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CURVES OF DESCENT"*

D. DRUSVYATSKIYT, A. D. IOFFE}, AND A. S. LEWISS

Abstract. Steepest descent is central in variational mathematics. We present a new transparent
existence proof for curves of near-maximal slope—an influential notion of steepest descent in a
nonsmooth setting. The existence theory is further amplified for semialgebraic functions, prototypical
nonpathological functions in nonsmooth optimization: such functions always admit nontrivial descent
curves emanating from any (even critical) nonminimizing point. We moreover show that curves
of near-maximal slope of semialgebraic functions have a more classical description as solutions of
subgradient dynamical systems.
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1. Introduction. The intuitive notion of steepest descent plays a central role in
theory and practice. So what are steepest descent curves in an entirely nonsmooth set-
ting? To facilitate the discussion, consider “the fastest instantaneous rate of decrease”
of a function f on a complete metric space (X, d), namely, the slope

|V f|(z) := limsup
THAT

Here, we use the convention r* := max{0,r}. The slope of a smooth function on R"
simply coincides with the norm of the gradient, and hence the notation. For more
details on slope see, for example, [16]. Even though the definition is deceptively simple,
slope plays a decisive role in regularity theory and sensitivity analysis; see [3,19].

One can readily verify for any 1-Lipschitz curve «: (a,b) — X the upper bound
on the speed of descent:

(1.1) IV(f o)) <IVSf(~(t)) for a.e. t € (a,b).

Supposing that f is continuous (for technical reasons), it is then natural to call v
a steepest descent curve if f o~y is nonincreasing and the reverse inequality holds in
(1.1). Such curves, up to a reparametrization and an integrability condition, are the
curves of maximal slope studied in [1,15,17,28]. Evidently, the slope is not a lower-
semicontinuous function (Isc) of its argument and hence is highly unstable. Replacing
the slope |V f| with its lower-semicontinuous envelope in the reverse inequality of (1.1)
defines near-steepest descent curves. See Definition 2.13 for a more precise statement.
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The question concerning existence of near-steepest descent curves is at the core
of the subject. Roughly speaking, there are two strategies in the literature for con-
structing such curves for a function f. The first one revolves around minimizing
f on an increasing sequence of balls around a point until the radius hits a certain
threshold; then one moves the center to the next iterate and repeats the procedure.
Passing to the limit as the thresholds tend to zero, under suitable conditions and a
reparametrization, yields a near-steepest descent curve [28, section 4]. The second
approach is based on De Georgi’s minimizing movements [15], having origins in the
work of Yosida, Brézis, and Moreau (see, for example, [9] and references therein).
There, one builds a piecewise constant curve by declaring the next iterate to be a
minimizer of the function f plus a scaling of the squared distance from the previous
iterate [1, Chapter 2]. The analysis, in both cases, is highly nontrivial and more-
over does not give an intuitive meaning to the parametrization of the curve used in
the construction. We note in passing that there is yet another approach based on
the techniques of differential inclusions [2]. This approach, however, requires strong
conditions (Lipschitzness and convexity-like properties) on f and anyway does not
extend to the metric setting. We will comment further on the relationship between
near-steepest descent curves and differential inclusions shortly.

In the current work, we propose an alternate transparent strategy for construct-
ing near-steepest descent curves. The key idea of our construction is to discretize
the range of f and then build a piecewise linear curve by “projecting” iterates onto
successive sublevel sets. Passing to the limit as the mesh of the partition tends to
zero, under reasonable conditions and a reparametrization, yields a near-steepest de-
scent curve. Moreover, the parametrization of the curve used in the construction is
entirely intuitive: the values of the function parametrize the curve. From a tech-
nical viewpoint, this type of a parametrization opens the door to the deep theory
of metric regularity [19,31], yielding a simple and geometrically transparent proof.
This construction allows us to further amplify the existence theory for semialgebraic
functions—those functions on R"™ whose epigraph can be written as a finite union
of sets, each defined by finitely many polynomial inequalities [13,34]. We prove
that semialgebraic functions always admit near-steepest descent curves bypassing all
nonminimizing critical points—a result that is decisively false even for C*°-smooth
functions (see Example 3.4). It is worthwhile, in passing, to compare our construction
with De Georgi’s minimizing movements. The latter, being an implicit Euler scheme,
generates iterates that are also obtained through a projection, but implicitly so, in
contrast to our construction, where we explicitly choose onto which sublevel sets to
project. This seemingly minor distinction is key.

The question concerning when solutions of subgradient dynamical systems and
curves of near-maximal slope are one and the same has been studied as well. However,
a major standing assumption that has so far been needed to establish positive answers
in this direction is that the slope of the function f is itself an lsc function [1,28§]
and hence it coincides with the limiting slope—an assumption that many common
functions of nonsmooth optimization (e.g., f(x) = min{x,0}) do not satisfy. In the
current work, we study this question in absence of such a continuity condition and
show that for semialgebraic functions that are locally Lipschitz continuous on their
domains, solutions of subgradient dynamical systems are one and the same as curves of
near-maximal slope. Moreover, using an argument based on the Kurdyka—FLojasiewicz
inequality (KEL-inequality), in the spirit of [6,7,21,24], we show that bounded curves
of near-maximal slope for semialgebraic functions have finite length. Consequently,
such curves defined on maximal domains converge to critical points.
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Rather than striving for maximal generality, we have tried to make the basic ideas
and techniques as clear as possible. In particular, all results pertaining to semialge-
braic functions remain true more generally for definable (e.g., globally subanalytic)
and tame functions; see [21,34,35] for the relevant definitions. The outline of the
manuscript is as follows. Section 2 is a short self-contained treatment of variational
analysis in metric spaces. In this section, we emphasize that the slope provides a
very precise way of quantifying error bounds (Lemma 2.5). In section 3 we prove
that curves of near-steepest descent exist under reasonable conditions. In section 4
we consider the relationship between curves of near-steepest descent and solutions
to subgradient dynamical systems in Euclidean spaces. Most of the results in this
section are not new; rather, our purpose is to paint a more complete picture and to
set the groundwork for section 5, where we consider descent curves for semialgebraic
functions.

2. Preliminaries: Variational analysis in metric spaces. Throughout this
section, we will let (X, d) be a complete metric space. We stress that completeness
of the metric space will be essential throughout. Consider the extended real line
R = RU{—occ}U{+00}. We will always assume that extended-real-valued functions
are proper, meaning they are never {—oo} and are not always {4+o00}. For a function
f: X = R, the domain of f is

dom f:={zx € X : f(x) < 400},
and the epigraph of f is
epif:={(x,r) e X xR:r > f(x)}.

A function f: X — R is Isc at Z if the inequality liminf, .z f(z) > f(Z) holds. For a
set Q C X and a point x € X, the distance of x from @ is

d(r.Q) = inf d(a.)

and the metric projection of x onto @ is

Po(r) :={y € Q:d(z,y) = d(z,Q)}.

2.1. Slope and error bounds. A fundamental notion in local variational anal-
ysis is that of slope—the “fastest instantaneous rate of decrease” of a function. For
more details about slope and its relevance to the theory of metric regularity, see [3,19].

DEFINITION 2.1 (slope). Consider a function f: X — R and a point T € X with
f (&) finite. The slope of [ at T is

[V £1(2) = limsup w

The limiting slope is

[VFI(z) = Hinfaf [V £1(2),

where the convergence x ? z means (z, f(x)) — (z, f(z)).
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The two slopes can easily differ. For example, for the function of one variable
f(x) = min{0, 2}, we clearly have |V f|(0) = 1, while on the other hand |V f](0) = 0.

Slope allows us to define generalized critical points.

DEFINITION 2.2 (lower-critical points). Consider a function f: R" — R. We
will call any point T satisfying |V f|(Z) = 0 a lower-critical point of f.

