn ensures smoothness of both the solution map and the
value function. In what follows, we will apply this result several times. Both conditions will
follow in all cases from the next simple lemma.

Lemma 2.4 (Sufficient conditions for level boundedness). Consider a closed function p: R x
R" — RU{oc} and fiz a point T € R, Suppose there exists o > 0 such that for all x near T,
the function @(x,-) is a-strongly convex and its minimizer y(x) varies continuously. Then
y(x) is a strong global minimizer of p(x,-) for all x near . Moreover, there exists a neigh-
borhood X of T such that for any real v > o(Z,y(Z)), the set

U yeR": p(r,y) <~} 15 bounded.

reX

Proof. Strong convexity ensures there is a neighborhood X of  such that for any z € X,
the estimate holds:

ple.y(@) + Slly —y(@)* < pley) vy R, (2.7)

showing y(z) is a strong global minimizer of ¢(x,-). Shrinking X if necessary we may assume
that y(-) also varies continuously on X. Choose any § > 0. Then by shrinking X again and
by leveraging both closedness of ¢ and continuity of y, we may ensure that

ly(x) —y(z)]| <6 and oz, y(x)) > p(z,y(x)) — 6 for all z € X. (2.8)

The proof will now follow quickly from the bound ({2.8]). Indeed, consider any points z € X
and y € R satisfying ¢(z,y) <. Then (2.7) yields

2(y = (. y(2)))

— <
ly —y(@)] < o
Applying (2.8]) then gives the uniform bound
_ i 20—l y(x))) 2(v +0 — (7, y(7)))
Iy —y@ < () — i)+ 2 ATYE 5y ATYE))
completing the proof. O

2.3 Weak convexity and the Moreau envelope

In general, the little-o error term in the definition of 0 f(z) (Definition may depend both
on the base point  and on the subgradient v. In this work, we focus on a particular class
of functions for which the error in approximation is uniform. Namely, we focus on the class
of p-weakly convezr functions f: R? — R U {oo}, meaning those for which the assignment
z — f(x)+ &]|z||* defines a convex function. Subgradients of a p-weakly convex function f
automatically yield a uniform lower bound:

fy) = f(@) + (v,y —x) — glly —z|?,  Va,yeRY vedf(n). (2.9)
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A useful feature of weakly convex functions is that they admit a smooth approximation
that preserves critical points. Setting the notation, fix a p-weakly convex function f: R? —
RU{oo} and a parameter p < p~!. Define the Moreau envelope and the prozimal point map,
respectively:

1
o) = int, L+ gty

. 1
prox (x) — argmin {f<y> b ol x||2} .

yeRd
We will use a few basic properties of these two constructions, summarized below.

Lemma 2.5 (Moreau envelope and the proximal point map). Consider a p-weakly convex
function f: RT — RU{occ} and fir a parameter u < p=t. Then the following are true.

1. The envelope f, is Ct-smooth with its gradient given by
Vfu(x) = p 'z — prox, ;(z)). (2.10)

2. The envelope f,(-) is p~-smooth and ﬁ—weakly convexr meaning:

ol =P < fula!) — fule) — (Vhuw) o' =) < Bl =l (210)

for all x, 2" € R,

3. The prozimal map prox,,,(-) is %W-Lipschitz continuous and the gradient map V f,, is

Lipschitz continuous with constant max{u=?, =t
4. The critical points of f and f,, coincide. In particular, they are exactly the fized points
of the proximal map prox,,.

Proof. Claim [ follows for example from [54, Theorem 4.4]. The left-hand-side of (2.11)) is
proved in |54, Theorem 5.2]. To see the right-hand-side, observe

ful@’) < f(prox,,(z)) + iupmxm) |

— (o) + i (Iprox, ;(z) — 2'|[2 — ||z — prox,,;(z) )

= fuda) + (7@ = prox, ().’ =) + oo =

Thus Claimholds. The result [54, Theorem 4.4] shows that prox , ,(-) is Lipschitz continuous
with constant I%W. Lipschitz continuity of Vf,(-) with constant max{u™!, ﬁ} follows
from and Alexandrov’s theorem [58, Theorem 13.51]. Thus claim |3 holds. Claim
is immediate from and the observation that the function y — f(y) + ﬁ”y —z||? is
strongly convex for any . O]
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2.4 Active manifolds

The nonsmooth behavior of sets and functions arising in applications is typically far from
pathological and instead manifests in highly structured ways. Formalizing this perspective
we will assume that nonsmoothness, in a certain localized sense, only occurs along an “active
manifold.” This notion, introduced in [40] under the name of partial smoothness and rooted
in the earlier works |1, 10-12}25-27.|65], extends the concept of active sets in nonlinear pro-
gramming far beyond the classical setting. In this work, we will take the related perspective
developed in [20], since it will be most expedient for our purpose.

Before giving the formal definition, we provide some intuition. Taking a geometric view,
we will assume that each critical point of a function f lies on a smooth manifold M, and that
the objective varies smoothly along the manifold, but sharply off of it. For example consider
Figure : there the function f(z,y) = |z| — y* admits the active manifold M = {0} x R
around its unique critical point (the origin). From an algorithmic point of view, active
manifolds are the sets that typical algorithms (e.g. proximal point, proximal gradient [32],
and dual averaging [38]) identify in finite time. Active manifolds also play a central role
for sensitively analysis, providing a path to reduce such questions to the smooth setting.
In particular, reasonable conditions guarantee that the active manifold is smoothly traced
out by critical points of slight perturbations of the problem. We are now ready to state the
formal definition[]

Definition 2.6 (Active manifold). Consider a closed weakly convex function f: R? — R U
{oo} and fix a set M C R? containing a critical point Z of f. Then M is called an active
CP-manifold around Z if there exist a neighborhood U around z satisfying the following.

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

e (sharpness) The lower bound holds:

inf{||v]| : v € Of(x), v € U\ M} > 0.

If f admits an active manifold around a critical point &, then it must be locally unique:
any two active manifolds at Z must coincide on a neighborhood of z [19, Proposition 2.4,
Proposition 10.10]. Moreover, the critical cone Cf(Z,0) coincides with the tangent space
Tym(z) [19, Proposition 10.8]. With the definition of the active manifold in hand, we can
now introduce the strict saddle property for nonsmooth functions.ﬁ

Definition 2.7 (Strict saddles). Consider a weakly convex function f: R — R U {oo}.
Then we say that a critical point Z is a strict saddle of f if there exists a C%-active manifold
M of f at Z and the inequality d*fu(Z)(u) < 0 holds for some vector u € Th(Z). If every
critical point of f is either a local minimizer or a strict saddle, then we say that f satisfies
the strict saddle property.

"What we call an active manifold here is called an identifiable manifold in [20]—the reference we most
closely follow. The term active is more evocative in the context of the current work.

8Better terminology would be the terms active strict saddle and the active strict saddle property. To
streamline the notation, we omit the word active, as it should be clearly understood from context.
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Looking at Figure we see that the function f(z,y) = |z| — y* indeed has the strict
saddle property: the restriction of f to the axis M = {0} x R, namely fu(0,¢) = —¢*, cer-
tainly has directions of negative curvature. Figure [2b|depicts the subgradient flow generated
by this function. Notice that the set of initial conditions attracted to the origin has measure
zero. This observation suggests that typical algorithms are also unlikely to stall at the strict
saddle point, an observation made precise by the forthcoming results.

The curvature condition in the definition of the strict saddle may seem strange at first
since it asks for a direction of negative curvature of the restriction of f to M. One may
instead ask whether existence of directions of negative curvature for f alone suffice. The
answer turns out to be yes.

Theorem 2.8 ( [18, Corollary 4.15]). Consider a closed weakly convex function f: R —
R U {oc} that admits a C*-active manifold M around a critical point . Then it holds:

df(Z)(u | w) > d*fa(Z)(u) for all u € Ty (%), w € R%

A natural question is whether we expect the strict saddle property to hold typically. One
supporting piece of evidence is that the property holds under generic linear perturbations of
semialgebraic problemsﬂ This is almost immediate from guarantees in |18, Theorem 4.16],
though this conclusion is not explicitly stated in the theorem statement. We state this
guarantee below and provide a quick proof in Section [A] for completeness.

