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1. Introduction

In this paper the symbol H denotes a general real Hilbert space, with (-, -)4 rep-
resenting the associated inner product and || - || the corresponding norm. This
introductory section uses standard notations and terminologies from convex and
variational analysis (see Section 2.1 for reminders). In particular we denote by A(H)
the set of all Lipschitz continuous and strongly monotone operators A : H — H,
and by I'g(H) the set of all proper closed convex extended real-valued functions
P : H — RU{+oo}. Additionally we recall that a function ® € I'o(H) is said to
be positively homogeneous if ®(Av) = AP(v) for all v € H and all A > 0. Finally
we use N* to denote the set of all positive integers and the symbols R, R, R_,
R* represent the sets of nonnegative, positive, nonpositive, negative real numbers,
respectively.

1.1. Variational inequalities and complementarity problems

Concepts and brief overview. In the literature a variational inequality is defined
as a mathematical problem whose goal is to find an element v € H which satisfies

(VI) (A(u) — fiv —uyy + (v) — P(u) >0, YveH,
ISSN 0944-6532 / $ 2.50 © Heldermann Verlag
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or equivalently the inclusion f € A(u) + 0P (u), where (A, ®) € A(H) x T'o(H) and
f € H is a specified element. When A is linear (resp. nonlinear), the variational
inequality (VI) is said to be linear (resp. nonlinear). Also, when & = 1 is the
indicator function to a nonempty closed convex subset C' C H, the variational
inequality (VI) reduces to find an element u € #H such that

ueC and (A(u)— fiv—u)yy >0, YveC.

In that case, the variational inequality (VI) is said to be of the first kind. Otherwise,
it is said to be of the second kind.

The theory of variational inequalities was originally introduced by Fichera [12] and
Stampacchia [26] in the fields of potential theory and mechanics. Since then, it has
been extensively developed and is now an important area within applied mathe-
matics. We refer to the works by Brézis [4], Browder [6], Lions [16], Mosco [20],
Stampacchia [27] and references therein. This theory serves as an effective tool for
analyzing a broad spectrum of linear and nonlinear mathematical problems within
a unified framework. The literature is enriched with many significant theoretical
advancements and numerical treatments, and notable contributions underscore the
practical applications of variational inequalities, demonstrating the theory’s capacity
to deal with complex challenges in various scientific domains such as contact me-
chanics, optimal control theory, traffic network equilibrium, financial mathematics,
image processing, etc.

An important special case of (VI) is given when & = (i is the indicator function
to a nonempty closed convex cone K C H. In that case, the variational inequality
(VI) is of the first kind and moreover reduces to what is known in the literature as
a complementarity problem which consists in finding an element v € ‘H such that

ue K, (u,A(u)— flu=0 and A(u)—fe K",
which can be succinctly reformulated in a compact form as
(CP) K>ul A(u)— f € K7,
where K* stands for the dual cone (also called positive polar cone) of K defined by
K ={weH|(wv)y >0, Vve K}

For an exhaustive exploration of complementarity problems and their significant
implications in the domains of engineering and economics, the reader is directed to
the seminal work [11] by Ferris and Pang.

Examples in optimization. Variational inequalities play a central role in the
mathematical field of optimization. For example, the general variational inequality
(VI) encompasses the classical characterization of the projection u = proj.(f) of f
onto a nonempty closed convex subset C' C H, that is, of the unique element u € C
that minimizes the || - [|»-distance to f among all elements of C. This is obtained
when (VI) is applied with the linear identity operator A = Idy and the indicator
function ® = ¢¢.
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Another significant example is given when A is derived from a potential, that is,
when A = VU is the (possibly nonlinear) gradient of a Fréchet differentiable convex
function ¥ : X — R and f = 0y4. In that context, the variational inequality
(VI) characterizes the fact for an element u € H to be a solution to the so-called
composite optimization problem given by
inimize W D(v).
minimize (v) + @(v)
This kind of composite optimization problem is useful in many areas, like image
processing and machine learning. Also, in statistical analysis, a well-known convex
form of the LASSO problem, which is important for sparse linear regression, is given
by

C 1
minimize 5||R:c — c|lfm + |21,

where n, m € N*, R € R™*" ¢ € R™ and || - ||; denotes the classical 1-norm on R".

Finally a complementarity problem arises, for example, when considering a quadratic
optimization problem subject to linear inequality constraints of the form

Pr —beRTY,
r € RY,

zeR™

minimize %(Qx,x)w + {(a, z)gn subject to {

where n, m € N*, ) € R™" is symmetric, P € R™*" a € R” and b € R™. In that
setting, the Karush-Kuhn-Tucker (KKT) conditions for a solution x write as the

existence of a Lagrange multiplier p € R™ such that the pair u = (x, p) is a solution
to (CP) with H = R*™™ K = R}™™ and

_pT _
Az(% 0Rrim> and fz( ba)‘

1.2. Sensitivity analysis of variational inequalities in the literature

From a general point of view, the sensitivity analysis of a mathematical problem is
concerned with the regularity (continuity, differentiability, etc.) of its solution with
respect to some parameters. For optimization issues, a first-order sensitivity analysis
(concerned with first-order differentiability results) is usually required in order to
establish first-order necessary conditions for optimal parameters, or for numerical
purposes (for example, for the implementation of gradient descent methods in order
to numerically find optimal parameters).

Concerning variational inequalities, it can be proved (see, e.g., [3, Proposition
31]) that the variational inequality (VI) admits a unique solution given by u =
prox, ¢(f), where prox, o = (A +9®)"!' : # — H is the well-known Lipschitz
continuous eztended prozimal operator (corresponding to an extension of the clas-
sical prozimal operator proxg = (Idy + 0®)~' : H — H introduced by Moreau
[19]). In particular we notice that the unique solution u to (VI) depends Lipschitz
continuously on the element f.

