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A hypodifferential is a compact family of affine mappings that defines a local max-type approx-
imation of a nonsmooth convex function. We present a general theory of hypodifferentials of
nonsmooth convex functions defined on a Banach space. In particular, we provide complete char-
acterizations of hypodifferentiability and hypodifferentials of nonsmooth convex functions, derive
calculus rules for hypodifferentials, and study the Lipschitz continuity/Lipschitz approximation
property of hypodifferentials that can be viewed as a natural extension of the Lipschitz continuity
of the gradient to the general nonsmooth setting. As an application of our theoretical results we
study the rate of convergence of several versions of the method of hypodifferential descent for non-
smooth convex optimization and present an accelerated version of this method having the faster
rate of convergence O(1/k?).
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1. Introduction

Although the idea of approximating objective function with the use of a family of
affine mappings has been successfully used in the context of minimax optimization
problems (see, e.g. [43, Section 2.4] and [37, Sections 2.3.1-2.3.3]), in the general
nonsmooth case only linear approximations are typically used. For example, a sub-
differential is always defined as a collection of some sort of local or global linear
approximations/minorants of a nonsmooth function under consideration [42, 50].

In the late 1980s, Demyanov [7, 8, 9, 10] extended the idea of approximating a
nonsmooth function with the use of families of affine mappings to the case of general
nonsmooth functions by introducing the concept of codifferential. Since then the
theory of codifferentials has found a number of applications in optimization, calculus
of variations, nonsmooth mechanics, etc. (see [11, 12, 16, 20] and the references
therein).
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In the convex case (and some other cases, e.g. in the cases of minimax and compos-
ite problems), codifferentials are reduced to the so-called hypodifferentials, which
can be defined as a compact family of affine mappings that provides a local max-
type approximation of a nonsmooth function. A numerical method based on the
use of hypodifferentials, called the method of hypodifferential descent [10], has been
applied to various problems of the calculus of variations [13, 14] and optimal control
problems [26, 27]. In [18], it was shown that the method of hypodifferential descent
with Armijo’s step size rule has the rate of convergence O(1/k) for general nons-
mooth convex functions, which exceeds the standard rate of convergence O(1/vk)
of subgradient methods [37], although at the cost of significantly increased complex-
ity of each iteration. The fact that the method of hypodifferential descent has the
same rate of convergence in the nonsmooth case as gradient descent methods in the
smooth case hints at the possibility of devising accelerated versions of this method
that are similar to accelerated gradient methods.

An accelerated version of the gradient descent method having the O(1/k?) rate of
convergence for smooth convex functions with globally Lipschitz continuous gradient
has been first developed by Nesterov [36] (see also [37]). Various improved versions
of accelerated gradient descent methods have been studied, e.g. in [33, 34], while a
constructive technique for devising accelerated methods for smooth and nonsmooth
convex minimization was proposed in [22]. A general approach towards design and
analysis of accelerated gradient methods based on analysis of auxiliary ordinary
differential equations and differential equations solvers was recently developed in
(35, 46].

As is well-known (see, e.g. [37]), in the general nonsmooth case the rate of con-
vergence of convex minimization methods is significantly slower than in the smooth
case and is equal to O(1/vk). For a fixed number of iterations, this rate of conver-
gence is achieved by the celebrated Shor’s subgradient method [47], while when the
number of iterations is not fixed it is achieved by many existing methods, such as
Nesterov’s primal-dual subgradient methods [40], OSGA [41], a Kelley-like method
from [23] (see also restarted subgradient method [54]), etc. A significantly faster
rate of convergence can be achieved in the nonsmooth case with the use of some
additional assumptions on the objective function, such as Holderian growth [32], the
validity of error bounds and the Kurdyka-F.ojasiewicz inequality [3], function growth
condition measures [28], etc. A faster rate of convergence can also be achieved by
exploiting a particular structure of a problem class under consideration, as is done,
e.g. in the context of Nesterov’s smoothing [39] and excessive gap [38] techniques
and in the setting of composite convex optimization [30, 48, 49, 53].

The main goal of this paper is twofold. Firstly, our aim is to develop a general theory
of hypodifferentials of nonsmooth convex functions defined on a Banach space. We
provide complete characterizations of hypodifferentiability and hypodifferentials of
such functions in terms of subdifferentiability and subdifferentials in the sense of
convex analysis. We also present a detailed hypodifferential calculus and study
the Lipschitz continuity /Lipschitz approximation property of hypodifferential. In
contrast to subdifferentials, hypodifferentials of many nonsmooth convex functions
arising in applications are continuous and often even Lipschitz continuous. Thus,
the Lipschitz continuity of a hypodifferential can be viewed as a natural extension
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of the property of the Lipschitz continuity of the gradient, which is widely used
in smooth convex optimization, to the nonsmooth setting. We show that standard
operations on convex functions (including the pointwise maximum) preserve the
Lipschitz continuity of hypodifferential and, moreover, provide a general existence
theorem for Lipschitz continuous hypodifferentials.

Secondly, as an application of our theoretical results, we aim at analysing the rate
of convergence of various versions of the method of hypodifferential descent in the
nonsmooth convex case and presenting an accelerated version of this method having
a faster rate of convergence. Namely, we prove that the method of hypodifferential
descent with constant step size has the rate of convergence O(1/k) and show that
under some additional assumptions a specific choice of step size rule can ensure the
linear convergence of the method. Following the standard approach to accelerated
methods developed by Nesterov [37], we also present an accelerated version of the
method of hypodifferential descent for a class of nonsmooth convex functions that
can be viewed as a natural extension of the class of smooth convex functions having
a globally Lipschitz continuous gradient to the nonsmooth case. We prove that the
accelerated method has the rate of convergence O(1/k?) that coincides with the
rate of convergence of accelerated gradient methods. It must be pointed out that
such rate of convergence is achieved by significantly increasing the complexity of
cach iteration and each oracle call in comparison with classical subgradient/bundle
methods, which make the accelerated hypodifferential descent method inapplicable
to large scale problems. Nonetheless, this method can be viewed as a method that
bridges the gap between nonsmooth and smooth convex optimization methods, at
least from the purely theoretical point of view.

Let us finally note that this paper is a continuation of the research started in [18].
Some of the results presented below are completely new (e.g. the characterizations of
hypodifferentiability and hypodifferentials given in Theorem 3.4, some of the calculus
rules and results on Lipschitz property, the accelerated version of the method of
hypodifferential descent, etc.), while others are significantly revised and improved
versions of the author’s earlier results from [17, 18].

The paper is organized as follows. Some necessary auxiliary results on the Pompeiu-
Hausdorff distance are collected in Section 2. The hypodifferential calculus for non-
smooth convex functions is developed in Section 3. Subsection 3.1 contains main
definitions connected to hypodifferentials, as well as the theorem providing con-
venient characterizations of hypodifferentiability and hypodifferentials. Calculus
rules for hypodifferentials are presented in Subsection 3.2, while several particular
examples are discussed in Subsection 3.3. Subsection 3.4 is devoted to the anal-
ysis of Lipschitz continuity/Lipschitz approximation property of hypodifferentials.
Some applications of our theoretical results to nonsmooth convex optimization are
presented in Section 4. The rate of convergence of the method of hypodifferential
descent with two different step size rules is estimated in Subsection 4.1, while an
accelerated version of this method having a faster rate of convergence is studied in
Subsection 4.2.
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2. Preliminaries

Let us present some auxiliary results on the Pompeiu-Hausdorff metric and the con-
tinuity of set-valued maps with respect to this metric that will be utilized throughout
the article. It should be noted that all results presented in this section are simple and
well-known (see [50, 45]), but scattered in the literature and often presented either
without proofs or only in the finite dimensional/compact-valued case. Therefore,
for the sake of completeness we provide short proofs of all these results.

Let (M, d) be a metric space. Recall that the Pompeiu-Hausdorff distance between
nonempty subsets A, B C M is defined as

dpp (A, B) = sup { sup dist(a, B), sup dist(b, A)},
acA beB
where dist(a, B) = infyep d(a,b) is the distance between a point a € M and a set
B C M. The following simple result follows directly from the definition of the
Pompeiu-Hausdorff distance.

Proposition 2.1. Let A, B C M be nonempty sets and € > 0 be given. Then
dpr(A, B) < e if and only if there exists n € (0,e) for which the following two
conditions hold true:

(1) for any a € A there exists b € B such that d(a,b) < n;
(2)  for any b € B there exists a € A such that d(a,b) < 7.

Let (X,dx) be a metric space. Recall that a set-valued map F': M = X is called
continuous in the Pompeiu-Hausdorff metric at a point x € M, if for any ¢ > 0
there exists 0 > 0 such that

dpu(F(2'), F(z)) <e Va' € B(z,0):={y € M | d(z,y) <4}

The map F' is called continuous in the Pompeiu-Hausdorff metric, if it is continuous
at every point x € M. Note also that if one replaces B(z,d) with a neighbourhood
of x, then the definition above can be applied to the case when M is merely a
topological space.

Remark 2.2. Below we will often call set-valued maps that are continuous in the
Pompeiu-Hausdorff metric simply continuous, since we will not consider any other
notion of continuity for set-valued mappings in this paper. O

Let us show that many standard operations on set-valued maps preserve continuity
in the Pompeiu-Hausdorff metric.

Proposition 2.3. Let X be a normed space and F,G: M = X be continuous set-
valued maps. Then the Minkowski sum H = F + GG is continuous as well.

Proof. Fix any x € M and € > 0. Since I’ and G are continuous, one can find
0 > 0 such that

dpy(F(z'), F(z)) < dp(G(a'),G(x)) < 5 Va' € B(x,0).

=
27
Choose any =’ € B(z,d) and y € H(z'). By definition there exist y; € F(2') and
y2 € G(2') such that y = y; +y2. By Proposition 2.1 there exist n < /2, z; € F(x),
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and zo € G(x) such that ||y; — z|| < n, i € {1,2}. Define z = 2z; + 2. Clearly,
z € H(x) and ||y — z|| < 2n < e. Thus, for any y € H(2') we have found z € H(z)
such that ||y — z|| < 2n < e. Swapping = and 2’ we get that for any z € H(x) one
can find y € H(z') such that ||y — z|| < 2n < . Therefore, by Proposition 2.1 one
has dpy (H(2'"), H(x)) < e, which implies that H is continuous. O

Proposition 2.4. Let X be a normed space, F': M = X be a continuous set-valued
map, and g: M — R be a continuous function. Suppose also that F(x) is a bounded
set for any x € X. Then the set-valued map H(-) = g(-)F(-) is continuous.

Proof. Fix any x € M and € > 0. From the continuity of ¢ it follows that there
exist 6 > 0 and 0; > 0 such that |g(z')| < @ for any 2’ € B(x,07). In turn, from the
continuity of F' it follows that there exists dy > 0 such that dpg (F(2), F(x)) < /20
for any ' € B(x,d2). Therefore by Proposition 2.1 there exists n < e such that for
any =’ € B(z,02) and ¢y € F(2') one can find y € F(x) for which ||y — y|| < n/26.
Finally, applying the continuity of g again one gets that there exists d3 > 0 such
that |g(2') — g(z)| < n/2C for any 2’ € B(x,d3), where C' = sup{||y|| | v € F(z)}.
Set d =min{dy, ds, 03}. Choose any z’' € B(z, ) and 2’ € H(z'). Then 2'=g(z')y’ for
some 3’ € F'(z'). As was noted above, one can find y € F'(x) such that ||y —y|| < n/26.
Define z = g(z)y. Then z € H(x) and

12" =21l = llg(a")y' = g(@)yll < lg(@)llly" =yl +lg(a’) = g(@)lllyll < 655+ 35C <n.

Thus, for any 2’ € H(z') we have found z € H(x) such that ||z’ —z|| < 7. Arguing in
a similar way one can check that for any z € H(z) there exists 2’ € H(2') satisfying
the same inequality. Hence by Proposition 2.1 one has dpy (H(2'), H(z)) < €, which
implies the required result. [

Proposition 2.5. Let T' be a nonempty set and F': M xT = X a given set-valued
map. Suppose that the maps F(-,t) are continuous uniformly int. Then the set-valued
map G(-) = Uer F (-5 1) is continuous. In particular, if T is a compact topological
space, then it is sufficient to assume that the set-valued map F' is continuous.