Theorem 2.9 (Strict saddle property is generic). Consider a closed, weakly convez, semi-
algebraic function f: RY — RU {oo}. Then for a full Lebesque measure set of perturbations
v € RY, the perturbed function f,(z) := f(x) — (v,x) has the strict saddle property.

2.5 The Center Stable Manifold Theorem

In this work, we will show that a variety of simple algorithms escape strict saddle points. To
prove results of this type, we will interpret algorithms as fixed point iterations of a nonlinear
map T: RY — R? having certain favorable properties. As in the smooth setting of [36], the
core of our arguments will be based on the center stable manifold theorem.

Theorem 2.10 (The Center Stable Manifold Theorem [61, Theorem II1.7]). Let the origin
be a fized point of the C local diffeomorphism T: U — R where U is a neighborhood of the
origin in RY. Let E*®E°DE" be the invariant splitting of R into the generalized eigenspaces
of the Jacobian VT (0) corresponding to eigenvalues of absolute value less than one, equal
to one, and greater than one. Then there exists a local T invariant C' embedded disk W,
tangent to E° & E° at 0 and a neighborhood B around zero such that T(WS) N B C WE.
In addition, if T*(z) € B for all k > 0, then x € WS

loc*

An immediate consequence of this theorem is the following: if V7'(0) is invertible and
has at least one eigenvalue of magnitude greater than one, then there exists a neighborhood
B of the origin such that the set

{reB: TFx) € B forall k >0},

9A function is semi-algebraic if its graph can be written as a finite union of sets each cut out by finitely
many polynomial inequalities
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has measure zero. This fact motivates the following key definition.

Definition 2.11 (Unstable fixed points). A fixed point T of a map T: R? — R? is called
unstable if T is C'-smooth around 7 and the Jacobian VT'(Z) has an eigenvalue of magnitude
strictly greater than one.

To globalize the guarantees of the center stable manifold theorem, we will need to impose
global regularity properties on 7'. In this work, we will require the map 7" to be a lipeomor-
phism, namely, we require that T is globally Lipschitz and its inverse T-! is a well-defined
globally Lipschitz map. The following corollary is now immediate. Its proof closely follows
the presentation in [35, Theorem 2].

Corollary 2.12. Let T: R — R? be a lipeomorphism and let Uy consist of all unstable fired
points x of T at which the Jacobian VT (x) is invertible. Then the set of initial conditions
attracted by such fized points

W= {:c c R lim T%(2) € UT}

k—o0

has zero Lebesque measure.

Proof. For every T € Uy there exists a neighborhood U of Z such that T: U — R? is a
local diffeomorphism. Thus, the center stable manifold theorem shows there exists an open
neighborhood B; of 7 so that S; := (-, 7 "(Bz) is contained in a measure zero set. In
particular, Sz itself is measure zero.

Now observe that Uy C UEGMT B; is an open cover of Up. Since R? is second count-
able, this cover has a countable subcover Uy C Ufil Bz,. Observe the inclusion W C
U2y U;=o T77(Sz,). Since T is a lipeomorphism, the right hand side is a countable union of
measure zero sets, and therefore W has measure zero. O

To verify that a map T is a lipeomorphism, we will appeal to the following standard
sufficient condition. We provide a quick proof for completeness.

Lemma 2.13. Let T: RY — R? be a Lipschitz continuous map with constant X < 1. Then
(I+T) is invertible and (I +T)7': R? — R? is Lipschitz continuous with constant (1—\)71.

Proof. To show that (I +T) is invertible, we must show that for every u € R?, the equation
u = T(z) + = has a unique solution z(u) € R?. Equivalently, we must show that for every
u € R?, the mapping
Cu(2) :=u—"T(x)

has a unique fixed point. This is immediate from Banach’s fixed point theorem since (,(-)
is strictly contractive.

To show that (I+7)~! is Lipschitz, choose arbitrary u,v € R? and define z := (I+7T)~*(u)
and y := (I +T) (v). We then compute

[ = ol = |(1 + T)(x) = L+ D)Wl = Iz = yll = [T(x) = T = (1 = M}z =y,

where we have used the reverse triangle inequality and Lipschitz continuity of T'. Rearranging
completes the proof. O
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While the iteration mappings S of Section can be Lipschitz, they are usually not
invertible. Thus to ensure Lipschitz invertibility, we will consider damped fixed point it-
erations, as summarized in the following elementary lemma. We provide a quick proof for
completeness.

Lemma 2.14 (Damped fixed point iterations). Consider a map S: R* — R? and fiz a
damping parameter o € (0,1). Define the map

T(x)=(1—-a)z+a-S(x).
Then the following are true.

1. The fized points of T and S coincide.

2. If S is differentiable at T and the Jacobian VS(Z) has a real eigenvalue strictly greater
than one, then T is an unstable fived point of T'.

3. If the map S is continuous and the iterates generated by the process w1 = T(xy)
converge to some point T, then T must be a fixed point of S.

4. If the map I — S is L-Lipschitz, then T is a lipeomorpshim for any o € (0, L71).
Proof. Claims [1] and [2 follow directly from algebraic manipulations. Claim {] follows imme-
diately from Lemma[2.13] To see claim [3] suppose that T"is continuous and that zj, converge
to some point z. Then we deduce

T(x)=T ( lim :vk) = lim T'(zy) = lim x4, = 7.
k—o00 k—o00 k—o0

Therefore ¥ is a fixed point of T". Using claim [I|, we deduce that Z is a fixed point of S. [

3 The Proximal Point Method

We now turn to the saddle escape properties of the proximal-point method. Fixing the
problem at hand, we consider

min f(x),

min f(z)
where f: R? — RU {cc} is a p-weakly convex function that is bounded from below. For a
fixed u < p, the classical proximal-point method is precisely the fixed point iteration

Tyy1 = Prox, ().

Key to our analysis is the equivalence between this algorithm and gradient descent on the
Moreau envelope. This equivalence follows from ([2.10)), which quickly yields the description

Tpt1 = T — K- Vfu($k)~

The saddle escape properties of the proximal point method thus flow from the strict saddle
properties of the Moreau envelope. Indeed, the following theorem shows that when f admits
a C? active manifold around a critical point Z, the envelope f, is automatically C?-smooth
near r. Moreover, if Z is a strict saddle of f, then it is also a strict saddle of f,. Consequently,
any strict saddle point of f is an unstable fixed point of the proximal map prox,,,(-).
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Theorem 3.1 (Saddle points of the Moreau envelope). Let f: R — R U {oco} be a closed

and p-weakly convez function and let & be any critical point of f. Suppose that f admits a

C? active manifold M at T. Then for any pn < p~*, the Moreau envelope f, is C*-smooth
around T and its Hessian satisfies

i V2f.(Z)h, h) < i & fa(z)(R). 3.1

et B0 VL@ Ry < min | d fad(7)(R) (3.1)

Consequently, if T is a strict saddle point of f, then Z is both a strict saddle point of f,

and an unstable fived point of the proximal map prox,,(-). Moreover, Vprox, () has a real
ergenvalue that is strictly greater than one.

Proof. It is well known (for example from [32]) that for all z near z, the inclusion prox ,,(z) €
M holds. From this inclusion, we will be able to view the proximal subproblem through
the lens of the perturbation result in Theorem [2.3] For the sake of completeness, however,
let us first quickly verify the claim. Consider a sequence z; — ¥ and observe the inclusion
V fu(z;) € Of(prox,(z;)). Since the gradient Vf, is continuous, we deduce the limits
prox, ;(v;) — = and V f,(z;) — 0. Therefore by definition of the active manifold, we have
prox,;(z;) € M for all sufficiency large indices 4, proving the claim.

