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Abstract

The present paper is a survey on C™! functions. Both theoretical
and numerical results related to this class of nonsmooth functions are
presented. We also give few new results and pose some open problems
for further investigation.

1 Introduction.

Much of classical calculus is based on the notions and properties of gradient
and differential; major subjects such as optimization and differential equations
heavily involve the notion of derivative. As a result, to develop any kind of
nonsmooth calculus this definition has to be replaced by a new one, trying to
preserve, in some generalized form, most of the basic properties and results.
This is what several authors have done; extending classical calculus by first
modifying the concept of gradient. Sometime these new notions have been
defined as generalized derivatives, gradients or differentials. Different schools

Mathematical Reviews subject classification: Primary: 26A03, 26A04, 26B05, 26B10;
Secondary: 26A05
Key words: C*1 functions, generalized Taylor’s formula, implicit function theorem,

nonsmooth optimization
Received by the editors February 8, 2010
Communicated by: Paul D. Humke

311



312 I. GINCHEV, D. LA TORRE, M. Rocca

introduced and constructed new tools and theories that allow treating several
nonsmooth function classes (see, for instance, [21, 66, 68, 69, 86, 89, 76]).
One of the most important such classes is the one of Lipschitz functions from
R™ to R; this class of functions has many important properties and many
applications. They have been widely used in the literature (see for instance
[38]). A smaller class, which is also very important is the collection of the so
called C1! functions, i.e. Fréchet differentiable functions with locally Lips-
chitz derivatives. This definition was introduced by Hiriart-Urruty and others
([40, 39]). Hiriart-Urruty also introduced the concept of a generalized Hessian
matrix for C! functions and proved second order optimality conditions for
nonlinear constrained problems. Many authors have highlighted relevant real
applications in which second order differentiability of the involved data cannot
be assumed but for which C'! regularity holds. For instance, the extended
linear-quadratic programming problem used in the context of stochastic pro-
gramming and optimal control, even in the fully quadratic case, doesn’t use
a twice differentiable objective function; however these objective functions
are differentiable and their derivatives are Lipschitzian. The augmented La-
grangian method of a twice smooth nonlinear programming problem is another
example. On the other hand, from a computational perspective, the interest
in CY! functions comes from the fact that several numerical schemes need
the Lipschitz property of their derivatives to be convergent. A natural gen-
eralization is the class of C*! functions, with k being a positive integer. A
function f from R™ (or from an open set in R™) to R is said to be C*:! if
f is Fréchet differentiable up to order k£ with a locally Lipschitz derivative of
order k. We say that f is C*! near x € R™ if there is an open neighborhood
U of z such that f restricted to U is C*!. The class C%! is defined as the
class of locally Lipschitz functions. The class of C*! functions has been con-
sidered by several authors in the literature; for instance, Luc [63], considering
the class of C*! functions, introduced the notion of a generalized k-th differ-
ential, extended Taylor’s formula, proved higher order optimality conditions,
and provided characterizations of generalized convex functions. Many other
generalized derivatives have been introduced to deal with problems involving
Ck!1 data. Among them are notions due to Dini-Hadamard [13], Peano and
Riemann [1, 2, 22, 51, 70, 72], Michel and Penot [67], and Cominetti and
Correa [14].

We now list three examples to show the importance of this class of nons-
mooth functions in real applied problems.

Example 1.1. Many problems in science and engineering (see, for instance,
[76] and the references therein) can be formulated in terms of a nonsmooth
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semi-infinite optimization problem such as the following:

Minimize f(x) (1.1)
subject to rn[a>§] ¢j(z,t) <0, j=1,...,1 (1.2)
t€la,
where f : R" — R is CH! and ¢; : R" xR - Ris C?, j =1,...,. A

possible approach for solving this kind of problem is to convert it into equality
constraints

b
hj(z):/ [max {¢;(x,y),0}]>dt =0, j=1,...,1 (1.3)

Since ¢ is C?, it is easy see that the function h; is CY' with gradient

b
Vhj(z) = 2/ max{¢;(z,t),0}Ve,(x,t)dt, j=1,...,L (1.4)

Example 1.2. Consider the following minimization problem: Minimize f(x)
over all x € RN such that g1(x) <0,...,gm(z) < 0. Letting r denote a positive
parameter, the augmented Lagrangian L, (see [76] and references therein) is
defined on R™ x R™ as

m

Law,9) = F0)+ 32 DAl + 2@ P — 2 (1.5
i=1

Then L.(x,-) is concave and L.(-,y) is convex whenever the minimization
problem is a convexr minimization problem. By replacing y = 0 we have

Ly(%,0) = f(z) + rZ[gf(x)P (1.6)

which is the ordinary penalized version of the minimization problem. L, is
differentiable everywhere on R™ x R™ with

Vil (z,y )+ Z ly; +2rg;(z)]TVg;(x) (1.7)
Jj=1
OL, _ Yil .
i (z,y)fmax{gl(a:), 27“} i=1...m. (1.8)
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Example 1.3. Several formulations of applied problems involve strongly dis-
continuous data. For instance, for a given vector x € R™ the step function
supp(x), which counts the number of positive components of x, can be found in
portfolio optimization, data classification and neural networks (see [49, 58]).
One possible approach for dealing with this kind of function consists of approz-
imating the problem by a nonlinear continuous function which can be easily
proved to be a CY' function. This allows approximating a strongly discontin-
uwous optimization problem by a CY1 optimization problem for which a well
established numerical scheme is available.

Many results have also been extended by dealing with vector C*! func-
tions, set valued C*'! functions, multi-objective and set valued C*'! optimiza-
tion problems. Among them are the papers [15, 29, 30, 31, 32, 33, 34, 36,
37, 49, 50, 60, 62]. The present paper is a survey of C*! functions, mostly
concentrating on the case k& > 1. We shall also give a few new results and
pose some problems for further investigation. The paper is organized as fol-
lows. Section 2 is devoted to a characterization of C*! functions; in Section 3
a generalized Taylor’s formula is provided; in Section 4 optimality conditions
for both unconstrained and constrained problems are presented as well as some
numerical techniques; while Section 5 concludes with some final remarks and
several applications of C*! functions to boundary value problems.