For Cl-smooth functions f on a Hilbert space, both |V f|(Z) and |V f|(Z) simply
coincide with the norm of the gradient of f at Z, and hence the notation. In particular,
lower-critical points of such functions are critical points in the classical sense

PROPOSITION 2.3 (slope of a composition). Consider an lsc function f: [a,b] —
R and a nondecreasing continuous function s: [c,d] — [a,b]. Suppose that s is differ-
entiable at a point t € (c,d) with s'(t) # 0. Then the equality

IV(fos)lt) =IVFI(s(t) - Is'(®)] holds.

Proof. First, since s is nondecreasing and continuous and satisfies s'(t) # 0, we
deduce that s is locally open near ¢t. Taking this into account, we deduce the chain of
equalities

(f(s(t) = f(s(0))*

[V(f o s)[(t) = limsup

T—t |t_T|
— imsup L EE) = FE@NT fs@) = s(7)] _ S(0) - 18/
= timsup LS e CORHO

thereby establishing the claimed result. 0
We record below the celebrated Ekeland’s variational principle.
THEOREM 2.4 (Ekeland’s variational principle). Consider an lsc function g: X —
R that is bounded from below. Suppose that for some € > 0 and x € R"™, we have
g(x) <inf g+ €. Then for any p > 0, there exists a point @ satisfying
e g(u) < g(x),
o d(u,x) < p~le, and
o g(u) + pd(u,u) > g(u) for all u € X\ {u}.
The following consequence of Ekeland’s variational principle will play a crucial
role in our work [19, Basic Lemma, Chapter 1]. We provide a proof for completeness.
LEMMA 2.5 (error bound). Consider an lsc function f: X — R. Assume that
for some point x € dom f, there are constants o < f(z) and r,K > 0 so that the
implication

a< flu) < f(z) and du,z) <K = |Vf|(u)>r holds.

If in addition the inequality f(x) — a < Kr is valid, then the sublevel set [f < a] is
nonempty and we have the estimate d(x, [f < a]) < r~'(f(z) — ).

Proof. Define an Isc function g: X — R by setting g(u) := (f(u)—a)*, and choose
a real number p < r satisfying f(z) —a < Kp. By Ekeland’s principle (Theorem 2.4),
there exists a point @ satisfying

g(@) < g(x), d(u,z)<p 'glx) <K
and

g(u) + pd(u,u) > g(u) for all u.

Consequently we obtain the inequality |Vg|(@) < p. On the other hand, a simple
computation shows that this can happen only provided g(u) = 0, for otherwise we
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would have |Vg|(a) = |V f|(@) > r. Hence @ lies in the level set [f < o], and we
obtain the estimate d(z, [f < a]) < p~!(f(z) — ). The result now follows by taking
p arbitrarily close to (and still smaller than) 7. O

2.2. Absolute continuity and the metric derivative. In this section, we
adhere closely to the notation and the development in [1].

DEFINITION 2.6 (absolutely continuous curves). Consider a curve v: (a,b) — X.
We will say that ~ is absolutely continuous, denoted v € AC(a,b,X), provided that
there exists an integrable function m: (a,b) — R satisfying

(2.1) d(v(s),v(t)) < / m(7) dr  whenever a < s <t <b.

Every curve v € AC(a,b, X) is uniformly continuous. Moreover, the right and
left limits of v, denoted respectively by ~v(a) and v(b), exist. There is a canonical
choice for the integrand appearing in the definition of absolute continuity, namely,
the “metric derivative.”

DEFINITION 2.7 (metric derivative). For any curve v: [a,b] — X and any t €
(a,b), the quantity

O = lim L06):7)

—t |s —t| ’

if it exists, is the metric derivative of v at t. If this limit does exist at t, then we will
say that ~v is metrically differentiable at ¢.

Some comments concerning our notation are in order, since it deviates slightly
from that used in the standard monograph on the subject [1]. The notation ||%(¢)]|
is natural, since whenever ~ is a differentiable curve into a Hilbert space, the metric
derivative is simply the norm of its derivative. This abuse of notation should not
cause confusion in what follows.

For any curve v € AC(a,b,X), the metric derivative exists almost everywhere
on (a,b). Moreover the function ¢ — ||%(¢)] is integrable on (a,b) and is an admis-
sible integrand in inequality (2.1). In fact, as far as such integrands are concerned,
the metric derivative is in a sense minimal. Namely, for any admissible integrand
m: (a,b) — R for the right-hand side of (2.1), the inequality

[[7(®)]| <m(t) holds for a.e. t € (a,b).

See [1, Theorem 1.1.2] for more details. We can now define the length of any absolutely
continuous curve v € AC(a, b, X') by the formula

b
length (7) == / 1)l dr.

We adopt the following convention with respect to curve reparametrizations.

DEFINITION 2.8 (curve reparametrization). Consider a curve 7y: [a,b] — X.
Then any curve w: [¢,d] — X is a reparametrization of v whenever there exists a
nondecreasing absolutely continuous function s: [c,d] — [a,b] with s(c) = a, s(d) = b,
and satisfying w = v o s.

Absolutely continuous curves can always be parametrized by arclength. See, for
example, [1, Lemma 1.1.4] or [10, Proposition 2.5.9].

THEOREM 2.9 (arclength parametrization). Consider an absolutely continuous
curve v € AC(a,b, X), and denote its length by L = length (vy). Then there exists a
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nondecreasing absolutely continuous map s: [a,b] — [0, L] with s(a) =0 and s(b) = L
and a 1-Lipschitz curve v: [0, L] — X satisfying

vy=wvos and ||v]| =1 a.e. in[0,L].

PROPOSITION 2.10 (metric derivative of a composition). Consider a curve
v:[0,L] = X and a continuous function s: [a,b] — [0, L]. Consider a pointt € (a,b),
so that s is differentiable at t and v is metrically differentiable at s(t). Then the curve
v o s is metrically differentiable at t with metric derivative ||y(s(t))]|| - |’ (t)].

Proof. Observe that for any sequence of points t; — ¢ with ¢; # ¢t and s(t;) = s(t)
for each index i, we have

o 40D A(5(2))

= A (s@) - 15" @)

On the other hand, for any sequence t; — t with ¢; # t and s(t;) # s(t) for each index
i, we have

The result follows. O

The following is a Sard type theorem for real-valued functions of one variable.
See, for example, [36, Fundamental Lemma].

THEOREM 2.11 (Sard theorem for functions of one variable). For any function
s: [a,b] = R, the set

{te R:3r € s \(t) with s'(1) =0}

is Lebesgue null.

The following theorem provides a convenient way of determining when strictly
monotone, continuous functions are absolutely continuous [25].

THEOREM 2.12 (inverses of absolutely continuous functions). Consider a contin-
uous, strictly increasing function s: [a,b] — R. Then the inverse s~1: [s(a), s(b)] —
[a,b] is absolutely continuous if and only if the set

E:={t€ab]:5() =0}
has Lebesgue measure zero.

2.3. Steepest descent curves. In this section we consider steepest descent
curves in a purely metric setting. To this end, consider an lsc function f: X — R and
a 1-Lipschitz continuous curve «: [a,b] — X. There are two intuitive requirements
that we would like v to satisfy in order to be called a steepest descent curve:

1. The composition f o~ is nonincreasing on a full-measure subset of [a, b].

2. The instantaneous rate of decrease of fo~y is almost always as great as possible.
To elaborate on the latter requirement, suppose that the composition f oy is indeed
nonincreasing on a full-measure subset of [a,b]. Then there exists a nonincreasing
function ¢: [a,b] — R coinciding almost everywhere with f o~. Note that in partic-
ular, whenever f o+ is continuous, we may simply take ¢ := f o~. Now taking into
account that - is 1-Lipschitz continuous and that monotone functions are differen-
tiable a.e., one can readily verify

(2.2) &' ()| < IV FI(v(2)) for a.e. ¢ € [a,b].
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Requiring the reverse inequality to hold amounts to forcing the curve to achieve
fastest instantaneous rate of decrease. The discussion above motivates the following
definition.

