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1. Introduction. The aim of this paper is to provide a generalization of the Poincaré-Hopf theorem
for continuous functions over compact regions defined by a finite number of smooth inequality constraints.
We use this generalized theorem to provide sufficient conditions for the uniqueness of solutions to finite-
dimensional variational inequalities and the uniqueness of stationary points in nonconvex optimization
problems for such regions.

Let M be a subset of the Euclidean set R™ and & < n be a positive integer. M is a k-dimensional
smooth manifold with boundary if for each © € M there exists an open set U C R™ and a continuously
differentiable function f : U — R™ with a continuously differentiable inverse such that f maps the set
UnNRF1 xRy x {0}"*%) to a neighborhood of z in M

For M C R™, x(M) denotes its Euler characteristic. Euler characteristic is a useful homotopy invariant,
in the sense that two sets that are homotopy equivalent (cf. Definition [4.3]and Lemma/4.5) have the same
Euler characteristic.? The following is a list of the Euler characteristics of some familiar sets:

IRy denotes the set of nonnegative real numbers. Our definition of smooth manifold follows Milnor [22] and Mas-Colell
[20], and focuses on smooth manifolds embedded in an ambient Euclidean space R™. For a more general definition (with or
without boundary), see Guillemin-Pollack [14] or Hirsch [16].

2See Rotman [27], Chapter 1 for a definition and detailed discussion on homotopy equivalence. See Hirsch [16] or
Guillemin-Pollack [14] for a definition and detailed discussion on the Euler characteristic of smooth manifolds, and Rotman
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(i) Let n be a nonnegative integer and B™ = {z € R" | ||z|| < 1}, then x(B") = 1.

(ii) Let n be a nonnegative integer and S™ = {x € R"™! | ||z| = 1}, then x(S™) = 2 for n even and
x(S™) = 0 for n odd.

(iii) Let M C R™ be nonempty and convex (including R™ itself), then x(M) = 1.

The following is a version of the standard Poincaré-Hopf theorem applied to continuous vector fields on
a smooth n-dimensional manifold M C R™ with boundary. The standard theorem claims that, when a
vector field has a finite number of zeros over a smooth manifold, the algebraic sum of the zeros is equal to
the Euler characteristic of the region (see Poincaré-Hopf Theorem in Milnor [22] for the smooth version
and Hirsch [16], Chapter 5 for the continuous version). The following version uses a non-degeneracy
assumption [(A2) below] which guarantees that the vector field has a finite number of zeros.

Poincaré-Hopf Theorem: Let M C R™ be an n-dimensional compact smooth manifold with boundary.
Let U be an open set containing M and F : U — R" be a continuous function which is continuously
differentiable at every x € Z, where

Z={xeM| F(x)=0}
denotes the set of zeros of F' over M. Assume the following;:

(A1) F points outward on the boundary of M. In other words, given z € bd(M), there exists a sequence
€; | 0 such that x + ¢, F(z) ¢ M for all i € Z+.

(A2) For all z € Z, det(VF(z)) # 0.

Then, F' has a finite number of zeros over M. Moreover, the algebraic sum of zeros (sum of indices
corresponding to zeros) of F' over M is equal to the Euler characteristic of M. In other words,

S sign(det(VE(2))) = x(M),

x€Z

where sign : R +— {—1,0,1} is defined as

-1 ifx <0,
sign(z) =40 ifx=0,
1 ifz>0

The main contribution of this paper is to generalize the Poincaré-Hopf Theorem in a number of
directions. Our main result, Theorem (3.1, relaxes the smooth manifold assumption and allows M to be
a region defined by a finite number of smooth inequality constraints, which is not necessarily a smooth
manifold. Furthermore, we introduce the notion of a generalized critical point which encompasses both
the interior zeros of the vector field and the zeros of the tangential vector field on the boundary used in
Morse [23] and Gottlieb [13] for the case of a smooth manifold. The approach enables us to drop (A1)
and prove a version of the Poincaré-Hopf Theorem for generalized critical points over a region that is not
necessarily a smooth manifold.

To illustrate the usefulness of the generalized Poincaré-Hopf Theorem, we present two related ap-
plications. First, we derive sufficient (local) conditions for the uniqueness of solutions to variational
inequalities® Our generalization of the Poincaré-Hopf Theorem is essential for this application since
solutions to variational inequalities are typically on the boundary of the region defined by these inequal-
ities (see Facchinei-Pang [12], pp. 4). Second, we provide local sufficient conditions for the uniqueness of
stationary points in constrained optimization problems. The most standard uniqueness results rely on
convexity and quasi-convexity, and the generalized theorem is used to deal with stationary points that
are on the boundary of the region defined by the constraints.?