Turning to the perturbation result, let F': R — R be any C%-smooth function agreeing
with f on a neighborhood of z in M. Applying the claim, we find that the equality

yeM

o) = min { P+ oy~ ol}.

holds for all x near z. Our goal is to apply the perturbation result (Theorem with
f(x,y) = F(y) +5,lly—=|* and (2) := f.(x). To that end, we now verify the assumptions
of Theorem First we verify the quadratic growth condition: since we have chosen
pu < p~t, it follows that for every x € R? the function y — f(x) + i”y — z||* is strongly
convex with constant u~! — p. Next we verify the level boundedness condition: since the
minimizer y(x) := prox,(z) of this function varies continuously and satisfies y(7) = 7, the
conditions of Lemma [2.4] are satisfied. Therefore, the assumptions of Theorem are valid.

We now apply Theorem 2.3] To that end, let G = 0 be the defining equation of M
around z and define the parametric Lagrangian function

Cley,\) = F(y) + iny —al? + (Gy), ).

Since 7 is critical for f, the equality # = prox,;(7) holds. Consequently, y(Z) = Z minimizes
the function y — F(y) + ﬁ”y — Z||* on M. Therefore, first-order optimality conditions
guarantee there exists a multiplier vector \ satisfying
0=V,L(z,2,)) = VF(Z)+>_ \NGi(1),
i>1
where G;(-) are the coordinate functions of G(-). Appealing to Theorem [2.3| we learn both
that f, is C*-smooth around T and that its Hessian satisfies

(V2f(Z)h,h) = min  (Hyoh, h) + 2(Hy,u, h) + (H,u,u), (3.2)

UET (M (572)
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where the Hessian matrices are given by
Hyy=p'l,  Hy=-p'I, H,=VFI)+Y NVGiz)+p 'L
i=1
Thus rearranging (3.2)) and setting D := V2F(z) + Y.~ LiV2g:(Z), we have
(V*fu(Z)h,hy = min {(Du,u) + p||h —ul]’}.
u€TMm(T)

Therefore, we arrive at the estimate

min  (V?f,(Z)h,h) = min min ~ {(Du,u) + p~ ||k — u|*}

heS= 1T (%) wET A (T) heSI—1NTp ()
< ! Dh,h) = i d? (I
B hGSd*IPrgM(yo)< ) heSdIIllrlwril“M(i) fa(@)(R),

thereby verifying (3.1]). If z is a strict saddle point of f, then implies that V?f,(z) has
a strictly negative eigenvalue. From the expression prox,, = I — uV f,,, we therefore deduce
that the Jacobian of prox,; at T has at least one real eigenvalue that is strictly greater than
one. Consequently, T is an unstable fixed point of prox,,. O

Even if the proximal mapping has an unstable fixed-point, it often fails to meet the
conditions of the center stable manifold theorem (Theorem . Indeed, the proximal
mapping is generally not injective, even near critical points. To remedy this issue, we instead
analyze a slightly damped version of the proximal point method

Trp1 = (1 —a)rp + a- PTOXuf(l’k),

where o € (0,1) is a fixed constant. Reinterpreting this algorithm in terms of the Moreau
envelope, we arrive at the reccurence

T = — (op1) - Vo), (3.3)

Thus the role of damping is clear: it still induces gradient descent on the Moreau envelope,
but with a stepsize slightly below the “theoretically optimal” step u. This is entirely inline
with the saddle point escape guarantees for gradient descent in smooth minimization [36].

Theorem 3.2 (Proximal point method: global escape). Let f: RY — RU{oo} be a closed and
p-weakly convex function satisfying the strict saddle property. Choose a constant p < p~!
and a damping parameter o € (0,min{1, (up)~' — 1}). With these choices, consider the
algorithm

Tpp1 = (1 — a)zp + a - prox,, ¢ (z). (3.4)
Then for almost all initializers xo, the following holds: if the limit of {xk x>0 ewxists, it must
be a local minimizer of f.

Proof. Define T' := I — (ap)V f,. Using the expression , we may equivalently write
xp1 = T'(zy) for each index k > 0. Using Lemma and taking into account the range of
«, we arrive at the estimate Lip(ap - Vf,) < 1. Consequently, by applying Lemma and
Theorem we may deduce the following three properties: (1) 7' is a lipeomorphism, (2)
the limit of the sequence zy, if it exists, must be a critical point of f, and (3) if a critical
point of f is not a local minimum, then it is an unstable fixed point of T'. An application of

Corollary completes the proof. O
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4 The Proximal Gradient Method

We now turn to the saddle escape properties of the proximal gradient method. Fixing the
problem at hand, we consider
min f(z) = g(x) + r(2) (4.1)
z€R4
where g: R? — R is a C2-smooth function with S-Lipschitz gradient and r: RY — RU{+o00}

is a closed and p-weakly convex function. We assume throughout that f is bounded from
below. For this problem, the proximal gradient method takes the form

Thy1 = Prox,, (z — pVg(zy)).

Unlike the proximal point algorithm, the proximal gradient algorithm may not correspond
to gradient descent on a smooth envelope of the problem. Still, as the following theorem
shows, the iteration mapping is C! smooth near T whenever f admits a C? active manifold
around a critical point . Moreover, if T is a strict saddle point of f, then Z is an unstable
fixed point of the iteration mapping

Theorem 4.1 (Unstable fixed points of the prox-gradient map). Consider the optimization
problem (A.1) and let T be any critical point of f. Suppose that f admits a C* active manifold
M at &. Then for any p € (0,p~1), the prozimal-gradient map

S(x) == prox,, (x — uVg(z))

is C't-smooth on a neighborhood of T. Moreover, if T is a strict saddle point of f, then V.S(T)
has a real eigenvalue that is strictly greater than one.

Proof. 1t is well-known (for example from [32]) that for all  near Z, the point S(z) lies in
M. From this inclusion, we will be able to view the proximal subproblem through the lens of
the perturbation result in Theorem [2.3] For the sake of completeness, however, we provide
a quick proof. Indeed, consider a sequence z; — Z and set y; = S(x;). Then by definition of
the proximal gradient map, we have 0 € Vg(z;) + u~*(y; — x;) + 9r(y;), and therefore

dist(0, 9 (y;)) = dist(=Vg(ys), Or(y;)) < dist(=Vg(z;),0r(y:)) + Bllyi — il
< (™t B)llyi — .

Since S(+) is continuous and S(z) = z, we deduce y; — & and therefore dist(0,9f(y;)) — 0.
Therefore the points y; lie in M for all sufficiently large indices ¢, proving the claim.

Turning to the perturbation result, let R: RY — R be any C%-smooth function agreeing
with r on a neighborhood of  in M. Applying the claim, we find that for x near z, the
point S(x) uniquely minimizes problem

i {g@s) + (Vala)y =) + R + 5l - x||2} | (P,)

Our goal is to apply the perturbation result (Theorem [2.3) with f(z,y) := g(z)+(Vg(z),y—
)+ R(y)+ ﬁ |y —z||*. To that end, we now verify the assumptions of Theorem H First we
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verify the quadratic growth condition: since we have chosen p < (8+ p)~!, it follows that for
every x € R? the function y — f(x,y) is strongly convex with the constant u~! — p. Next we
verify the level-boundedness condition: since the minimizer S(x) clearly varies continuously
and satisfies S(z) = 7, the conditions of Lemma [2.4] are satisfied. Therefore, the assumptions
of Theorem 2.3 are valid.