DEFINITION 2.13 (near-steepest descent curves). Consider an lsc function f: X —
R. Then a 1-Lipschitz curve y: [a,b] — X is a steepest descent curve if foy coincides
a.e. with some nonincreasing function ¢: [a,b] — X and the inequality

|¢' (t)] > |V f(v(t)) holds a.e. on [a,b].
If instead the weaker inequality
16" ()] = [V fI((t)) holds a.e. on [a,b],

then we will say that v is a near-steepest descent curve.

Remark 2.14. 1t is easy to see that the defining inequalities of steepest and
near-steepest descent curves are independent of the particular function ¢: [a,b] — X.
Namely, if those inequalities hold for some nondecreasing function agreeing a.e. with
f o, then they hold for any other function agreeing a.e with f o~.

In principle, near-steepest descent curves may fall short of achieving true “steepest
descent” since the analogue of inequality (2.2) for the limiting slope may fail to hold in
general. Our work, however, will revolve around near-steepest descent curves since the
limiting slope is a much better behaved object, and anyway this is common practice
in the literature (see, for example, [1,17,28]). The following example illustrates the
difference between the two notions.

Ezample 2.15 (steepest descent versus near-steepest descent). Consider the func-
tion f: R?> — R defined by f(x,y) := —z + min(y,0). Then the curve z(t) = (t,0)
is a near-steepest descent curve but is not a steepest descent curve, as one can easily
verify.

It is often convenient to reparametrize near-steepest descent curves so that their
speed is given by the limiting slope. This motivates the following companion notion;
related concepts appear in [1, section 1.3], [14, 28].

DEFINITION 2.16 (curve of near-maximal slope). Consider an lsc function f: X —
R. A curvey: [a,b] — X is a curve of near-maximal slope if the following conditions
hold:

(a) v is absolutely continuous,

(b) 5] = VFI(v(#)) ae. on [a.)],

(¢c) f o~ coincides a.e. with some nonincreasing function ¢: [a,b] = X with

¢'(t) < —(IVFI(v (1) a.e. onfa,b].

The following proposition shows that, as alluded to above, near-steepest descent
curves and curves of near-maximal slope are the same up to reparametrization, pro-
vided that a minor integrability condition is satisfied.

PROPOSITION 2.17 (curves of near-steepest descent and near-maximal slope).
Let f: X = R be an Isc function.

Consider a near-steepest descent curve 7y: [a,b] — X satisfying [|[7(t)|| =1 a.e. on
[a,b]. If (|Vf| o)™t is integrable, then there exists a reparametrization of  that is a
curve of near-mazximal slope.

Conversely, consider a curve of near-mazimal slope ~y: [a,b] — X, having finite
length. Then there exists a reparametrization of v that is a near-steepest descent curve
satisfying ||3(t)|| =1 a.e. on [a,b).
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Proof. To see the validity of the first claim, let n := f; W dr and define

the function s: [a,b] — [0,7] by setting

t 1
S = _ d’f’.
0= NT(r)

Then s is a strictly increasing, absolutely continuous function. Moreover, by Theo-
rem 2.12, the inverse s=1 : [0,7] — [a,b] is absolutely continuous as well. Define now
the function w: [0,n] — [a,b] by setting w(7) := y(s71(7)). Clearly w is absolutely
continuous, and using Propositions 2.10 and 2.3 we immediately deduce that w is a
curve of near-maximal slope. The converse claim follows by similar means. O

Our focus in the current work is on existence of curves of near-steepest descent.
As a byproduct of our arguments, the curves that we construct will in addition have
certain regularity properties. To facilitate the exposition, we introduce the following
notation.

DEFINITION 2.18 (reliable descent). Given a function f: R™ — R, we will say
that there exists reliable descent from a point T € dom f if there exists a near-steepest
descent curve v: [0,L] — X, for some L > 0, emanating from T such that on a
full-measure subset of [0, L], the curve v is moving at unit speed, the slope |V f|(v) is
finite, and f o~y is strictly decreasing. Such a near-steepest descent curve will be called
a reliable descent curve.

3. Existence of descent curves. In this section, we provide a natural and
transparent existence proof for near-steepest descent curves in complete locally convex
metric spaces. We begin with a few relevant definitions, adhering closely to the
notation of [23].

DEFINITION 3.1 (metric segments). A subset S of a metric space X is a metric
segment between two points x and y in X if there exists a closed interval [a,b] and an
isometry w: [a,b] — X satisfying w([a,b]) = S, w(a) =z, and w(b) = y.

DEFINITION 3.2 (convex metric spaces). We will say that X is a convex metric
space if for any distinct points x,y € X there exists a metric segment between them.
We will call X a locally convex metric space if each point in X admits a neighborhood
that is a convexr metric space in the induced metric.

Some notable examples of locally convex metric spaces are complete Riemannian
manifolds and, more generally, length spaces that are complete and locally compact
(see the Hopf—Rinow theorem). For more examples, we refer the reader to [18].

We now introduce the following very weak continuity condition, which has been
essential in the study of descent curves in metric spaces; see, e.g., [1, Theorem 2.3.1].

DEFINITION 3.3 (continuity on slope-bounded sets). Consider a function f: X —
R. We will say that f is continuous on slope-bounded sets provided that for any point
Z € dom f we have the implication

x; — T with sg§{|Vf|(xi),f(xi)} < o0 = f(zi) = f(z).
K3
We now arrive at the main result of this section. To make the reading easier,
some comments are in order. To this end, consider a function f: X — R and a point
Z. If the point T is lower-critical for f, then the constant curve z(t) = Z is trivially a
near-steepest descent curve. On the other hand, if Z is not a local minimizer, we can
hope for nontrivial near-steepest descent curves emanating from Z. The situation is
interesting even when f is a C*°-smooth function on R™. One special case stands out.
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If f is a Morse function at Z, that is, the Hessian V2 f(Z) is nonsingular, then it is easy
to see that nontrivial steepest descent curves do exist. Indeed, due to the celebrated
Morse lemma one can obtain nontrivial descent by following (in the local coordinate
system) an eigenvector corresponding to a negative eigenvalue of the Hessian V2 f(Z).
For general C*°-smooth functions, possibly having a degenerate Hessian at the point
of criticality, the answer is decisively false!

Ezample 3.4 (nontrivial descent curves of smooth functions may fail to exist).
Consider the function f: R — R defined by f(x) := e sin(li—l). It is easy to see
that f is C°°-smooth and that it does not admit any nontrivial near-steepest descent
curve emanating from z = 0, even though Z is not a local minimizer.

The following theorem shows that a nontrivial near-steepest descent curve ema-
nating from Z will exist provided that Z is not a local minimizer of f and that the
slope |V f| is uniformly bounded away from zero on the set UN[f < f(Z)], where U is
some neighborhood of z. Clearly the latter condition holds in the case |V f|(Z) > 0.
The seemingly slight generality we obtain, on the other hand, will pay important
dividends in subsection 5.2 in connection with the KL-inequality.

We should note that in the following theorem we will suppose tough compactness
assumptions relative to the metric topology. As is now standard, such compactness as-
sumptions can be sidestepped by instead introducing weaker topologies [1, section 2.1].
On the other hand, following this route would take us far afield and would lead to
technical details that may obscure the main proof ideas for the reader. Hence we do
not dwell on this issue further. We have, however, designed our proof so as to make
such an extension as easy as possible for interested readers.

THEOREM 3.5 (existence of near-steepest descent curves). Consider an lsc func-
tion f: X — R on a complete locally convex metric space X, along with a point
Z € dom f which is not a local minimizer of f. Suppose that the following are true:

1. f is continuous on slope-bounded sets and bounded closed subsets of sublevel
sets of f are compact. _
2. There exists a neighborhood U of T so that the slope |V f| is uniformly bounded
away from zero on the set U N [f < f(T)].
Then there exists reliable descent from T.