Now, in order to develop the sensitivity analysis of (VI) to the first-order, we will
focus in the rest of this paper on the differentiability at ¢ = 0 of the map t — wy,
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where u; € H stands for the unique solution to the parameterized variational in-
equality
(VL) (A(ug) — frov —up)y + (v) — (uy) >0, Yo € H,

where the (fixed) element f has been replaced by a parameterized element f; with
t > 0. Note that, when assuming that the map ¢ — f; is differentiable at ¢ = 0, this
investigation corresponds to the study of the Hadamard directional differentiability
(see, e.g., [2, Definition 2.45]) of the extended proximal operator prox g.

The case of linear variational inequalities of the first kind. The pioneer
works concerned with first-order sensitivity analysis of linear variational inequalities
of the first kind are due to Haraux [13] and Mignot [17]. Actually these works
are dedicated to the directional differentiability (see, e.g., [2, Definition 2.44]), also
called conical differentiability, of the projection operator proj, onto a nonempty
closed convex subset C' C H. Precisely, assuming that C' is polyhedric at projq(f)
for f — proj(f), the authors establish the expansion formula

projo(f +tf) = projo(f) + t Projre proje (1)n(f—proje ()~ (f) + o(t),

for all £ > 0 and all f' € H, where T (proj-(f)) stands for the tangent cone to C
at proj-(f) and o stands for the usual Landau notation.

In fact, the above expansion formula has been obtained in [17, Theorem 2.2] in
the generalized context of a a-projection operator proj¢ where a : H x H — R is
a (possibly nonsymmetric) bilinear continuous form. In that generalized setting,
the expansion formula is obtained under a-polyhedricity of C' at proj¢&(f) for f —
proj&(f), and by replacing proj. by proj¢ everywhere and the classical orthogonal
(f —projc(f))* by the a*-orthogonal (f —proj&(f)): where a* : H x H — R stands
for the conjugate form to a.

Finally, since Lipschitz continuity and directional differentiability imply together
Hadamard directional differentiability (see, e.g., [2, Proposition 2.49]), if the map
t — f; is differentiable at ¢ = 0 and C'is a-polyhedric at uy := proj&(fo) for fo — uo,
then the map ¢ — u; := proj&(f;) is differentiable at ¢ = 0 with

uy = projaTc(uo)m(fO_uo)L (fo)-

a*

The case of linear variational inequalities of the second kind with positive
homogeneity. As we saw earlier, a significant part of variational inequalities in
the literature are associated with positively homogeneous functions. We can cite,
for example, complementarity problems (when ® = ¢k is the indicator function to
a nonempty closed convex cone K C H) or sparse linear regression problems in
statistics (when ® = || - ||; is the classical 1-norm on H = R").

Christof and Wachsmuth [8, Proposition 2.1] have recently observed that, when
A € A(H) is linear and ® € I'o(#H) is positively homogeneous, the unique solution

u to (V1) satisfies L )
u = A" (ft - PTOJaacb(oH)(ft)) ’ 1)

for all ¢ > 0, involving the subgradient 0®(04) and the form a : H x H — R defined
by a(vy,vs) = (A7 vy, ve)y for all vy, vo € H. Using the results of the previous
paragraph, the authors deduce that, if the map ¢t — f; is differentiable at ¢ = 0 and
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0®(0y) is a-polyhedric at projge,,)(fo) for fo — projge o, (fo) (which is equivalent
to classical polyhedricity of 0®(0y4) at fo — Aug for ug), then the map ¢ — u, is
differentiable at ¢t = 0 with

uy = AT (fé - proj%aé(oH)(fO*AUO)muol<f6>> : (2)

This equality leads, together with some basic computations and reformulations, to
[8, Theorem 2.3] characterizing uj, as the unique solution to the variational inequality
of the first kind given by

U{] € (Ta‘D(OH)(fO - AUO) N ué_)o
and (Aug — fo,0 —uphu >0, Vv € (T, (fo — Aug) Nug)” . )

We point out here that [8, Theorem 2.3] corresponds to a generalization of [14,
Theorem 4.2] that was previously established in the particular context of a linear
variational inequality associated with a specific positively homogeneous function.

The case of nonlinear variational inequalities. The previous paragraphs are
both concerned with first-order sensitivity analysis of linear variational inequalities
and are both based on the Haraux and Mignot’s expansion formula for projection
operators. Concerning nonlinear variational inequalities (that is, when A € A(H)
is nonlinear), even if ® € I'o(#) is an indicator function or positively homogeneous,
such an approach cannot be achieved since a simple expression of u; involving a
projection operator (such as (1)) is not available in the nonlinear context.

Nonetheless, using mathematical tools introduced and thoroughly studied by Rock-
afellar, such as the notion of twice epi-differentiability [23], it can be proved under
appropriate conditions (see Lemma 2.4 for details) that the map t — w;, where
u; € H stands for the unique solution to (VI1;), is differentiable at t = 0 and that its
derivative wy is the unique solution to the variational inequality

!/ !/ / 1 " 1 " /
(V) {DeAluo)(uh) — fyov— tphw + S07(0) = 1@7(up) >0, Vo e H,

where DsA(ug) € A(H) stands for the semi-differential of A at o,
O = dg(ID(u0|f0 - A(U0)> € Fo(H)

stands for the second-order epi-derivative of ® at ug for fo — A(ug) and f§ stands for
the derivative of t — f; at ¢ = 0. Roughly speaking we say that the variational in-
equality (VIf) is the “derivative” at ¢ = 0 of the parameterized nonlinear variational
inequality (VI).

For further details on the sensitivity analysis of variational inequalities, we refer the
reader to [7, 9].