Proof. Fix any x € M and € > 0. From the uniform in ¢ continuity of F(-,t)
it follows that one can find § > 0 such that dpy(F(2',t), F(z,t)) < ¢/2 for any
¥ € B(x,0) and t € T

Choose any 2’ € B(z,d) and 2z’ € G(2'). Then by definition there exists t' € T
such that ' € F(2/,t). By Proposition 2.1 one can find y € F(z,t') C G(z)
such that ||y — y|| < /2. Similarly, if y € G(z), then y € F(z,t) for some t € T
and Proposition 2.1 implies that there exists some ¢y € F(2/,t) C G(2') such that
ly" — y|| < €/2. Hence applying Proposition 2.1 one more time one obtains that
dpu(G(2'),G(x)) < e, which implies that G is continuous.

It remains to note that if 7" is a compact topological space and the set-valued map
F' is continuous, then, as one can readily check using the standard compactness
argument, the maps F'(-,¢) are continuous uniformly in ¢. ]

Proposition 2.6. Let X be a normed space and F: M = X be a continuous set-
valued map. Then the set-valued map co F' is continuous as well, where “co” stands
for the convex hull.
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Proof. Fix any ¢ > 0 and x € M. Due to the continuity of F' there exists § > 0
such that dpy (F(2'), F(x)) < € for any 2’ € B(x,6). Choose any ' € B(z,d) and
y' € co F(z'). By the definition of convex hull there exist n € N, ¢} € F(z’), and
a; > 0,1 € {l,...,n}, such that

=1 =1

By Proposition 2.1 there exists < e such that for any ¢ € {1,...,n} one can find
y; € F(z) for which ||y} — y;|| < n. Define y = > | &yy;. Then y € co F(z) and
|ly" — y|| <n. Thus, for any v’ € F(2') we found y € F(x) such that ||y’ —y| < 7.

Repeating the same argument with ¢ and y swapped and then applying Proposition
2.1 one obtains that dpg(co F(z'),co F(x)) < e, which implies that the set-valued
map co F' is continuous. [

Proposition 2.7. Let F': M = X be a continuous set-valued map. Then the map
cl F' is continuous as well, where cl is the closure operator.

Proof. The validity of this proposition follows from the triangle inequality for the
Pompeiu-Hausdorff metric and the obvious equality dpy(A,cl A) = 0 that holds
true for any nonempty set A C X. O

Let X be a real Banach space. The topological dual space of X is denoted by X*,
and the canonical duality pairing between X and X* is denoted by (-, -), that is,
(x*,x) = 2*(x) for any x € X and z* € X*. The weak topology on X is denoted by
o(X, X*), while the weak* topology on X* is denoted by o(X*, X).

We endow the Cartesian product X x Y of normed spaces with the norm ||(x,y)|| =
||| x+|y|ly for any (z,y) € X xY. Asis easily seen, the spaces (Rx X)* and Rx X*
are isomorphic and the corresponding isomorphism is continuous both in the weak
and weak® topologies. In addition, the weak* topology on (R x X)* corresponds
to the the product topology mr x o(X*, X) on R x X* where 7 is the standard
topology on R. For the sake of shortness we call this product topology weak*. Let
us also note that subsets of R x X* are weak* compact if and only if they are norm
bounded and weak* closed (see, e.g. [15, Theorem 2.1]). We denote the closure in
the weak® topology by cl*.

Proposition 2.8. Let X be a reflexive Banach space, () C X be a nonempty set,
and F: Q = R x X* be a set-valued map with bounded convexr values. If F 1is
continuous, then cl* F' is continuous as well.

Proof. One can readily check that the reflexivity of X implies that the space R x X
is reflexive as well. Hence taking into account the fact that for convex sets the
closure in the strong topology coincides with the closure in the weak topology one
can conclude that for any convex subset K C (R x X)* its closure in the strong
topology cl K coincides with cl* K. Therefore cl F(z) = cl* F(x) for any = € @,
which by Proposition 2.7 implies that cl* F' is continuous [
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3. Hypodifferential calculus for nonsmooth convex functions

In this section we present a detailed theory of hypodifferentials of nonsmooth convex
functions defined on a real Banach space. Our aim is to develop a calculus of such
approximations and show that hypodifferentials possess many useful properties in
the general nonsmooth case (such as continuity) that subdifferentials do not have.

3.1. Hypodifferentials of convex functions

Let X be a real Banach space and f: X — RU {400} be a closed convex function.
Denote by dom f = {z € X | f(z) € R} the effective domain of f.

Definition 3.1. The function f is called hypodifferentiable at a point x € dom f, if
there exists a weak™ compact set df(x) C R x X* such that

1
lim —|f(z+alAz) - — ma + afz*, Az))| =0,
Jim S+ ade) = f@) = max (ot ale, Ax)) N

max a=20
(a,z*)edf(x)

for any Az € X. The set df(x) is called a hypodifferential of f at x.

Remark 3.2. It should be noted the maximum in max(qa+)eaf=)(a + (*,y)) is
attained for any y € X, since the set df(z) C R x X* is weak® compact. N

Remark 3.3. Let us point out how the definition of hypodifferential transforms
under various assumptions on the space X:

(1) If X is a reflexive Banach space, then a hypodifferential of f at = € dom f is
a norm closed and bounded subset df(z) C R x X* satisfying equalities (1).

(2) If X is a Hilbert space, then taking into account the Riesz representation
theorem it is natural to define a hypodifferential of f as a weakly compact (or,
equivalently, norm closed and bounded) set df(z) C R x X such that for any
Ax € X one has

. 1
lim —|f(zx+alAz)— f(x) — max (a+ (v,z))| =0
Jim Lo+ ade) — f) = max @+ (v,) N

max a =0,
(a,v)€df(x)
where (-, -) is the inner product in H.
(3) if X = R% then a hypodifferential of f at z € dom f is a compact subset
df(z) C R satisfying equalities (2) with (-,-) being the inner product in
R O

Unlike derivative/gradient in the smooth case and subdifferential in the nonsmooth
case, hypodifferential of a convex function is not uniquely defined even in the smooth
case. In particular, if f is Gateaux differentiable at a point x and f'(z) is its Gateaux
derivative at this point, then both {(0, f'(z))} and co{(0, f'(z))), (a,2*)} for any
a < 0 and z* € X* are hydifferentials of f at x.

It turns out that closed convex functions are hypodifferentiable in the interior
int dom f of their effective domain. Moreover, one can give a complete charac-
terization of all hypodifferentials of f at any given point.
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Denote by core () the algebraic interior (radial kernel) of a set @ C X, that is, the
set of all z € ) such that for any y € X one can find ¢, > 0 such that z +ty € @
for any ¢ € [0,1,].

Theorem 3.4. The following statements hold true:
(1) f is hypodifferentiable at every point x € int dom f;

(2) if f is hypodifferentiable at a point x € dom f, then x € coredom f, f is
subdifferentiable at this point, the subdifferential Of (x) is weak* compact, and
the directional derivative f'(x,-) of f at x is a proper closed convex function,

(3) if f is hypodifferentiable at a point x € dom f, then a weak® compact set
H C R x X* is a hypodifferential of f at x if and only if it satisfies the
following three conditions:

(a) a <0 for any (a,z*) € H;
(b) there exists x* € X* such that (0,2*) € H;
(c) {z* € X*| (0,2*) € H} = 0f(x).

Proof. For the sake of convenience, we divide the proof of the theorem into three
parts corresponding to the three statements of the theorem.

Part 1. Fix any z € intdom f. Let us show that f is hypodifferentiable at x.
Indeed, by [25, Corollary 1.2.5] the function f is continuous in a neighbourhood of
x, since X is a Banach space, f is a closed convex function, and x € intdom f.
Therefore f is subdifferentiable at by [25, Proposition 1.5.2] and df(x) is a weak*
compact set by [55, Theorem 2.4.9]. Moreover, by [55, Theorem 2.4.9] the function
f is directionally differentiable at x and for its directional derivative at this point,
f'(x,-), the following equalities hold true:
f'(z,u) = lim fetan) = f@) _ ax (x*;u)y Yue X.
a—+0 « z*€df(x)

Define df(x) = {0} x Of (x). Then the set df(x) is weak* compact, the first equality
in (1) is satisfied for any Az € X, and max, g+)edf(@) @ = 0. Thus, the function f is
hypodifferentiable at = and the set df(z) is its hypodifferential at this point.

Part 2. Suppose now that f is hypodifferentiable at a point € dom f and df(z)
is its hypodifferential at this point. Introduce the function
d(u) = max (a+ (z%,u)) YueX.
(W) (a,w*>e¢f<x>( )
Note that from the definition of hypodifferential it follows that ®(0) = 0 and
dom ® = X. Moreover, ® is a closed convex function as the supremum of a family
of affine function. Therefore, ® is continuous on X, subdifferentiable at the origin,
0®(0) is a weak* compact set, ® is directionally differentiable at the origin, and
O (au)

®'(0;u) = lim = max (2%, u) Yue X.
a0« 2*€09(0)

Hence taking into account the first equality in (1) one gets that for any u € X

f'(z,u) ;== lim fatow = J@) _ pypy 200 oy (x*, u). (3)
a—40 (e} a—+0 « z*€0P(0)
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Consequently, dom f’(z,-) = X, which implies that = € coredom f, and f'(z, ) is
a proper closed convex function. Moreover, by [55, Theorem 2.4.4, part (i) and
Corollary 2.4.15] one has

Of (x) = 0f'(x,-)(0) = 9%(0). (4)
Thus, f is subdifferentiable at x and df(z) = 0P(0) is a weak* compact set.

Part 3. Suppose finally that f is hypodifferentiable at a point € dom f and df(x)
is its hypodifferential at this point. Then by definition one has

max{a | (a,z*) € df(z)} =0

or, equivalently, a < 0 for any (a,r*) € df(z) and there exists #* € X* such that
(0,2*) € df (x). Note that by the theorem on the subdifferential of an infinite family
of convex functions [31, Theorem 4.2.3] one has

(0,2%) € glf(x)}-

Hence with the use of (4) one gets that {z* € X* | (0,2*) € df(z)} = 0f(x).

Let now H C R x X* be a weak® compat set satisfying the assumptions of the
theorem. Let us show that H is a hypodifferential of f at x. Indeed, introduce the
function

9P(0) = {x e X"

Qp(u) = max (a+ (z",u)) Yue X.
(a,z*)eH
Then ®5(0) = 0, dom®y = X due to the fact that H is weak* compact, and
®y is a closed convex function as the maximum of a family of affine functions.
Therefore, &5 is continuous on X, subdifferentiable and directionally differentiable
at the origin, and

@, (0;u) = lim Palow) _ ax (", u) VYueX.
a—+0 « z*€0Pp (0)

Moreover, applying [31, Theorem 4.2.3] and the assumptions on the set H from the
formulation of the theorem one gets

0% (0) = {:c e X*

(0,2%) € H} — 0f(x).

Consequently, taking into account equalities (3) and (4) from the second part of the
proof one can conclude that

a——+0 «Q a—+0

which obviously yeilds

. 1
lim — — f(z) — N
Jim =) f(a+ au) — f(2) (afgggH(a + (2%, u))| =0

for any v € X. Therefore, H is a hypodifferential of f at x. ]

Corollary 3.5. For the function f to be hypodifferentiable at a point x € dom f it
is necessary and sufficient that x € coredom f.
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Proof. The necessity of the condition x € coredom f for the hypodifferentiability
of f at x € dom f follows directly from the second statement of Theorem 3.4. The
sufficiency of this condition follows from the first statement of Theorem 3.4 and the
fact that coredom f = int dom f by [55, Theorem 2.2.20], since f is Ls.c. and X is
a Banach space. Il

Corollary 3.6. Let f be hypodifferentiable at a point x, € X and df(x,) be its
hypodifferential at this point. Then f attains a global minimum at x, if and only if
0 € df(z).

Thus, in a sense, hypodifferential can be viewed as an extension of the subdifferential
mapping into the space R x X*. Such extensions can be constructed in many different
ways. As we will see below, there is a natural way to construct such extensions that
allows one to recover many standard properties of the gradient of a convex function
in the nonsmooth case that subdifferentials do not have.

Since a hypodifferential is not uniquely defined, we restrict our consideration to
a special class of hypodifferential maps of nonsmooth convex functions that are
especially convenient to work with.

Definition 3.7. The function f is called continuously hypodifferentiable on a set
@ C intdom f, if f is hypodifferentiable at every point of this set and there exists
a hypodifferential mapping df: @ = R x X* that is continuous with respect to
the Pompeiu-Hausdorff distance. The function f is said to be continuously hypod-
ifferentiable near a point x € intdom f, if f is continuously hypodifferentiable in a
neighbourhood of x.