[27| for the Euler characteristic of more general simplicial complexes. See Massey [21] for a proof of homotopy invariance
of the Euler characteristic.

3Existing uniqueness results rely on global monotonicity conditions (Facchinei-Pang [12], Theorem 2.3.3).

4Jongen et al. [18] also provide related uniqueness results, but they derive these from the generalization of Morse Theory.
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Our proof for the generalization relies on certain properties of the Euclidean projection, which we
show in Section 4.1 and which could be of independent interest. We prove, among other things, that the
projection on a region which can be represented by finitely many continuously differentiable inequalities
and which satisfies a constraint qualification (LICQ, see Assumption [2.1), is a Lipschitz function. We
further characterize the set over which the projection is continuously differentiable and derive an explicit
formula for the Jacobian.

2. Notation and Preliminaries. In this paper, all vectors are viewed as column vectors, and 'y
denotes the inner product of the vectors z and y. We denote the 2-norm as ||z|| = (z7x)'/2. For a
given set X we use cl(X) to denote the closure of X. When X is a finite set, we use | X| to denote its
cardinality. Given z € R™ and 6 > 0, B(x,d) denotes the open ball with radius § centered at z, i.e.

B(x,0) ={y e R" | [ly — x| <4}

For a given function f : A — B, f|c : C +— B denotes the restriction of f to C C A, and f(C) C B
denotes the image of C under f. If f is differentiable at x, then V f(z) denotes the gradient of f. If f is
twice differentiable at x, then Hy(x) denotes the Hessian of f at . If f: Ax B+ C and f(.,y): A—C
is differentiable at = € A, then V, f(z,y) denotes the gradient of f(.,y) at x € A.

We consider a compact region, M, defined by finitely many inequality constraints, i.e.,
M={zeR"|g(z)<0,iel={12,..,|I|}}, (1)

where the g; : R™ — R, i € I, are twice continuously differentiable. For some z € M, let I(z) = {i €
1| gi(x) = 0} denote the set of active constraints. Throughout the paper, the following assumption will
be in effect.

AssuMPTION 2.1 The set M is non-empty and every x € M satisfies the linear independence constraint
qualification (LICQ), i.e., for every & € M, the vectors {Vg;(x) | i € I(z)} are linearly independent (see
[4], Section 5.4).

We define the normal space at x as the subspace of R™ spanned by the vectors {Vg;(x) | i € I(x)}.
For x € M, we denote the n x |I(x)| change-of-coordinates matrix from normal coordinates to standard
coordinates as

G(z) = [Vgi(@)lier()], (2)
where columns Vg; are ordered in increasing order of . We define the tangent space at x as the subspace
that is the orthogonal complement in R™ of the normal space at x. Let I°(z) = {|I(z)| + 1,...,n} and
let {v;,j € I°(z)} be an arbitrary but fixed orthonormal basis of the tangent space at . We denote the
change-of-coordinates matrix from tangent coordinates to standard coordinates as®

Vi(z) = [vjljere()] (3)
and note that
G(@)'V(z) =V (2)TG(z) = 0.

where 0 denotes the zero matrix with appropriate dimensions. We call the basis
{gi(@)li € I(2)} U {v;,j € I°(z)}

a normal-tangent basis for © € M. We denote C(z) = [G(x) V(z)] and note that C(z) is a change-of-
coordinates matrix from normal-tangent coordinates to standard coordinates.

We next recall the notion of a normal cone which will be used in our analysis (see Clarke [5] or Cornet
[7)):

Ben-El-Mechaiekh et al. [I], and Cornet-Czarnecki [7, 18, 9] use the axiomatic index (degree) theory (see Ortega-Rheinboldt
[24], Chapter 6) to prove the existence of zeros of vector valued functions and correspondences, but they do not investigate
uniqueness issues. Dierker [10], Mas-Colell [20], Varian [28] and Hildenbrand-Kirman [I5] use the Poincaré-Hopf Theorem

to prove uniqueness results for general equilibrium economies with boundary conditions that restrict the equilibrium to be
in the interior of the region (i.e., a zero of the vector field) and Eraslan-McLennan [11] use the axiomatic index theory to
prove uniqueness in a bargaining game.