2 Characterization Of C*! Functions.

In this section we provide a characterization of C*! functions through k-th
discretized differences. Our approach is mainly based on the papers [51, 52, 53].
There are other different characterizations in the literature provided by several
authors and using different notions of generalized derivatives. We give a short
overview of one of them at the end of this section. The main advantage of
using discretized differences consists of having a characterization which doesn’t
require any kind of extra regularity assumption on f or its derivatives.

Let f: Q2 CR"™ — R be a function defined on an open set 2. For such a
function let

k

OF f(x,t,w) = Z(—1)’H (l;)f(x + itw — %ktw). (2.1)

=0

where w € R™ and ¢ € R. Similarly one can introduce

k
0" fa,t,w) =Y (—1)F (I?)f(x + itw). (2.2)

2
=0
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Let us note that whenever t = 0 or w = 0 we have OF f(x,t,w) = 0% f(z,t,w) =
0. It is also easy to see that 0% f(z,t,w) = OF f(z + gtw,t, w). Through dis-
cretized differences one can also introduction a notion of generalized convexity,
as stated in the following definition.

Definition 2.1. [10, 27] A continuous function f:Q CR™ — R is said to be
locally k-convex at xg € Q0 when

OF L f(a, t,w
Ot o

Yz in a neighborhood U of xg, Yw € R™ and Vt such that x + %tw € Q.

When k£ = 1 the previous definition reduces to that for convex functions.
Now suppose that f :  — R be a function such that @+ (z, ¢, w)/t**1 > M,
for each x in a neighborhood U of zg, ¢ in a neighborhood V' of 0 and w € S*.
If M >0, then f is obviously k-convex. If M < 0, let

k+1

p@) =pler,z) =5 S el

J=0 t1+ic+...Fin=j

e (2.4)

be a polynomial of degree at most k+ 1 in the variables x1,...x,. It is known
that, letting w = (wy, ..., wy,),

O p(z,t,w) Z

k41 Cil,m,inwil tet win (25)

n
i1+is+...+i,=k+1

so that one can always choose the coefficients of the polynomial so that

k+1
inf —@ p(z,t w) >

weS! th+1 =-M (2:6)

for every x and ¢, and hence the function f(x) + p(z) is locally k-convex at
xo. The following result provides a characterization of C*! functions.

Theorem 2.2. [53] Assume that the function f : Q — R is bounded on a

neighborhood of the point o € Q. Then f is of class C*' at xq if and only
k+1

if there exist neighborhoods U of zo and V C R of 0 such that w 18

bounded on U x V\{0} uniformly with respect to w € S*.

Corollary 2.3. [53] Assume that the function f is bounded on a neighborhood
of xo. Then f is of class C*' at xo if and only if there exist neighborhoods U

of xg and V' of 0 suclh that w is bounded on U x V\{0}, uniformly
with respect to w € S™.
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Through the notions of discretized differences it is possible to introduce
the notions of Riemann derivatives. The k-th Riemann derivative of f at a
point z € Q in the direction w is defined as

. OFf(z,t,w)

Dipf (@, w) = lim ——"2——, (2.7)
if this limit exists. If the existence of the limit is replaced by the limsup or
liminf one can introduce the notion of upper and lower Riemann derivatives
as follows:

k
— t
D;f(a:, w) = limsup M, (2.8)
t—0 tk
and i
.. O f(x,t,w)
k _ IAg)
Dif(zx,w) = hgnjglf — 5 (2.9)
The corresponding k-th Riemann-type derivative is defined as
OF f(x,t,w)
k T sy
dpflz,w) = }E% % (2.10)

For a survey on Riemann derivatives and their relationships with other defini-
tions of generalized derivatives one can see for instance [1, 2, 11, 22, 27, 26, 70].
The previous characterization can be now reformulated in terms of Riemann
derivatives, as stated in the following corollary.

Corollary 2.4. [53] Assume that f is continuous on a neighborhood of the
point xg. Then f is of class C*' at xg if and only if both Dy 1 f(x) and
Dy f(x) are bounded on a neighborhood of xy.

Previous results extend the elementary condition which relates the Lip-
schitzian condition on f*) and the boundedness of f*+1). We have gen-
eralized this relation without requiring any differentiability hypothesis and
linking the existence and the Lipschitz behaviour of f*) to the boundedness

chan t . . . ..
of %ﬁw) or of the upper and lower Riemann derivatives. Similar con-

ditions can be expressed in terms of d**! f and EkH f. Further extensions
of these results can be obtained for the class of C*“ functions that is the
set of all functions for which f*) exists in a neighborhood of zy and f*)
is locally Holderian of degree « at xy. In particular, for this class of func-
tions, it can be proved that the boundedness of certain discretized differences
is related to higher order smooothness and quasi-smoothness conditions (see
[11, 19, 20, 23]).
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We are going to conclude this section by presenting an interesting charac-
terization of the class of C1! function, which has been provided by Ioffe in [46]
and based on the notion of Clarke and Dini generalized derivatives. Before
presenting the main result, we need to introduce the following definitions and
terminology. For a locally Lipschitz function f,

folww) = limsp LW FTW) = f(@)
y—x,t—07t t

(2.11)

is the Clarke directional derivative of f at x along the direction w ([13]). We
say that f is Clarke regular at x if

f(z,w) = d” f(z,w) = liminf flz +tw) — f(2)

2.12
t—0+ t ( )

for all w. The quantity d~ f(z, w) is called the lower Dini directional derivative
of f at z along w. The upper Dini directional derivative d* f(z,w) is defined
in the same way with lim inf replaced by lim sup. Finally, recall that

O~ f(x) ={a" : (", w) < d” f(z,w),YVw} (2.13)

is the Dini subdifferential of f at x. We are ready to present the following
result.