Definition 3.8. Let df: () = R x X* be a hypodifferential mapping of f on a set
@ C dom f. The hypodifferential mapping df(-) is called consistent on the set @, if
for any x € () one has

Remark 3.9. (i) Note that a hypodifferential map df(-) is consistent on a set
@ C dom f if and only if

fly) — fz) > (a7$§g§(m)(a + " y—1z) Vye X, zeq.

Roughly speaking, a consistent hypodifferential of f is a weak® compact family of
affine minorants of f that defines a local approximation of f at a given point in
accordance with Definition 3.1.

(ii) In the author’s earlier paper on the method of hypodifferential descent [18],
consistent hypodifferentials were called amenable. However, the term consistent
seems to be more suitable. [

Let us give a simple example illustrating the definition of consistent and continuous
hypodifferential mappings.

Example 3.10. Let X =R and f(z) = |z|. Then for any =, Az € R one has
fx+Az)— f(z) = max{z+ Az, —z— Az} —|z| = max{z—|z|+ Az, —z —|z| - Az},

which implies that the set-valued map df(x) := co{(x — |z|,1), (—z — |z|,—1)} is a
hypodifferential mapping of f on R.
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Observe that for any v,z € R one has
yl = el =2y — |z = (x = |z]) + (y —2) =a+v(y —2) (6)
for (a,v) = (z — |z|,1) € df(x). Similarly, for any y,z € R one has
lyl = o] = =y — |z| = (—z = |z) + (=1)(y —2) = a + v(y — z)

for (a,v) = (—x — |z|,—1) € df(z). Summing up inequality (6) multiplied by
a € (0,1) and the inequality above multiplied by (1 — «) one obtains that inequality
(5) holds true for all z € R. Thus, df(-) is a consistent hypodifferential mapping on
R. Let us check that it is continuous.

Indeed, fix any =,y € R. By the definition of convex hull for any (a,v) € df(x)
one has (a,v) = ((2a — 1)z — |z|,2a — 1) for some « € [0, 1]. Similarly, for any
(b,w) € df(y) one has (b,w) = ((28 — 1)y — |y|, 28 — 1). Therefore,

max dist((a,v),d
(a,v)edf(z) ((a,v),df(y))

= max min (](20— )z —[a] = (20~ Dy — o) + (20 ~ 1) = (26~ 1)]).

Setting 5 = « one gets

max dist((a,v),d Smax‘Qa—la:—x— 20— 1)y — ‘
Wmax  dist((a,v),df(y)) < max |(2a = 1)z = [2] = (20 = Dy = |y))

< 20— 1|+ Dz —y| = 2|z — 1.
52[%,}5}(’& | +1)|z —y| = 2|z —y]

Swapping = and y one can conclude that dpy(df(x),df(y)) < 2|z — y|, that is, the
hypodifferential mapping df is continuous (furthermore, globally Lipschitz contin-
uous). O

Comparing inequality (5) with the inequality from the definition of e-subdifferential
one obtains the following result.

Proposition 3.11. Let a hypodifferential map df(-) of the function f be consistent
on a set Q C H. Then for any x € Q and (a,z*) € df(x) one has x* € J.f(x) for
any € > —a.

Remark 3.12. From Theorem 3.4 it follows that in the general case the inclusion

{x* € X"

(a,2*) € df(z), —a < 5} C 0-f(x)

can be strict. This inclusion turns into an equality in the case when df(-) is a
so-called global hypodifferential map of the function f (see [19]), that is,
fly) = flx) = max (a+(z",y—1)) VyzeX
(aw)€df(z)
Below we will provide some nontrivial examples of nonsmooth convex functions

whose naturally defined hypodifferential mappings are global. Here we only note
that the hypodifferential of the function f(z) = |z| from Example 3.10 is global. [
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Let us point out a useful property of convex functions with bounded hypodifferential
mapping that can be proved directly with the use of standard results on convex
functions [55, Theorem 2.4.13] (see also [44, Theorem 24.7]) and Theorem 3.4, but
is also a particular case of [17, Corollary 2].

Proposition 3.13. Let df be a hypodifferential map of the function f on a convex
set @ C dom f. Suppose that L = sup{||z*|| | (0,2*) € df(z),z € Q} < +00. Then
f s Lipschitz continuous on () with constant L.

3.2. Hypodifferential calculus

In this section we present main calculus rules for consistent continuous hypodiffer-
ential maps of nonsmooth convex functions. Recall that f: X — RU {400} is a
closed convex function.

Proposition 3.14. Let f be a continuously Gateauz differentiable function on a
set @ C dom f. Then the map df(-) = {(0,f'(-))} is a consistent continuous

hypodifferential mapping of f on Q.

Theorem 3.15. (Maximum over a compact set) Let T be a compact topological
space and a function f: X x T — R U {+oc} be given. Suppose that the following
assumptions hold true:

(1) for any x € X the map t — f(x,t) is continuous;
(2)  foranyt €T the map fi(-) = f(-,t) is a closed convex function;

(3)  the set int(),cp dom f; is nonempty and Q C int(),.pdom f; is a given non-
empty set;

(4)  for any t € T there exists a consistent hypodifferential mapping df; of the
function f; on Q;

(5)  the set-valued map (x,t) — df,(x) is continuous on Q x T.
Then the function f(-) = sup,ep f(-,t) is hypodifferentiable on Q) and the set-valued

map df() =l co{(f(,1) = F(),0) +dfi() |t €T} (7)

is a consistent hypodifferential of f on Q. If, in addition, either X is reflexive or
the set cl D(x), where

D(x) := co{(f(x,t) — f(),0) + dfi(x) [t € T}, (8)

is weak* closed for all x € Q, then the function f is continuously hypodifferentiable
on @ and the hypodifferential map (7) is continuous on Q.

Proof. For the sake of convenience, we divide the proof of the theorem into several
parts.

1. Hypodifferentiability. By our assumption @) C int(),., dom f;, which implies
that @ C intdom f due to the fact that the map ¢ — f(z,t) is continuous for any
x € X. Hence by Theorem 3.4 the function f is hypodifferentiable on the set Q.

2. Equality for hypodifferential. Fix any x € (). Let us prove that the set
df(z), defined according to equality (7), is a hypodifferential of f at z. To this end,
we will utilize the characterization of hypodifferentials given in Theorem 3.4.
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Let us first show that the set D(z) (see (8)) is norm bounded. Then one can conclude
that the set df(z) = cl” D(x) is weak* compact.

For any t € T the hypodifferential df;(x) is bounded due to the fact that it is
weak* compact. By the last assumption of the theorem the map ¢t — df(z) is
continuous in the Pompeiu-Hausdorff distance. Therefore, for any ¢ € T' there ex-
ists a neighbourhood of U, of ¢t such that dpy(dfi(z),dfs(z)) < 1 for any s € U,.
Therefore the set J, o, dfs(z) is bounded, which due to the compactness of the
space T implies that the set | J,., df;(x) is bounded as well. In addition, the set
{(f(z,t) — f(2),0) | t € T'} is bounded due to the compactness of 7" and continuity
of the map ¢t — f(z,t). Consequently, the sets

{(F@.0) = 1(@),0)+ dfuia) |t T}

and D(z) (see (8)) are bounded. Hence df(z) is a weak* compact set.

Since f(x) = sup,ep f(z,t), for any (a,z*) € D(x) one obviously has a < 0, and,
furthermore,

sup a <sup(f(z,t) = f(z)) = sup f(z,t) = f(z) = 0.

(a,2*)eD(x) teT teT
Consequently, max{a | (a,z*) € df(z)} = 0.
Thus, if we show that
of (z) = {x* e X"

(0,2%) € df(x) }, (9)

then by Theorem 3.4 one can conclude that df(x) is a hypodifferential of f at x.

Indeed, by the theorem on the subdifferential of the supremum of an infinite family
of convex functions [31, Theorem 4.2.3] and Theorem 3.4 one has

Of(z) = cl* U Ofi(z) = cl* {x* € X"
)

teT(x

(0,2%) € df,(z), t € T(a:)}, (10)

where T'(x) = {t € T | f(x,t) = f(z)}. To find a more convenient expression for
the set on the right-hand side of equality (9), introduce the function

d(y)= max (a4 (x", Yy € X.
(v) (W)edf(x)( (= y)) Yy

Clearly, ® is a closed real-valued convex function and df(z) is a hypodifferential
of this function at zero (note that ®(0) = 0, since max{a | (a,z*) € df(x)} = 0).
Therefore, by Theorem 3.4 one has

9P(0) = {x e X"

(0,2%) € df(x)}. (11)
On the other hand, observe that for any y € X one has

O(y) =supW(y,t), W(y,t):=f(z,t) = f(z)+ max (a+(z°y))).
teT (a,z*)€dfi(z)
Clearly, for any t € T the function y — W(y, t) is a closed real-valued convex function
that is bounded on bounded sets (due to the boundedness of dfi(z)) and therefore
continuous on X by [25, Corollary 1.2.5].
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In turn, for any y € X the function t — WY(y,t) is, as one can readily check,
continuous due to the continuity of the maps t — f(x,t) and t — df;(z). Note
finally that W(0,¢) = ®(0) if and only if ¢t € T'(z), since ¥(0,t) = f(z,t) — f(x).
Therefore, by the theorem on the subdifferential of the supremum of an infinite
family of convex functions [31, Theorem 4.2.3] one has

00(0) = 1" {0,9(0,1) ] teT(z)}, (12)
where 0,¥(0,1) is the subdifferential of the map ¥(-,¢) at the origin.

Taking into account the fact that for any ¢ € T'(x) one has

U(y. t) = * Vy e X
(y,1) (a,mglgéi(x)(aﬂx,y}) y e X,

one can conclude that df;(z) is a hypodifferential of W(-,¢) at the origin. Hence

0,0(0,t) = {x e X* | (0,2%) € glft(ag} Vt € T(x)

by Theorem 3.4. Now, combining the equality above with equalities (11), (12), and
(10) one obtains that equality (9) holds true. Thus, df(z) is indeed a hypodifferential
of f at z.

3. Consistency. Let us check that the hypodifferential map df() is consistent.
Indeed, for any z € Q, t € T, (a,z*) € df;(x), and y € X one has

fly) = @) = [y, 1) = f(z) = fla,t) = f(z) +a+ (2" y —2), (13)
since df;(x) is a consistent hypodifferential of f; at = and f(y) = sup,er f(y,t).

Fix now any x € @ and (a,z*) € D(x). Then by the definition of convex hull there
exists n € N, t; € T, (a;,z}) € dfy,(z), and o; > 0,7 € {1,...,n}, such that

:Zaz(f(x7tl)_ ( +a27 7, ZO&l—l

Hence applying inequality (13) one gets for any y € X that

SOIOENE)

- (14)
> Zai(f(a:,ti) — flx)+a;+ (" y —2)) =a+ (2", y — z).

Finally, fix any (a,z*) € df(z), y € X, and € > 0. Since df(x) = ¢l D(x), one can
find (b,y*) € D(x) such that |a —b| + [(y* — 2%,y — x)| < e. Consequently, with the
use of inequality (14) one gets that

fly) = f@) 2 b+ (" y —2) Za+ (2" y —x) —¢,

which implies that

)= @) Zza+ @y —x) VyeX
due to the fact that € > 0 was chosen arbitrarily.
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Thus, the inequality above is satisfied for all (a,z*) € df(x) and y € X, which
means that the hypodifferential df(z) is consistent.

4. Continuity. Let us finally prove the continuity of the hypodifferential map
df(-) on Q. Indeed, as was noted above, @ C intdom f. Therefore, the function f
is continuous on @ by [25, Corollary 1.2.5]. Consequently, under the assumptions of
the theorem the set-valued map

{60 = 100,00+ dfulw) | te T}

is continuous in the Pompeiu-Hausdorff metric on ) by Proposition 2.5, which by
Proposition 2.6 implies that the set-valued map D(-) is continuous on ). Finally,
the continuity of df(-) = clI” D(+) then trivially follows from the continuity of D(-)

in the case when cl D(-) is weak® closed, since in this case df(-) = clD(-) and
dpg(cl D(x),cl D(y)) = dpu(D(z), D(y)) for any z,y € (. In the case when X is
reflexive the continuity of df(-) follows directly from Proposition 2.8. O

Corollary 3.16. (Finite maximum) ZLet f;: X - RU {400}, i€ [ ={1,...,n},
be closed convex functions such that (,c;intdom f; # 0. Suppose that there ex-
ist consistent continuous hypodifferential mappings df;(-) of these functions on a
nonempty set Q C (\;c;int dom f;. Then the function f = max;es f; is continuously
hypodifferentiable on Q and the set-valued map

df() = co {{(fi() = F().0)} +dfi(")

s a consistent continuous hypodifferential of f on Q.

ie I} (15)

Proof. Put 7' = {1,...,n} and endow it with discrete topology. For any = € X
and ¢ € T define f(x,i) = fi(z). Then, as one can readily check, all assumptions
of the previous theorem hold true. It remains to note that the set df(x), defined
according to equality (15), is weak® closed for any =z € @) as the convex hull of a
finite number of weak* compact convex sets. [

Recall that a function f: R™ — R is called non-decreasing, if f(x) < f(y) for any
x,y € R such that x < y, where the inequality x < y is understood coordinate-wise.