We now apply Theorem [2.3] To that end, let G = 0 be the defining equation of M
around 7 and define the parametric Lagrangian function

L(z,y,\) = g(x) + (Vg(z),y — z) + R(y) + —Hy — 2>+ NGily

i>1

where G;(-) are the coordinate functions of G. Clearly y(Z) =  minimizes f(z,-) on M.
Therefore, first-order optimality conditions guarantee there exists a multiplier vector A sat-
isfying

0=V,L(%,2,)) = Vg(T) + VR(Z) + Y _ NGi(z)

i>1
Appealing to Theorem , we learn that the solution map S(-) is C'-smooth around Z with
VS(z)h = argmin 2(H,,v, h) + (Hyv,v), (4.2)

veT M (:E)

where the Hessian matrices are given by

p

H,, =V’g(z) —p'I,  Hy=V’R@) +p ' T+ ) NVGi(x).
i=1
We now simplify the expression (4.2)). To that end, let W be the he orthogonal projection
onto T(Z) and define the linear maps Hyy: Ta(7) = Tam(7) and H,,: T (Z) — Twm(T) by
setting H,,, = WH,,W and H,,=WH, W respectively. Since 7 is a strong local minimizer
of Pg, the map H yy 18 positive definite, and hence invertible. Solving (4.2)) then yields the
expression

VS(z)h = —H, H,y h  forall h € To(z).

Note that H_gcyT is a symmetric matrix, so we drop the “T” throughout.

Let us now verify that if Z is a strict saddle of f, then V.S(Z) has a real eigenvalue that
is greater than one. To this end, observe that v € R is a real eigenvalue of VS(z) with an
associated eigenvector v € T)(Z) if and only if

VS(Z)v =~v = —ﬁ;ylH_xyv =yv = (YH,y + Hyy)v = 0.

In particular if the matrix vH,, + H,, is singular, then + is an eigenvalue of V.S(z). To
prove such a 7 exists, we will examine the following ray of symmetric matrices

{yH,, + Hyy 1y > 1}.

Beginning with the end point, the strict saddle property shows that
Hyy + H_wy =W (VQQ( + V2R(y Z AVEGi( >
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has a strictly negative eigenvalue. On the other hand, the direction of the ray H,, is a
positive definite matrix. Therefore by continuity of the minimal eigenvalue function, there
exists some v > 1 such that the matrix vH,, + H,, is singular, as claimed. O]

Similar to the proximal point method, the proximal gradient mapping fails to meet the
conditions of the center stable manifold theorem (Theorem , since it generally lacks
invertibility. Therefore as before we will analyze a slightly damped version of the process,
and prove the following theorem.

Theorem 4.2 (Proximal gradient method: global escape). Consider the optimization prob-
lem (4.1)) and suppose that f has the strict saddle property. Choose any constant j € (0, p~1)
and a damping parameter a € (0,1) satisfying

a- <u5+ (1 —i—u,@)max{l,lf—‘/ip}) <1

Consider the algorithm
Tpp1 = (1 — a)zp + a - prox,, (z, — pVg(r)) . (4.3)

Then for almost all initializers xq, the following holds: if the limit of {xy}r>o exists, it must
be a local minimizer of f.

Proof. We first verify the map
T(z) = (1 - a)x + a - prox,, (v — uVg(z)).
is a lipeomorphism. To this end, observe
T = I+ afprox,, (I —uVg) —1I)

= I+ a(prox,, (I —uVg) — (I — uVyg) — uVyg)
=I+a(p-Vryo(I—uVg)—uVyg).
Using Lemma and taking into account the range of «, we find that Lip(I — T) < 1.
Consequently, by applying Lemma and Theorem [.1] we may deduce the following three
properties: (1) 7" is a lipeomorphism, (2) the limit of the sequence xy, if it exists, must be

a critical point for f, and (3) if a critical point of f is not a local minimum, then it is an
unstable fixed point of T. An application of Corollary then completes the proof. O

5 The Proximal Linear Method

We now turn to the saddle escape properties of the proximal linear method, a generaliza-
tion of the proximal point and proximal gradient methods. Setting the stage, consider the
composite optimization problem

min f(z) = h(F(z)) +r(z), (5.1)
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where F': R? — R™ is a C?-smooth map, h: R? — R is convex, and r7: R? — R U {oo} is
p-weakly convex. As is standard in the literature, we will assume that there exists a constant
B > 0 satisfying

h(E) ~hEE) + VE@ - 2) < Sl -2’ VeyeR.  (52)

These assumptions then easily imply that f is weakly convex with constant 5 + p.

With the stage set, we now slightly refine the notion of a strict saddle, adapting it to
the compositional nature of the problem. This refinement intuitively asks that the active
manifold for f at a critical point z is induced by active manifolds of h and r. Similar
conditions have appeared elsewhere, for example, in [20,40,41]. To describe the condition
formally, we will also revise the definition of an active manifold, allowing us to discuss active
manifolds of A(-) and r(-) at noncritical points. The revision is intuitive, requiring just a
linear tilt of the functions:

e Consider a set R C RY, a point z € R, and a subgradient v € dr(z). We will say that
R is a C? active manifold of r at x for v if R is a C? active manifold of the tilted
function r — (v,-) at  in the sense of Definition [2.6]

We may likewise define the active manifold of h at z for w € 0h(z), based on a tilting of h
by w. Coupling these definitions, we arrive at the active manifold concept for the composite

problem ([5.1)).

Definition 5.1 (Composite active manifold). Consider the compositional problem (5.1)) and
let Z be a critical point of f. Fix arbitrary vectors w € 0h(F(z)) and v € Or(z) satisfying

0 VF(z)w+ 0. (5.3)
Suppose the following hold.

1. There exist C?-smooth manifolds R C R and H C R™ containing z and F(Z), respec-
tively, and satisfying the transversality condition:

VF(Z) [Tr(7)] + Tu(F(z)) = R™. (5.4)

2. R is an active manifold of r at Z for v and H is an active manifold of h at F(z) for w.

Then we will call M := RN F~Y(H) a composite C* active manifold for the problem (5.1))
at z. If in addition the inequality d*fa(Z)(u) < 0 holds for some vector u € T (%), then
we will call z a composite strict saddle point.

This definition has several important subtleties. First, the set M := RN F~1(H) is
indeed a C%-smooth manifold around Z, due to the classical transversality condition ([5.4)), a
central fact in differential geometry [37, Theorem 6.30]. Next, the vectors v and w do exist.
This follows since 7 is first-order critical for f:

0€ VE(z)"0h(F(z)) + or(z).
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Beyond existence, the vectors v € Or(Z) and w € Oh(F(Z)) are in fact the unique elements
satisfying ([5.3)), a second consequence of transversality. To see this, we state (5.4 in dual
terms as

(VE(z)")"'Nr(z) N Ny (F(2)) = {0} (5:5)
Considering another pair v € 9r(z) and w € Oh(F(z)) satistying (5.3)), we deduce
0=VFZ)(w—w)+ (v —v).

To conclude v = © and w = w, we use and simply recall that span Oh(F(Z)) =
Ny (F(z)) and span Or(z) = Ng(Z), as shown in [19, Proposition 10.12]. Finally, collecting
these facts together, it follows from the chain rule |19, Proposition 5.1] that M is an active
manifold of f at Z in the sense of Definition [2.7]

A natural question is whether we expect the composite strict saddle property to hold
typically. One supporting piece, of evidence, analogous to Theorem [2.9] is that the property
holds under generic linear perturbations of semialgebraic composite problems. This result
quickly follows from |18 Theorem 5.2]. We provide a proof sketch in Section

Theorem 5.2 (Strict saddle property is generic). Consider the composite problem (5.1,
where h, r, and F are in addition semi-algebraic. Then for a full Lebesque measure set of
perturbations (y,v) € R™ x R?, the problem

min h(F(z) +y) + r(z) — {v,2)

has the composite strict saddle property.

Turning to our central task, we aim to analyze the saddle escape properties of the proximal
linear method:

. 1
Tpp1 = argmin h(F(xy) + VF(xr)(y — x)) +r(y) + ﬂHy — |2
y
To analyze this method, we prove the following theorem, showing that any strict saddle point
of the composite problem (|5.1)) is an unstable fixed point of proximal linear update.