Theorem 2.5. [46] Let f be a real-valued function that is defined and locally
Lipschitz on an open subset ) of R™. Then the following properties are equiv-
alent:

1. fis CHY on Q;

2. f is Clarke regular on Q and f°(-,-) satisfies the Lipschitz condition in
a neighborhood of every (x,0) € Q x R™;

3. 0~ f(z) is nonempty for any x € Q and locally Lipschitz (as a set-valued
mapping from R™ into R™);

4. d” f(z,w) satisfies the Lipschitz condition in a neighborhood of every
(x,0) € Q x R";

We remark that other characterizations of C1'! functions that involve dif-
ferent notions of second order generalized derivatives can be found in [14, 40,
67, 71].
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3 Taylor’s Formula and the Implicit Function Theorem.

In this section, following D. T. Luc [63] and using Clarke’s generalized Jacobian
[13], a Taylor formula for a C*! function f : R — R is presented. This result
is applied to derive calculus rules for the generalized Hessian in the Implicit
Function Theorem with C*! functions and second-order characterization of
quasiconvex functions.

3.1 Taylor’s Formula.

Let f : R® — R be a C**! function. The classical Taylor Theorem states
that for every pair of points a, b € R™, there is a point ¢ in the open interval
¢ € (a, b) such that

. 1

k
F(b)—f(a) = ; % D f(@)(b=a.....b=a)+ iy D (@ba. . be).

where Dif(a) : R" xR™x...R"(i times) — R denotes the multilinear mapping
defined on (R™)* which represents the differential of f of order i at the point
a. Theorem 3.1 below generalizes Taylor’s Theorem for C*! functions. It
applies the notion of a subgradient of higher order as defined in the sequel.
For every f € C*! by Rademacher’s Theorem, its k-th order derivative D* f
is differentiable almost everywhere. (For the exact formulation and the proof
of Rademacher’s Theorem see e.g. [38].) The generalized Jacobian of D* f at
x € R" in Clarke’s sense [13], denoted by JDF f(z), is defined as the convex
hull of all (n¥ x n)-matrices obtained as the limit of a sequence of the form
JDF f(x;) where {z;}32, converges to x and the classical Jacobian matrix
JDF f(x;) of D¥f at x; exists. The (k + 1)-th order subdifferential of f at
r is defined as the set 9! f(x) := JDFf(x). The elements of this set are
called the (k + 1)-th order subgradients of f at x. They can be considered
as multilinear functions on the space R™ x -+ x R™ (k 4 1 times). When
k = 1 the set 0f(z) := 01 f(x) = Jf(x) is the Clarke subdifferential of f at
x and its elements are the Clarke subgradients of f at x. The space of the
(n* x n)-matrices A = (a;;), i = 1,...n%, j =1,...,n, is endowed with the

nk n 2 1/2
norm 4] = (Zi, 5y a2 )

Theorem 3.1 (Luc [63]). Let f be a C*! function from R™ to R and let
a, b be two arbitrary points in R™. Then there exist a point ¢ € (a, b) and a
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(k 4 1)-th order subgradient Ay, of f at ¢ such that

"1 1
Z; a,...,b—a)—l—m Ap(b—a,...,b—a). (3.1)

Moreover, there exists a neighborhood U of a and a positive K such that || Ap|| <
K forallbe U.

For k = 0 this theorem gives:

Corollary 3.2 (Lebourg Mean Value Theorem [59]). Let f be a C%! function
from R™ to R and let a, b be two arbitrary points in R™. Then there exist a
point ¢ € (a, b) and a subgradient Ay, of f at ¢ such that

f(0) = fa) = Ap(b—a).

Moreover, there exists a neighborhood U of a and a positive K such that || Ap|| <
K forallbeU.

For references, other generalizations and applications of the Mean Value
Theorem we refer to [64].

3.2 The Implicit Function Theorem.

The Implicit Function Theorem plays an important role in analysis. For C*:!
functions the following result holds.

Theorem 3.3 (The Implicit Function Theorem). Let f : R™ x R™ — R™ be
a C*1 function with the property that f(zo,vy0) = 0 and suppose that every
matriz of my0f(xo,yo) is invertible. Then there exists an open neighborhood
U of xg and an open neighborhood V' of yo such that for any x € U there
exists a unique g(x) € V with the property that f(x,g(x)) = 0. The function
g:U — V satisfies g(xo) = yo and g € CF1.

Here 7, stands for the projection operator on the y-space, in this case R™.
When k& = 0 this theorem is established in [13]. When k& > 1, then f is also
C', the condition “every matrix of 7w, f(z0,yo) is invertible” can be written in
the form V,, f(xo,yo) # 0. The assertion with g € C* is the classical Implicit
Function Theorem. The fact that g € C*! is established in [63].

Since the function ¢ in Theorem 3.3 is C*', an important problem is to
give a formula for 9! f(x). Such formulas when k = 0 and k = 1 are
established in [63].



320 I. GINCHEV, D. LA TORRE, M. Rocca

a) When k£ = 0, then

99(w0) € = (9,f (x0,90)) " Duf (z0,30) -
b) When &k = 1, then the following partition for every (n +m) x (n + m)

matrix H is used.
= )

yx vy
where the dimensions of the submatrices Hy,, Hyy, Hyy, Hyy are n X n, nxm,
m X n, m X m respectively. With this partition

82g(x0) ¢ - (8yf(370a yO))_l {Hyo + (Dg(xo))THyw + szDg(xo)
+Hyy(Dg(x0)) " D(g(x0)) | H € 8f (0, 9(w0))} ,

where (...)T denotes the transpose of the matrix in the parentheses.

3.3 Quasiconvexity.

We recall that a function f from R™ to R is said to be quasiconvex if for every
x,y € R™ and every A € (0, 1) one has f(Az + (1 — A\)y) < max(f(z), f(y)).
Conditions for quasiconvexity of C! functions are obtained in [63] as an
application of the results from the previous two subsection. The necessary
conditions in Theorem 3.4 is derived on the basis of the Taylor’s formula (3.1)
while the proof of the sufficient conditions in Theorem 3.5 uses also the Implicit
Function Theorem 3.3. See also [16] for additional information on this. The
formulations use the following notations (with k& = 1).

folf(x)(u) = sup{A(u,...,u) | A€ o f(x)}, (3.2)
D f(z)(u) = inf{A(u,...,u) | A e " f(x)}. (3.3)

Theorem 3.4 (Quasiconvexity, Necessary condition, [63]). Let f be a qua-
siconver C11 function. Then for every x,uw € R™, Df(z)(u) = 0 implies
D2 f(x)(w) > 0.