1.3. Main result, other contributions and structure of the present paper

The main objective of the present paper is to address the first-order sensitivity
analysis of nonlinear variational inequalities associated with positively homogeneous
functions. Roughly speaking, our main result (Theorem 1.1) asserts that, under
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appropriate conditions (including a polyhedricity assumption), the “derivative” of
a parameterized nonlinear variational inequality associated with a positively homo-
geneous function is a complementarity problem. It is stated as follows and will be
proved later (see Section 2.2).

Theorem 1.1. Let (A, ®) € A(H) x T'o(H) and u; € H be the unique solution to
the parameterized nonlinear variational inequality

(VL) (A(ug) — frov —up)y + (v) — P(uy) >0, Yo e H,

where f; € H, for all t > 0. If A is semi-differentiable at ug, ® is positively
homogeneous with 0P (0y) polyhedric at fo— A(ug) forug and t — f; is differentiable
at t =0, then t — wy s differentiable at t = 0 and its derivative uj is the unique
solution to the complementarity problem

(CP()) TNa@(oH)(fo—A(uo))(UO) = u6 1 DSA(U(J)(UE)) - fé € TNa@(om(fo—A(uo))(uO)*?

where DsA(ug) € A(H) stands for the semi-differential of A at uy and f} stands
for the derivative of t — f; at t = 0. In that context we say, roughly speaking, that
the complementarity problem (CPy) is the “derivative” at t = 0 of the parameterized
nonlinear variational inequality (V1;).

Contributions with respect to the existing literature. Hereafter we provide
a list of comments intended to highlight the contributions of the present paper in
comparison with preceding works in the literature:

(i) First of all, for any nonempty closed convex subset C' C H, it can be proved by
bipolar theorem that (T¢(v) Nwh)® = Ty () (w) for any v € C and any w € N¢(v)
(see [17, Proposition 2.2]). As a consequence, by comparing (3) and (CPj), one can
easily see that our main result (Theorem 1.1) corresponds to a strict extension of
[8, Theorem 2.3] by Christof and Wachsmuth to the nonlinear case (that is, when
A € A(H) is nonlinear).

Furthermore, and as mentioned earlier, we insist on the fact that this extension
to the nonlinear case is not a simple replica. Its proof (developed in Section 2.2)
requires a novel approach based on different tools (such as the Rockafellar’s concept
of twice epi-differentiability) from that of the linear case based essentially, thanks to
linearity, on the expression (1) and on the Haraux and Mignot’s expansion formula
for projection operators.

(ii) Secondly, even if the variational inequality (3) is of the first kind and associated
with a cone (precisely the polar cone (Tap(0,,)(fo — Aug) Nug)°), it is not explicitly
mentioned in [8] that (3) corresponds to a complementarity problem. On the con-
trary, Theorem 1.1 identifies clearly the complementarity structure of (CPj) which
can serve as a foundation for further developments (for instance, for the design of
numerical algorithms that exploit the complementarity structure). Additionally,
the different presentation of the associated cone TNowo) (o A(uo)) (Uo) in Theorem
1.1 makes the geometric content more transparent and directly linked to classical
objects (precisely, a tangent cone to a normal cone), which may not be as readily
visible in [8, Theorem 2.3] (involving a polar cone to an intersection between a tan-
gent cone and an hyperplane). In our opinion, the structural clarity of our paper is
one of its key contributions.
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(iii) Thirdly, our proof of Theorem 1.1 (developed in Section 2.2) is constructed
so that it easily and directly follows from the application of three lemmas known
in the literature (with two of them being taken from the literature on twice epi-
differentiability). Furthermore, this proof naturally makes the complementarity
problem (CPj) emerge, while the proof of [8, Theorem 2.3] requires a few com-
putations and reformulations to establish (1), (2) and (3).

(iv) Fourthly, Theorem 1.1 is based, like [8, Theorem 2.3], on a polyhedricity
assumption made on the subgradient 0®(04). A contribution of the present paper
is to provide several examples and counterexamples illustrating the requirement of
this assumption (see Section 2.3).

(v) Finally we emphasize that one of our counterexamples, precisely Counterexam-
ple 2.9 in Section 2.3, may be of independent interests for mathematicians studying
generalized differentiability properties of the projection operator. Indeed, two semi-
nal works [15, 25] have provided examples of a nonempty closed convex subset C' C H
for which the projection operator proj. fails to exhibit directional differentiability.
In both papers, the set C' is not conic. To our best knowledge, no example of a
nonempty closed convex cone K C H for which the projection operator proj, is not
directionally differentiable has been provided in the literature yet. Counterexample
2.9 in Section 2.3 fills this gap.

Here we underline that Counterexample 2.9 is strongly inspired from the counterex-
ample developed by Shapiro in [25]. Precisely, in Counterexample 2.9, the nonempty
closed convex cone K := R, (C x {1}) C R?® corresponds to a three-dimensional
conical expansion of the two-dimensional nonempty closed convex subset C' C R?
constructed by Shapiro. Therefore, since proj. is not directionally differentiable on
R?, the non-directional differentiability of proj, on R? can be anticipated. Never-
theless we insist on the fact that the proof of the non-directional differentiability of
projy is not trivial and is not a simple adaptation of Shapiro’s proof. It requires
several technical adjustments that are discussed in Remark 2.11.

Structure of the paper. The rest of this paper is structured as follows. Section
2.1 is dedicated to required preliminaries from convex and variational analysis, and
specific reminders on the notion of polyhedricity are provided in Remark 2.1. Section
2.2 contains the proof of Theorem 1.1 and some perspectives for extensions are dis-
cussed in Remark 2.5. Section 2.3 proposes several examples and counterexamples.
It also includes Remark 2.11 that is dedicated to the technical adjustments required
in Counterexample 2.9 compared to the counterexample developed by Shapiro [25].
Finally the paper closes with a conclusion in Section 3 and Appendix A contains a
short proof of a technical lemma.