Theorem 5.3 (Unstable fixed points of the proximal linear map). Consider the composite
problem (5.1)) and let T be any critical point of f. Suppose the problem admits a composite
C? active manifold M at . Then for any u € (0,p™1), the prozimal linear map

. 1
S(z) := argmin h(F(z) + VF(z)(y —x)) +r(y) + ﬂHy —z|)?. (5.6)
y
is C'-smooth on a neighborhood of T. Moreover, if T is a composite strict saddle point, then
the Jacobian VS(Z) has a real eigenvalue strictly greater than one.

In most ways, the proof mirrors that of Theorem [3.2l There is, however, an important
complication: we must move beyond the perturbation result of Theorem and instead
analyze a parametric family of optimization problems where both the objective and the
constraints depend on a perturbation parameter. Therefore, we will rely on the following
generalization of Theorem [2.3] For details and a much more general perturbation result,
see [60, Theorem 4.2].
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Theorem 5.4 (Perturbation analysis). Consider the family of optimization problems

min f(z,y) subject to G(z,y) =0 (Qz)
y

Fix a point T and a minimizer iy of Qz, and suppose the following hold.

1. (Non-degeneracy) The function f(-,-) and the map G(,-) are C*-smooth near (Z,7),
and the Jacobian V,G(Z,y) is surjective.

2. (Level-boundedness) There exists a neighborhood X of T and a number ~y greater
than the minimal value of Qz such that the set

U {yeY(x): f(z,y) <~} is bounded,

zeX
where Y (x) := {y : G(z,y) = 0} denotes the set of feasible points for Q,.

3. (Quadratic growth) The point § is a strong local minimizer and a unique global
minimizer of Qz.

Define the parametric Lagrangian function

L(x,y,\) = f(2,y) +(G(2,y), \).

Fiz the multiplier vector \ satisfying 0 = V,L(Z,7, \) and define the Hessian matrices

H,, = V2 L(Z,7,)), Hyy = V2,L(Z, 7, ), Hy, = V2 L(Z,7,\).

Then for every x near T, the problem Q, admits a unique solution y(x), which varies C*-
smoothly. Moreover, its directional derivative in direction h given by

Vy(@)h = argmin 2(H,,v,h)+ (Hyv,v)
v (5.7)
st.  V.G(z,9)h+ V,G(Z,y)v=0.

With these tools in hand, we now prove Theorem [5.3]

Proof of Theorem[5.3. Let v, w, H, R, and M be the vectors and manifolds specified in
Definition[5.1] It is known from [41, Theorem 4.11] that for all z near z, the inclusions hold:

S(x) e M and  F(x)+ VF(z)(S(x) —z) € H.

From this inclusion, we will be able to view the proximal subproblem through the lens of
the perturbation result in Theorem [5.4l For the sake of completeness, however, we provide a
quick proof. Indeed, consider a sequence x; — T and define z; = F(x;) + VF(x;)(S(x;) — ;).
Then appealing to the optimality conditions of the proximal linear subproblem, we deduce
that there exist vectors v; € dr(x;) and w; € 0h(z;) satistfying l%(xz—S(xZ)) = VF(z;) w;+v;.
Since S(-) is continuous and h is Lipschitz, the vectors w; and v; are bounded. Passing to a
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subsequence, we may assume that w; and v; converge to some w € Oh(F(z)) and v € Or(z),

respectively, and moreover, that
0 VF(z)'w+wv.

We therefore deduce w = w and v = ¥. Taking into account that R is a C?-active manifold
at 7 for v and H is a C?-active manifold at F(z) for w, we deduce S(x;) € R and z; € H
for all large indices i, proving the claim.

Turning to the perturbation result, let h: R™ — R be any C?-smooth function agreeing
with h on a neighborhood of F(Z) in H, and let 7#: R — R be any C?-smooth function
agreeing with r on a neighborhood of Z in R. Applying the claim, we find that for x near z,
we may write

S) = argmmﬁ<F<x>+VF<x><y—x>>+f<y>+iuy—xw

Y

st. F(x)+VF(z)(y—z)eH and yeR

(5.8)

Our goal is to apply the perturbation result (Theorem to the parametric family ([5.8]).
To this end, let w = 0 be the local defining equations of H around F'(z) and let n = 0 be the
local defining equation of R around Z. We can now place ([5.8) in the setting of Theorem
by setting

f(x.y) = h(F(z) + VF()(y — 2)) + 7(y) + %ny et

and
G(z,y) = (G"(z,y), GR(z,y)) = (W(F(z) + VF(z)(y — )),1(y)).

For these functions, we now verify the assumptions of Theorem[2.3] First, the nondegeneracy
property follows from the transversality condition . Second, we verify the quadratic
growth condition: since we have chosen p < p~!, it follows that for every x € R? the
function y — f(z,y) is strongly convex with the constant p~! — p. Finally, we verify
the level-boundedness condition: since the minimizer S(x) clearly varies continuously and
satisfies S(Z) = , the conditions of Lemma are satisfied. Therefore, the assumptions
of Theorem are valid. In particular, we learn that the solution map S(-) is C''-smooth
around 7.

Computing the Jacobian of the solution mapping will occupy the remainder of the proof.
To that end, define the parametric Lagrangian

Lz, y,A) = f(z,y) +(G(z,9), A).

Localizing, the identification properties then entail that y =  is a minimizer of the problem
(5.8) corresponding to z = Z. We conclude there exists a Lagrange multiplier vector A =
(N, AR) satisfying 0 = V,L(Z, 7, \), a fact we will return to after a few calculations.

We now compute the first order variations of f and G. To simplify notation, we adopt two
conventions. First we align the notation of gradients and Jacobians, viewing every gradient
as a row vector. Second, we let the symbol V?F[z;v] denote the m x d matrix whose ith
row equals v V2F(z). Then defining the map

((z,y) = F(z) + VF(z)(y — z),
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a quick computation shows
V((z,y) = VF(z) and V.l(x,y) = V2F|x,y — 1].

Therefore using the chain rule, we compute the first-order variations

V.G (2, y) = Vw (((2,y)) - V2Flz,y — 2]

V,G"(x,y) = Vw(((z,y)) - VF ()

V.GR(z,y) =0

V,G"(x,y) = Vi(y)
Ve (2,y) = VA (((x,y)  VFle,y —a]+p (z—y)"
Vyf(x,y) = Vh(((x,y)) - VF(z) + Vi(y) + p 'y — )"

From these variations we deduce V,G(z,z) = 0 and therefore the constraint in (5.7)) simply
amounts to the inclusion

v e ker V,G(z,7) = (ker V(@) 0 (kex(Vw(F(#)) - VF(2) )

(5.9)
= Tr(Z) N VE(2) "' Ty (F(2)) = Tm(T).
In particular, formula ([5.7)) reduces to
VS(z)h = argmin 2(H,,v, h) + (Hy,v,v), (5.10)

vET M (.i‘)

To find an explicit solution, we mirror the analysis of the proximal gradient method. We let
W be the orthogonal projection onto Th(Z) and define the linear maps Hy,, : T (%) — T (Z)
and H,,: Tym(z) — Tam(Z) by setting H,, = WH,,W and H,, = WH,,W, respectively.
Since 7 is a strong local minimizer of , the map H_yy is positive definite and invertible.
Solving then yields the expression

VS(2)h = —H, H, h  forall h € To(z).

Let us now verify that if Z is a composite strict saddle of f, then V.S(z) has a real
eigenvalue that is greater than one. To this end, observe that v € R is an eigenvalue of
VS(z) with an associated eigenvector v € Th(Z) if and only if

VS(Z)v =y = —H;;H_M/TU = yv = (vHy, + H_WT)U =0.

In particular if the matrix vH,, + nyT is singular, then v is an eigenvalue of VS(z). To
prove such a v > 1 exists, we will show that H,, is self-adjoint, and then we will examine
the following ray of symmetric matrices

.
{(yHyy + Hey 17y > 1}

Beginning with the end point, we will show that the matrix Fyy—i—nyT has a strictly negative
eigenvalue. On the other hand, we already know the direction of the ray H,, is a positive
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definite matrix. Therefore by continuity of the minimal eigenvalue function, there will exist
some v > 1 such that the matrix vH,, + H,, is singular, as claimed.
To this end, we now compute the second-order variations.