Theorem 3.17. (Outer composition with differentiable function)

Let fi: X - RU{+o00}, i € I = {1,...,n}, be closed convex functions and there
exist consistent continuous hypodifferential mappings df;(-) of these functions on a
set QQ C (;e;intdom f;. Let also g: R" — R, g = g(y), be a non-decreasing convexs
function that is continuously differentiable in a neighbourhood of the set f(Q), where
f=1(f1,---, fn). Then the convex function h(-) = g(fi(:),..., fa(:)) is defined in a
neighbourhood of ), continuously hypodifferentiable on QQ, and the set-valued map

dh() = 3 D) (16)

is a consistent continuous hypodifferential of h on Q (here h(x) = +oo if we have
fi(z) = +oo for some i€ I).
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Proof. The convexity of the composition h = g o f follows from the fact that g
is non-decreasing and can be easily verified directly. Note also that the partial
derivatives dg(f(-))/dy; are nonnegative, since g is non-decreasing.

The fact that h is hypodifferentiable on @) and (16) is its hypodifferential mapping on
this set is proved in exactly the same way as [17, Theorem 2]. The continuity of this
mapping follows from Propositions 2.3 and 2.4 and the fact that f; are continuous
on () by Proposition 3.13.

Let us finally check that the hypodifferential mapping (16) is consistent on Q. In-
deed, choose any x € @ and (a,z*) € dh(x). Then there exists (a;, z}) € dfi(z),
1 € I such that

n

(a,2) = 3 2D (. x).

=1

Choose any y € X. Bearing in mind the convexity of g one has

hy) — i) = (£ ) - 9(F@) = 3 2D () - f(a)).

i=1
Since the hypodifferentials df; are consistent, one has
fity) = filx) > a; + (zf,y —x) Viel.

Hence taking into account the fact that the partial derivatives dg(f(z))/0y; are
nonnegative one obtains that

hly) = he) = Y2 2D 0, 4 (afy — ) = a+ (o' y —a),
=1

which completes the proof. O

Remark 3.18. The theorem above can be slightly generalised in the following way.
Namely, suppose that K C R"™ is a convex cone such that if x € K and =z < y,
then y € K (in particular, K can be the nonnegative orthant). Then under the
assumption that f maps X to K one can suppose that ¢ is defined and nondecreasing
only on K. [

Corollary 3.19. (Conic combination) Let f;: X — RU{+o0}, i€ [ ={1,...,n},
be closed convexr functions and there exist consistent continuous hypodifferential
mappings dfi(-) of these functions on a set QQ C ();c; dom f;. Then for any A\; > 0,
i € I, the function f = Y .., Nifi is continuously hypodifferentiable on Q) and the

set-valued map
df(-) =" _Ndfi(-)
icl
s a consistent continuous hypodifferential of f on Q.
Corollary 3.20. Let there exist a consistent continuous hypodifferential mapping
df(:) of f on a set Q C intdom f. Then the functions max{0, f(:)}*, p > 1, and
exp(f(+)) are continuously hypodifferentiable on Q and the set-valued maps
max{0, f()}"'df(-), exp(f(-))df(")

are their consistent continuous hypodifferential mappings on the set Q.
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The following result can be readily verified directly

Proposition 3.21. (Composition with affine map) Let Y be a real Banach space,
A:Y — X be a continuous linear operator, b € X be fized, and there exist a
consistent continuous hypodifferential map df(-) of f on a set @ C intdom f. Then
the function g(y) = f(Ay +b), y € Y, is continuously hypodifferentiable on the set
A7HQ —b) and the set-valued map

dg(-) = {(a. A"z") €Rx V" | (a,2") € df()}. (17)

is a consistent continuous hypodifferential map of g on A=1(Q — b), where A* is the
adjoint operator of A.

3.3. Examples

Let us give several nontrivial examples of hypodifferentials of nonsmooth convex
functions. It should be noted that the hypodifferentials computed in all examples
below are global (see Remark 3.12).

Example 3.22. (Polyhedral function) Let X be the space R? equipped with the
Euclidean norm | - |. Let also f: R? — R be a polyhedral convex function, that is,
the epigraph of f is the intersection of a finite family of closed half-spaces. Then
there exist n € N, a; € Rand v; € RY, i € [ = {1,...,n}, such that

f(z) = Hilea}X(Gi + (v, 7)) Vo € R?

(see [44, Section 19]). Consequently, for any x, Az € R? one has
Flo+ Ax) — f(x) = max (a + {v2) — f(2) + (v, A))

= (a,&%}f(x)(a + (v, ), (18)
where df(-) = co{(ai + (vi, ) — f(),v;) € R ’ i€ ]}. (19)

Clearly, df(x) is a convex compact set and max{a | (a,v) € df(x)} = 0 for any
r € R% Therefore, f is hypodifferentiable on R? and df(-) is its hypodifferential
map on R? that is consistent and global due to equality (18).

Let us show that the set-valued map df(-) is continuous. Indeed, fix any x,y € R?
and choose any (a,v)€df(z). Then by definition there exist o; > 0, i€ I, such that

(a,v) = Z%‘(@i + (v, 2y — f(2),v;), Zai = 1.

i=1
Define b= Zai<ai + (v, y) — f(y)).
i=1

Then (b,v) € df(y) and taking into account the fact that f is globally Lipschitz
continuous with Lipschitz constant L = maxes |v;] (see Proposition 3.13) one ob-
tains
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dist((a,v),df(y))

IA

v) = (b,v)| = |a— 0]

[(a,
> ailluna =)l +15(@) = Fw)

< max |vif |z —y[ + Lz —y| = 2Lz —y|.

IN

Taking the supremum over all (a,v) € df(x) and then repeating the same argument
with  and y swapped one obtains that

dpi (df (2),df (y)) < 2(max |oi] )]z —y| Va.y € R

Thus, f is continuously hypodifferentiable on R? and the set-valued map (19) is its
consistent continuous hypodifferential map on R¢.

Example 3.23. (Sublinear function) Let f: X — R be a closed sublinear function.
Then the subdifferential f(0) is weak® compact and

= “x) VYreX
f(2) xgggggo)@,@ GBS

(see, e.g. [55, Theorem 2.4.9]). Consequently, for any z, Az € X one has

flx+Az)—f(x) zx*rél(%;(co)((x*,@—f(x) + (2", Az)) :(a7zl>})122c(x)(a+<m*’x>)’ (20)

where df(-) = {((x*, V= f(),2") ERx X* | 2" € af(())} (21)

Observe that for any x € X one has

max a= max ((z*,z) — f(x)) = f(x) — f(x) =0.

(a,z*)edf(x) z*€df(0)

Moreover, df (x) = T(0f(0)) with
T(z") = ((z*,x) — f(x),x*) eERx X* Vz*e X"

Clearly, T is an affine map, which implies that the set df(z) is convex. Moreover, as
one can readily check, 7 continuously maps X* endowed with the weak* topology
to R x X* equipped with the weak* topology. Therefore the set df(x) is weak*
compact as the continuous image of a compact set. Thus, f is hypodifferentiable on
X and the set-valued map (21) is its consistent hypodifferential mapping on X that
is, furthermore, global (see equality (20)).

Let us prove that the map df is continuous. Indeed, note that f is globally Lipschitz
continuous with Lipschitz constant L = sup{||z*|| | #* € 9f(0)} (see Proposition
3.13). Fix any =,y € X and choose (a,z*) € df(z). Then by definion z* € 9f(0)
and a = (z*,z) — f(x). Define b = (x*,y) — f(y). Then (b, z*) € df(y) and

dist ((a,2*),df(y)) < I[(a,z*) = (b,2")|| = |a — b|
<@z =y +|f(x) = fly)| < 2Lz -y



M. V. Dolgopolik / Hypodifferentials ... 1273

Hence taking the supremum over all (a,2*) € df(z) and then repeating the same
argument with  and y swapped one obtains that

dprr(@f (), df () < 2( swp "] )l o]l
z*€0f(0)

Thus, f is continuously hypodifferentiable and the set-valued map (21) is its con-
sistent continuous hypodifferential map on X. O

Example 3.24. (Norm of an affine map) Suppose that Y is a real Banach space,
A: X — Y is a bounded linear operator, and f(z) = ||Ax + b|| for some b € Y.
Then by the previous example and Proposition 3.21 the function f is continuously
hypodifferentiable on X and the set-valued map

df(z) = {((ag*,Ax A bH,A*:z:*) ERx X*

|| < 1} Vr € X

is its consistent continuous hypodifferential mapping on X. Moreover, this hypod-
ifferential map is global, and arguing as in the previous example one can readily
check that

dp (df (z),df(y)) <2l Allllz -yl Va,y € X. 0

Example 3.25. (Maximal eigenvalue) Let X be the space S’ of all real symmetric
matrices of order ¢ equipped with the inner product (A, B) = Tr(AB) and the
corresponding norm (here Tr(A) is the trace of a square matrix A). Let f(A) =
Amax(A), A € S*, be the maximal eigenvalue function. Clearly, f is a closed sublinear
function. Taking into the well-known representation
Amax(A) = max(v, Av) VA € S
UEB[
one can readily check that df(0) = {vTv | v € B}, where By is the unit ball in R".

Therefore, by Example 3.23 the function f is continuously hypodifferentiable on S*
and the set-valued map

df(A) = {(@,Av) ~ Aman(A),0T0) € R x § ] ve Bg} VA e

is its consistent continuous hypodifferential mapping on X that is, furthermore,
global. In addition, one can easily check that

dpi (df(A),df(B)) <2|A—B| VA BeS"

Example 3.26. (Distance to a cone) Let K C X be a closed convex cone and
f(z) = dist(z, K) for all z € X. Bearing in mind the fact that K is a convex cone
one can easily verify that f is a closed sublinear function. By [4, Example 2.130]
one has

of(0) = {z* € K*

2| <1}, K= {x € X*

(x*,z) <0Vx e K}

(here K* is the polar cone of K).
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Hence by Example 3.23 the function f is continuously hypodifferentiable on X and
the set-valued map

df(z) = {((m*,x) ~dist(z, K), ") € R x X* | 2" € K*, ||o*|| < 1}

is its global and consistent continuous hypodifferential mapping on X. Moreover, in

this case
dpy (df(z),df(y)) <2)lz —yll Vo,ye X,

Remark 3.27. Let us note that a consistent continuous hypodifferential map of
the convex functional

F(u) = /Qf(u(x), Vu(z),r)dr Yu € WH(Q),

defined on the Sobolev space W'P(2), can be computed with the use of [16, Theo-
rem 5.1] and [20, Theorem 3.3] under the assumptions that f = f(u,&, x) is convex
in (u,&) for a.e. x € Q and the function f along with its hypodifferential mapping
satisfy some natural growth conditions. [

3.4. Lipschitzian approximations and Lipschitz continuous
hypodifferentials

The Lipschitz continuity of the gradient of the objective function plays a funda-
mental role in the design and analysis of numerical methods of convex optimization
[5, 24, 37, 49]. In the case when X is a Hilbert space and f is differentiable, the
Lipschitz continuity of the gradient of f on a convex set () implies that

) = F@) = (V@) —2)| < Slly—2* Vayeq

(see, e.g. [37, Lemma 1.2.3]). This inequality is sometimes sufficient by itself for
convergence analysis of optimization methods and is often exploited, for example,
in the context of weakly convex optimization (see, e.g. [1, 6] and the references
therein). In [18], a natural extension of this inequality to the case of nonsmooth
hypodifferentiable convex functions was proposed and studied.

Definition 3.28. Let () C int dom f be a nonempty set and df be a hypodifferential
mapping of f on (). This mapping is called a Lipschitzian approximation of f on @)
with Lipschitz constant L > 0, if we have for all z,y € @ :

P) = f@)—  max (at(@'y —a))| < Fllo— . (22)

Observe that if a hypodifferential mapping df(-) is consistent on @, then it is a
Lipschitzian approximation of f on () with Lipschitz constant L > 0 if and only if

F) < @ely) i= fo) +  max (ot (o' =) + 5y~ al”

for all z,y € @ (that is, the function p,(-) is a majorant of f on @ for any = € Q).