5For notational convenience, when the normal space (resp. the tangent space) is zero dimensional, G(z) (resp. V(x))
denotes the n x 0 dimensional empty matrix.
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DEFINITION 2.1 Let M be given by (1). Let x € M with I(z) # 0. The normal cone of M at x, Np(z),
is defined by

Nu(z) = {veR"|v=G(@) xeRI@I x>0}
We define the boundary of the normal cone of M at x, bd(Ny(x)), by
bd(Nps(x)) = Nps(z) — ri(Nag(2)),
where ri(Nys(z)) is the relative interior of the convex set Ny (x), i.e.,
ri(Na(z)) = {v € R” | v = G(v)A, A e RI@I x>0}
If I(z) = 0, we define Nps(z) = {0} and bd(Ny(z)) = 0.

3. Generalized Index Theorem. We consider a region M given by (1) and present an extension
of the Poincaré-Hopf Theorem that applies for a generalized notion of critical points of a function over
M.

DEFINITION 3.1 Let M be a region given by (1). Let U be an open set containing M and F : U — R"
be a function.

(a) We say that x € M is a generalized critical point of F over M if —F(x) € Ny (z). We denote the set
of generalized critical points of F over M by Cr(F, M).

(b) For x € Cr(F, M), we define () > 0 to be the unique vector in RI/(*)| that satisfies

F(z) + G(x)8(z) = 0.
We say that - € M is a complementary critical point if —F(z) € ri(Nps(2)). In other words, x € Cr(F, M)
is complementary if and only if 8(x) > 0 (see Figure [1)).

(¢c) Let F' be continuously differentiable at « € Cr(F, M). We define

D(z)=V(2)" [ VF()+ > 0i(x)Hy,(x) | V(z),
i€l(x)
where V(x) denotes the change-of-coordinates matrix from tangent coordinates to standard coordinates
[cf. Eq. (3)]. We say that x is a non-degenerate critical point if I'(z) is a non-singular matrix.%

For an optimization problem, the local minima are generalized critical points of the gradient mapping
of the objective function. To see this, let M be the region given by (1), U be an open set containing
M, and f: U — R be a twice continuously differentiable function. Consider the following optimization
problem,

minimize  f(x) (4)
subject to x € M.
Let z* be a local optimum of (4). If z* € int(M), then by the unconstrained optimality conditions, we
have Vf(z*) = 0. Since Nps(z*) = {0}, we have —V f(z*) € Nps(z*) and z* is a generalized critical
point of Vf over M. For general (not necessarily interior) z*, we have —V f(z*) € Ns(x*), which is
the optimality condition for minimization over an abstract set constraint (see [4]). Therefore, every local
minimum of f is a generalized critical point of V f over M.

We now define the notion of the index of a critical point and state our main result.

DEFINITION 3.2 Let M be a region given by (1). Let U be an open set containing M and F : U — R"
be a function which is continuously differentiable at = € Cr(F, M), where x is complementary and non-
degenerate. We define the index of F' at x as

indp(x) = sign(det(I'(x))).

6For notational convenience, if A is the 0x 0 dimensional empty matrix, we assume that A is non-singular and det(A) = 1.
Thus, if the tangent space at z is zero dimensional, then I'(x) is non-singular and z is a non-degenerate critical point of F.

"More generally, a generalized critical point is equivalent to a generalized equilibrium of Cornet [9] and to a solution of
the generalized equation of Robinson [25]. When M is convex, a generalized critical point is equivalent to a solution of the
variational inequality problem (cf. Lemma[5.1).
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Figure 1: Illustration of critical points. Note that A, B, C are complementary critical points, whereas D
and E are critical points that are not complementary.

We note that this definition is independent of the choice of V(z). Changing V' (z) to another change-of-
coordinates matrix V’/(z) corresponds to changing coordinates over the tangent space. Since I'(x) can
be viewed as a linear map from the tangent space to itself, a change of coordinates does not change its
determinant. Recall also that, for notational convenience, when A is the 0 x 0 dimensional empty matrix
we assume det(A) = 1. Thus, if the tangent space at x is zero dimensional, then indp(z) = 1.

THEOREM 3.1 Let M be a compact region given by (1). Let U be an open set containing M and
F : U — R" be a continuous function which is continuously differentiable at every x € Cr(F, M).
Assume the following:

(A2) Every = € Cr(F, M) is complementary and non-degenerate.

Then, F' has a finite number of critical points over M. Moreover:

> indp(z) = x(M).

z€Cr(F,M)

It is useful, especially for future reference, to note that the complementarity condition in this theo-
rem corresponds to the strict complementary slackness condition used in the context of local sufficient
optimality conditions in nonlinear programming (cf. Bertsekas [3]). The non-degeneracy condition is the
extension of assumption (A2) in Poincaré-Hopf Theorem.