Vo Gz, y)v = V2 [2;0] 'V (C(2,y) T + V2 F 23y — 2] VZwi(((x,y)) VF(z)v
VnyH(%y)U_VF( ) V2wi(C(a,y))VF (2)v
Vayf (@, y)v = V*Flz; U]TVh(C(:v,y)) + V2 Flay — 2]V h(((2,9)) VE (@)v — p o
Vo (@ y)o = VF(x) V?h(((,9))VE(x)o + V2i(y)o + p~'v.

A quick computation then shows that V., f(Z,z) and V,,G(z, Z) are self-adjoint operators.
Consequently, we obtain H,, = H. xTy and the expression

(Hy, + H,,)v = VF(2)"V?1(F(z))VF(2)v + V*#(Z)v + V*F[z;0] VA(F(z))"
oA (VF(f)TV2wZ-(F(j))VF(55)v + V2F[z; U]TVwi(F(.f))T)
+ Z A2 (y)v.

i>1

To prove that H,, + H;y has a strictly negative eigenvalue, we will show that it coincides
with the Hessian of the Lagrangian of the problem:

mxin h(F(z)) + 7(z) subject to w(F(x)) =0,n(x) =0.

Indeed, define the Lagrangian function

Lo(w, ) = h(F( )+ Y NEw(F(x) + Y AFn(x)

i>1 i>1

A quick computation shows

V3(ho F)(z)v = VF(z)"V2h(F(2))VF(z)v + V?F[z,v] " Vh(F(z))"
V(w0 F)(z)v = VF(2) " V?wi(F(z))VF(x)v + V2F[2,v] Ve (F(x))"

and therefore the equality B
V2Lo(Z,A) = Hyy + H,.

The composite strict saddle property guarantees that the matrix V2Ly(Z, \) has a strictly
negative eigenvalue, completing the proof. O]

In line with the previous sections, one could ask whether a damped and randomly ini-
tialized proximal linear method almost surely escapes all composite strict saddle points. An
immediate obstacle is that the global Lipschitz constant of the proximal linear map S(-)
defined in seems unclear, and therefore we are unable to find an appropriate damping
parameter. Instead we will settle for a local escape guarantee supplied by the center sta-
ble manifold theorem. We leave it as an intriguing open question to obtain global escape
guarantees for the damped proximal linear algorithm.
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A first difficulty in applying the center stable manifold theorem is that the Jacobian
VS(z) at the saddle point & may not be invertible. Consequently, we will damp the proximal
linear method, forcing the update to be a local diffeomorphism. To compute an appropriate
threshold for the damping parameter we will need to estimate the operator norm of V.S(z).
This is the content of the following lemma.

Lemma 5.5 (The slope at the critical points). Consider the composite optimization problem
(5.1) and choose any u € (0,(p+26)~Y). Then for all points x € R? and all critical points
T € R?, the proximal linear map S(-) defined in (5.6)) satisfies

_ [ 2Bp pp + pp _
1S(z) — 2| < <1+ m) 'maX{Lm} e = zf].

Proof. To simplify notation, define the map
(z,y) = F(z) + VF(z)(y — z).
Set v := u~' — B, fix an arbitrary point z € R%, and define
= S(z) and I = prox;, (z).

Using strong convexity of the prox-linear and proximal subproblems and the estimate ((5.2]),
we successively compute

Y—p—FB )
-l = 2|

h(@) + (&) + 2l — 2| < ha®) +r(a*) + Zfla* — 2] = L Je
< hiclaa®) ) + TP g - T gy
< h(CCe, ) + (@) + TP e — el — (= p) —
< h(@) + (@) + T2 o ol — (= )l — 2

Rearranging yields the estimate

(v =p)lla® = 2|* <2812 — =||* = 28|V fiyy (2) 1%

Therefore, using Lipschitz continuity of the gradient Vf;,, (Lemma [2.5) and the triangle
inequality yields

_ _ 23y2 + -
||x+—$||§<vl+ 7 )-maX{% P }-Hx—xu

TP 1=77Hp+0)
2
— 1+ _ 26 .maX{LM}.Hx_Q;H?
1—pb—pp L —pp—2pp
as claimed. O
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We are now ready to deduce that the damped proximal linear method almost locally
escapes any composite strict saddle point.

Theorem 5.6 (Proximal linear method: local escape). Consider the composite problem (5.1)
and let T be any composite strict saddle point. Choose any constant u € (0, (p+28)~"') and
a damping parameter o € (0, 1) satisfying

| 2Bu pp + up

Define the damped proximal linear update
T(x) = (1 —a)r+ aS(z),

where S(-) is the proximal linear map defined in (5.6). Then there exists a neighborhood U
of T such that the set of initial conditions

{xeU:S*x)eU for all k >0}
has zero Lebesgue measure.

Proof. First, using Theorem and Lemma [2.14) we deduce that z is an unstable fixed
point of . Let us next verify that 7" is a local diffeomorphism around z. To see this, observe

VT(z)=1—-a(l —VS(2)).

Using Theorem [5.5] we deduce a||l — VS(Z)[op < 1 and therefore T' is invertible. An
application of the center stable manifold theorem (Theorem [2.10|) completes the proof. [

6 Convergence of relaxed decent methods

Thus far, all of our escape theorems made an assumption that the iterate sequence generated
by the algorithms converges. In this section, we verify this assumption for the damped
proximal point, proximal gradient, and proximal linear methods. Taking a general view,
we see that the iterative methods of this paper can be understood within a broad family of
damped model-based algorithms for minimizing a function f. These algorithms construct
iterates xo, 71 . .. by repeatedly minimizing a local model f,(-) of the function and moving in
the direction of its minimizer. More specifically, in the section we suppose that there exist
constant p,n, 8 > 0 such that the the following properties hold:

(A1) The function f: R? — R U {oo} is closed and p-weakly convex.

(A2) For all z € R? there exists a closed n-weakly convex function f,: R? — R U {co}
satisfying
5

Sly—al®  forally e R,

1f(y) = fo(y)| <
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Under these assumptions we will study how the following algorithm behaves: given iterates
X, ..., x; define

. T
e = argmin { £,,(y) + £ Iy — 2/* |
yeRd

(MBA)

Ty = (1 — )z, + ay,

where 7 > 0 and a > 0 are fixed constants, determined below.

To analyze this algorithm, we rely on the seminal paper [3]. There, the authors identified
three conditions, guaranteeing global convergence of a sequence {z;} of “algorithm iterates”
to a critical point of a closed function g: R? — R U {oo}. Namely, they assume there exist
a,b > 0 such that the following holds:

(B1) (Sufficient Decrease.) For each t € N, we have
9(zi41) + allzn — z2l* < g(=2)
(B2) (Relative Error Conditions.) For each t € N there exists w1 € 0g(z¢11) such that
[zeall < bllzesr — 2]

(B3) (Continuity Condition.) There exists a subsequence {z;} and & such that

z, — Z and g(z,) — g(2), as j — 00.

The above assumptions alone may not guarantee that z; converges to a critical point of
g. Instead, the authors of [3] restrict their focus to the broad class of functions satisfying
the Kurdyka-Lojasiewicz property.

Definition 6.1 (KL Function). Let g: R — R U {co} be a closed function. We say that g
has the Kurdyka-Lojasiewicz (KL) property at a point z, where dg(z) is nonempty, if there
exists € € (0,400], a neighborhood U of Z, and a continuous convex function ¢: [0,¢) — R
satisfying

2. ¢ is C' on (0,e) with ¢’ > 0, and

3. the KL inequality

1
¢ (g9(x) — g(z))’
holds for all z € U satisfying ¢(z) < g(z) < g(z) + ¢.

dist(0, 0g(z)) >

If ¢ satisfies the KL property at each point x, with dg(x) # (), then g is called a KL function.