2. Proof of Theorem 1.1 and illustrative examples
2.1. Reminders from convex and variational analysis

In addition to the notations and concepts recalled in Introduction, this section is
devoted to reminders from convex and variational analysis that are required all
along the paper. We refer to standard references such as [5, 22, 24]. Recall that the
domain of a function ® € I'g(H) is defined by dom(®) := {v € H | (v) < +o0},
the associated (set-valued) subdifferential map 0P : H = H is defined by



462 S. Adly, L. Bourdin / The Derivative of a Nonlinear ...

8@(1}) — { {w eEH ’ Yo' € H, <w,1}’ — U>H < ‘I)(U') o @(U)} foe dom(@),

0 otherwise,
for all v € H, and the associated Legendre-Fenchel conjugate ®* € T'o(H) by

Yw e H, O (w):=sup (w,v)y — P(v).
vEH
In this paper we denote by S the closure of any nonempty subset S C H. The polar
cone, the dual cone and the orthogonal to S are respectively defined by

Soi={weH|WYWweES, (wv)yy <0}, $*:=-5° and S+ :=5°N5*
They are all nonempty closed convex cones.

When C' is a nonempty closed convex subset of H, we denote by tc € I'g(H) the
indicator function to C, defined by tc(v) := 0 if v € C and t¢(v) := 400 otherwise,
and by o¢ := 1 € I'o(H) the support function to C, given by o¢(w) = sup,co(w, v)x
for all w € H. Furthermore, the radial cone, the normal cone and the tangent cone
to C' at some v € C' are respectively defined by

Re(v) =R (C —v),
Ne(v) == 0e(v) = (C —v)° = Re(v)°

and Te(v) := Ne(v)® = Re(v)” = Re(v).
Finally recall that C' is said to be polyhedric at some v € C' for some w € Ng(v) if
Te(v) Nw® = Re(v) Nwt.

Then C'is said to be globally polyhedric if it is polyhedric at any v € C' and for any
w € Nc(v).

Remark 2.1. For an overview on polyhedricity, we refer to [28] by Wachsmuth,
and references therein. Hereafter we just recall a few properties:

(i) A sufficient condition for a nonempty closed convex subset C' C H to be poly-
hedric at some v € C for any w € N¢(v) is the closedness of R (v).

(i) Denote by By (resp. Brn, Boo) the closed unit ball of R®, for some n € N*, with
respect to the I-norm || - [|; (resp. the Euclidean norm || - ||gn, the co-norm || - ||)-
Then B; and B, are both globally polyhedric. For n = 1, Bgs = B} = By, = [~1, 1]
is globally polyhedric. On the contrary, for n > 2, B is not globally polyhedric
(more precisely, it is not polyhedric at any v € Bg» such that ||v||gs = 1 and for any
w € N, (0)\{0z0}).

(iii) If S C H is a polyhedral set (that is, a nonempty set that can be expressed as the
intersection of a finite number of closed halfspaces), then S is globally polyhedric.
The converse is not true in general (see [28, Example 4.24]).

(iv) If K is a nonempty closed convex cone of R? with K # R?, then K is polyhe-
dral (and thus is globally polyhedric). This result is not true in general in higher
dimensions. O
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2.2. Proof of Theorem 1.1

Our proof follows directly from the application of three lemmas (Lemmas 2.2, 2.3,
2.4) extracted from the literature. Precisely Lemma 2.2 is a classical fact in convex
analysis (related to results such as [18, Exercise 4.6] and [24, Example 11.4]), whose
proof is recalled in Appendix A for the reader’s convenience. On the contrary, Lem-
mas 2.3 and 2.4, that can be found for example in [10, Example 2.10] and [1, The-
orem 4.15] respectively, relate on the advanced notion of twice epi-differentiability.
Despite the fundamental role played by this concept, the statement and the proof
of Theorem 1.1 are constructed in the present paper to stand independent of this
technical notion. Hence, for the sake of brevity and to ensure accessibility, no re-
minder on twice epi-differentiability is provided here. Interested readers are directed
to references such as [1, 10, 23].

Lemma 2.2. If ® € I'o(H) is positively homogeneous, then ® = cap(0,,)-

Lemma 2.3. Let C be a nonempty closed convex subset of H. If C is polyhedric at
some v € C' for some w € N¢(v), then o is twice epi-differentiable at w for v with

d500<w|v) = Ty vy (W)

where d*oc(w|v) €To(H) stands for the second-order epi-derivative of oc at w for v.

Lemma 2.4. Let (A, ®) € A(H) x I'o(H). Define u, := prox, 4(f;), where f, € H,
for allt > 0. If A is semi-differentiable at uy, ® is twice epi-differentiable at ug for
fo—A(up) and t — f; is differentiable at t = 0, then t — uy is differentiable at t =0
and its derivative ug satisfies

uy = PTOX D, A(ug), L d2®(uo fo—A(uo)) (fo);

where DyA(ug) € A(H) stands for the semi-differential of A at the point uy,
d?®(ug|fo — A(ug)) € To(H) stands for the second-order epi-derivative of ® at ug
for fo — A(ug) and fl stands for the derivative of t — f; at t = 0.