In Section 4, we will provide a proof of Theorem 3.1. Following Morse [23], we use an extension idea
for this proof. The specific extension theorem, which is presented and proved in the next section, may
also be of independent interest.

4. The Extension Theorem and the Proof of Generalized Poincaré-Hopf Theorem. Let
M be a compact region given by (I). Given e > 0, let

M®={z cR"| |z —y| <e forally € M}.

In other words, M€ denotes the set of points with distance to M strictly less than e. Our goal is to extend
F to MF¢ in a way that maps the generalized critical points of F' to zeros of the extended function. Our
extension relies on the properties of the projection function in a neighborhood of M.
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4.1 Properties of the Euclidean Projection. In this section, we define the projection of a vector
x in R™ on a closed possibly nonconvex set and explore its properties. We show that an inequality defined
region which satisfies the LICQ condition displays local convexity properties. Consequently, the projection
of proximal points on such nonconvex sets inherits many properties of projection on a convex set.

DEFINITION 4.1 We define the projection correspondence 7 : R™ = M as
m(y) = arg min [ly — .
We also define the distance function d : R™ — R as

d(y) = inf |y — |-

We note from Berge’s maximum theorem [2] that 7 is upper semi-continuous and d is continuous. Also
since M is closed, we have x € M if and only if d(z) = 0. We can then characterize the sets M and M€
as

M ={z eR" | d(z) =0},
and

Me={xeR"|d(z) <€}

We next show that for sufficiently small €, the projection correspondence 7|pre is single-valued and
Lipschitz continuous.

PROPOSITION 4.1 There exists € > 0 such that 7| is a globally Lipschitz function over M¢€. In other
words, 7(x) is single-valued for all x € M€ and there exists & > 0 such that

[7(y) = (o)l < klly —=l,  Va yeM.

Two properties of M is essential for the preceding proposition: the first is that M can be represented
by finitely many continuously differentiable inequalities and the second is that M satisfies the LICQ
condition. Figure 2/ shows how the proposition fails for a region M which cannot be represented by
finitely many inequalities. Similarly, the following example shows that the LICQ condition is essential
for the proposition.

EXAMPLE 4.1 Let ¢ : RZ — R be given by
g(x1,20) = (27 — 1)% + 22 — 1
and consider the set
M = {z € R?* | g(z) < 0}.

We have, g(0) =0 and Vg(0) = 0, therefore M does not satisfy the LICQ condition. It can be seen that
7 ((0,22)) is not a singleton when x5 # 0 (cf. Figure [3), so that the projection correspondence 7|pze is
not a function for any € > 0.

We need some preliminary results to prove Proposition 4.1 We first note the following lemma which
is a direct consequence of the LICQ condition.

LEMMA 4.1 There exists some scalar m > 0 such that for all z € M with I(z) # 0 and A € RI®) we

have
IG@)A =m > |Adl, (5)
i€l(x)

where G(z) is the change-of-coordinates matrix from normal to standard coordinates at z [cf. Eq. (2)].

PROOF. Let
P(I)={ScI|S=I(z) for some z € M with I(x) # 0}.
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Figure 2: M cannot be represented by finitely many continuously differentiable inequalities and the
projection of a point A on the line segment d has two elements A; and As.

I
)
XL

Figure 3: M does not satisfy the LICQ condition and the projection of a point A on the line d has two
elements A; and A,.
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If P(I) = (), then the statement is trivial and holds for any m > 0. Assume that P(I) # ). For S € P(I)
define,

Gs={xeM]|g(x)=0 if x €S}

Clearly, Gg is a compact and non-empty set. By the LICQ condition, for every z € Gg, the vectors
[Vgi(x)|;es] are linearly independent. This implies that the following minimization problem has a positive

solution:
i€S

By Berge’s maximum theorem [2], mg(z) is continuous in . Then, since mg(z) > 0 for all x € Gg and
Gg is compact, there exists Mg > 0 such that mg(z) > g for all z € Gg. Since the set P(I) is finite,
m = minSep(])WS > 0.

mg(x) = min
[|lul|=1,u€RISI

We claim that the result holds with m = m’/|I|. Let x € M with I(z) # 0 and A € RE@®I If X = 0,
the statement is trivial. When X # 0, we have I(x) € P(I) and = € Gy, which implies

> Ve zm

i€l(x)

and thus

> AiVgi(x

i€l(x)

Y

m/[|A]