The class of KL functions is broad, containing all closed semialgebraic functions and
more broadly any functions definable in an o-minimal structure, as shown in the pioneering
work [7]. Under these assumptions we have the following theorem from [3, Theorem 2.9].
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Theorem 6.2. Let g: RY — R U {oo} be a closed function. Consider a sequence x; that

satisfies|(B1) and|(B3). If g satisfies the KL property at some cluster point , then

1s a critical point of g, the entire sequence xjy, converges to T, and the sequence x; has finite
length

[o.¢]
D lwier — @l < +oo.
t=0

In the remainder of this section, we will verify assumption [[B1)] [(B2)| and [(B3)| for
the sequence {z} = {x;} and the Moreau envelope g := fi/;, where p will be chosen in a
moment. Since the critical points of f and f;/; agree, the result will imply convergence to
critical points of f. To do so, we employ one final assumption.

(A3) For every p > 0, the Moreau envelope fy/; is a KL function.

Although assumption |(A3)| may appear hard to verify, it holds whenever f is semialgebraic
since in this case fi/; is also semialgebraic. More generally, the analogous statement holds
if f is definable in an o-minimal structure. The following is the main result of this section.

Theorem 6.3 (Convergence of relaxed model-based methods). Suppose that o € (0, 1], that
T > max{n, 2p, %m}, and that assumptions|(Al)| and|(A2)| hold. Then for all T > 0, we
have |

' fi5(xo) — inf f
t:r(r)1}f1T||Vf1/ﬁ(th)|| < a(2ﬁ/—pp—n—5) T11)
= 2ot (L +1)

where p = (1/2)7 + (1/4)(p +n). Moreover, if|(A3)| also holds and the sequence {z:} has a
cluster point T, then T is critical for f and the entire sequence {x;} converges to T. Moreover,
the sequence {x;} has finite length.

[o.¢]
Z ||$t+1 — fEtH < +00.
t=0

This result is new and may be of independent interest. In particular, the conclusion of
the theorem extends the convergence guarantees for the proximal linear method developed
in [53] to all relaxed model-based algorithms.

6.1 Proof of Theorem [6.3

We are free to choose the parameter p defining the Moreau envelope. To this end, we will
need the existence of a parameter p, satisfying the following inequalities.

Lemma 6.4. Under the assumptions of Theorem[6.3, it holds that p > p and

1. 7T—p—p>0,
2.2p—p—n—08>0,
3. p+17—p—m>0,

_ 2p—p—n—p
4.1  — > (.
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Proof. Note that p>7/2>p>0and that p=7—-0—¢/2fore =21 —-46—p—n)/2 > 0.
To prove the first inequality, notice that 7—p— = /2 > 0. To prove the second inequality,
notice that

20—p—n—pB=21—48—p—n—c=¢>0.

To prove the third inequality, observe
p+7—p=—n>p+(p+B)—p-—n=220—p—n—F>0,

where the first and second inequalities follow from items |1} and [2], respectively. To prove the
fourth inequality, we compute

2%—p—n-B _ PHT—pH _ 28+¢/2
p+17—p—n p+T—p—n p+T—p—1
as desired. O

1

> 0,

Throughout the rest of this section, we fix a constant p satisfying the conditions of
Lemma [6.4] Critical to our proof is the following lemma, comparing the proximal point

Ty 1= prox; ()

to the “approximately proximal point” y,. A closely related estimate appeared in |16, Lemma
4.2], driving the convergence analysis of that paper.

Lemma 6.5. It holds that

2,5—[7—77—5 A t||2_ T_ﬁ_ﬂ

2
- Ty — )
p+T—p—n srr—p—niv vl

12 — yell* < 3 — el|* —
Proof. Since the function y — f(y) + &|ly — a||* is (p — p)-strongly convex and & is its
minimizer, we have

A

P—p, . p o Pys
=l < (50 + Gl = ) = (760 + Gl = ).
Consequently, using the double-sided model property |(A2)l we find

p+p

P—1p. . p—D0.
PN =l S o) — forli) + P =l = P N P (6)

A

Since the function y — f,, (y) + ||y — || is (7 —n)-strongly convex and y; is its minimizer,
we have

N T . T T—T N
fao(ye) — for(3) < §||xt - $t||2 - §|Iyt - xt||2 - THyt - xtHQ‘
Combining this estimate with (6.1]), we compute
00— P, . T . T T — .
EE = will? < Sl —ell® = Sllge — 2l = 5 e — 2l
p+p p—05.
"‘—2 ||$t—yt||2 T 9 ||9Ut—$1t||2
B+T—p, . p+p—7 T—1 .
= 2 P — P+ D — P — T — P
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Rearranging, we conclude

ﬁ+T—p—nr

2 f+T1— p+B—7
Oy e < SET 0 proT

TPyl 4 P

Dividing both sides by ’3”%, we achieve the result:

N 2 6 +7 - ﬁ ~ 2 2
Ty — <——— 2t —2 = Ty —
120 — wel” < TIp—_ 12 — 2 s UH = Yell
R B4+T—p R 0+ B —
—w@—QW—Q—T———ﬁ—|m—mW + L —
p+T—p—1 p+T—p—1
. 2 2p—p—n—0. o T—p=F
= [|Z — @] ~ |20 — 2" — = [z — well
ptT—p—1 ptrT—p—1
This completes the proof of the lemma. m
The following lemma verifies the Assumption |(B1)|
Lemma 6.6 (Sufficient Decrease). We have
p(r—p—p) a(2p—p—n—p)
Jiyp(@esr) < frypae) — >”37t+1 —a||” — IV frya (o).

20(p+7—p—1 20(p+7—p—n)

In particular, fi/; and {x:} satisfy . Moreover, for all T > 0, we have

fl/p(l'o) mff

— a(2p—p—n—pB)
2p(p+1—p—m) (T'+1)

.....

T
_min_ [V fy5(z,)| Egﬂvﬁmftw

Proof. We successively compute

~

X P
Fup(@er) = f(@e) + 5llEen = e |
< f(@) + g”ft — 2o )?
= f(@) + 5l = @)@ = a0) + ali =y

(1l — ) . TN
PO g, — a2 22—l

T—ph— 2
TP -y 6.2
e ul?) 62
||2_ 04(2/3—/)—77—5)
20(p+7—p—mn)
where (6.2) follows from Lemma [6.5] and the final inequality follows since p(z; — &) =

V fi/5(x¢). To get the descent inequality, it remains to write x; — 1 = (2441 — 2¢)/a. Finally,
the bound on the average gradient norm follows by induction. O

IV fry5(x)]I%,
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The following Lemma verifies the Assumption |(B2),
Lemma 6.7 (Relative Error). It holds

A P
19 st < | max {2

In particular, fi/; and {x:} satisfy .
Proof. We have

. P
IV fiyp(@e) | < IV fryp(ae) || + max {P7 1——,0/p} @1 — |-

Thus, we want to bound
IV fiyp()ll = pllee — ]
by a multiple of ||z — ¢||. This follows by Lemma [6.5}

) . 2p—p—n—p A
120 = ol < 120 = el + [l — 2] < \/(1— e — e = Zell + [y — 2]

Rearranging and using the definition z; — y; = (2441 — x4) /v, it holds

1 1 1
1ye = l| = —

_ _ 2p=p=n=8 X _ 2p—p=n—p
1 \/(1 p+T—p—1n ) 1 \/(1 p+T—p—n )

The proof is complete. as desired. [

[Z¢ — 2| <

|ze1 — ¢

Finally, we can dispense with Assumption |(B3), which is a simple consequence of the
continuity of f;.

Lemma 6.8 (Continuity Condition). The function f; and the sequence {x,} satisfy[(B3)]
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A Proofs of Theorem 2.9 and 5.2

In this section, we prove Theorem [2.9, We should note that Theorem [2.9, appropriately
restated, holds much more broadly beyond the weakly convex function class. To simplify the
notational overhead, however, we impose the weak convexity assumption, throughout.