Proof. First, by restricting attention to a sufficiently small neighborhood of Z we
can clearly assume that X' is a convex metric space. Using property 2 and lsc of f,
we deduce that there exist constants o < f(Z) and r, R > 0, so that the implication

a< f(u) < f(z) and d(u,Z)<R = |Vf|(u)>r

holds for any point u € X. Define 7 := f(Z) —« and C' > 0 to be slightly smaller than
R. Increasing o we may enforce the inequality n < rC. Let 0 =719 <71 < --- <7 =17
be a partition of [0,7)] into k equal parts. We will adopt the notation

Ti+1 — T
n

A= , a; = f(Z) — 7, L; = [f < o]

With this partition, we will associate a certain curve ug(7) for 7 € [0, ], naturally
obtained by concatenating metric segments between points z;, ;41 lying on consec-
utive sublevel sets. See Figure 1 for an illustration. For notational convenience, we
will often suppress the index k in ug (7). The construction is as follows. Set z¢ := &
and let x; be any point of Ly satisfying d(Z, L1) < d(z1,Z) + % Observe that since
Z is not a local minimizer of f, the point x; is well-defined for all sufficiently large
indices k. We will assume throughout the proof that k is chosen sufficiently large for
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n

o "

Fic. 1. f(z,y) = max{z +y, |z —y|} +z(z + 1) + y(y + 1) + 100.

this to be the case. We will now inductively define x;,,. It is important, however,
to keep in mind that the point x; is rather exceptional, since we assume nothing
about the slope of f exactly at . Nevertheless, define p := d(z¢, 1) and observe that
since T is not a local minimizer of f, the distance p tends to zero monotonically as
k tends to infinity. We will assume throughout that k is sufficiently large to ensure
p<C—r~tn, C+p<R,and p < (1 - N)C.

We now proceed with the inductive definition of ;1. To this end, suppose that
we have defined points z; for i = 1,...,j. Consider the quantity

rj=f{[Vf|(y) : a1 < fly) < f(z;), dy,z;) <AC}
and let x;11 be any point satisfying
Tjp1 € Lipr  and  d(zja,ay) <y () - aga)

(In our setting, due to the compactness of bounded closed subsets of sublevel sets of
f, we may simply define ;41 to be any closest point of L;;1 to z;.)

CLAM 3.6 (well-definedness). For all indices i = 1,...,k, the points z; are
well-defined and satisfy

(3.1) d(zig1,x;) < 7“1-_1(7'1'+1 —7)
and
(3.2) ri >, d(x, ) <r 7l 4 op.

Proof. The proof proceeds by induction. First, observe that due to our choice
of how large to make k, the point z; is well-defined and inequalities (3.2) hold for
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i = 1. Proceeding to the inductive step, suppose that the points x; are well-defined for
indices i = 1,..., 7, the inequalities (3.2) are valid for i = 1,..., 7, and the inequality
(3.1) is valid for indices ¢ satisfying 1 <14 < j — 1.

Observe if the inequality f(z;) < aj41 were true, then we may set x4, = x;
and the inductive step would be true trivially. Hence suppose otherwise. We claim
that the conditions of Lemma 2.5 are satisfied with z = z;, o = a1, K = AC, and
with r; in place of r.

To this end, we show the following:

o f(zj) —aji1 < Ar;C;
e aji1 < f(y) < fl@)) and d(y.z,) SAC = [VSI(y) = 7.
Observe

rC
flzg) = (f(@) = 7j41) S 71 — 75 < (T2 — Tj)T = ArC < Ar;C,

which is the first of the desired relations. The second relation follows immediately
from the definition of r;.

Applying Lemma 2.5, we conclude that the point x;4; is well-defined and the
inequality d(z;41,2;) < rj_l(f(a:j) —ajp1)t < rj_l(TjH — 7;) holds. Consequently,
we obtain

d(wjy1, @) < d(wjp,5) + d(ag, ) < vy — ) +r i+ p <7l 4.
Finally we claim that the inequality 7;41 > r holds. To see this, consider a point
y satisfying f(Z) — 712 < f(y) < f(zj+1) and d(y,zj41) < AC. Taking (3.2) into
account, along with the inequality r—! < C/#n, we obtain

Ti+2 — Tj+1C+ Ti+1 < Tit2

d(yvj) < d(yvxj-l-l)_"d(xj-i-laj:) < +p C+p <R.
Combining this with the obvious inequality f(z) > f(y) > f(z) — n, we deduce
|V fl(y) > r and consequently ;1 > r. This completes the induction. O

For each index i = 0,...,k — 1, let w;: [0,d(x;,z;41)] — X be the isometry
parameterizing the metric segment between x; and x;4;. For reasons which will
become apparent momentarily, we now rescale the domain of w; by instead declaring

d(Tiy1, %
Wj : [7'1',7'1'4_1] — X to be wi(t) = wi(M(t — 7'1))

Tit1 — Ti

Observe now that for any index i = 1,...,k — 1 and any s,t € [7;, Ti41] with s < ¢,
we have

d(zig1,x;
(3.3) d(wi(t),wi(s)) = M(t —s) <rl(t—s).

Ti+1 — Ti
It follows that all the curves w;, for ¢ = 1,...,k — 1, are Lipschitz continuous with
a uniform modulus 7~!. We may now define a curve uy: [0,1] — X by simply con-
catenating the domains of w; for each index ¢ = 0,...,k — 1. Each such curve uy is

Lipschitz continuous on [pg,n] with modulus r~! and the sequence of curves {uy} is
uniformly bounded. Moreover, since f is Isc and bounded subsets of sublevel sets of
f are compact, one can readily verify that the sequence {u} is pointwise relatively
compact. The well-known theorem of Arzela and Ascoli [22, section 7] then guaran-
tees that a certain subsequence of uy, which we continue to denote by wuy, converges
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uniformly on compact subsets of (0,7] to some mapping z: (0,7] — X. We can then
clearly extend the domain of x to the closed interval [0, 7] by declaring z(0) := Z. It
follows that x: [0,1] — X is Lipschitz continuous with modulus r~!.

Observe that the metric derivative functions ||i(-)|| are bounded in L?(a,n) for
any a € (0,7n). It follows that, up to a subsequence, the mappings ||ux(+)|| converge
weakly in L?(0,7) to some integrable mapping m: [0,7] — R satisfying

(3.4) d(z(s),z(t)) < /t m(7) dr  whenever 0 < s <t <.

For what follows now, define the set of breakpoints

r=U U {7

keNieNno,5] !

and observe that it has zero measure in [0,7]. In addition, let D be the full-measure
subset of (0,7) on which all the curves ug and x admit a metric derivative.
CLAIM 3.7. For almost every T € [0,n] with ||£(7)|| # 0, the following are true:

o fa(r) = f@) -7,
o [l&(7)] < ST
Proof. Fix areal 7 € D\ E with ||2(7)|| # 0. Then using (3.3) we deduce that

for sufficiently large k, we have

(35) i ()] < 5

iy,
for some ix € {0,...,k}, where the superscript (k) refers to partition of the interval
[0, 7] into k equal pieces. Noting that weak convergence does not increase the norm
and using minimality of the metric derivative, we deduce

(3.6) l}cmianuk(T)H >m(r) > ||&(7)|| for a.e. T €[0,7n)].
—00

Consequently there exists a subsequence of |4 (7)||, which we continue to denote by

lier ()|, satistying limy_,o0 ||4x(7)]] # 0. Taking into account (3.5), we deduce that

rgk) remain bounded. We may then choose points xEI:)

T € ( z(,f)a l(kJ)rl) satisfying

dyr, 2y < M0, F@) =78 < flun) < F@R)), 2P S e, 7P o

, Yk, and reals A, Tl-(]f) with

and |V f|(yx) < l( )+ 1. Then since f is continuous on slope-bounded sets and the
quantity f(xg )—(f(z) — zk+1) tends to zero, we deduce

. . _ k _
fle(r) = lim f(y) = lim f(z) -7, = f(@) - 7.
as claimed. Moreover

liminf 7'( ) > hmlnf {|Vf|(yk) - l} > |V f|(z(r)).

k—o0 k

Combining this with (3.6) and taking the limit in (3.5), we obtain

as claimed. a
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Define now a strictly decreasing function ¢: [0,17] — R by the formula ¢(7) =
f(@) — 7. In particular, it follows from Claim 3.7 that ¢ coincides with f oz almost
everywhere on the set {7 € (0,7) : ||&(7)| # 0}. Moreover, for almost every 7 € (0,7)
the implication

[E() #0 = |Vfl(z(r)) <oo and |¢'(7)] = [V[|(z(7)) - [2(7)]|

holds.