One can also consider the property of the Lipschitz continuity of hypodifferential,
which in the convex setting can be viewed as a natural extension of the Lipschitz
continuity of the gradient to the nonsmooth case.
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Definition 3.29. Let () C int dom f be a nonempty set and df be a hypodifferential
mapping of f on ). This mapping is said to be Lipschitz continuous on () with
Lipschitz constant L > 0, if

de(C_lf(l'),C_if(y)) §L||x—yH VCL’,yE Q

or, equivalently,  df(y) C df(x) + L||y — z||Brxx~ Vz,y € Q,

where Bg x+ is the unit ball in R x X*. If a hypodifferential map d f is both Lipschitz
continuous on ) and a Lipschitzian approximation of f on @), then it is said to have
the Lipschitz property on Q).

The Lipschitz continuity of a hypodifferential map and the property of it being a
Lipschitzian approximation seem to be closely related, as we will show below. How-
ever, it is unclear whether these properties are equivalent in the general nonsmooth
case. We leave the difficult question of whether these properties are equivalent (at
least under some additional assumptions) as an interesting problem for future re-
search. Here we only prove a partial result showing that a certain upper estimate
of the function

fly) — f(z) - s (x)(a + (2%, y — 1))

holds true for any Lipschitz continuous hypodifferential map df ().

Proposition 3.30. Let df be a consistent hypodifferential map of f that is de-
fined and Lipschitz continuous with Lipschitz constant L > 0 on a conver set
@ Cintdom f. Then for any x,y € QQ one has

0<fW) —flo) =  max (a+t(2"y—a)) < Llly =l (1+lly - 2ll)-
Proof. Fix any =,y €@ and € >0. By [17, Proposition 2] there exists z € co{z, y}
and (0, %) € df(z) such that we have f(y) — f(z) = (x},y — x). By our assumption
dpp(df(x),df(z)) < L||z — z||. Therefore, by Proposition 2.1 there exists some
(ag,zf) € df (z) such that ||(0,z%) — (ag, xj)|| < L||z — z|| + €. Hence

fly) — f(z) - s (x)(a + (v, y — 1))

=(xl,y—z)— max (a+(z%,y—x
(v7,y — ) (a,x*)@f(x)( (z*,y — 1))

< <l’;y - x> — Qo — <33'8,y - $> < ||(0,l':) B (CLO,%S)”(l + Hy o xH)

< (Lllz = all + &) (1 + 1y = ).

It remains to pass to the limit as ¢ — +0 and note that ||z — x| < ||y — z||, since
z € co{z,y}. O

Let us now turn to the analysis of existence of hypodifferentials of nonsmooth convex
functions having the Lipschitz property. We start with the simplest case of global
hypodifferentials. Namely, let us show that global hypodifferentials maps are, in a
sense, always globally Lipschitz continuous (cf. examples in Subsection 3.3). We
need an auxiliary definition to precisely formulate this result.
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Definition 3.31. Let a hypodifferential map df of f be defined on an open set
() C dom f. This map is said to be ezact on @), if

fly) — f(z) = (a’g)lggﬂx)(a + (" y — ) Vy,x€Q.

Proposition 3.32. If there exists a hypodifferential map of f that is defined and
exact on an open convex set () C int dom f, then f is Lipschitz continuous on Q) and
there exists an exact hypodifferential map of f that is defined and has the Lipschitz

property on Q).
Proof. Let us define a new hypodifferential map Dy(-) of f on (). To this end, fix
any point xy € X and choose any = € @) and Az € X such that x + Az € Q (recall

that @ is an open set). By applying the exactness property of the hypodifferential
one gets

Flo+A0) = f(@) = flao) = fle) + max (a4 (o' ,x + Ar = a0)

= max (a+ (z",Ax)),
(aw*)EDf(I)( < )

where Dy(z) = {(a—|— (x*,x — xo) + f(xo) — f(x),2*) € R x X*

(a,2%) € df (x0) }.

Note that max a=  max a+ (", x—x9)) + f(xo) — fx
(a,2*)€D; () (a,x*)edf(xo)( < 0) + [f(x0) = /()

= f(x) — f(zo) + f(x0) — f(z) = 0.

Furthermore, the set Dy(x) is convex and weak® compact, since Dy(x) is the image
of the convex weak* compact set df(zo) under the affine map

Tola,27) = (a + (2", & = xo) + f(x0) = f(2),27)

that is obviously continuous with respect to the weak* topology. Thus, Ds(x) is a
hypodifferential of f at x. Clearly, Dy(-) is an exact hypodifferential map of f on
(), which implies that D(-) is a Lipschitzian approximation of f on ). Let us check
that this hypodifferential map is also Lipschitz continuous on Q).

First, note that the quantity L := sup{||z*| | (a,2*) € D¢(z)} does not depend on z
by the definition of Dy(-). Therefore by Proposition 3.13 the function f is Lipschitz
continuous on () with Lipschitz constant L.

Fix any z,y € Q. Let (b,y*) € D¢(y). Then there exists (ao, z{)) € df(xo) such that
(b,y*) = Ty(ao, ). Let (a,2*) = Ty(ap,zf). Then (a,z*) € D¢(x) and

dist((b,y"), Dy(x)) < |[(b,y") = (a, 27)[| < [{25,y — )| + [f(y) — f(2)]
< Llly — x|l + Lfly — «].

Consequently, one has sup  dist ((b,y*), Dy(z)) < 2Ly — z||.
(b.y*)eDy(y)

Now, repeating the same argument with z and y swapped one can conclude that
dpu(Dy(x), Df(y)) < 2L|ly — z||. Thus, the hypodifferential map D(-) is Lipschitz
continuous on Q). [

Nonetheless, as one can expect, not every convex function has a globally Lipschitz
continuous hypodifferential mapping.
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Proposition 3.33. Let dom f = X and there exist a hypodifferential map of f
defined on X and globally Lipschitz continuous. Then there exists C1,Cy > 0 such
that f(x) < Cy + Col|x||? for all x € X

Proof. Fix any zq € X and denote § = sup{||z*|| | (a,2*) € df(zo)}. Let also L
be a Lipschitz constant from the definition of Lipschitz continuous hypodifferential
map. By Proposition 3.30 one has
F@) < fla)+ max (a+ (a%2—20)) + Lz — woll(1+ [l2 — o]
(a,x*)Gdf(.’EQ)
for any 2 € X. Taking into account the fact that a < 0 for any (a,2*) € df(x) and
applying the obvious inequality (a + b)? < 2a* + 2b* one gets that

f(@) < flzxo) + (0 + L)|w = woll + Ll = o]
< f(xo) + (0 + L)llzoll + 2L |zoll* + (0 + L)l|[| + 2L]|[*.

for any z € X. Hence with the use of the inequality ||z|| < 0.5+0.5||z||* one obtains
that f(z) < C) + C?||z||* with

1 1
Cr = f(zo) + (0 + L)llwoll + 2L zo|l* + 5(0 + L),  Co=2L+ (0 + L),

and the proof is complete. O

Remark 3.34. Note that if there exists an exact hypodifferential map of f on X,
then with the use of the equality

f(z) — f(xo) (Mp)rleagjg(mo)(a (¥, 2 —x0)) Vz

one gets that there exist Cy, Cy > 0 such that |f(z)| < C1+Cylz| forallz € X. O

Thus, for the convex function f(z) = ||z||” with p > 2 there does not exist a globally
Lipschitz continuous hypodifferential map (or a hypodifferential map that has the
Lipschitz property on the entire space). However, in the case when the space X is
reflexive, a consistent hypodifferential map of a real-valued convex function that has
the Lipschitz property locally always exists. Moreover, under some mild assumptions
there even exists a consistent hypodifferential map that has the Lipschitz property
on any given bounded set. The proof of this result is inspired by the discussion from
[10, Appendix IJ.

Theorem 3.35. Let X be a relfexive Banach space, () C intdom f be a bounded
open set, and f be Lipschitz continuous on (). Then there exists a hypodifferential
mapping of [ that is defined, consistent, exact, and has the Lipschitz property on Q).
In particular, the following statements hold true:

(1)  for any x € intdom f there exists a neighbourhood U, of = and a hypodiffer-
ential mapping of f that is defined, consistent, exact, and has the Lipschitz
property on Uy,

(2)  for any bounded open set Q) C intdom f such that the subdifferential map Of(+)

is bounded on @), there exists a hypodifferential mapping of f that is defined,
consistent, exact, and has the Lipschitz property on Q).
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Proof. For the sake of convenience, we divide the proof of the theorem into several
parts. First, let us note that the existence of a hypodifferential map having the
required properties in a neighbourhood of any point z € int dom f follows directly
from [25, Corollary 1.2.4]. In turn, the last statement of the theorem follows from
the fact that if the subdifferential of f is bounded on a set @), then f is Lipschitz
continuous on this set (see [55, Theorem 2.4.13] and [44, Theorem 24.7]). Let us
now turn to the proof of the main statement of the theorem.

1. The definition of hypodifferential. By [25, Corollary 1.2.5 and Proposi-
tion 1.5.2] the function f is subdifferentiable on int dom f. Let V'(-) be a selection of
the restriction of the subdifferential mapping 0f(-) to the set (). By the definition
of subdifferential

fy) = f(x) = (V(z),y —x) Vy,zecQ. (23)

Note that this inequality turns into equality, if y = x. Therefore

fly) = max (f(x) + (V(z),y = 2)) VyeQ.

Choose any y € @, Ay € X such that y + Ay € Q. Then
P+ Ay) = £(y) = max (f(@) = F(9) + (V(2).y + Ay - 2))
24
= max (a+ (2", Ay)), (24

(a,z*)edf(y)

where df(y) = cI” D(y) and

D(y) = co{ (f(2) = fy) + (V(2)y — @), V(2)) R x X" | 2w € Q}.

Note that max{a | (a,z*) € D(y)} = 0 by inequality (23), which obviously implies
that max{a | (a,2*) € df(y)} = 0. Let us check that the set D(x) is bounded for
any x € (). Then one can conclude that df(y) is a weak* compact set and, therefore,
df(y) is a hypodifferential of f at y that is obviously consistent and exact on @) due
to equality (24).

2. Boundedness of hypodifferential. Choose any = € @ and (a,z*) € D(z).
By definition one can find n € N, z; € Q, i € [ :={1,...,n}, V(%) € 0f(z), 1 € 1,
and a; > 0, 7 € I, such that

n

(a,2") = Z%‘(f(zi) — flx) + (V(zi), 2 — z), V(Zi))a Z a; = 1. (25)

i=1

By our assumptions the set () is bounded and f is Lipschitz continuous on .
Therefore, there exist Cg > 0 and Cy > 0 such that ||z|| < Cg and |f(z)| < Cf for
all z € Q.

Let L > 0 be a Lipschitz constant of f on (). Then for any z € Q and V € 0f(2)
one has

Viy—2) < fly) = f(z) < Llly—=z[ VyeQ.
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Since ) is an open set, there exists r > 0 such that B(z,r) C Q). Hence with the
use of the inequality above one gets that

(Voy) < Llyll Yy € B(O,r),

which obviously implies that ||V|| < L. Bearing in mind equality (25) one has

l(aa) < > as(|5(:0) = (@) + V() = )] + V1)
< zn: o (20f 4 2LC, + L> = 2C; +2LCo + L

for any (a,x*) € D(x). Thus, the set D(x) is bounded.

3. Lipschitz continuity of the hypodifferential. As was noted in the proof of
Proposition 2.8, the reflexivity of X implies that the set df(x) = cI* D(x) coincides
with the closure ¢l D(x) of D(z) in the strong (norm) topology. Moreover, one obvi-
ously has dpy(cl D(z),cl D(y)) = dpy(D(x), D(y)) for any x,y € @, which implies
that it is sufficient to show that the set-valued map D(-) is Lipschitz continuous on
Q.

Fix any x,y € Q. Let (a,2*) € D(x). Then by definition there exist n € N, z; € Q,
iel:={1,...,n}, V(z) € 0f(2i),1 € I,and a; > 0, i € I, satisfying (25). Denote

(by") =D ou(F () = )+ (V=) = 2, V(=).