We are now in a position to develop the (short) proof of Theorem 1.1. For this
purpose, let us consider the framework of Theorem 1.1. Since ® € I'y(#H) is positively
homogeneous, Lemma 2.2 ensures that ® = 09a(0,,) and, since d®(04) is polyhedric
at fo — A(ug) for ug, Lemma 2.3 ensures that ® is twice epi-differentiable at ug for

dgq)(uO'fO — A(up)) = LTNBq)(OH)(fO—A(uO))(UO)' (4)

Since wu; is the unique solution to (VI;), it can be expressed as u; = prox, 4(f;) for
all t > 0. Then, Lemma 2.4 ensures that ¢t — w, is differentiable at £ = 0 and its
derivative wuy satisfies

ui) = prOXDsA(UO),%dgq’(udfo—A(uo))(fé)' (5)

We get from (4) and (5) that wy is the unique solution to the complementarity
problem (CP{). The proof of Theorem 1.1 is complete.
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Remark 2.5. From the above proof of Theorem 1.1, there are a number of possible
perspectives:

(i) From Lemma 2.4, one can easily see that the assumptions made on ® in Theorem
1.1 can be relaxed. Indeed it is sufficient to assume that ® is twice epi-differentiable
at ug for fo — A(ug) with its second-order epi-derivative d?®(ug|fo — A(up)) = tx
being the indicator function to a nonempty closed convex cone K C H. In that
context we obtain that ¢ — w, is differentiable at t = 0 and its derivative vy is the
unique solution to the complementarity problem

K 3 uy L DyA(ug)(uy) — f € K™

However a characterization of the functions ® € T'g(H) satisfying the above as-
sumptions, furthermore with an explicit expression of K, seems untractable. One of
the main contributions of the present work has been to gather known results from
the literature to reveal that the positively homogeneous functions ® € I'g(H) with
0P (04) polyhedric at fo — A(up) for ug satisfy the above assumptions, furthermore

with K = TNB@(OH)(fO*A(uO))(UO)'

(ii) In the same spirit than the previous item, a first step towards the relaxation
of the assumptions made on ® in Theorem 1.1 could concern the polyhedricity
assumption, by characterizing the nonempty closed convex subsets C' C H such that
oc is twice epi-differentiable and, furthermore, with a second-order epi-derivative
being the indicator function to a nonempty closed convex cone. This open question is
beyond the scope of the present paper, but may constitute an interesting perspective
for further researches.

(iii) Finally we bring the reader’s attention to the reference [1, Theorem 4.15] in
which Lemma 2.4 is actually stated in the more general context of parameterized
nonlinear variational inequalities of the form

(Ar(ug) — frov — up)y + Pp(v) — Py(uy) >0, Yo € H,

in which all elements are parameterized, including the pair (A;, ®;). Therefore a
natural perspective for future works could be the extension of Theorem 1.1 to this
generalized context.

2.3. Examples and counterexamples

In this section, for illustration, we apply Theorem 1.1 on a parameterized LASSO
problem (Example 2.6) and on a parameterized complementarity problem (Example
2.7), for which the polyhedricity assumption is satisfied in both situations. Above
all, in a second stage, we prove with two counterexamples that the conclusions of
Theorem 1.1 may fail if the polyhedricity assumption is not satisfied. Precisely,
Counterexample 2.8 provides a situation where the map ¢ — w; is differentiable at
t = 0, but its derivative uj, is not a solution to the complementarity problem (CPy).
Then, Counterexample 2.9 provides a situation where the map ¢ — w; is not even
differentiable at ¢t = 0.

Example 2.6. Consider the parameterized LASSO problem given by

C 1
minimize §||R£E — ctllzm + |21,
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where n, m € N*, R € R™" is such that RT R € R"*" is invertible, ¢, € R™ for
all t > 0, and where || - ||; stands for the classical 1-norm on R"™. It corresponds
to the parameterized variational inequality (VI;) when considering H = R", the
linear operator A € A(R") given by A(z) := R"Rx for all z € R, the positively
homogeneous function ® := || - ||; € To(R") and f; :== R'¢; for all t > 0. In the
sequel we denote by x; its unique solution for all £ > 0.

It is known that || - ||(0gn) = B which is globally polyhedric (see Remark 2.1).
Hence we deduce from Theorem 1.1 that, if ¢ — ¢; is differentiable at ¢ = 0, then
t — z; is differentiable at ¢ = 0 and its derivative xf, is the unique solution to the
complementarity problem

TNEX, (RT(CD*RxO))CUO) > 1’6 € RT(R[EB - Ci)) = TNEOO (RT (co—Ruxo)) (1’0)*.

Let us explore here a simple illustration of this result by considering n = m = 2,
R = Idg: and ¢ = 2(cos(t),sin(t)) for all ¢ > 0. In that context, from the closed-
form expression of prox), (see, e.g., [21]), it can easily be established that we have
xp = (2cos(t) — 1,0) for all £ > 0. Therefore ¢ = (2,0), o = (1,0) and one can
easily obtain that

TNgm(RT(Co—Rxo))('xO) =R x {0} and TNEOO(RT(C()—RICO))(IO)* = {O} x R.

With ¢ = (0,2), we indeed see that z{, = (0,0) is the unique solution to the
complementarity problem

R x {0} > 25 L xy— ¢ € {0} xR, O

Example 2.7. Let A € A(H), K C H be a nonempty closed convex cone and
u; € H be the unique solution to the parameterized complementarity problem

K> Uy 1 A(Ut) - ft € K*, (CPt)

where f,€H, for all t>0. Applying Theorem 1.1 to ® =1, for which 0P (04)=K°,
and recalling that K° is polyhedric at fo— A(ug) for ug if and only if K is polyhedric
at ug for fo—A(ug) (see [28, Lemma 3.2]), we obtain the following result: if A is semi-
differentiable at ug, K is polyhedric at ug for fo — A(ug) and t — f; is differentiable
at t = 0, then ¢t — w; is differentiable at t = 0 and its derivative u( is the unique
solution to the complementarity problem

TN o (fo—Atuo)) (U0) 2 g L Dy A(uo)(ug) — f5 € TN o (fo—Aluo)) (o)™

Let us give a simple illustration of this result by considering H = R?, A = Idpe,
K =R?% and f; = (¢,t — 1) for all ¢ > 0. In that context it is clear that K° = R?
and u; = (¢,0) for all t > 0. Therefore fo = (0,—1), ugp = (0,0) and one can easily
obtain that

TNKO(fO*A(UO))(uO) =R, x {0} and TNKo(fng(uO))<U/O)* =R, xR.