The following theorem generalizes from C? to C1'! functions a result of
Crouzeix [16].

Theorem 3.5 (Quasiconvexity, Sufficient condition, [63]). Let the C%! func-
tion f satisfy the following conditions for every x, u € R™, u # 0:

Df(z)(u) =0 implies D? f(x)(u) >0,
and Df(x) =0 implies D?f(x)(u) >0.

Then f is quasiconvex.
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Under the hypotheses of Theorem 3.5 the function f is pseudoconvex, (see
the Remark in [63, page 668]). Recall that the function f: R™ — R is said to
be pseudoconvex if for all z, y € R™, f(y) < f(x) implies D f(x)(y — x) < 0.

The pseudoconvex functions generalize the convex functions and obey some
similar properties; for instance every local minimum of a pseudoconvex func-
tion is a global minimum. A larger class with similar properties is the class of
pseudoconvex functions of order k([35]). A natural question, left here as an
open problem, is whether Theorem 3.5 admits an appropriate generalization
with respect to the class of C*! pseudoconvex functions of order .

4 Optimization.

In this section we deal with optimality conditions for problems with C*! func-
tions. Initially following Luc [63] we present optimality conditions based on
Taylor’s formula from the previous section. Thereafter we prove Taylor’s for-
mula with an integral representation of the remainder and on its basis establish
optimality conditions for C*! functions using Dini directional derivatives of
order k + 1. We show that this new result implies that of [63]. We follow an
approach similar to that of Ginchev, Guerraggio, Rocca [30], [29], [31], [34]
for vector optimization problems with C1'! data (and that of [28], [32], [29]
for vector optimization problems with C%! data). In the present paper for
simplicity we restrict our discussion to scalar problems.

The importance of the locally Lipschitz, that is C%!, optimization both
from theoretical and practical points of view is well known. Actually it gave
birth to an intensively studied, vast area of mathematics referred to recently
as variational analysis, see [76], [68], [69]. Optimization problems with C!:!
data were considered initially by Hiriart-Urruty, Strodiot, and Hien Nguen
[40]. Since then such problems, both scalar and vector, have been frequently
studied. For instance second-order conditions for C'''! scalar problems are
studied in [17, 25, 43, 44, 45, 48, 54, 55, 56, 57, 88, 87, 91, 92] and for C*! vector
problems in [36, 37, 49, 50, 60, 61, 62]. Here is a short explanation about the
choice of the Dini derivatives in the optimality conditions. In [26] optimality
conditions are proposed in terms of the so called Hadamard derivatives which
work with quite arbitrary functions. The Hadamard derivatives are however
inconsistent with the classical derivatives in the case of differentiable functions.
That is why in [30] Dini derivatives were considered instead of Hadamard ones,
which on the one hand have similar structure to Hadamard derivatives, while
on the other hand are consistent with the classical derivatives. However it is
shown in [30] that second-order conditions designed like the ones in [26] but
applying Dini derivatives do not work for arbitrary functions. The question
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is posed to find a class of functions F for which these conditions work. It
is shown there that an appropriate choice is the class F = C'!. Recently
Bednaiik and Pastor [4] introduced a more general class of functions called
f-stable functions, which also could be an appropriate choice. In our opinion
the class of ¢-stable functions deserves a separate study from the point of view
of real analysis. It is shown in [3, 4, 5, 6, 7] that the optimality conditions for
scalar problems with ¢-stable functions not only generalize those of [30], but
also the ones from [8], [14] and [3].

4.1 Some Optimality Conditions.

Taylor’s formula from Section 3 is applied to derive the following optimality
conditions.

Theorem 4.1 (Necessary conditions, [63]). Let zg € R™ be a local minimum of
[ with the property that D' f(zg) = 0 fori=1,...,k. Then Df'lf(mo)(u) >0
for all uw € R™. In particular, if k is even, then 0 € O*T1 f(x)(u,...,u) for
allu e R™.

Theorem 4.2 (Sufficient conditions, [63]). Let xg € R™ be a point with the
property that D' f(xzo) = 0 for i = 1,...,k, and D**1f(z0)(u) > 0 for all
uw € R™ uw+#0. Then xg is a local strict minimum of f.

4.2 Taylor’s Formula With An Integral Form Of The Rest.
We establish a variant of Taylor’s formula.

Theorem 4.3. Let f be a C*1 function from R™ to R and let a, b be two
arbitrary points in R™. Then

"1
27 J(b—a,....b—a)+ Rpq1,
where
1 ! _
Rk+1:m/0 (1—s)* 1 (D*fa+s(b—a))(b—a,...,b—a)
—DFf(a))(b—a,...,b—a))ds (4.1)
1 1

=— [ (1-s)"D"" f(a+s(b—a))b—a,...,b—a)ds.
i,
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PRrROOF. Define the function

tl

il
i=1

M -
|
Q

g(t) = fla+t(b—a)) a)b—a,...,b—a).

Then ¢g(0) =0 and

1
g(l)=f 7D’ Jb—a,....,b—a)
i!