Now in light of Theorem 2.9, there exists a nondecreasing absolutely continuous
map s: [a,b] — [0, L] with s(a) = 0 and s(b) = L and a 1-Lipschitz curve y: [0, L] — X
satisfying

(1) =(yos)(r) and [¥(t)|| =1 for a.e. t €0, L].
Define also the nondecreasing function 7: [0, L] — [0, 7] by setting
7(t) := min{7 : s(7) = t},

and observe the equality (s o 7)(t) = ¢. Define now the nonincreasing function
b+ 0, L] = [0,1] by setting (t) = ¢(r().

It is easy to check that if s is differentiable at 7(¢) with s'(7(¢)) # 0, the function
7(+) is continuous at ¢, and v is metrically differentiable at ¢ with ||¥(¢)|| = 1, then we
have

[E(r(@)Il = s"(r())  and T(t) =

and consequently

¥ 7162(0) = W Al(alr(0) < 16 ()] - S

It easily follows (in part using Theorem 2.11) that the collection of such real numbers
t has full measure in [0, L] and that 1) and f o~ coincide a.e. on [0, L]. This completes
the proof. O

Remark 3.8 (strict descent under continuity). It is easy to see that if the function
f of Theorem 3.5 is continuous on its domain, then the near-steepest descent curve
~ constructed in that theorem has the property that the composition f o~ is strictly
decreasing.

The following is now an easy consequence.

COROLLARY 3.9 (existence of curves of near-maximal slope). Consider an lsc
function f: X — R on a complete locally convex metric space X and a point T € X,
with f finite at T. Suppose that f is continuous on slope-bounded sets and that bounded
closed subsets of sublevel sets of f are compact. Then there exists a curve of near-
mazimal slope v: [0,T] — X, for some T > 0, starting at Z.

Proof. If T is a lower-critical point of f, then the constant curve x(t) = T is a curve
of near-maximal slope. Hence we may suppose that Z is not a lower-critical point of
f. The result is now immediate from Proposition 2.17 and Theorem 3.5. d

Remark 3.10 (steepest descent versus near-steepest descent). In Example 2.15
we illustrated a near-steepest descent curve that fails to be a steepest descent curve.
On the other hand, the construction used in Theorem 3.5 would not produce such a
curve. This leads us to conjecture that our construction would always yield a true
steepest descent curve at least when applied to semialgebraic functions. This class of
functions is the focal point of section 5.

= [’ (B)]-
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4. Descent curves and subgradient dynamical systems. In this section,
we compare curves of near maximal slope to a more classical idea—solutions of sub-
gradient dynamical systems. To do so we recall a notion of a generalized gradient,
which in principle makes sense in Hilbert spaces. However, for the sake of simplicity
we stay within the setting of Euclidean spaces throughout the section. Some of the
arguments presented are not new. Rather we include them to paint a more complete
picture for the reader. Moreover, this section will set up some of the groundwork and
motivation for parts of section 5, which in contrast are entirely new.

4.1. Some elements of variational analysis. In this section, we summarize
some of the fundamental tools used in variational analysis and nonsmooth optimiza-
tion. We refer the reader to the monographs of Borwein and Zhu [8], Clarke et al. [11],
Mordukhovich [29], Penot [30], and Rockafellar and Wets [32], and to the survey of
Toffe [19], for more details. Unless otherwise stated, we follow the terminology and
notation of [19] and [32].

Throughout this section, we will consider a real Euclidean space R™ with inner
product (-, -). The symbol ||-|| will denote the corresponding norm on R™. Henceforth,
the symbol o ||z — Z||) will denote a term with the property

M%O when z — T with z # Z.

|z — |

The symbols ¢l Q, conv @, cone @, and aff @ will denote the topological closure, the

convex hull, the (nonconvex) conical hull, and the affine span of @, respectively.

The symbol par @ will denote the parallel subspace of @), namely, the set par @ :=

aff @ — aff @. An open ball of radius € around a point & will be denoted by B.(z),

while the open unit ball will be denoted by B. A primary variational-analytic method
for studying nonsmooth functions on R is by means of subdifferentials.

DEFINITION 4.1 (subdifferentials). Consider a function f: R™ — R and a point
Z with f(z) finite.

1. The Fréchet subdifferential of f at Z, denoted 3f(5c), consists of all vectors
v € R" satisfying

f(@) = f(@) + (v, 2 = 2) + of[lz — Z)-

2. The limiting subdifferential of f at T, denoted Of(Z), consists of all vec-
tors v € R™ for which there exist sequences ; € R™ and v; € 3f(xl) with
(x4, f(x;),v;) converging to (z, f(Z),v).

3. The horizon subdifferential of f at T, denoted 0% f(Z), consists of all vectors
v € R"™ for which there exists a sequence of real numbers 7; | 0 and a sequence
of points x; € R"™, along with subgradients v; € éf(xi), so that (z;, (), Tiv;)
converge to (z, f(z),v).

4. The Clarke subdifferential of f at x, denoted 0. f(Z), is obtained by the con-
vezification

0o (7) := cleo [0f (z) + 0 f()].

We say that f is subdifferentiable at & whenever Of () is nonempty (equivalently,
when O.f(T) is nonempty).

In particular, every locally Lipschitz continuous function is subdifferentiable. For
Z such that f(z) is not finite, we follow the convention that df(z) = df(z) =
0°f(z) =0d.f(z) = 0.
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The subdifferentials df(z), 0f(z), and O, f(Z) generalize the classical notion of
gradient. In particular, for C'-smooth functions f on R", these three subdifferentials
consist only of the gradient Vf(x) for each x € R"™. For convex f, these subdiffer-
entials coincide with the convex subdifferential. The horizon subdifferential 0°° f(z)
plays an entirely different role; namely, it detects horizontal “normals” to the epi-
graph. In particular, an Isc function f: R® — R is locally Lipschitz continuous
around 7 if and only if we have 0 f(z) = {0}.

For a set Q C R", we define the indicator function of ), denoted dg, to be zero
on @ and plus infinity elsewhere. The geometric counterparts of subdifferentials are
normal cones.

DEFINITION 4.2 (normal cones). Consider a set (Q C R". Then the Fréchet,
limiting, and Clarke normal cones to Q at any point T € R™ are defined by NQ (z) :=
d8(x), Ngo(z) == d6(z), and N§(7) := 0.6(7), respectively.

A particularly nice situation occurs when all the normal cones coincide.

DEFINITION 4.3 (Clarke regularity of sets). A set Q@ C R"™ is said to be Clarke
regular at a point T € Q if it is locally closed at T and every limiting normal vector
to Q at T is a Fréchet normal vector, that is, the equation Ng(Z) = Ng(Z) holds.

The functional version of Clarke regularity is as follows.

DEFINITION 4.4 (subdifferential regularity). A function f: R® — R is called
subdifferentially regular at = if f(Z) is finite and epi f is Clarke regular at (z, f(z))
as a subset of R™ x R.

In particular, if f: R" — R is subdifferentially regular at a point # € dom f,
then equality 0f(Z) = Jf(Z) holds [32, Corollary 8.11]. Shortly, we will need the
following result describing normals to sublevel sets [32, Proposition 10.3]. We provide
an independent proof for completeness and ease of reference in future work. The
reader may safely skip it upon first reading.