We will require some basic notation from variational analysis; for details, we refer the
reader to [58]. A set-valued map F: R? = R™ assigns to each point z € R? a set F(x) in
R™. The graph of F'is defined by

gph F:={(z,v) : v € F(x)}.

A map F: RY = R™ is called metrically reqular at (Z,7) € gph F' if there exists a constant
x > 0 such that the estimate holds:

dist(z, F'(v)) < kdist(v, F(x))

for all x near Z and all v near v. If the graph gph F' is a C'-smooth manifold around (z, ),
then metric regularity at (7, ) is equivalent to the condition [58, Theorem 9.43(d)]{|

(0,u) € Ngph p(z,09) = u=0. (A.1)
We begin with the following lemma.

Lemma A.1 (Subdifferential metric regularity in smooth minimization). Consider the op-
timization problem

min f(x) subject to x € M,
z€Rd

where f: R? — R is a C*-smooth function and M is a C*-smooth manifold. Let & €
M satisfy the criticality condition 0 € Ofam(Z) and suppose that the subdifferential map
Ofp: RE=R? is metrically reqular at (z,0). Then the guarantee holds:

inf  d*fu(7)(u) #O0. (A.2)

ueSL—INT\ (%)
Proof. First, appealing to (A.1]), we conclude that the implication holds:
(O, u) € nghan (i’, O) = u=0. (AB)

Let us now interpret the condition (A.3) in Lagrangian terms. To this end, let G = 0 be the
local defining equations for M around z. Define the Lagrangian function

Lz, A) = f(z) + (G(x), ),

and let A\ be the unique Lagrange multiplier vector satisfying V,£(Z,\) = 0. According
to [42, Corollary 2.9], we have the following expression:

(O, U) S nghan (Zf, 0) <~ uc TM([E) and Lu € NM(i‘), (A4)

10We should note that metric regularity of F at (z,9) is equivalent to (A.1]) for an arbitrary set-valued
map F with closed graph, provided we interpret Ngpn (%, ) as the limiting normal cone [58, Definition 6.3].
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where L := V2 _L(z,\) denotes the Hessian of the Lagrangian. Combining and (A.4)),
we deduce that the only vector u € Th(Z) satisfying Lu € N () is the zero vector u = 0.

Now for the sake of contradiction, suppose that fails. Then the quadratic form
Q(u) = (Lu,u) is nonnegative on T(Z) and there exists 0 # u € Tx(Z) satisfying Q(u) = 0.
We deduce that @ minimizes Q(+) on Th(Z), and therefore the inclusion Lu € N () holds,
a clear contradiction. O]

The following corollary for active manifolds will now quickly follow.

Corollary A.2 (Subdifferential metric regularity and active manifolds). Consider a closed
and weakly convez function f: R4 — RU {oo}. Suppose that f admits a C*-smooth active
manifold around a critical point T and that the subdifferential map 0f : R* = R? is metrically
reqular at (Z,0). Then T is either a strong local minimizer of f or satisfies the curvature
condition d*fa(7)(u) < 0 for some u € Th(T).

Proof. The result |19, Proposition 10.2] implies that gph df coincides with gphdfa on a
neighborhood of (z,0). Therefore the subdifferential map dfy: R = R? is metrically
regular at (z,0). Using Lemma [A.1] we obtain the guarantee:
inf d? Z)(u) # 0.
ot @) £
If the infimum is strictly negative, the proof is complete. Otherwise the infimum is strictly
positive. In this case, Z is a strong local minimizer of fy,, and therefore by |20, Proposition
7.2] a strong local minimizer of f. O

We are now ready for the proofs of Theorem and Theorems [5.2]
Proof of Theorem[2.9. The result [18, Corollary 4.8] shows that for almost all v € R, the

function f,(z) := f(x) — (v,z) has at most finitely many critical points. Moreover each
such critical point Z lies on some C? active manifold M of f, and the subdifferential map
Of,: RY = R? is metrically regular at (z,0). Applying Corollary to f, for such generic
vectors v, we deduce that every critical point T of f, is either a strong local minimizer or a

strict saddle of f,. The proof is complete. n
Proof of Theorem[5.3. The proof is identical to that of Theorem with [18, Theorem 5.2]
playing the role of [18, Corollary 4.8]. O]

B Pathological Example

Theorem B.1. Consider the following function

2
Assume that X > p. Define a mapping T: R* — R by the following formula.
0 if (x,y) =0;
— (0. 2 ' < L |yl:
S(Ji,y) - ( ’1+)\y) Zf’3$| = 1+)\|y|;
<1++_p$,0> if ly| < HTl_pm,
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and if (1+—/1\_p)|:17| <ly| < (1 + N)|z|, we have

(I+X) -1 x o )
(1+>‘)(1i)\_P)_1 _1 (1 + )\ _ p) y Zf Slgn(l’) = Slgn(y);
S(x,y) =
(I+X) 1 x o )
(1+,\)(1i>\—p)—1 1 1+r—p)] |y if sign(z) # sign(y).

Then prox (2, y) = S(z,y).

Proof. Let us denote the components of S(z,y) by (z4,y:) = S(z,y). By first order opti-
mality conditions, we have prox ) ¢(z,y) = (z4,y4) if and only if

{ay +sign(@y)|y+ [} x {sign(ys)|zs| +y} if 4 # 0 and yy #0;

([=1, Yyy) x {y+} if z4 =0 and y; # 0;
A [EN PR 0 0 and g, — 0
{0} x {0} if vy =0and y, =0.

Let us show that (z,,y,) indeed satisfies this inclusion.

1. If (z,y) =0, then x; =y, = 0, and the pair satisfies the inclusion.

2. If |z| < 1%\|y| and y # 0, then x, =0, y, = p%\y, and

1
Ao = (1= (/N = ) =A (s 50) € (100 (0]
Thus the pair satisfies the inclusion.

3. If|y|<1+/\ |z| and = # 0, then xy = =—5—=x, y+ =0, and

(1+/\ p)
Mo = (L= /0y = 5) =A (0= ) € o) x (-1, 1Je)

For the remaining two cases, let us assume that 1+/\ oyl <lyl <@+ Azl

4. If sign(x) = sign(y), let s = sign(z) and note that

{xﬂ B A {(1 + A) —1 } {x}
yr] I+ NA+r=—p) -1 -1 (Q+X=p)] |y
_ SA { (1+ M)z = [yl }
(L+NA+A=p) =1 [=laf+ A+ A=)y
From this equation we learn sign(x,) = sign(y;) = s. Inverting the matrix we also
learn

L= ) ] = T
_ {m +sign(a) |y |+ A(1 - p/A)m} _
sign(y )|z | + vt + Ayt

Thus the pair satisfies the inclusion.
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5. If sign(x) # sign(y), let s = sign(x) and note that

Bﬂ:<1+A><1+Ax—p>—1{(lik) <1+i—p>} [y]

_ A { (L4 )|z — |yl }
(T4+XN)A+A=p)—1 [[z] = (1T +A=p)yl

From this equation we learn sign(z, ) # sign(y.). Inverting the matrix we also learn
A\ {x] _ {(1 +A-p) -1 } {xﬂ {M + A1 —p/Nxy — y+]
Yy -1 (L+N)] Ly+ —Z4 + Yy + Ayt

_ {M + sign(zy) |y | + M1 — P/A)M] .
sign(y4 )|z | + vt + Ay

Thus the pair satisfies the inclusion.

Therefore, the proof is complete.

O

Corollary B.2 (Convergence to Saddles). Assume the setting of Theorem[B.1 Let o € (0,1]
and define the operator T := (1 — o)l + aS on R*. Then the cone K = {(z,y): |z| <
(1 + \)"Yy} satisfies TKK. C K. Moreover, for any (x,y) € K, it holds that T*(x,y) =
(1 —a)fz, (1 —a(l = A1+ N)"Y)*y) linearly converges to the origin as k tends to infinity.

Proof. Since K is convex, it suffices to show that SK C K. This follows from Theorem [B.1]
O
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