// / (D*f(a+ s(b—a))(b—a,....b—a)

—DFf(a)(b—a,...,b—a))ds
—$ — )Y (DFfla+s(b—a —a —a
—(,{in!/ou VL (DF fla+ 56— a))(b—a,....b— a)
—DFf(a))(b—a,....,b—a))ds

1 ! e
:m/o (1—s)* 1/0 D f(a+71(b—a))(b—a,...,b—a)drds

NMW

:% 1(1—S)kpk+1f(a+s(b_a))(b—a,...,b_a)ds,
*J0

To obtain the next to last expression we have used that D¥ f(a+s(b—a))(b—
a,...,b—a) is absolutely continuous (since Lipschitz) in s. To obtain the last
expression we have applied the Fubini Theorem. O

The second integral in the representation (4.1) can be used to obtain the
inclusion

% 1(1 —s)* DM fla+ s(b— a))(b—a,...,b—a)ds (4.2)
*Jo
€(k+11)! I fe)b—a,...,b—a)

for some ¢ € [a, b], which shows, roughly speaking, that Theorem 4.3 is a
refinement of Theorem 3.1. Actually this result shows that in general the
remainder term in Theorem 4.3 gives a more precise estimation, with the only
exception that in (4.2), and hence in the representation of the remainder in
Theorem 4.3, the point ¢ possibly takes as values a or b, the extremes points
of [a, b], while in Theorem 4.3 this is excluded. In the case f € C**! the
inclusion (4.2) turns into equality and the result is a simple application of
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the Integral Mean Value Theorem. As Theorem 4.4 below shows, the integral
representation of the rest from Theorem 4.3 is more convenient for estimations
than the form involving an intermediate point and generalized gradients from
Theorem 3.1. We skip the proof of (4.2) in general, since on the one hand this
result won’t be used in the sequel, and on the other hand we don’t wish to
enter more deeply into the theory of Clarke generalized gradients. The first
integral in the representation (4.1) is used to obtain the estimation in Theorem
4.4 below. For z, w € R™ and t € R (we are interested further in the case
t > 0) we introduce the notation:

k4
AR (20, t,w) = (k;::rll)' <f(x+tw) — f(=x) —Z:'le(x)(w,,w)> .

In the sequel we also use the notation S := {u € R™ | ||u]| = 1}. For 2y € R™
and r > we put also B(zg,7) = {z € R" | ||l — x| < r}.

Theorem 4.4. Let f be C*! on B(xg,r), where g € R™, r > 0, with D* f(xq)
being Lipschitz with constant X. Then for allu, v € S, and allt with0 <t <r,

| AR f (o, 8, u) — AR f (0,8, 0)] < (K + 1) Alu— o] (4.3)
For v =0 we get
AR f(wo, b w)] < (B + 1) Al (4.4)
PROOF. The estimation (4.3) follows from the following chain:
|Ak+1f(x03 t, U) - AkJrlf(an t, U)|

1
- (k;lii-ll)' ) (k _1 1)! ‘ |/o (1 *S)kfl(Dkf(IoJrstu) —Dkf(xo))(tu,...,tu) ds

—/0 (1= 8)* "1 (D" f(zo + stv) — D¥ f(x0)) (tv, ..., tv) ds |
1
— DR [ o (0o + stu) = D))

—(D* f(x0 + stv) — D f(x0))(u, . . . ,u))
+(D* f(zo + stv) — D* f(z0)) (v — v, u, . .., u)
+(D* f(xo + stv) — D* f(x0))(v,u — v, ... u) + ...
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+(DF f(zo + stv) — D¥ f(z0)) (v, v, ..., u— v)) ds‘
< (k+1)kX /1(1 — ) s+ +8)ds lu—n
0

1
=(k+ I)Qk)\/ (1—s)*Lsds |lu—v|]|=(k+1)\]|u—2].
0

For the last equality we applied the integral fol(l —s)Flsds = m Now

(4.4) follows immediately from A*+!f(zo,¢,0) =0 and (4.3). O

4.3 Unconstrained Problems.

In this section we deal with the problem of finding the local minimum of a
Ck! function f : R® — R. (All results are also valid for functions f defined
on an open subset of R™.) We denote this problem by

min f(z). (4.5)

Our goal is to discuss optimality conditions for this problem. In the sequel we
make use of the (k+ 1)-th order lower Dini directional derivative of f, defined
at the point z € R™ in direction u© € R™ by

FE (2 4) = lim inf AR (2,1, ). (4.6)

t—
A suitable notation for this derivative could be also D**! f(z)(u, ..., u); we
avoid it however because D*™! f(z)(u, ..., u) has been used earlier in another

sense. Moreover, to unify the notation we also put
f@(:f:,u) =D f(x)(uy. .. u), i=1,...,k.

Note that a formula similar to (4.6) is valid (with k + 1 substituted by i and
At f(z,t,u) defined similarly to A*Lf(z, ¢, u)).
The following conditions are important in the forthcoming discussion.
N@(m,u) : f&j)(x,u) =0,7=1,...,7—1, implies f&i)(x,u) >0.
S@(w,u) : fgj)(:mu) =0,5=1,...,7i— 1, implies f@(az,u) >0.

Clearly, condition N(_l)(m,u) is simply f(_l)(x,u) > 0, and similarly condi-
tion S(_l)(x,u) is fil)(x,u) > 0.
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Theorem 4.5 (Necessary conditions, [26]). Let f : R® — R be a C*! function
near xo for which xo is a local minimum. Then for all u € S conditions
N (zg,u), i =1,...,k + 1, hold.

The strict minima are in some sense more restrictive than the usual ones.
We will say that x( is a strict minimum of order k + 1 of f (or of problem
(4.5)) if there is r > 0 and a > 0 such that

f(x) > f(zo) +allx — x|/ forall z € B(xo,r). (4.7)

Obviously, each strict minimum of order k + 1 is a strict minimum, and more-
over a minimum of f.

Theorem 4.6 (Sufficient conditions, Strict minima). Let f : R™ — R be a
C*F1 function near xg. Let zo € R™ be such that for each u € S there exist
1=12u) €{l,....,k+1}, § =d(u) >0 and t = t(u) > 0 for which

a) Condition S(_i)(aro,u) is satisfied,

) St 5/ (@0,0) 20 for 0 < t < Fand v € S0 B(u.d).

i=1 3l

Then xg is a strict minimum of order k + 1.

PROOF. Since f € _C"“’1 near x(, we can choose ¥ > 0 such that f is C*! on
B(xo,7), and all D*f, i = 1,...,k, are Lipschitz with a constant A > 0 on
B(:L'(],f).