Clearly, (b,y*) € D(y). Therefore

dist((a,2"), D)) < la,2") = ()| = | Y aa(F @) = £(0) + (V=00 = )]
< 1£@) = F@I+ 17l = vl

where V = > i1 @iV (2). Let L > 0 be a Lipschitz constant of f on . Then, as
was noted above, ||[V| < L for any V € 0f(2) and z € (). Consequently, one has

dist((a,z"), D(y)) < 2L||z —y|| VY(a,z*) € D(x).

Taking the supremum over all (a,z*) € D(z) and then repeating the same argument
with = and y swapped one obtains that dpy(D(x), D(y)) < 2L|z — y|| for any
T,y € Q. O

Corollary 3.36. Let X be a finite dimensional space. Then for any bounded set
@ C intdom f there exists a hypodifferential mapping of f that is defined, consistent,
exact, and has the Lipschitz property on Q).

Corollary 3.37. The function f has an exact hypodifferential mapping on an open
bounded set () C int dom f if and only if f is Lipschitz continuous on this set.
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Although Theorem 3.35 guarantees the existence of a consistent hypodifferential
having the Lipschitz property under very mild assumptions, the hypodifferential
constructed in the proof of this theorem is of theoretical value only. From the more
practical perspective it is important to know how to compute such hypodifferentials
for particular nonsmooth convex functions. Let us show that the calculus rules
presented in Subsection 3.2 preserve the Lipschitz property and, therefore, can be
used to compute consistent hypodifferentials having the Lipschitz property in various
particular cases.

Theorem 3.38. Under the assumptions of Theorem 3.15 the following statements

hold true:

(1) If for any t € T the hypodifferential df, is a Lipschitzian approzimation of
f(-,t) on Q with Lipschitz constant Ly > 0 and L = sup,ep Ly < +00, then the
hypodifferential (7) is a Lipschitzian approzimation of f(-) = sup,ep f(, 1) on
Q) with Lipschitz constant L.

(2)  Let either X be reflexive or the set cl D(x) defined in (8) be weak® closed
for any © € Q. Suppose that for any t € T the function f(-,t) is Lipschitz
continuous on Q) with Lipschitz constant L; > 0 and the hypodifferential map
df; is Lipschitz continuous on () with Lipschitz constant K; > 0.

If L = supyeqp Ly < 400 and K = sup,ep K; < 400, then the hypodifferential
(7) is Lipschitz continuous on Q with Lipschitz constant 2L + K.

Proof. We split the proof of the theorem into two parts corresponding to the two
statements.

Part 1. Fix any =,y € ). By Definition 3.28 one has

« L
fly,t) < f(z,t) + max (a+ (" y —2)) + 2|y — 2|
(a,0*)Edf() 2

Hence

fly) = f(z) =sup (f(y.t) — f(z))

teT

* L
<sup (f(@,t) = @)+ max (a+ (e y — )+ oy —a]?)
teT (a,z*)€dfi(x) 2

<sup (f(,0) = fl)+  max (a+(a"y—a)) + 2lly - all”.
teT (a,z*)edfi(x) 2

One can readily verify that

su x,t)— f(r)+ max (a+ (z¥, —:13): max (a+ {(z*,y—x
er <f( ) f@t B ety D)= ma ety =)

(see (7)). Therefore

* L 2
—flr)— max (a+{z",y—x)) < =|ly—z|°.
f) = fa) = max (ot {"y =) < Sy~

Applying the inequality

* Lt 2
,t) > f(x,t) + max a+(x,y—x)) — — |y — x|,
f.0)> flat)+  max (ot ey =) = Fly ol
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that also follows from Definition 3.28, and repeating the same argument one gets

* L 2
— f(r) — max at+x,y—x)) > —=|ly—x|".
f) = f@)—  max (o {2y =) > 5]y o

Consequently, df is a Lipschitzian approximation of f on Q.

Part 2. If either X is reflexive or ¢l D(z) is weak* closed for any x € X, then,
as was noted several times above, dpy(df(z),df(y)) = dpu(D(z), D(y)) for any
x,y € Q. Therefore, it is sufficient to prove that the set-valued map D(+) is Lipschitz
continuous on Q).

Fix any z,y € @ and € > 0. Let (a,2*) € D(x). Then by definition (see (8)) there
existn e Nyt e T, i e I:={1,...,n}, (a;,xf) € dfi,(z),i € [,and o; > 0,7 € I,
such that

n

(a,x*)ZZai(f(x,ti)—f( +ai,T 7, Zaz_l

i=1
By our assumption dpgy (dfi(x), df(y)) < Ki||x—y||. Hence by Proposition 2.1 there
exist (b, yF) € dfi,(y), i € I such that ||(a;,x}) — (bi, )| < Ky, y|| + &. Define

= Zai(f(yati> — f(y) + bi,y;).

Clearly, (b,y*) € D(y). Therefore
dist((a, %), D(y)) < [l(a,z7) — (b, ")

< {8 = .8+ 1) = S+ aso) = i)

<Ll =yl + Ll — gl + Kollo = yll +¢) < QL+ Kz — g +¢
i=1

(here we used the fact that the function f(-) = sup,cp f(+, %) is Lipschitz continuous
on () with Lipschitz constant L = sup,c; Lt). Since (a,2*) € D(x) and € > 0 were
chosen arbitrarily, one obtains
sup  dist((a,2"), D(y)) < (2L + K)|lz — y]|.
(a,z*)€D(x)
Swapping = and y one can conclude that dpgy(D(z), D(y)) < (2L+ K)||z—y||, which
completes the proof. O

Theorem 3.39. Let the assumptions of Theorem 3.17 be satisfied, the gradient
Vy(-) of g be defined and Lipschitz continuous with Lipschitz constant L, > 0 on
the set co f(Q), and there exist C' > 0 such that |Vg(f(x))|| < C for any x € Q.
Then the following statements hold true:

(1) If for any i € I the hypodifferential map df; is a Lipschitzian approximation
of fi on @ with Lipschitz constant L; and f; is Lipschitz continuous on ()
with Lipschitz constant K;, then the hypodifferential map dh (see (16)) is
a Lipschitzian approximation of the function h(-) = g(f(-)) with Lipschitz
constant L =C Y, _; Ly + 2Ly(3",c; K;)*.
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(2)  Suppose that for any i € I the hypodifferential map df; is Lipschitz con-
tinuous on Q) with Lipschitz constant L; > 0 and there exists C; > 0 such
that ||(a,z%)|| < C; for all (a,z*) € dfi(z) and x € Q. Then the hy-
podifferential map dh is Lipschitz continuous on @ with Lipschitz constant

1=CY e Li+ Ly .., Ci

Proof. We split the proof of the theorem into two parts corresponding to the two
statements.

Part 1. Fixany z,y € Q). By the mean value theorem there exists z € co{ f(z), f(v)}
such that

h(y) — W) = g(f(y)) — 9(f(x)) = (Vg(2), f(y) — f(x))
= (Vg(f(2)), f(y) — f(x)) +(Vg(z) = Vg(f(x)), f(y) — f(x)).

Hence applying the fact that df; is a Lipschitzian approximation of f; one gets

a;,xy)€dfi(z)

hy) —ha) < SOLEED( max (ot (ofy — )
i=1

+ g = 2l?) + (Vg(2) - Vo(f (), Fl) - f(2)

(note that Vg(f(z)) > 0, since g is a non-decreasing function by the assumptions of
Theorem 3.17). Bearing in mind the assumptions of the theorem and the definition
of dh(x) (see (16))), one obtains

n

My) = h(2) < max (a+ {2ty =)+ C( D2y - ol

(a,2*)€dh(x) —

+Lle = F@)]- 1) = f@)] < max (a+ "y =)

O Ly =l + Ly( D ) lly — al?
=1 =1

(here we used the fact that ||z — f(z)|| < ||f(y) — f(z)]|, since z € co{f(z), f(v)}).

Arguing in the same way and one can readily check that

* ~ L, - 2 2
h(y) — h(z) > — ) — Zi4r K; -
W)= k)2 | max (ot (y =) = (CH 5 + LKy =l

which implies the required result.

Part 2. Fix any 2,y € Q. Let (a,2*) € dh(x). Then by definition (see (16)) for
any i € I there exists (a;, ) € df;(z) such that

n

(@0%) = 3 2D (0, ),

i=1

Choose any € > 0. By our assumption dpy(dfi(z),dfi(y)) < Li||lz — y]|.
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Therefore, by Proposition 2.1 for any i € I there exists (b;,y}) € dfi(y) such that
(@i, 27) = (bi, yi) || < Lille =yl + .

Define (b,y") = Z 99(1(4)) (b y;7 )

a .
i=1 Yi

Clearly, (b,y*) € dh(y), which implies that
dist((a, %), dh(y)) < [|(a,z") — (b,y")]]

- H Z agayz (ai, =) Z

bz,yz)

Adding and subtracting Z 99/ )(OLZ7 x}) one gets

el

dist((a,2°). dh(y)) < \89%) Ll

dg( *
+Z\ WD 0, 7) = (b )

< L (320l ol + 3 CLile ol + ).

=1

Hence taking into account the facts that (a,2*) € dh(z) and ¢ > 0 were chosen
arbitrarily one obtains

sup  dist((a,z"),dh(y)) < (Lg Z Ci + CZ Li> |z — v
i=1 i=1

(a,z*)Edh(x)

Now, swapping x and y we arrive at the required result. Il

Corollary 3.40. Let f;: X — RU{+o00},i € I ={1,...,n}, be closed convex func-
tions and df;(-) be their hypodifferential mappings defined on a set Q C (),c; dom f;.
Letalso\i > 0,i €1, f=> ., Nifi, anddf = 3. ; Nidf;. The following statements
hold true:

(1) If for any i € I the hypodifferential map df; is a Lipschitzian approximation of

fi on Q with Lipschitz constant L; > 0, then the hypodifferential map df is a
Lipschitzian approxvimation of f on @ with Lipschitz constant L =), ., \iL

(2) If for any i € I the hypodifferential map df; is Lipschitz continuous on @
with Lipschitz constant L; > 0, then the hypodifferential map df is Lipschitz
continuous on Q with Lipschitz constant L =, A\iL;.

The following result can be readily verified directly.
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Proposition 3.41. Under the assumptions of Proposition 3.21 the following state-

ments hold true:

(1) If the hypodifferential df is a Lipschitzian approzimation of f on Q with
Lipschitz constant L, then the hypodifferential dg (see (17)) is a Lipschitzian
approzimation of g on A7 (Q — b) with Lipschitz constant L||A]|.

(2) If the hypodifferential map df is Lipschitz continuous on @ with Lipschitz
constant L, then the hypodifferential dg is Lilpschitz continuous on A~*(Q —b)
with Lipschitz constant L max{l, || A*||}.

4. Applications to nonsmooth convex optimization

In this section we consider applications of the theory of hypodifferentials of non-
smooth convex function to convex optimization. Our goal is to present several
different versions of the method of hypodifferential descent for nonsmooth convex
minimization and estimate their rate of convergence.

4.1. The method of hypodifferential descent

For the sake of simplicity, suppose that X is a real Hilbert space, although under
some additional assumptions the results presented below can be partially extended
to the case of general Banach spaces. Let the space R x X be equipped with the
norm ||(a,z)|| = +/|al? + ||z]|? for any (a,z) € R x X and f: X — R be a closed
convex function. Suppose that a hypodifferential map df(-) of this function defined
on X is known. Recall that in the case of Hilbert spaces hypodifferential is a convex

weakly compact (or, equivalently, convex, bounded, and closed) subset of the space
R x X (see Remark 3.3).

Consider the following optimization problem:

min f(x).

zeX

Let f. be the optimal value of the problem. Following the ideas of Demyanov
[10] one can propose a method for minimizing the function f called the method of
hypodifferential descent, whose theoretical scheme is given in Algorithm 1.

Algorithm 1: The method of hypodifferential descent

Initialisation. Choose an initial point g € X and put k£ = 0.

Step 1. Compute df(xy). Find an optimal solution (ay,vy) of the problem
min a® + ||[v]|*>  subject to (a,v) € df(zy). (26)

Step 2. Choose a step size oy > 0 and put 1 = T — apvg.

Step 3. Check a stopping criterion. If it is satisfied, Stop. Otherwise, put
k < k+1 and go to Step 1.
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Note that if the hypodifferential df(xy) is a polytope, then the subproblem on Step
2 of the method of hypodifferential descent is the problem of finding an element
of a polytope with the smallest norm for which there exists many efficient methods
21, 29, 52, 2]. It should also be mentioned that one can use the following inequalities

|f(@rs1) = flan)] e and/or  dist (0,df(zx)) = y/ai + [Jox]* < €

with small € > 0 as a stopping criterion for the method of hypodifferential descent.