With f} = (1,1), we indeed see that u; = (1,0) is the unique solution to the
complementarity problem
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Counterexample 2.8. In the literature, when considering a LASSO problem but
replacing the 1-norm || - [|; on R™ by the Euclidean norm || - ||z, one obtains what
is commonly called a ridge regression problem. Here we consider the parameterized
ridge regression problem given by

g + [l

minimize 1||Rx — ¢
T€R" 2

where n, m € N*, R € R™*" is such that R' R € R™*" is invertible and ¢; € R™
for all ¢ > 0. It corresponds to the parameterized variational inequality (VI;) when
considering H = R™, the linear operator A € A(R") given by A(z) := R" Rz for all
x € R™, the positively homogeneous function ® := || - ||g» € To(R") and f; := R'¢;
for all t > 0. In the sequel we denote by x; its unique solution for all ¢ > 0.

Here the polyhedricity assumption of Theorem 1.1 is not satisfied if n > 2. Indeed,
in that context, it is known that 9||-||gn (Orn) = Brn which is not globally polyhedric
(see Remark 2.1) and thus the conclusions of Theorem 1.1 are not guaranteed, as
shown below.

Consider n = m = 2, R = Idg2 and ¢; = 2(cos(t),sin(t)) for all ¢ > 0. In that
context, from the closed-form expression of prox; ., (see, e.g., [21]), it can easily be
established that z; = (cos(t),sin(t)) for all t > 0. Therefore ¢y = (2,0), 2o = (1,0)
and one can easily obtain that

TNERR (R (co—Rao))(To) = R x {0} and TNﬁRn (RT (co—Rao)) (T0)" = {0} X R.

With ¢ = (0,2), we observe that, even if ¢t — z; is differentiable at ¢ = 0, its
derivative xf, = (0, 1) is not a solution to the complementarity problem

R x {0} 225 L zj —cy € {0} xR. O

Counterexample 2.9. Consider the parameterized complementarity problem (CP;)
of Example 2.7 with A = Idg-~. In that context the unique solution to (CP;) is given
by u; = projg(fi) for all t > 0. Hereafter our aim is to construct a counterexample
showing that, even if ¢ — f; is differentiable at ¢ = 0, if K is not polyhedric at wug
for fy — ug, then t — u; is not differentiable at ¢ = 0 in general. Furthermore, in our
counterexample below, f; is t-affine (in the sense that f, = fo + tf for all ¢ > 0, for
some fy, f{ € H) which implies that proj is not directionally differentiable at fj in
the direction fJ. To our best knowledge, this is the first time in the literature that
an example of non-directionally differentiable projection operator onto a nonempty
closed convex cone is provided. We refer to Item (v) at the end of Introduction for
additional comments and related references.

Inspired by the work [25] by Shapiro, we consider now the nonempty closed con-
vex subset C' C R? defined as the convex envelope of (0,0), (1,0) and the points
(cos(Vk), sin(vk))ren+ Where v, := 7 for all k& € N* (see Figure 2). Note that C' is
not polyhedric at (1,0) for (1,0). In [25], it is proved that proj. is not direction-
ally differentiable at (2,0) (whose projection onto C'is (1,0)) in the direction (0, 1).
However, with respect to our objective, C' is not conic. Furthermore, we know that
any nonempty closed convex cone in R? is globally polyhedric (see Remark 2.1).
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Therefore, to construct our counterexample, our idea is to consider the nonempty
closed convex cone K := R,(C x {1}) of R? (see Figure 1) and to prove that
projy is not directionally differentiable at fy := (2,0,0) (whose projection onto K
is up := (1,0,1)) in the direction f} := (0,1,0). However, to our best knowledge,
an exploitable expression of projj in function of proj. is not tractable. As a con-
sequence, to fill our objective, we need to develop a similar strategy than the one
proposed in [25]. However we emphasize that this extension is not a simple replica
and requires several technical adjustments (see Remark 2.11 for details).

! V4

Figure 1: Illustration of Counterexample 2.9

Let us introduce the points
Ay = ag(cos(Vk), sin(yx), 1) € K and By, := Br(cos(Vk), sin(yx), 1) € K,

for some o > 0 and By > 0 (to be determined later), for all £ € N*. Now fix
k > 2. With basic computations, one can easily determine the equation of the plane
containing Ors, A and A4 and an associated orthogonal vector. One deduces that

P,;t — A+ >\]:<|;: (sin(’ykil) —sin(yg) cos(Vk) —cos(’ykil)’ _1) ’

sin(Ye+1 — %)  sin(yeer — k)

for any A* > 0 (to be determined later), is such that proj,(P;) = Ax. Similarly

+ + ( sin(yes1) —sin(yx) cos(yk) — cos(yrs1)
= By + , , — =1,
L o ( sin(ves1 — k) sin(Yr41 — )

for any u* > 0 (to be determined later), is such that proj, (Qi) = Bi.
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Now we impose P, and @; to be on the line fo+ R, f}, that is with first component
equal to 2 (x = 2) and last component equal to 0 (z = 0), by taking

sin(yk—1 — V&)
cos(Yx) sin(yx—1 — &) +sin(yx—1) — sin(yx)

)\I;:OékZQ > 0,

. ,_ _, sin(Yk+1 — Vi) > 0.
an ty = B cos(Y) sin(ye4+1 — &) + sin(ye41) — sin(yx)

We refer to Figure 1 for illustration. Contrary to P, and @}, note that P, and Q;
do not belong to the line fy + R, f{.

It holds that P, = fo + r.fy and QF = fo + sifg with

oSI(Vh-1 — ) s (k) + cos() — cos(ye—1)

- - - >0
cos(vk) sin(vk—1 — Yk) + sin(yx—1) — sin(yx) ’

Tk ‘=

9 sin(ve4+1 — k) sin(yx) + cos(yx) — cos(Ve+1) <0
cos(Vk) sin( Va1 — Vi) + sin(ye1) — sin(yx)

and Sp =

Figure 2: Illustration of the counterexample developed by Shapiro in [25].