Fix u € S. Condition " (zo,u) gives

79 g, ) = timing 2 (7o + ) — f(20)) > 0,

t—0+ t*
whence there exists ¢ = e(u) > 0 and r; = r1(u), 0 < r1 < min(7, 1), such

that

7

t
f(zo + tu) — fzg) > € for O0<t<ry.
From Theorem 4.4, with k + 1 replaced by 7, for 0 < t < 7 and v € SN B(u, §)

f(zo +tv) = f(x0) > f(wo + tu) — f(z0)
t

<)

P (e=TAllv—ul).

ﬁ\‘

=1 ,; 7
G t
+D 2 1 w0, 0) = S A o —uf 2
i=1



C*! FuncTioNs: A SURVEY 327

Choose §; = min(d, £/(22))). Then for v € SN B(u,d1) and 0 < t < 71 we
have - -
tv) — P —
Jwo +tv) = J@o) 2 551 2 55
Thus, we have shown that for every u € S there exist r = r(u), a neigh-
borhood U = U(u) of u, and a = a(u) > 0, such that

fzo+tv) > f(zo) +attt for 0<t<r and veSNU.

Because of the compactness of S, this implies that zq is a strict minimum of
order k + 1. O

Theorem 4.2 is a corollary from Theorem 4.6. Indeed, when D’ f(z0) = 0,
i=1,...,k and D" f(x0)(u) > 0 for all u € R™\ {0}, then conditions a)
and b) are satisfied. Condition a) follows from

FD(@o,u) = Dif(zo)(uy ..., u) =0, i=1,....k
and, with regard to Theorem 4.3,

k+ 1)
f(_kH)(xO,u) = liminf 7( +1)

t—0+ tk+1

(f(xo + tu) — f(z0))

1

= lim(i)grlf (k+ 1)/ (1 — s)*D** L f(zg + stu)(u,...,u)ds > 0.
t— 0

Here we have used that D**1f(x) > 0 for  in some neighborhood of zg, a

consequence of D**1 f(z¢)(u) > 0 and the upper semi continuity of D¥*1f.

In fact, we have shown that for all v € S condition S(fﬂ)(xo, u) is satisfied.

Condition b) follows immediately from FO (zg,u) = D' f(z0)(u,...,u) = 0,
t=1,...,k. Then Zle %f@(xo,v) =0.
Theorem 4.6 admits a converse with assumptions similar to Theorem 4.2.

This fact is shown in the next theorem and stresses that the strict minimum
of order k + 1 is the appropriate notion of a solution for problem (4.5).

Theorem 4.7. Let f : R" — R be C*! near zg € R™ and let D' f(zo) = 0,
it =1,...,k. If xg is a strict minimum of order k + 1 then for all u € S
sHHD(

condition Xo,u) is satisfied.

PRrROOF. By the hypotheses there exist a > 0 and > 0 such that

fzo+tu) > f(zo) +at"™ for 0<t<§ and wes,
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£ a0 w) = D' flao) (o u) =0, i= 1k

Now
k+1)!
8 (e, by = B (g 4 1) — p(ao))
(k+1)!
> Ll e — ket
and
f£k+1)(xo,u) = lim(i)rﬁf AR f (g, t,u) > (k+1)la> 0.
t—
Therefore condition S(fﬂ)(xo, u) holds. O

The next two theorems are corollaries of Theorems 4.6 and 4.7 in the cases
k =0 and k = 1 respectively.

Theorem 4.8. Let f : R* — R be a C%' function near o € R™. Let
f&l)(xo,u) > 0 for all u € S. Then xg is a strict minimum of order 1.

Conversely, if xg is a strict minimum of order 1, then fﬁl)(aco,u) > 0 for all
ueS.

PROOF. One need observe that condition S(_l)(xo,u) is fﬁl)(a:o,u) > 0, and
for k = 0 condition b) in Theorem 4.6 is missing. O

Theorem 4.9 ([30]). Let f : R™ — R be a C11 function near zq € R™. Let
D f(z0) =0 and f(_2)(xo,u) >0 for allu e S. Then xq is a strict minimum
of order 2. Conversely, if xq is a strict minimum of order 2, then D' f(x¢) = 0
and f£2) (xo,u) >0 for allu e S.

PROOF. Let D!f(zg) = 0 and fEQ)(xo,u) > 0 for all v € S. This means
that S(_Q)(a:o, u) holds for all w € S, which verifies condition a) of Theorem 4.6.
Condition b) follows trivially from tf&l)(aro, v) = tD!f(x0)(v) = 0. Conversely,
if zg is a strict minimum of order 2, and hence a minimum, then necessarily
D' f(zg) = 0. The hypotheses of Theorem 4.7 are satisfied. Hence S(f)(xo, w)

holds, which gives % (zq,u) > 0 for all u € S. O
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4.4 Constrained Problems.

In this section we deal with the scalar constrained problem

min f(z1,...,2n),
gi(x1,...,2,) <0, i=1,...,p, (4.8)
hj($1,...,$n):0, jZl,...,q.

under the assumption that all functions are C*!. (We say that the prob-
lem is with C*! data.) This problem is the scalar counterpart of the vector
optimization problem considered in [32] and [34] with the assumptions that
the problem data are respectively C%! and C'! functions. We will adapt
these results for the scalar problem considered here. Our approach is based
on the Dini set-valued derivatives. Let ® : R” — R™ be a C*! function and
2% € R™. Then the (k + 1)-th order Dini set-valued derivative of ® at x in
direction u € R™ is defined by

D (2%) = Limsup A*1®(x, ¢, u) .
t—0+

Here Limsup;_,,, stands for the Painlevé-Kuratowski limit. In other words

we have y € @gkﬂ)(xo) if there exists a sequence t, — 07 such that y =
lim, oo AF1®(2,t,,u). Instead of <I>7(})(;UO) and &) (20) we will write ®/,(2°)
and ®”(z%) respectively. With problem (4.4) we relate the vector functions
g : R" — RP whose components are the functions g;, ¢ = 1,...,p, and h :
R" — RY whose components are the functions h;, 7 = 1,...,q. We will
suppose that ¢ < n and will assume the hypotheses of the implicit function
theorem that guarantee the equation h(xz) = 0 to be solved with respect to
q of the components of x = (x1,...,2,). Substituting them in the objective
function and in the inequality constraints, we transform the problem into
one with only inequality constraints to which we can apply the optimality
conditions from [28] (in the case k = 0) or [29] (in the case k = 1). In such a
way we obtain Theorems 4.10 and 4.10 stated below.