The rate of convergence O(1/k) of the method of hypodifferential with the step
sizes ay chosen according to the Armijo’s rule was proved in [18]. Here we will
prove that the same rate of convergence holds true for the version of the method
with constant step size and provide a rigorous justification for the stopping criteria
discussed above. Let us note that although the proof of this result is similar to the
proof of [18, Theorem 3.5, there are certain significant differences between them
(e.g. the fact that one needs find an upper estimate for the constant step size
ensuring that the sequence {f(zx)} is decreasing).

Theorem 4.1. Let the sublevel set S(xy) = {x € X | f(z) < f(zo)} be bounded.
Suppose also that the hypodifferential mapping df () is consistent and bounded on the
set S(xo) and there exists € > 0 such that df is a Lipschitzian approzimation of f on
the set S.(x¢) = {x € X | dist(z, S(z9)) < €} with Lipschitz constant L > 0. Then
there exists @ such that for any o € (0,@) the method of hypodifferential descent
with o = « generates sequence {xy} satisfying the following conditions:

(1)  the sequence { f(x1)} is strictly decreasing and converges to the global minimum

of f (in particular, |f(xgr1) — f(xr)] = 0 as k — o0);

(2) > ak, vi)|I* < +o00 and dist(0, df (xzx)) — 0 as k — oo,
(3)  for all k € N the following inequality holds true:

N (f(zo) = f)(1 + R)? —o(!
fwe) = fo < (L+R)? + (f(wo) = f) (a = E5°) k O< ) 0

where R = sup{||ly — z.|| | y € S(x0)}, x is any point of global minimum of
f and f. = f(z.).

Moreover, one can define @ = min{2/L, min{1,e}/C}, where C > 0 is such that
la| < C and ||v|| < C for any (a,v) € df(x) and x € S(xo).

Proof. Note that under the assumptions of the theorem the function f attains a
global minimum, since X is a Hilbert space and the sublevel set S(z) is bounded.

Let {x)} be the sequence generated by the method of hypodifferential descent with
ap = a for some a > 0. Denote ®4(y) = max(qv)edf(zy) (@ + (v,y)). For the sake of
convenience, we divide the proof of the theorem into several parts.

Part 1. Recall that (ax,vx) is an optimal solution of subproblem (26). Applying
the standard optimality conditions to this subproblem one gets

ap(a — ag) + (g, v —vg) >0 Y(a,v) € df(xy). (28)
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If ax = 0, then bearing in mind the fact that a < 0 for any (a,v) € df(z;) one
obtains

Cip(—vp) < max (v, —vg) < —lopll® = =l (ax, ve) ||

(a,0)edf (k)

In turn, if ax < 0, then dividing (28) by a; and taking the maximum over all
(a,v) € df(x)) one gets

1 1 1
Py, (—m) = Imax (a + —(v,vk)) < —|l(ax, ve)|)*.
(a,v)edf (zk) agk ay

Thus, in either case one has ®(—Srvr) < —Bell(ar, vi)||?, where Bi = 1/|ax], if
ap < 0, and B, = 1, otherwise. Hence taking into account the fact that by the
definition of hypodifferential ®;(0) = 0 one obtains that

Dy (—tBrvr) < t®(—Brox) < —tBll(ar, vi)||*  Vt € [0,1],

thanks to the convexity of &y, or, equivalently,
O (—tvy) < —tl|(ar, vi)|I* Yt € [0, 5] (29)

for any k € N.

Part 2. Let us show that there exists @ > 0 such that for any a € (0,a] one
has {zx} C S(xp) and the sequence {f(xy)} is strictly decreasing. Indeed, by our
assumption the hypodifferential map df(-) is bounded on S(zg). Therefore, there
exists C' > 0 such that |a] < C and |jv]| < C for any (a,v) € df(x) and x € S(z).

Define S
@ =mwin {2, 2002 (30)

and let « € (0, @).

Suppose that x, € S(zg) for some k € N. Let us check that zx1, € S(x¢) and
f(zrs1) < f(x). Indeed, since xp € S(zp), one has |ag] < C or, equivalently,
B > 1/C (one can suppose that C' > 1), which implies that ap = o < . Moreover,
from the definition of & it follows that t||vg|| < € for any t € [0,a]. Consequently,
Tpy1 := T — vy € Sc(xg). Therefore, applying inequality (29) and the fact that the
hypodiferential map df(-) is a Lipschitzian approximation of f on S.(z() one gets
that

L
flars) < flaw) + max  (a+ (0, 2541 — 1)) + = || 2ep1 — 2l
(a,v)€df (k) 2

La? La?
< fa) = all(an, v)ll? + - lloell® < Flan) = (@ = Z5-) (g vi) I
Hence taking into account the fact that o < 2/L (see (30)) one can conclude that
f(zr41) < f(zx) and zp41 € S(xo). Thus, in particular, the sequence {f(zx)}
converges.

Part 3. Denote Ay = f(zx) — fo. As we have shown above, one has

2

L
Apit — Ap < =1l(am, ve) || VEEN, n=a— 7“ > 0. (31)
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Hence, in particular, A1 < Ay and
k k

f(@ri1) = f(x0) = Z(AiJrl —A;) < _WZ H(@kavk)Hz Vk € N,

i=0 i=0
which implies that

0o ) X | 1
; [ (ak, vi)||* < 5(]‘(:1:0) - ,}ggof(:vk)> < =(f(x0) = f.).

Ui

Thus, the second statement of the theorem holds true.

Recall that the hypodifferential map df () is consistent and (ax, vg) € df(x). There-
fore

Ay < —ag + (v 2 — 22) < [[(ar, o) [(1+ |z — zll) < 1+ B)[[(ar, vl (32)
for any k£ € N. Combining this inequality with (31) one obtains

Ay < Ap — ﬁAi Vk € N.

Dividing this inequality by A1 - Ag and rearranging the terms one gets

1>1 N Ak>1+n

— >+ 1L == > _ + 1 __ VikeN
Apri — Ay (I4+R?2App — Ar (1+R)?

(here we used the fact that Ay < Ay, that is, AA:H > 1). Summing up these

inequalities one finally obtains
1 1 n

> _- 4
A~ DAy I+ R?

(k+1) VkeN,

which implies that the estimate (27) holds true. O

Remark 4.2. Note that the assumptions of the previous theorem are not restrictive
in the finite dimensional case, since by Corollary 3.36 a hypodifferential mapping
satisfying these assumptions exists for any nonsmooth function f: X — R having
the bounded sublevel set S(x). O

Let us show that if the hypodifferential map df(-) is ezact (global), then one can use
the first component a; of an optimal solution of subproblem (26) on Step 1 of the
method of hypodifferential descent to determine a step size that ensures the linear
rate of convergence of the method.

Theorem 4.3. Let the sublevel set S(xo) be bounded, the hypodifferential map df ()
be exact on S.(xg) for some e > 0, and {x\} be the sequence generated by the method
of hypodifferential descent with oy, = 1/ay, if ax < 0, and o = 1, otherwise. Then
the following statements hold true:

(1) ar <O for any k € N;
(2)  there existsy € (0,1) and C > 0 such that dist(0, df (z)) < Cv* for allk € N;
(3)  there exists q € (0,1) such that f(xx) — fo < (f(x0) — fu))q" for any k € N.
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Proof. We use the same notation as in the proof of Theorem 4.1. For the sake of
convenience, we divide the proof of this theorem into several parts.

Part 1. Let us show that if z;, € S(z¢), then a; < 0. Suppose by contradiction that
x € S(xp), but ap = 0 for some k € N. Then from the optimality conditions (28)
and the fact that the hypodifferential map df(-) is exact on S.(x¢) it follows that

j(xk—-avw-—ijk)=:¢k6—avw:z(miézﬁmg01+<v,—avw)

<a max (v,—v) < —af v (33)

= @wedf@) T
for any @ > 0 such that xj(«) := zp —av, € Se(xo). Let us show that z;(a) € S.(z0)
for any a > 0. Then f(z(a)) — —00 as o — +oo, which contradicts the fact that
the function f attains a global minimum, since its sublevel set S(z) is bounded.

Indeed, note that zx(a) € S.(xg) for any a € [0,¢/||vg]|]. With the use of the fact
that the sublevel set S(z¢) is convex one can easily check that the set S.(zo) is
convex as well. Therefore, either the ray {x — avy | @ > 0} is contained in S.(zy)
or there exists @ > 0 such that

{a:k — auy, | a € [0,al} C Sc(xg), = —avg & Se(xy) VYa > a.

Note, however, that in the latter case one has f(zgx(@)) < f(zg) < f(xo) due to
inequality (33). Consequently, there exists 6 > 0 such that f(xzx(a)) < f(zo) for
any « € [@, @+ 0] by virtue of the fact that f is continuous by [25, Corollary 1.2.5].
Thus, the second case is impossible and we can conclude that a; < 0, whenever
x € S(xo).

Part 2. Let us show that {x;} C S(zy) and the sequence {f(xy)} is strictly
decreasing. Indeed, let z;, € S(xg) for some k € N. Then a; < 0 and from the
optimality conditions (28) and the convexity of @ it follows that

0 (L) < a®; (o) < Sl )P <0
Qg Qg ag

for any a € [0, 1]. Therefore applying the fact that the hypodifferential map df(-)
is exact on S.(zo) one obtains that

f o+ o) = flao) + 0 (Zon) < flo) + 2 (v

ag

for any a € [0,1] such that zx + (a/ag)vx € S-(zg). Arguing in the same way as
in the first part of the proof one can show that this inclusion is satisfied for any
a € [0,1]. Consequently, putting a = 1 one gets

Flaren) < Flan) + ol (o, o) | < £ (o). (34)

Therefore, {zx} C S(zo) and the sequence {f(zx)} is strictly decreasing.

Part 3. From inequality (34) it follows that for any k € N :

1 1
Ay = A < = llaw, vo) | < =l (ar, vi) [* = =l (ax, vp)ll. - (35)

|ax| l[(ax, i)l
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Hence applying inequality (32) one obtains

Ay < (1 _ 1%{) A, VkeN,

which implies that Ay, < Agg"*! for any k € N, where ¢ = 1 — ﬁ € (0,1). Thus,
the third statement of the theorem holds true. To prove the second statement of

the theorem, note that from inequality (35) it follows that
dist (0, df (zx)) = [ (ar, vi)|| < Ak — Appr < Aog® — Aog™*' = Ag(1 — )"

for any k£ € N. Thus, the second statement of the theorem holds true with the values
C'=A¢(1—¢q) and vy =g¢. O

Remark 4.4. (i) If under the assumptions of the previous theorem the function
f is polyhedral, then by [18, Theorem 4.7] the method of hypodifferential descent
with o = 1/ay converges to a point of global minimum of f in a finite number of
steps.

(ii) The previous theorem remains to hold true if the step sizes oy, are defined via
the exact line search:

floy — apug) = r(ggf(xk — avy).
Indeed, in this case one obviously has
. 1 1
A1 — Ap = min f(z), — avg) — flaw) < f (xk + *Uk> — flar) < —|l(ar, o)
a>0 ag ag

(see (34)). Then arguing in the same way as in the third part of the proof of Theorem
4.3 one can prove the linear rate of convergence of the method. [

4.2. Accelerated proximal hypodifferential descent

Let us consider a different method for minimizing nonsmooth convex functions based
on the use of hypodifferentials, which we call the proximal hypodifferential descent
method. This method is related to various proximal point methods [49] and can
be viewed as a generalisation of the Pschenichnyi-Pironneau-Polak algorithm for
convex minimax problems [43, Algorithm 2.4.1] (see also [37, Section 2.3.3]) to
the case of general nonsmooth convex functions, as well as a particular version of
the quadratic regularisation of the method of codifferential descent for nonconvex
nonsmooth functions [17]. Moreover, unlike the method of hypodifferential descent
from the previous section, the proximal hypodifferential descent can be applied to
problems of minimizing the function f over a closed convex set () C X. A theoretical
scheme of this method is given in Algorithm 2.

Let us give some comments on the proximal hypodifferential descent method. Firstly,
note that the point z, is correctly defined for any & € N. Indeed, it is easily seen
that the function Wy (x) := @y (z — z) + 0.57||z — x1]|?, € X, is strongly convex,
where, as above,

®p(x) = max (a+ (v,x)) Vre X.
f(w)= e, ot o)
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Algorithm 2: Proximal hypodifferential descent method

Initialisation. Choose an initial point xy € @), a paramter v > 0, and put k£ = 0.
Step 1. Compute df(xy). Find an optimal solution zj of the problem

. N )
min max (a4 (v,x —xx)) + =||x — k|| 36
z€Q (a,v)edf(xk)< < k>) B ” kH ( )

Step 2. Choose a step size oy € (0,1] and put zx1 = zg + o (2 — ).