PROPOSITION 4.5 (normals to sublevel sets). Consider an lsc function f: R™ —
R and a point T € R™ with 0 ¢ Of(z). Then the inclusion

Nif<s@)(Z) C (conedf(z)) UO™ f(Z) holds.

Proof. Define the real number & := f(Z) and the sets L5 := {(z, @) : a < a} and
Qa == (epi f) () La = {(x,0) : f(z) <a<a}.
We first show the implication
(4.1) (z*,0) € N, (z,a) = a* € (conedf(2))| JO>f(2).

Indeed, consider a vector (z*,0) € Ng,(Z,&). Then fuzzy calculus [19, Chapter 2.1]
implies that there are sequences (zix,cur) € epif, (¢74, B1k) € Nepif(Tik, dig),
(wok, ok) € La, and (x5, for) € Ne, (T2, a2r) satisfying

(*leaalk) — ("E7d)7 (1.21670[2]6) — (jad% x’{k + x;k — .T*, ﬁlk + ﬁ2k — O

Observe x5, = 0 and hence z7, — z*. Furthermore, by the nature of epigraphs
we have 81, < 0. If up to a subsequence we had 15 = 0, then (4.1) would follow
immediately. Consequently, we may suppose that the inequality f1x < 0 is valid.
Then we have |81 ~'23, € 0f(z1x). Since the norms of x3, are uniformly bounded
and we have 0 ¢ Jf(Z), the sequence S1; must be bounded. Consequently we may
assume that 815 converges to some 5 and (4.1) follows.



CURVES OF DESCENT 129

Now consider a vector u* € ]\7[ f<a)(u) for some u € [f < a]. Consequently the
inequality (u*, h) < o(||h||) holds whenever h satisfies f(u+h) < @&. The latter in turn
implies (u*,0) € Ng, (u,@). Together with (4.1), taking limits of Fréchet subgradients
and applying (4.1) completes the proof. O

The following result, which follows from the proofs of [19, Propositions 1 and 2,
Chapter 3], establishes an elegant relationship between the slope and subdifferentials.

PROPOSITION 4.6 (slope and subdifferentials). Consider an lsc function f: R™ —
R and a point & € R"™ with f(Z) finite. Then we have |V f|(z) < d(0,0f(z)), and
furthermore equality

IVf1(Z) = d(0,0f(z))  holds.

In particular, the two conditions |V f|(Z) = 0 and 0 € Of(Z) are equivalent.

Proof. The inequality |V f|(z) < d(0,df(z)) is immediate from the definition of
the Fréchet subdifferential. Now define m = |V f|(Z). One may easily check that if
m is infinite, then the subdifferential Jf(z) is empty, and therefore the result holds
trivially. Consequently we may suppose that m is finite.

Fix an arbitrary € > 0, and let = be a point satisfying

|le —z|| <€ |f(zx)—f(@)] <e, and |Vf|(x)<m+e.

Define the function g(u) := f(u) + (m + €)|lu — x||. Observe that for all u sufficiently
close to z, we have g(u) > f(x). We deduce (see, e.g., [32, Exercise 10.10])

0 € 9g(x) COf(x) + (m+€)B.

Hence we obtain the inequality m+¢e > d(0,0f(x)). Letting € tend to zero, we deduce
m > d(0,0f(z)).

To see the reverse inequality, consider a vector o € df(Z) achieving d(0,0f(Z)).
Then there exist sequences of points z; and vectors v; € 8f (x;) with (z;, f(z:), v;) —
(z, f(z),v). Observe that for each index i, we have ||v;|| > |V f|(x;). Letting 7 tend
to infinity, the result follows. d

In particular, if f is subdifferentially regular at Z, then the slope and the limiting
slope are one and the same, that is, the equation |V f|(Z) = |V f|(Z) holds. We
conclude this subsection with the following standard result of linear algebra.

LEMMA 4.7 (result in linear algebra). Consider a subspace V' of R™. Then for
any vector b € R", the equations

Py(b) = (b+ V)NV = argmin ||z|| hold.
z€b+V L

Proof. Observe b = Py (b) + Py, 1 (b), and consequently the inclusion
Py(b) € (b+V*H)NV  holds.
The reverse inclusion follows from the trivial computation
2e(+VHNV =2-Py(b) e VNVt = 2= Py(b).

Now observe that first order optimality conditions imply that the unique mini-
mizer z of the problem

min |z|?
zEb+V L

is characterized by the inclusion z € (b+V+) NV, and hence the result follows. |
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4.2. Main results. In this section, we consider curves of near-maximal slope in
Fuclidean spaces. In this context, it is interesting to compare such curves to solutions
x: [0,n] = R™ of subgradient dynamical systems

x(t) € —0f(z(t)) for ae. te[0,7].

It turns out that the same construction as in the proof of Theorem 3.5 shows that
there exist near-steepest descent curves x so that essentially, up to rescaling, the
vector &(t) lies in —9f (x(t)) for a.e. t € [0,7)].

THEOREM 4.8 (existence of near-steepest descent curves II). Consider an lsc
function f: R® — R, along with a point T in the domain of f. Suppose that f is
continuous on slope bounded sets. Then there exist L > 0 and a curve of near-maximal
slope x: [0, L] — X emanating from T and satisfying

#(t) € —clconed.f(x(t))  for a.e. t €0, L].

Proof. We can clearly assume that zero is not a subgradient of f at Z. We now
specialize the construction of Theorem 3.5 to the Euclidean setting. Namely, let uy,
be defined as in that theorem, except in this case define ux(0) = Z, and inductively
define ug(7;41) to be any point belonging to the projection of u(7;) onto the lower
level set [f < f(Z) — Ti41], provided that this set is nonempty. In particular, up to
a subsequence, uj converge uniformly on compact subsets to a Lipschitz continuous
curve .

Observe that in light of Proposition 4.5, for any index k and any 7 € [, 7;11] (for
t=1,..., k) we have ui (1) € —(cone df (uk(7i+1))) U 0% f(ur(7ix1)). Furthermore,
recall that restricting to a subsequence we may suppose that u; converges weakly to
@(7) in L?*(0,7n). Mazur’s lemma then implies that a sequence of convex combinations
of the form Zg:(]]i ak 1, converges strongly to & as k tends to co. Since convergence in
L?(0,n) implies almost everywhere pointwise convergence, we deduce that for almost
every 7 € [0,7], we have

N (k)
> akin(r) — a(7)|| = 0.
n=~k

Therefore if the inclusion

(7)€ —cl conv[(cone Of ((r))) U O™ f(x(r))

did not hold, then we would deduce that there exists a subsequence of vectors u,’?l (1)
with limy_, @¥ (7) not lying in the set on the right-hand side of the inclusion above.
This immediately yields a contradiction. After the reparametrization performed in
the proof of Theorem 3.5, the curve « is subdifferentiable almost everywhere on [0, L]
and consequently satisfies

A(t) € —clcone d.f(y(t)) for a.e. t €0, L],

as we needed to show. |
The above theorem motivates the question of when curves of near-maximal slope
and solutions of subgradient dynamical systems are one and the same, that is, when
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the rescaling of the gradient & in the previous theorem is not needed. The following
property turns out to be crucial.

DEFINITION 4.9 (chain rule). Consider an Isc function f: R* — R. We say
that |V f| admits a chain rule if for every curve x € AC(a,b,R™) for which the
composition fox is nonincreasing and [ is subdifferentiable almost everywhere along
x, the equation

(fox)(t) = (0f(x(t)),z(t)) holds for a.e. t € (a,b).

The following simple proposition shows that whenever W admits a chain rule,
solutions to subgradient dynamical systems and curves of near-maximal slope coincide.
PROPOSITION 4.10 (subgradient systems and curves of near-maximal slope).
Consider an lsc function f: R® — R and suppose that W admits a chain rule.
Then for any curve x € AC(a,b,R™) the following are equivalent:
1. = is a curve of near-mazximal slope.
2. fox is nonincreasing and we have

(4.2) x(t) € —0f(x(t)) a.e. ona,bl.
3. foux is nonincreasing and we have
(4.3)  x(t) € =0f(x(t)) and |z(t)]| =d(0,0f(x(t))) a.e. on |a,b].