In the sequel we will use the notation. Ry = [0, +00), RE = (Ry)?. For
y€Ry let Ry[0] =Ry and Ry [y] =R if y > 0. For y = (y1,...,yp) € RE we
put RY [y] = Ry [y1] % --- X Ry [y,). Further, for y € Ry we put R [0] = Ry,
and R [y] = {0} if y > 0. Similarly, for y = (y1,...,y,) € RE let RE*[y] =

R% [y1] % - - - X R% [yp]. The scalar product of the vectors 2 = (24, ..., 2}) € R?,
i=1,2,is (2},2%) = - z122. We apply upper indices for the points, as

e.g. z' and 22 here, or ¥ for the reference point, reserving the lower indices
for their components. Recall that z° is a minimum point for problem (4.4) if
there is » > 0 such that f(x) > f(2°) for all feasible x € B(z% r) (= is said
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to be feasible if it satisfies the constraints g(z) < 0 and h(z) = 0). Similarly,
we call 20 a strict minimum point of order k if there is » > 0 and a > 0
such that inequality (4.7) for all feasible points € B(z%,r). For brevity we
say manimum instead of minimum point, and strict minimum instead of strict
mainimum point.

We will consider the cases k = 0 and k = 1 separately.

Case k=0.

Now the assumption is that f, g, h are C%! functions. The goal is to
establish first-order optimality conditions the feasible point 2° = (29,...,22)
to be a minimum or strict minimum. Further we will suppose that the variable
feasible point « = (z1,...,z,) admits a representation x = (z,,x) where z,
unifies some n — ¢ components of x and x; the remaining ¢ components of z,

such that

A%(2%) : All the matrices in 7, h(z°) are invertible.

Theorem 4.10 ([32]). Consider problem (4.4) with f, g, h being C%' func-
tions near x° € R™. Assume that 2° is a feasible point satisfying condition
AY(29).

(Necessary Conditions) Let 2° be a minimum of problem (4.4). Then for
each u € S

NpH @ u) = (f, 9 ) (a%) N (= (it Ry x ine RE [g(a”)] x {0})) =0

(Sufficient Conditions) Suppose that for each u € S the following condition
is satisfied:

Syt (@ w) (£, g By (2%) N (= Ry x RE [—g(2%)] x {0})) = 0.

Then z° is a strict minimum of order 1 of problem (4.4).

The primal form conditions N2 (2, u) and S (2°

dual form representation, respectively.

,u) admit an equivalent

NY! (o, u) : { (Y0, 2% 0) € (£, g, ) ()  3(E°, %) € Ry x RE"[—g(a)] -
4 (€% n") #(0,0) and (£ 3°) + (n°, 2°) > 0.

st { Y00 € 0 L) ) €R UL (e
d o (€% 1°) #(0,0) and (£, 4% + (1°, 2°) > 0.
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In this form one can recognize £°, n° as Lagrange multipliers. The relation
n° = @0,....n0) € R [—g(z")] is equivalent to 7 g;(°) = 0,4 = 1,...,p,
which in the classical Karush-Kuhn-Tucker (KKT) theory is known as the
complementary slackness condition. In contrast to the classical KKT theory
the multipliers here depend on the direction, which gives some flexibility and
generality. We emphasize, that optimality conditions in nonsmooth optimiza-
tion are often designed on the basis of the smooth counterpart, the classical
KKT conditions. Theorem 6.1.1 in [13, page 228] establishes conditions for
problems with C%! data of this type based on the Clarke generalized gra-
dient. Let us stress that this theorem, as the usual results involving KKT
conditions, is limited only to necessary optimality conditions, while Theorem
4.10 presents sufficient ones. In the case of necessary conditions, it is shown
n [32] that Theorem 4.10 works in cases when [13] fails. The disadvantage
of conditions based on Dini derivatives is that in general the Dini derivative
does not admit convenient calculus rules, while the Clarke generalized gradient
does. However, they are still effective when the functions considered present
some regularity as it is shown in [33].

Case k=1.
Now the assumption is that f, g, h are C1! functions. The goal is to estab-
lish second-order optimality conditions for the feasible point 2° = (29,..., 22)

to be a minimum or strict minimum. For simplicity, the Jacobians of f, g and
h at a point x will be denoted by f'(z), ¢'(z) and h'(x) respectively. We will
suppose that at the reference feasible point z°

Al(20): The Jacobian h/(z?) is of full range q.
Note that condition A!(2°) is only a more natural formulation of condition
A%(z%) with regard to the present now case of a differentiable function h.

Theorem 4.11 ([34]). Consider problem (4.4) with f, g, h being C*' func-
tions. Let x° be a feasible point and condition A (x°) be satisfied.

(Necessary Conditions) Let 2° be a minimum of problem (4.4). Then for
all w € S both conditions N)' (2, u) and N}i’l(mo,u) given below are satisfied.

if (f'(«°)u, ¢'(2°)u, B'(2°)u)
€ —(Ry x RE [—g(z%)] \ int Ry x int RE [—g(z?)]) x {0}
Nl,l(xo u) . then v(y0?207w0> € (fa g, h)Z (l‘o) = (507770’(0) :
d o (€°,n°%) € Ry x RE"[—g(2”)] \ {(0, 0)},
(€, @) u) + (n°,g' (") u) = 0, ¢° € R? satisfies (4.9),
and (€%, y°) + (n°, 20) + (¢°, w®) > 0.
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(Sufficient Conditions) Suppose that for each u € S one of the conditions
(20, u) and Syt (z°,u) given below is satisfied.