The following technical lemma (that can be proved with basic Taylor expansion
formulas) is now required.

Lemma 2.10. Let § > 0 with § # 1, and let

hs(p) :==2 sin(0p — p) >0

cos(p) sin(dp — p) + sin(dp) — sin(p)

. sin(dp — p)sin(p) + cos(p) — cos(9p)
and Hs(p) =2 cos(p) sin(dp — p) + sin(dp) — sin(p) >0,
for any p > 0 small enough. Then

. . . o . Hs(p) _6+3
imhs(p) =1, limHs(p) =0 and lim =" =——.
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In particular, since v, converges to 0 when k& — +o00, we infer that ay = ha(v;) and
B = hi12(k) both converge to 1 when k — +o00, and r, = Ha(7;) and s, = Hya(k)
both converge to 0 when k& — +o0.

We are now in a position to conclude this counterexample. Define f; := fy+tf} and
Uy := proj(f;) for all t > 0. Our aim is to prove that the limit
U _ im projg (fo + tfs) — projg (fo)

. Ut —
lim —— ,
t—0 t t—0 t

does not exist. For this purpose, on the one hand, when considering the quotient

proj (fo + rrfo) — projre(fo) _ projx (P ) — projg(fo) _ Ax —uo
Tk Tk s

we observe that its second component is given by

agsin(yy)  ha(ye) sin(yx)

Tk Hy (k)

which converges to 2/5 when k& — 400 from Lemma 2.10. On the other hand, when
considering the quotient

projg (fo + skfy) — projr (fo) _ proj i (QF ) — proj (fo) _ Br—uo
b
Sk Sk Sk

we observe that its second component is given by

Brsin(yk) _ h1/2(vk) sin(vk)
Sk Hyjo(vk)

which converges to 4/7 when k — +oo following Lemma 2.10. Since 2/5 # 4/7,
we conclude that ¢t — wu; is not differentiable at ¢ = 0. At this occasion we also
deduce that proj is not directionally differentiable at fo = (2,0,0) in the direction
14 =1(0,1,0), and that K is not polyhedric at uo=(1,0, 1) for fo—uo=(1,0,—1). O

Remark 2.11. This remark is dedicated to the primary differences and technical
adjustments required in our Counterexample 2.9 compared to the one developed
by Shapiro in [25]. Firstly, our counterexample involves a conic convex subset,
unlike the one in [25]. For this purpose, we had to use a three-dimensional example,
whereas [25] used a two-dimensional example. Secondly, it is important to note
that the example in [25] is based on a single family of points on the boundary of
C' (see Figure 2), from which two orthogonal lines (shown in blue) intersect both
the vertical line [z = 2] (shown in violet). When dealing with the three-dimensional
convex cone K := R, (C x {1}), our initial approach was to follow a similar strategy
by constructing a single family of points on the edges of K from which the two
orthogonal lines intersect the same line. However, we mathematically reached that
this approach is not feasible. To address this issue, we constructed two different
families (Ay)gen+ and (Bg)ren+ of points on the edges of K. For each k € N*, the
points Ay and By are located on the same edge of K but at different heights (and
not at height z = 1). From these points, one of the orthogonal lines (blue and
green, respectively) intersects the violet line [z = 2, z = 0], precisely at P, and Q'
respectively, while the other orthogonal line does not (see Figure 1). [
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3. Conclusion

We recently became aware of the recent works [7, 8, 9] by Christof and Wachsmuth.
After carefully examining their contributions, we observed some points of similarity,
but also some important differences. In particular their analysis in [8, Theorem 2.3]
is limited to linear operators and relies, thanks to this linearity, on some reformula-
tions of the involved variational inequalities and on the classical first-order sensitiv-
ity analysis for projection operators by Haraux [13] and Mignot [17]. Unfortunately
this method cannot be extended to the nonlinear setting. In contrast, our approach,
based on the notion of twice epi-differentiability introduced by Rockafellar [23] and
extended to infinite-dimensional spaces by Do [10], applies to nonlinear operators
as well, leading to a more general and unified result (Theorem 1.1). Furthermore
Theorem 1.1 provides a clear and explicit characterization of the structure of the
derivative which turns out to be the unique solution to a complementarity problem.
This result gives a transparent geometric interpretation and shows a strong link
between sensitivity analysis of variational inequalities and complementarity theory.

The main contributions of the present work can be summarized as follows:

(i) A general first-order sensitivity analysis for nonlinear variational inequalities
associated with positively homogeneous functions.

(ii) An explicit characterization of the Hadamard directional derivative of the so-
lution map as the solution to a structured complementarity problem.

(iii) A simple and direct proof based on tools from epi-differential calculus.

(iv) Several examples and counterexamples showing the role and the necessity of
the polyhedricity assumption, including what seems to be the first example in
the literature of a projection onto a nonempty closed convex cone that is not
directionally differentiable.

In addition to the above contributions, several questions remain open. First, as
mentioned in Remark 2.5, it would be interesting to identify more general classes of
functions ® € ['o(H), not necessarily positively homogeneous, for which the second-
order epi-derivative is the indicator function to a nonempty closed convex cone.
This would allow one to extend the present analysis beyond the positively homoge-
neous case. Second, the polyhedricity condition plays a key role in our result, but
it could be restrictive in some situations. Finding alternative regularity conditions
that would lead to the same kind of conclusion is an open problem that deserves
further investigations. Third, it would be interesting to investigate whether our
approach can be extended to more general settings, when replacing the convex sub-
differential with limiting or proximal subdifferential. In particular, the class of prox-
regular functions studied in [24] provides a natural framework where second-order
epi-differentiability has already been studied. Adapting these tools to the analysis
of Hadamard directional differentiability of the solutions to nonlinear nonconvex
variational inequalities in this broader context is a promising direction for future
works.
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A. Proof of Lemma 2.2