Y

No A
|I ZEI(ZL’
> | | Z IAdl,
i€l (x)
where to get the second inequality, we used the Cauchy-Schwartz inequality. We conclude that the result
holds with m = m’/|I|. Q.E.D.
DEFINITION 4.2 Given € > 0, we define the e-normal correspondence N€: M +— R" as
N¢(z) = (z + Npy(x)) N M€
We also define the correspondence ri(N¢(x)) as
ri(N¢(z)) = (x + ri(Ny(x))) N M€,
The following lemma shows that for sufficiently small positive €, the e-normal correspondence satisfies
a Lipschitzian property.
LEMMA 4.2 There exists ¢ > 0 and k > 0 such that for all x,y € M, and s, € N°(x), s, € N(y), we

have
|y — zl| < kllsy — sz

PROOF. For some i € I, we define the function e; : U x U — R as

ly—=?

0 ify=u=x.

9 (1) =9i (@) +Vg: ()T (y—2)+1/20—2) " Hy, (2)(y=2) .
: if y #x,
(z,y) = { (6)

Since g; is twice continuously differentiable, the function e; is continuous. Thus, the function |e;| has a
maximum over the compact set M x M, i.e., there exists some p > 0 such that

|ei(x,y)| < My VLI}, yEM (7)
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Given n X n matrix A, we define the matrix norm of A as

141} = max || Au]. (8)

We note, by Cauchy-Schwartz inequality, that
" Au| < [|Allul?, Y ueR™ (9)

Let H; = maxzen||Hy, (z)]|. The maximum exists since || Hy,|| is a continuous function over the compact
region M. Let

H, = IIileaIXHi. (10)

Also, let m > 0 be a scalar that satisfies Eq. (5)) in Lemma 4.1l

We will prove that the result in Lemma 4.2 holds for
m

= 2n(H,, + 2p)
and k = 2. Let z,y € M and s,, s, in N°(z) and N¢(y) respectively. If y = = then we are done. Assume

y # x. Then, by the definition of the e-normal correspondence and the normal cone, there exist scalars
Ai >0, i€ I(x) and v; >0, j € I(y) such that

> 0, (11)

Sy =x+ Z AiVygi(x), (12)
i€l(x)
sy=y+ > 1V (13)
Jel(y)
We claim )
A . 14
> < n(Hp, +2u) = 2H 1 20) (14)

i€l(x)
Since s, € N¢(z), we have ||s; — x| < e. If I(z) = 0, the claim in (14) is trivial. Else if I(x) # 0, by
Lemma 4.1, we have

m
\i| < AV ()] = ||52 — L L —
m 3 S 30 AVl = b el << g

which implies Eq. (14). Similarly, we have

1 1
E |’YJ < :
n(Hpy, + 2 H,, +2
= +2u) T 2(Hp +20)

Using the definition of the function e; [cf. Eq. (6)], we have for all i,

9i(y) = gi(x) + Vgi(2)" (y — x) + %(y — )" Hy, () (y — x) + ei(y, o) ly — z?,
and

g9i(z) = g:(y) + Vg ()" (z —y) + %(x —y) " Hy, () (@ —y) + ei(z,y) ||z — y*.

Multiplying the preceding relations with A; and 7, respectively, and summing over ¢ € I(z) and j € I(y),
we obtain

T
g+ D g = | D). AVa@) - > 4V | - (15)
i€l(x) JE€I(y) i€l(x) JE€I(y)
DI (2<y—x>THgi<w><y—x>+ei<y,x>|y—m|2)
i€l(x)

b3 (30 H G - )+ g lle -l )

JEI(y)

Since z,y € M and A\; > 0, ; > 0, the term on the left hand side of Eq. (15) is non-positive. By
Equations (12) and (13)), it follows that the first term on the right hand side is equal to

(52— =8y, + )7 (y—2) = (52 — 5,) (y — @) + ||y — [|*.
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Combining Eq. (7), Eq. (9), and the definition of H,, in (10), it can be seen that the second term on the
right of Eq. (15) is bounded below by

> Nl (Hn /24 p) [y —=|* > ~3

s [Hm/2+ pl ly — 2|> > —1/4]ly — ||,
iel(x) (Hom +2p1)

where we used Eq. (14) to get the second inequality. Similarly, the last term on the right hand side of
Eq. (15) is bounded below by —1/4||y — x||?>. Combining the above relations, Eq. (15) yields

1 1
0> (50— 5y)"(y = @) + ly = 2ll* = Zlly = 2* = Zlly — =/,
which implies that
1
—5ly = 2ll* > (52 = )" (v = @) = ~llsy = salllly = =1,
where we used the Cauchy-Schwartz inequality to get the second inequality. Finally, since y # x, we
obtain
ly — xll < 2[[sy — szl

Hence, the claim is satisfied with the e given by Eq. (11) and k = 2. Q.E.D.