Step 3. Check a stopping criterion. If it is satisfied, Stop. Otherwise, put
k < k+1 and go to Step 1.

Moreover, this function is coercive, since |®(z)| < Ck + Cillz|| for all x € X and
some Cj > 0 due to the fact that hypodifferential is a bounded set. Therefore, the
function Wi (-) attain a global minimum on () at a unique point zj (see, e.g. [25,
Proposition 11.1.2]).

If the set @ is polyhedral (that is, it is defined by a finite number of linear equality
and inequality constraints) and the hypodifferential df(xy) is a polytope, then the
auxiliary subproblem (36) on Step 1 of the proximal hypodifferential descent method
can obviously be rewritten as an equivalent convex quadratic programming problem.
Let us also point out that the following inequalities

l2x — zll <& and/or  flaw) — f(zp) <€ (37)

with small € > 0 can be used as a stopping criterion for Algorithm 2.

The correctness of the stopping criteria (37), as well as global convergence of the
proximal hypodifferential descent method can be proved in exactly the same way as
the analogous results for QR-MCD method from [17, Section 4], since Algorithm 2
is a particular case of QR-MCD in the convex case. In turn, the rate of convergence
of the proximal hypodifferential descent method can be estimated in the strongly
convex case in exactly the same way as the rate of convergence of similar methods
for convex minimax problems in [37, Theorem 2.3.4] and [43, Theorem 2.4.5]. For
the sake of shortness, we do not present detailed formulations and proofs of these
results here. Instead, we will analyse an accelerated version of Algorithm 2 designed
with the use of Nesterov’s acceleration technique based on estimating sequences [37,
Sections 2.2 and 2.3].

For any = € @ let z,(x) be an optimal solution of the problem

. ) 2
min max a+ V, 2 — T + 1z — 2|2
08 i@t )+ 51z ==

Let us obtain one useful estimate.

Lemma 4.5. Let the hypodifferential map df(-) be consistent on X and a Lips-
chitzian approximation of f on X with Lipschitz constant L > 0. Then for any
vy>L, xe@, andy € X one has

F@) 2 (W) + 79 = @)z = y) + lly = @)

Proof. Fix any y € X and denote

O(z) = max (a+(v,z—y)), ¥U(z)=(x)+ lz—yl|* VreX,
(a,v)edf(y) 2
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Clearly, the function ¥ is strongly convex with modulus p = . Therefore
U(z) > U(z(y) + e — 5 @)* vz eq,

(see, e.g. [51, Proposition 4.8]). Hence for any = € @) one has
(@) = W(@) = Lo = ylI* = W) + 2 (Il = %I - |z - yl?)
= U(2,(y) + 3y — (), 22 — 2,(y) — y)

V(2 (y) + 5y — %(y), 2(x = y) +y — 2,(y)

= W(z(y) +

From the facts that df(-) is a Lipschitzian approximation of f on X with Lipschitz
constant L > 0 and v > L it follows that

F(z(y) < fy) + @(2(y)) + %sz(y) —yll* =) + (=)

Hence taking into account the fact that the hypodifferential map df(-) is consistent
one obtains

Yy =z ) =)+ 5lly — %)

fy) + @(x)
> fly) + V(@) + 7y = 2@) 2 = y) + 3y — 2 @)
f

(5®) + 70y = 2,W).x —y) + 2lly — % )

for any = € Q. [

Suppose that the hypodifferential map df(+) is a Lipschitzian approximation of f on
X with Lipschitz constant L > 0. Following the derivation of Nesterov’s accelerated
method for convex minimax problems [37, Section 2.3.3], choose some zy € @ and
v > 0. Let {yx} € @Q and {ax} C (0,1) be some sequences. For any k € N define

do(w) = f(zo) + ?Hx — o7,

Ori1(w) = (1= a)on(@) + e (F(za(pw) + 5 Iy — 20 () 1)
+ arL(yr — 20(Yx), T — Yi)-

Since ¢y is a quadratic function and ¢y is the sum of (1 — ax)¢k(x) and an affine
function, the functions ¢, are quadratic for all £ € N. Moreover, one can readily
check that

or(z) = 6 + Flle —ul® Wk EN, (38)

where vo =0, ¢5=f(x0), Yet1 = (1 — ar), (39)
Uk4+1 = Uk — %(Z/k — 20(Y)); (40)

fhoa = (1= ol + o (£ + Sl = 20l (41)

2% ||yk — 20 (ye)|I” + o Ly — 20.(Yk), vk — Yi)

for any k € N.
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With the use of the above expression for the functions ¢, we can derive an accelerated
version of the proximal hypodifferential descent method.

Lemma 4.6. Let oy € (0,1), 7o = Lad and sequences {xi}, {yr}, and {ag}r>1 be
chosen according to the following equalities:

e = 20(Ue),  Log = e, Yk = awo + (1 — )y, (42)
Then for all k € N one has
O‘iJrl = (1 - O‘kJrl)Oéia o € (07 1)7 ¢2 2 f(xk)
Proof. The equality for ayy; follows directy from equalities La? = 441 and (39).
Note also that the equation t* = (1 —t)aj has a unique positive solution that lies in
the interval (0, 1), since the function g(t) = t? — a2(1 — t) is strictly increasing on

0, 1] and satisfies the equalities g(0) = —a? < 0 and g(1) = 1. Therefore, ay, € (0,1
k
for all £k € N.

Let us prove the inequality ¢; > f(x)) by induction in k. Suppose that ¢; > f(xy)
for some k € N (recall that ¢§ = f(z¢)). Applying Lemma 4.5 with = xy, y = ys,
and v = L one gets

flxr) = f(zr(ye)) + L{yr — 20(Yx), T — y) + gHyk — z1(y) 1.

Hence with the use of (41) and inequality ¢; > f(x)) one obtains

Grr = (1= ) flon) + o (Fenlm)) + 5l — 2 (o)1)

22
= ool = 22 () I” + Ll — 22 (), vk = i)
Yk+1
L 2712
> feo(ye) + (5 — & lyr — 21 () |I?
2 2y

+ (1= o)Ly — 2 (Yn), Tn — Y + o (0 — Yk)
(1 — Oék)
Consequently, ¢; ., > f(xr41) due to equalities (42). O

Observe that from (42) and (40) it follows that

L 1
Vg1 = Vg — (Yx — 20(Yr)) = vk — —(Yr — Try1)
Ve+1 Qg
o k kVk o k+1 an k)Lk an k+1

=5+ aik(xkﬂ — Tp).
Hence with the use of (42) one gets
Yrt1 = QU1 + (1 — Q1) T
= Qpy1Tk + %(%H — o) + (1 — Qpy1) Traa

Olk+1(]. — ak) (

an Ti+1 — l'k)

= Tg41 T
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Thus, we arrive at the following method, which we call the accelerated proximal
hypodifferential descent method, whose theoretical scheme is given in Algorithm 3.

Algorithm 3: Accelerated proximal hypodifferential descent method

Initialisation. Choose an initial point zy € @ and parameter ay € (0,1). Set
Yo = xg and k = 0.

Step 1. Compute df(yx). Find an optimal solution xj,; of the problem

. . 2
min max a+ v, T — + e — .
0 G yi)) + 5 lle = el

Step 2. Find a solution a4 € (0,1) of the equation
Ay = (1= agps)ag

Oék+1(1 — Oék-) (

an Tiy1 — fl?k)

and put Yk+1 = Tht1 +

Set k < k + 1 and go to Step 1.

The following theorem describes the rate of convergence of this method. Let us note
that its proof largely repeats the way in which the rate of convergence of Nesterov’s
accelerated gradient descent method is estimated [37].

Theorem 4.7. Suppose that [ attains a global minimum on the set Q) and the
hypodifferential map df(-) is consistent on X and a Lipschitzian approzimation of
f on X with Lipschitz constant L > 0. Let {xy} be the sequence generated by the
accelerated proximal hypodifferential descent method. Then for any k € N one has

F) = £ < G (@) = fot Plloo =) =0 (55)

VL +kyD)?

where f, = mingeq f(z.) and z, is a point of global minimum of f on Q.

Proof. Define A\ =1 and A\y1 = (1 — ag)A, for all k£ € N. Let us check that
Or(z) < (1 — M) f(z) + Aepo(z) Ve e X, keN. (43)

Indeed, in the case k = 0 the inequality is obvious. Suppose that it is satisfied for
some k € N. Recall that

L
Grr1(r) = (1 — ap)on () + a (f(ZL(yk)) + 5l — ZL(yk)||2>
+ o L(yr — 20(Yk), © — Y)-
Applying Lemma 4.5 with y = y, one gets that

¢k+1($) < (1 — ozk)qbk.(x) + Ozkf(l‘) Vo e X.
Hence with the use of inequality (43) one obtains for any x € X that
Gria(@) < (1= an) (1= M)F(@) + Muo(a) ) + arf(a)
= (1 = M) f(2) + A0 ().
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Thus, by induction inequality (43) holds true for all £ € N.

By the construction of the method one has f(z;) < ¢;. Therefore by applying
inequality (43) one obtains that

flar) < op = Eg{l or(x) < ggg or(r) < ;Ielcg <(1 — ) f(z) + /\k¢0<x>>
< (1= M) f(2e) + Ago(ws)

or, equivalently,

Fw) = fo < Meldolw.) = ) = M [f () = fo+ Dlleo — 22| (44)

for any k € N.

Let us estimate ;. First, note that v, > o\, for all £ € N. Indeed, 79 = Yoo,
since A\g = 1 by definition. Suppose that the inequality holds true for some k£ € N.
Then

Ver1 = (L= ap)ve = (1 — ar)rodk = YoAnk+1,
which by induction implies that v, > vy or, equivalently, Ay < ~x /70 for all £ € N.
For any k € N one has

1 I VA= VA A = Akt

vV Ak+1 B Vi V Ak AR41 (VA + VNt ) VN1

Recall that A\p11 = (1 — ax) A\ and o € (0,1). Therefore

1 . 1 - )\k — (1 — ak))\k
VAt VA (VA + vV Aktr1) VA Akt+1
QL f

> .
(T+vV1T—ar)vVAe+1 — 24/ Akt

Hence applying the inequality A1 < Yxs1/7% and the equality Lai = 441 (see
Lemma 4.6) one obtains that

L L s [ 1 /%
VA1 VA T 2\ e 2V L

for any k£ € N, which implies that

— 21+ = = MM<——— VielN
Ve T 2VL = VI kymo)
Combining this inequality with (44) one obtains the required result. O

5. Conclusions

We presented a general theory of hypodifferentials of nonsmooth convex functions
and its applications to nonsmooth convex optimization. The key difference between
subdifferentials and hypodifferentials is the fact that, in a sense, hypodifferentials
much closer resemble the gradient of a smooth convex function in its properties than
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subdifferentials. In particular, hypodifferentials possess many important properties
of the gradient that are widely used in convex optimization (such as continuity and
Lipschitz continuity, the property of being a Lipschitzian approximation, etc.), that
subdifferentials do not have. This important feature of hypodifferentials allowed
us to extend some of the results on smooth convex functions/convex optimization
methods to the general nonsmooth setting, which is apparently impossible to do in
the context of the theory of subdifferentials. For example, as we have shown, hy-
podifferentials can be used to generalize accelerated gradient methods to the case of
nonsmooth convex functions. Thus, from the theoretical point of view, the theory of
hypodifferentials provides one with new useful tools for studying nonsmooth convex
functions and problems.

Although the calculus rules and examples presented in the paper show how hypod-
ifferentials of nonsmooth convex functions can be computed in particular cases, it
must be said that hypodifferentials are often much more cumbersome and hard to
deal with from the computational point of view than subdifferentials/subgradients.
They provide significantly more information about the function than subdifferen-
tials/subgradients at the expense of much higher computational cost and memory
consumption. In particular, the higher rate of convergence of convex optimization
methods based on hypodifferentials in comparison with standard nonsmooth con-
vex optimization methods is achieved by a significant increase of complexity of each
iteration and each oracle call, which makes them inapplicable to large scale prob-
lems. However, in some applications (especially in the case of problems of moderate
dimensions), the higher rate of convergence of accelerated hypodifferential descent
methods might compensate for the significantly higher complexity of each iteration
to make such methods competitive in comparison with classical subgradient/bundle
methods.
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