Proof. We first prove the implication 1 = 3. To this end, suppose that z is a
curve of near-maximal slope. Then clearly f o x is nonincreasing and we have

(Of @ (), 2(t)) = (f o) () < —(VFI(z(®))" ae. ona,b].

Let v(t) € 0f (x(t)) be a vector of minimal norm. Then we have

(OF@(1)),3() > [ - 2#)] = - (V1)

with equality if and only if &(¢) and v(t) are collinear. We deduce &(t) = —v(t), as
claimed.

The implication 3 = 2 is trivial. Hence we focus now on 2 = 1. To this end
suppose that 2 holds and observe

(4.4) (Of (x(t)), 2(t)) = —||&(t)||* for a.e. t € (a,b).
Given such t consider the affine subspaces
V' =pardf(z(t)).
Then we have
affof (x(t)) = —x(t) + V.

We claim now that the inclusion #(t) € V+ holds. To see this, observe that for any
real \; and for vectors v; € 9f(x(t)), we have

k k
<i’<t>7 D Auvi+ ¢<t>>> =2 Nil{@®), ) + 12 01°] =0,

=1
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where the latter equality follows from (4.4). Hence the inclusion
—i(t) € (—i(t) + V)NV

holds. Consequently, using Lemma 4.7, we deduce that —i(t) achieves the distance
of the affine space, aff 9f(x(t)), to the origin. On the other hand, the inclusion
—i&(t) € 0f(x(t)) holds, and hence —i(t) actually achieves the distance of df(x(t))
to the origin. The result follows. a

In light of the theorem above, it is interesting to understand for which functions
f the slope |V f| admits a chain rule. Subdifferentially regular (in particular, all lsc
convex) functions furnish a simple example. The convex case can be found in [9,
Lemma 3.3, p. 73] (chain rule).

LEMMA 4.11 (chain rule under subdifferential regularity). Consider a subdiffer-
entially regular function f: R™ — R. Then |V f| admits a chain rule.

Proof. Consider a curve z: (a,b) — R™. Suppose that for some real ¢ € (a,b)
both z and f o x are differentiable at ¢t and 9f(x(t)) is nonempty. We then deduce

d(fox) . . flz(t+e) = f(z(t)
dt (t) - leIJI})1 €

> (v,@(t))  for any v € Of (x(t).

Similarly we have
d(fox) . .. fla(t—e)— flz(t))
dt ()= lelfol —€
< (v,@(t)) for any v € f (x(t)).

Hence the equation

d A
U224y = dfa)itn)  bolas
and the result follows. O
Subdifferentially regular functions are very special, however. In particular, many
nonpathological functions such as —|| - || are not subdifferentially regular. So it is nat-

ural to consider prototypical nonpathological functions appearing often in practice—
those that are semialgebraic. This is the focus of the following section.

5. Near-steepest descent curves of semialgebraic functions. A semialge-
braic set S C R™ is a finite union of sets of the form

{zeR": Pi(z)=0,...,P(z) =0,Ji(z) <0,...,Ji(x) < 0},

where Py, ..., Py and Jq,...,J; are polynomials in n variables. In other words, S is a
union of finitely many sets, each defined by finitely many polynomial equalities and
inequalities. A function f: R™ — R is semialgebraic if epi f € R"*! is a semialgebraic
set. For an extensive discussion on semialgebraic geometry, see the monographs of
Basu, Pollack, and Roy [4], van den Dries [35], and Shiota [33]. For a quick survey, see
the article of van den Dries and Miller [34] and the surveys of Coste [12,13]. Unless
otherwise stated, we follow the notation of [13] and [34].
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5.1. Semialgebraic descent and subgradient dynamical systems. The
main goal of this subsection is to establish an equivalence between curves of near-
maximal slope and solution of subgradient dynamical systems for Isc semialgebraic
functions that are locally Lipschitz continuous on their domains. To this end, we
analyze the chain rule for the slope in the context of semialgebraic functions. Before
we proceed, we need to recall the notion of tangent cones.

DEFINITION 5.1 (tangent cone). Consider a set Q@ C R™ and a point T € Q.
Then the tangent cone to QQ at T is simply the set

To(z) == { lim X\;(z; —Z) : A\ T o0 and x; — T in Q}

i—00

We now record the following simple lemma, whose importance in the context of
semialgebraic geometry will become apparent shortly. We omit the proof since it is
rather standard.

LEMMA 5.2 (generic tangency). Consider a set M C R™ and a path x: [0,1] —
R™ that is differentiable almost everywhere on [0,n]. Then for almost every t € [0,7)],
the implication

x(t)e M = &(t) € Tam(x(t)) holds.

The following is a key property of semialgebraic functions that we will exploit [5,
Proposition 4].

THEOREM 5.3 (projection formula). Consider an lsc semialgebraic function
f: R" = R. Then there exists a partition of dom f into finitely many C'-manifolds
{M;} so that f restricted to each manifold M; is C*-smooth. Moreover for any point
x lying in a manifold M;, the inclusion

Ocf(x) C Vg(x) + Nag,(x)  holds,

where g: R™ = R is any C'-smooth function agreeing with f on a neighborhood of

COROLLARY 5.4 (semialgebraic chain rule for the slope). Consider an lsc semi-
algebraic function f: R™ — R that is locally Lipschitz continuous on its domain.
Consider also a curve v € AC(a,b, R™) whose image is contained in the domain of f.
Then equality

(fon)'(t) = (0f (v(1)), £(2)) = (Ocf (7(1)), &(t))

holds for almost every t € [a,b]. In particular, the slope |V f| admits a chain rule.

Proof. Consider the partition of dom f into finitely many C!-manifolds {M;},
guaranteed to exist by Theorem 5.3. We first record some preliminary observations.
Clearly both = and f o x are differentiable at a.e. t € (0,7). Furthermore, in light of
Lemma 5.2, for any index i and for a.e. t € (0,7) the implication

2(t) € M; = i(t) € Tar,(x(t)) holds.

Now suppose that for such ¢, the point z(¢) lies in a manifold M; and let g: R™ — R be
a Cl-smooth function agreeing with f on a neighborhood of x(t) in M;. Lipschitzness
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of f on its domain then easily implies

d(f o z) ©) = lim fla(t+¢) = f(x(t))
dt cl0 €
g S P (2t + €))) — f(x(8)
el0 €
iy 9P (2 £ €))) — g(2(t))
€l0 €
_ % go Par, o (t) = (Vg(a(t)), (1))

= (Vg(a(t)) + Nag, (2(2)), (1))

The result follows. d
A noteworthy point about the corollary above is the appearance of the Clarke
subdifferential in the chain rule. As a result, we can even strengthen Proposition 4.10
in the context of lsc semialgebraic functions f: R™ — R that are locally Lipschitz
continuous on their domains. The proof is analogous to that of Proposition 4.10.
PROPOSITION 5.5 (semialgebraic equivalence). Consider an lsc semialgebraic
function f: R™ — R that is locally Lipschitz continuous on its domain. Then for any
curve © € AC(a,b,R™) the following are equivalent:
1. x is a curve of near-maximal slope.
2. fox is nonincreasing and we have

&€ —=0f(x) a.e on |a,bl.
3. fox is nonincreasing and we have
i€ —0f(x), || =d(0,0f(x)), and |z|=d(0,0.f(x)) a.c. onla,bl.

5.2. Semialgebraic descent: Existence, length, and convergence. In this
subsection, we will be interested in existence of near-steepest descent curves emanating
from nonminimizing points. This question was already addressed in Theorem 3.5
under a seemingly stringent condition, which will now come into focus. To this end,
we first observe that the pathological function f in Example 3.4 is not analytic, and
this is no accident. We will see shortly that analytic (and semi-algebraic) functions
f: R™ — R do admit nontrivial near-steepest descent curves emanating from any
point Z that is not a local minimizer. The key to our development is the KL-inequality
[5,7,24], generalizing the Lojasiewicz inequality for analytic functions [26,27].