Consider the framework of Lemma 2.2. Since ® is positively homogeneous closed
and proper, it is clear that ®(04,) = 0. Furthermore, a basic change of variable gives

O*(w) = sup, ey (W, 20)3 — P(20) = 20*(w)

for all w € H, which implies, since ®* € I'y(H) is proper, that ®* is an indicator
function and thus ®* = t4om(e+). Second, note that w € dom(®*) if and only if
there exists p € R such that (w,v)y — ®(v) < p for all v € H. Replacing v by
Av with A > 0 and dividing by A — +oo, we obtain that w € dom(®*) if and
only if (w,v)y — ®(v) < 0 for all v € H, that is, since ®(0y) = 0, if and only if
w € 0P(04). Hence we have obtained that ®* = t5e(0,,). Finally, since ® € I'y(H),
the Fenchel-Moreau theorem ensures that ® = ®** and the proof of Lemma 2.2 is
complete. Il

References

[1] S.Adly, L.Bourdin: Sensitivity analysis of variational inequalities via twice epi-
differentiability and proto-differentiability of the proximity operator, SIAM J. Optim.
28/2 (2018) 1699-1725.

[2] J.F.Bonnans, A. Shapiro: Perturbation Analysis of Optimization Problems, Springer
Series in Operations Research, Springer, New York (2000).

[3] H.Brézis: Equations et inéquations non linéaires dans les espaces vectoriels en du-
alité, Ann. Inst. Fourier (Grenoble) 18 (1968) 115-175.

[4]  H.Brézis: Problémes unilatéraur, J. Math. Pures Appl. 51 (1972) 1-168.

[5] H.Brézis: Opérateurs Maximauz Monotones et Semi-Groupes de Contractions dans
les Espaces de Hilbert, North-Holland Mathematics Studies Vol. 5, North-Holland,
Amsterdam (1973).

[6] F.Browder: Nonlinear mazimal monotone mappings in Banach spaces, Math. An-
nalen 175 (1968) 81-113.

[7]  C.Christof: Sensitivity Analysis of Elliptic Variational Inequalities of the First and
the Second Kind, PhD thesis, Technische Universitdt Dortmund (2019).

[8]  C.Christof, G. Wachsmuth: On the non-polyhedricity of sets with upper and lower
bounds in dual spaces, GAMM-Mitteilungen 40/4 (2018) 339-350.

[9] C.Christof, G. Wachsmuth: Differential sensitivity analysis of variational inequali-
ties with locally Lipschitz continuous solution operators, Appl. Math. Optim. 81/1
(2020) 23-62.

[10] C.N.Do: Generalized second-order derivatives of convex functions in reflexive Ba-
nach spaces, Trans. Amer. Math. Soc. 334/1 (1992) 281-301.

[11] M.C.Ferris, J.S.Pang: Engineering and economic applications of complementarity
problems, STAM Review 39 (1997) 669-713.

[12] G.Fichera: Problemi elastostatici con vincoli unilaterali: Il problema di signorini
con ambigue condizioni al contorno, Atti Accad. Naz. Lincei Rend. Cl. Sci. Fis. Mat.
Nat. 35 (1963) 1061-1085.

[13] A.Haraux: How to differentiate the projection on a convex set in Hilbert space. Some
applications to variational inequalities, J. Math. Soc. Japan 29/4 (1977) 615-631.



472

[14]

S. Adly, L. Bourdin / The Derivative of a Nonlinear ...

M. Hintermiiller, T. M. Surowiec: On the directional differentiability of the solution
mapping for a class of variational inequalities of the second kind, Set-Valued Var.
Analysis 26/3 (2018) 631-642.

J.B. Kruskal: Two convex counterexamples: A discontinuous envelope function and a
nondifferentiable nearest-point mapping, Proc. Amer. Math. Soc. 23 (1969) 697-703.

J.-L. Lions: Quelques Méthodes de Résolution des Problémes aux Limites Non-
Linéaires, Dunod, Paris (1969).

F. Mignot: Contréle dans les inéquations variationelles elliptiques, J. Funct. Analysis
22/2 (1976) 130-185.

B. Mordukhovich, N. M. Nam: An FEasy Path to Convexr Analysis and Applications,
2nd ed., Synthesis Lectures on Mathematics and Statistics, Springer, Cham (2023).

J.J. Moreau: Prozimité et dualité dans un espace hilbertien, Bull. Soc. Math. France
93 (1965) 273-299.

U.Mosco: A remark on a theorem of F. E. Browder, J. Math. Analysis Appl. 20
(1967) 90-93.

N. Parikh, S. Boyd: Prozimal algorithms, Found. Trends Optim. 1/3 (2014) 127—239.

R. T.Rockafellar: On the mazimal monotonicity of subdifferential mappings, Pacific
J. Math. 33 (1970) 209-216.

R. T. Rockafellar: Mazimal monotone relations and the second derivatives of non-
smooth functions, Ann. Inst. H. Poincaré Anal. Non Linéaire 2/3 (1985) 167-184.

R.T.Rockafellar, R. J.-B. Wets: Variational Analysis, Grundlehren der Mathemati-
schen Wissenschaften Vol. 317, Springer, Berlin (1998).

A. Shapiro: Directionally nondifferentiable metric projection, J. Optim. Theory Appl.
81/1 (1994) 203—-204.

G. Stampacchia: Formes bilinéaires coercitives sur les ensembles convezes, C. R.
Acad. Sci. Paris 258 (1964) 4413-4416.

G. Stampacchia: Variational Inequalities, Theory and Applications of Monotone Op-
erators, Edizioni Cremonese, Rome (1969).

G. Wachsmuth: A guided tour of polyhedric sets: basic properties, new results on
intersections, and applications, J. Convex Analysis 26/1 (2019) 153-188.