S

0
p

(f'(@®)u, ¢'(a®)u, B (2°)u)
€ —(Ry x RE [—g(2?)] \ int Ry x 1ntRp[ g(x%)]) x {0}
8171(330 ’LL) . andV(yO,zo,w ) € (fv 9, )u( ) (50 77074'0) :
d o (50 %) Ry x Rﬁ*[—g(fﬁo)] \ {(0, 0)},
(€%, f'(2) u) + (n°, 9( O)u) =0, ¢° € R? satisfies (4.9),
and (€%, y°) + (n°, 2°) +(C% w®) >0

Then 2° is a strict minimum of order 2 of problem (4.4).

8

Both N}j’l(aj u) and S 1(2%,u) refer to the following condition:

(€% w®) = (€%, fu,(aq, ap) (hg, (g, xp) w®)) (4.9)
_<770u gxb(xg,xg) (h;bl(xgﬂxl?) w0)> .

Here x = (x4, 2p) is a representation of x such that 7, h'(z) is of full rank q.
Let us mention that the existence of ¢° is guaranteed by the Riesz Theorem
(Saying that each linear functional ¢(w°) admits a representation (¢°,w") =
£(w?) for some (V).

With regard to the differentiability of the data, conditions N U:1(29 u) and
SO (2% u) used in Theorem 4.11 admit a more convenient representatlon
noted below as N’ and S’ respectively.

N (f' (%), g'(a%)u, W' (2%)u) ¢ —(int Ry x int RY [—g(a)]) x {0},
S (f'(@%)u, ¢ (@%)u, B (2%)u) ¢ —(Ry x RY [—g(a)]) x {0}

In conclusion we remark that Theorems 4.10 and 4.11 establish first and
second-order optimality conditions for the constrained problem (4.4) with C?:!
and O! data respectively. The proof is based on the implicit function the-
orem for the equation h(z,,zy) = 0, excluding the equality constraints and
the variables x;, and reducing the problem in this way to the one considered
in [28] or [29] respectively. In Section 4.5 the Taylor’s formula of order 1 and
2 for the implicit function is presented with the remainder represented with
a mean point and generalized gradients. Here for the exclusion process we
needed rather the representation like in Theorem 4.3 with an integral form for
the remainder. A similar problem for £ > 3 is an open problem. Also an open
problem, but of less importance, is establishing optimality conditions of order
k > 3 for the constrained problem (4.4) with C*! data.
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4.5 Numerical Methods.

Several efficient numerical methods have been developed and implemented
to solve nonsmooth optimization problems with C1! functions (sometimes
called LC! functions). Among them, the milestone is the one due to Qi and
Sun (see [73]) which represents an extension of the classical Newton method
for minimization of C? functions. See also [12], [18] and [85] for additional
information. This method works under the assumption that the derivatives
of the objective functions are semismooth. This is not an unusual hypothe-
sis since, for instance, the derivative of the objective function of an extended
linear-quadratic programming problem in the fully quadratic case is semis-
mooth and the derivative of the augmented Lagrangian of a twice smooth
nonlinear programming problem is also semismooth. The main difference be-
tween the classical Newton method and the one for C''! functions is based
on the choice of the second order differential. Since twice differentiability is
not assumed, the Newton method for nonsmooth function at each step picks
up one element belonging to the generalized Hessian in the sense of Clarke
(see [13]). As already announced at the beginning of this section, convergence
is proved under the extra hypothesis of semismoothness of the involved data.
The generalized Newton method for C! problems reads as

Thy1 =z — Vi 'V f (1) (4.10)

where Vi, € 92 f(zy) is the generalized Hessian. The definition of semismooth-
ness is the following.

Definition 4.12. [73] V[ is said to be semismooth at x if Vf is locally
Lipschitzian at x and

lim Vi (4.11)
Ved? f(x+th'),h/—h,t—0

exists for any h.

The local convergence of Newton’s method for nonsmooth problems is
stated in the following result.

Theorem 4.13. [84] Suppose that f is a LC* function and V f is semismooth
at x*, xy, is sufficiently close to x*, where x* is a local minimum, V € 9% f(z*)
is positive definite. Then the generalized Newton iteration 4.10 is well defined,
and converges to x* at a superlinear rate.

There are results regarding the global convergence of this method and the
analysis of the speed of convergence (see [74, 75, 84]).
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5 Conclusions And Final Remarks.

We have presented a short survey on the theory of C*! functions mainly con-
centrated on characterizations, generalized Taylor’s formula and optimization
of objects belonging to this class of nonsmooth functions. Before concluding
this brief survey, we think it is worthwhile to give a quick look at how this
class of functions has been used in other branches of nonsmooth calculus.

In fact, in the literature the class of C*! functions has also been considered
in several papers dealing with differential equations with initial conditions or
boundary value problems. For instance, H.Shahgholian (see [79] and the ref-
erences therein) proved C1'! regularity in semilinear elliptic problems, Y.Luo
and A.Eberhad (see [65]) used C1'! approximation to prove comparison prin-
ciples for viscosity solutions of curvature equations, and finally, M.Salo ([77])
considered the stable dependence of solutions to wave equations on metrics
in the C1'! class. Another interesting application of C'*! functions for a new
parametrix construction for the wave equation with variable coefficients is
given in [80]. The same author shows the importance of regularity C1! in
considering L?-L? estimates for the spectral projections of an elliptic differen-
tial operator on a compact manifold ([81]). Other applications can be found
in [9, 41, 47, 78, 82, 83, 90]. Without pretending to be exhaustive but just to
give an idea of such applications, let us consider the main result obtained by
H.Shahgholian in the above mentioned paper. He presents a simple proof of
CY! regularity of the solution u to the stationary reaction-diffusion equations

Vu= f(z,y). (5.1)

Let B; the unit ball in R™, W?2P the classical Sobolev space and suppose
that f be a function which satisfies

[f(@, )] < M, |f(z,t) = f(y, )] < Mz —yl, f'(2,t) > —M(weakly) (5.2)

for all z € B;. A function u € W2P(By), p > n, is said to belong to the class
P := P(M,n) if u satisfies

o Vu= f(z,y)
o |lullwer <M

The main result in this paper states there exists a universal constant C' =
C(M,n) such that for all u € P(M,n)

[Vu(z) = Vu(y)| < Clz —y| (5-3)

for all 2,y € By 5 or, in other words, that u is locally a C! function.
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