For the rest of this section, let € > 0, k > 0 be fixed scalars that satisfy the claim of Lemma 4.2. The
following is a corollary of Lemma 4.2 and shows that the e—normal correspondence is injective.

COROLLARY 4.1 Given z,y € M, if z # y, then N¢(z) N N¢(y) = 0.

PROOF. Letv € N¢(x)NN¢(y). Then, by Lemmal4.2, |ly—z|| < k|lv—v|| = 0 implies that ||[y—z| =0
and hence x = y as desired. Q.E.D.

We next note the following lemma which shows that the correspondence N€ is the inverse image of
the projection correspondence.

LEMMA 4.3 Given y € M€ and p € M, p € n(y) if and only if y € N¢(p).

ProOOF. Let y € M€ and p € w(y). Then, by the optimality conditions, we have y —p € Ny (p) and
thus y € N¢(p). Conversely, let y € N¢(p) for some p € M. Assume that p ¢ 7(y). Then there exists
p' € w(y) such that p’ # p. Then y € N¢(p') N N¢(p), which is a contradiction by Lemma 4.1. Therefore,
we must have p € 7(y), completing the proof. Q.E.D.

PROOF OF PROPOSITION 4.1l Assume that there is some x € M€ such that 7(z) is not single-valued.
Then, there exist p,q € w(xz) C M such that p # ¢q. By Lemma 4.3, x € N¢(p) and = € N¢(q), therefore
x € N¢(p) N N¢(q), contradicting Lemma [4.1. Therefore, we conclude that 7|ps< is single-valued.

Let x,y € M¢. Then, z € N¢(n(z)) and y € N¢(n(y)) (cf. Lemma 4.3)), and it follows by Lemma 4.2
that
7 (y) = m(2)]| < klly — =[],
showing that 7 is globally Lipschitz. Q.E.D.

The next proposition shows that the distance function restricted to M€ — M, d|are— s, is continuously
differentiable. Since 7(z) is a singleton for all x € M€ — M (cf. Proposition 4.1)), this result follows
from Theorem 4.11 in Clarke-Stern-Wolenski [6]. We present an alternative proof in the appendix for
completeness.

PROPOSITION 4.2 The distance function d is continuously differentiable for all x € M — M with deriva-
tive
x—m(x)

Vd(x) = i)
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We note the following corollary to the preceding proposition.

COROLLARY 4.2 There exists ¢ > 0 such that cl(M 6/) is an n-dimensional smooth manifold. Moreover,

bd(M¢) = {z € R" | d(z) = ¢'}.

PrROOF. Let € such that 0 < ¢ < e. From Proposition 4.2, d : M — M — (0,¢) is a continuously

differentiable function with Vd(y) = % for every y € M — M. Since Vd(y) # 0 for every y such

that d(y) = €, we have that ¢’ is a regular value of d in the sense of Sard (cf. Milnor [22]). Then from the
Pre-image theorem cl(M¢) = {x € R" | d(z) < €'} is an n-dimensional smooth manifold with boundary
(cf. Lemma 3 in Milnor [22], Chapter 2). Furthermore, the boundary is characterized by

bd(M) = {z € R" | d(z) = €'},

completing the proof. Q.E.D.

For the rest of this section, we assume that € > 0 is a sufficiently small fixed scalar such that it also
satisfies the result of Corollary 4.2l

Given y € M€, we define \(y) € RETW)I to be the unique vector that satisfies

y —m(y) = G(m(y))Ay)- (16)
We also define H(y) as
H(y)= Y Xi(y)Hy,(r(y)) (17)

iel(n(y))

and we adopt the notation
X]ly =Y"XY

where X and Y are matrices with appropriate dimensions. If Y is invertible, we also adopt the notation

X]ly =Y 1XY.
We next study the differentiability properties of the projection function®.

PROPOSITION 4.3 Let y be a vector in ri(N¢(m(y))). Then, 7 is continuously differentiable at y. More-
over, the Jacobian of 7 in the tangent-normal coordinates of 7(y) is

0 0
Vr W o) = 1|,
Lo (4 HW )
where C(z) = [G(x) V(z)] denotes the change-of-coordinates matrix from normal-tangent coordinates

to standard coordinates for x € M (cf. Section [2)) and I denotes the identity matrix with appropriate

dimension .