DEFINITION 5.6 (KL-inequality).

o A function f: R" — R is said to satisfy the upper KL-inequality if for
any bounded open set U C R™ and any real T, there exists p > 0 and a
nonnegative continuous function : [r,7 + p) — R, which is C'-smooth and
strictly increasing on (7,7 + p), and such that the inequality

V(o flz) =1

holds for all x € U with 7 < f(z) < T+ p.

o A function f: R™ — R is said to satisfy the lower KL-inequality if for any
bounded open set U C R™ and any real T, there exists p > 0 and a nonnega-
tive continuous function ¥: (1 — p,7] — R, which is C'-smooth and strictly
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increasing on (T — p,T), and such that the inequality

V(o flz) =1

holds for all x € U with 7 — p < f(x) < T.

In particular, all analytic and all semialgebraic functions satisfy both the upper
and lower KE-inequalities [5, Theorem 14]. The following existence result is now
immediate.

THEOREM 5.7 (KL-inequality and existence of near-steepest descent curves).
Consider an Isc function f: R™ — R satisfying the lower KL-inequality, along with
a point £ € dom f that is not a local minimizer of f. Suppose moreover that f is
continuous on slope-bounded sets. Then there exists reliable descent from T.

Proof. Let U be any bounded open neighborhood of Z. Since f satisfies the lower
KLE-inequality, we deduce that there exists a real p > 0 and a nonnegative continuous
function ¢: (f(z) — p, f(Z)] — R, which is Cl-smooth and strictly increasing on
(f(Z) = p, f(Z)), and such that the inequality

V(o flz) =1

holds for all z € U with f(Z) — p < f(x) < f(Z). Since f is Isc, there exists € > 0 so
that for each z € B.(Z) we have f(z) > f(z) — p. Define a function h: R" — R by
setting h(z) = (¢ o f)(x) + dg_(z)(®) + O[y<f(z)(x). Theorem 3.5 then immediately
implies that there exists a reliable descent curve v: [0, L] — R™ emanating from Z

By decreasing L, we may assume without loss of generality that the image of ~
is contained in B.(Z). Let 0: [0, L] — R be a nondecreasing function coinciding a.e.
with ho~. We then deduce 1! o 6 is a nondecreasing function coinciding a.e. with
f o~. Moreover for a.e. t € [0, L] we have

1 1 —_— —_—
—1 00 I > - ° _
|~ 0 0)'(2)] NIEICION) 6°()] > o)) V(o HI(v(@®) = V(v (2)).
The result follows immediately. d

THEOREM 5.8 (lengths of near-steepest descent curves). Consider an lsc function
f: R™ — R satisfying the upper KL-inequality. Then any bounded near-steepest
descent curve 7v: [0,00) — R™, satisfying |V f|(v(t)) # 0 a.e. on [0,00), has finite
length.

Proof. Consider a near-steepest descent curve «: [0,00) — R™ and let U be
an open bounded set containing the image of 7. Then there exists a nonincreasing
function ¢: [0,00) — X coinciding with f o~y on a full-measure subset M C [0, c0)
and so that the inequality |¢'(t)| > [V f]|(v(¢)) holds on M. Let 7 be the infimum of ¢
on M. Clearly then since f is Isc and proper, we have 7 > —oco. Moreover 7 is never
attained on M, since |V f|(y(t)) # 0 almost everywhere. By the upper KL-inequality,
there exists p > 0 and a nonnegative continuous function ¢: 7,7 + p) — R, which is
Cl-smooth and strictly increasing on (7,7 + p), and such that the inequality

V(%o flz) =1

holds for all z € U with 7 < f(x) < 74 p. We deduce that there exists T € [0, 00) so
that the image v[T, 00) lies in the sublevel set [f < 7+ p]. We deduce

/0 H)ldr < T+ /T V(o NI(y(r) dr <T — /T (60 ¢ (r) dr

ST+ ¢(o(T)) — (7).
The result follows. a
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The following is now immediate

COROLLARY 5.9 (convergence to local minimizers). Consider an lsc function
f: R™ — R satisfying the upper and lower KL-inequalities, along with a point T €
dom f that is not a local minimizer of f. Suppose moreover that f is continuous on
slope-bounded sets. Then there exists a reliable descent curve 7: [0,L] — R", for
some L > 0, emanating from T, so that either v is unbounded or L is finite and
converges to a local minimizer of f.

Proof. This follows immediately by extending a reliable descent curve v: [0, L] —
R”™ emanating from Z to have a maximal domain of definition using Zorn’s lemma,
along with Theorems 5.7 and 5.8. We omit the details for the sake of brevity. d

In conclusion, we show that curves of near-maximal slope of semialgebraic func-
tions have finite length. The proof is almost identical to the proof of [21, Theorem 7.1];
hence we only provide a sketch.

THEOREM 5.10 (lengths of curves of near-maximal slope). Consider an Isc, semi-
algebraic function f: R™ — R, and let U be a bounded subset of R™. Then there exists
a number N > 0 such that the length of any curve of near-mazimal slope for f lying
in U does not exceed N.

Proof. Let z: [0,T) — R"™ be a curve of near-maximal slope for f and let ¢ be any
strictly increasing C'-smooth function on an interval containing the image of fox. It
is then easy to see that, up to a reparametrization, x is a curve of near-maximal slope
for the composite function ¥ o f. In particular, we may assume that f is bounded

on U, since otherwise we may, for example, replace f by ¢ o f where ¥(t) = \/#

Define the function

§(s) =mf{|Vf|(z) : z €U, f(z) = s}.

Standard arguments show that £ is semialgebraic. Consequently, with an excep-
tion of finitely many points, the domain of ¢ is a union of finitely many open intervals
(v, Bi), with & continuous and either strictly monotone or constant on each such
interval. Define for each index i the quantity

ci = inf{&(s) : s € (ay, Bi)}-

We first claim that £ is strictly positive on each interval («;, ;). This is clear for
indices ¢ with ¢; > 0. On the other hand if we have ¢; = 0, then by Sard’s theorem [20]
the function ¢ is strictly positive on («y, 8;) as well. Define ¢; and 7; by

¢=inf{t: f(z(t)) = c;} and n=sup{t: f(z(t)) = Bi},
and let I; be the length of x(t) between (; and ;. Then we have

h:/mwﬁwﬁ:/mWﬂ@@Wﬁ<<Wr{0/mﬁﬂmwfﬁ>%

On the other hand, observe

[ o) = pam) - £e(6) = i -

i

Finally in the case ¢; > 0 we have l; > ¢;(n; — ¢;), which combined with the two
equations above yields the bound

Bi — o

(&)

l; <
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If the equation ¢; = 0 holds, then by the upper Kb-inequality we can find a
continuous function &;: [y, o + p) — R, for some p > 0, where ¢ is strictly positive
and C'-smooth on (v, o; + p) and satisfying |V(& o f)|(y) > 1 for any y € U with
a; < f(y) < aj + p. Since &; is strictly increasing on (a;, o + p), it is not difficult
to check that we may extend & to a continuous function on [ay, ;] and so that
this extension is Cl-smooth and strictly increasing on (o, 3;) with the inequality
V(& o f)|(y) > 1 being valid for any y € U with o; < f(y) < ;.

Then as we have seen before, up to a reparametrization, the curve x(t) for ¢ €
[Ci,mi] is a curve of near maximal slope for the function &; o f. Then as above, we
obtain the bound I; < &(8;) — & (a;). We conclude that the length of the curve x(t)
is bounded by a constant that depends only on f and on U, thereby completing the
proof. a

The following consequence is now immediate.

COROLLARY 5.11 (convergence of curves of near-maximal slope). Consider an
Isc, semialgebraic function f: R™ — R. Then any curve of near-mazimal slope for f
that is bounded and has a mazimal domain of definition converges to a lower-critical

point of f.
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