PRrROOF. We assume without loss of generality that I(7(y)) = {1, 2, ..,I,} where I, = |I(7(y))|. We
will prove the proposition using the implicit function theorem. Let f : M€ x R” x Rfv — R**v be such
that

8This result agrees with similar formulas obtained by Holmes [17] with the gauge function when M is assumed to be
convex. Note that this proposition could be proved using Theorem 5.3 of Robinson |26] after casting the problem of finding
the Euclidean projection as a variational condition. We include a direct proof here which is more in line with the rest of
our analysis and notation.

9 We adopt the convention that the inverse of the 0 x 0 empty matrix is the 0 x 0 empty matrix. Then, when V(7 (y))
is the n x 0 empty matrix, i.e. when the tangent space at 7(y) is zero dimensional, the equation reads Vr(y) = 0.
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fazemy@p) = v=p— > 7%VaD),
iel(m(y))
fvi(v,p,7) = gi(p) for je€I(n(y)).

Then f is a continuously differentiable function since the g; are twice continuously differentiable. For
a= (y,7(y), \M(y)), we have f(a) = 0. Denote by J(y) the Jacobian V, ) f evaluated at a. Then

s = | Gl Ca ], (18)
where Jyr(y) = —1 — H(y).

We first claim that Jy(y) is negative definite. From the proof of Lemma 4.2, we know that e¢ was
chosen sufficiently small such that

1
> W€ . (19)
kel (n(y)) 2n(Hom +211)

where H,, is given by (10) and p > 0 is a scalar. For a matrix A, let A% denote its entry at the i row
and the j*" column. Then from the definition of the matrix norm in (8) and the definition of H,,, in (10),
we have

|Hgk (Tr(y))l” S Hma v 'L,j S {172, ,n}
Then for i € {1,2,..,n}, we have

o) = > or®” 14+ ) MW Hg (n(y)" —

je{1,2,..,n}—{i} kel(m(y))

> Y My Hg, (w(y))”

je{1,2,...,n}—i |kel(x(y))

< -1+ ) > )| Hn
j€{1,2,..,n} keI(n(y))
1
< -1+ Y —————H,
je{1,2,..,n} 2n(Hm + 2p1)
< =14+ > 1/n=0,

je{1,2,..,n}

where we used Eq. (19) to get the second inequality. Thus, Jy 1, (y) is strictly diagonally negative dominant
and hence is negative definite. We next claim that J(y) is nonsingular. Assume, to obtain a contradiction,
that there exists (p, ) # 0 such that J(y)(p,v)T = 0. Then,

JurL)p" +Gry))y" = 0 (20)
G(n(y)'p" = o (21)

Pre-multiplying Eq. (20) by p and using Eq. (21), we obtain;

pJur(y)p” = 0.
Since Jyz,(y) is strictly negative definite, it follows that p = 0. Then, from Eq. (20), G(7(y))y? = 0 and
since the columns of G(7(y)) are linearly independent, we obtain v = 0. Thus, (p,v) = 0, which is a
contradiction, establishing that J(y) is nonsingular.

Then, the implicit function theorem applies to f(v, p,y) and there exist open sets D' C M€, D? C R",
D3 c RIW guch that
a=(y,7(y),\y)) € (D' x D* x D?)

and there exist unique continuously differentiable functions p : D' — D2, v : D' — D3 such that

f(v,p(v),y(v)) =0
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for all v € D'.

We next show that there exists an open set D C R™ containing y such that p(v) = w(v) and y(v) = A(v)
for all v € D. Note that p(y) = m(y) and y(y) = A(y). Since y € ri(N(w(y)), we have A(y) > 0. Then
v(y) = Ay) > 0, and the continuity of v implies that there exists an open set DY C D' containing y
such that v(v) > 0 for v € D", Similarly, g;(p(y)) = g;(n(y)) < 0 for all j ¢ I(n(y)), thus there exists an
open set DY C D' containing y such that g;(p(v)) < 0 for all j ¢ I(n(y)) and v € DY. Let

D=D"nDI.
Then y € D. For v € D we have
vo= p)+ Y %u@)Ve(pv)) (22)
i€I(n(y))
gi(p(v)) = 0,  Viel(y)

gi(pv)) < 0,  Vj¢lI(y).

Then we have p(v) € M and I(p(v)) = I(n(y)) and it follows from Eq. (22) that v € N¢(p(v)). Therefore,
from Lemma [4.3] and the definition in (16)), we have p(v) = 7(v) and v(v) = A(v) for all v € D.

Since p is a continuously differentiable function over a neighborhood D of y, we conclude that 7 is
continuously differentiable at y as desired. Moreover, by the implicit function theorem, we have the
following expression for the Jacobian of (m; \) at y;

-1
Vit My) = = (Veynfla@) Vif(a)
= (),
where for positive integers n, m
the n x n identity matrix, if n = m,
I = the n x m matrix [I™™) 0], if n < m,
the n x m matrix [I(™™) 0]T, if n > m.
For y € ri (N¢(m(y))), since p = 7 in a neighborhood of y we have
Vw(y) — _I(7L,n+Iy)J(y)—ll(n—&-Iy,n). (23)
C(n(y)), H = H(y),

For notational simplicity, we fix y and denote V = V(7 (y)), G = G(n(y)), C
J = J(y), and Jyr = Jyr(y). By Eq. (23), we have

[Vr(y)llc = —C~trmnth) g=1pntl.m o (24)
We first note that
I(n+1y,n)0: |: Vgl(w(y)) - Uy :|
0 . 0 |

We next let eF denote the k" unit vector in R*t{v. Then

Jenti [ Vai(m(y)) ] ,

0

thus

g1 { ng(g(y)) } — enti (25)
Next, we let

=Ly )] @
Then,
x; v
0 ]=1%]

and thus

JUL.’L‘j + Gyj = vy, (27)
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and
GTz;=0. (28)

Since columns of V' span the space of vectors orthogonal to each column of G, Eq. (28)) implies that
x; = V3; for some 3; € R"~Iv. Then, pre-multiplying Eq. (27) by V7, we obtain

VEJuL VB +VIGy; = VT,
and using the fact that VTG = 0 and that V7.Jy LV is invertible, !V we get
ﬂj = (VTJULV)_lej, (29)

hence (3; is the j*® column of (VT Jy V)=t Let 8 = [ﬁj|je{1,2,.‘,n—1y}} and Y = [yj|je{1’2wn,jy}].
Then, using Equations (25), (26), and (29)

_ 0 Vg 0 V(VTJyLV)
17(n+Iy,n) v _ _ UL
S e = |: I(valy) Y :| - [ I(Iy,ly) Y

Substituting this expression in Eq. (24) yields

-1
_ _p—1ly(n,n+ly) 0 |4 (VTJULV)
[Vﬂ'(y)] ‘C - c1 [ I(Iy’Iy) Yy
-1 T -1
= 7 ov (V)]
0 0
= GV -
GV { 0 (VI(=Jyp)V)™ ]
B 0 0
~ Lo (vTU+HE)WV)
B 0 0
~ Lo (+vTHV) |
showing the desired relation. Q.E.D.

4.2 The Extension Theorem. We now state and prove the extension theorem which will subse-
quently be used in the proof of the generalized Poincaré-Hopf theorem.

THEOREM 4.1 Let M be a region given by (I). Let U be an open set containing M and F : U — R"™ be
a continuous function. Let F™** = max,eps ||F ()| and let » € R. Let F,. : cl(M€) — R™ be defined as

Fo(y) = F(n(y) +r(y —7(y))-
Then, we have the following;:
(i) F,. is a continuous function.

(ii) Let y € ri (N¢(7(y))) and F be continuously differentiable at w(y) € M. Then, F,. is continuously
differentiable at y. Moreover, the Jacobian of F. in the tangent-normal coordinates of m(y) is

rl S
VEWTeeo = o R+ rHW] vy (4 v ew) ™ ()
for some I, x (n — I,;) matrix S. Furthermore,
det (VF,(y) = r'v det ([VF(r(y)) +rHG)] v (=) det (T+ [HWlvx@y) - (31)
Also, if 7 > 0, then
sign (det (VF,(y))) = sign (det ([VF(n(y)) +7H )] lv(x(y))) - (32)

10When V is not the empty matrix, since Jy 1 is strictly negative definite, VT Jy 1V is strictly negative definite, and
hence is invertible. When V is the n x 0 dimensional empty matrix, then V7 J;; 1V is the 0 x 0 dimensional empty matrix
and it is invertible by our convention.
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(iii) If » > F™* /e, then F, points outward cl(M€) on the boundary of cl(M€). In other words, given
y € bd(M¢), there exists a sequence ¢; | 0 such that y + ¢; F,.(y) ¢ cl(M¢) for all i € ZT.

PRrROOF. (i) Follows immediately since the projection function 7 is continuous.

(ii) Let y € ri (N¢(7(y))). Then F, is continuously differentiable at y since F is continuously differentiable
at m(y) and 7 is continuously differentiable at y (cf. Proposition 4.3). For notational simplicity, we fix y
and denote V = V(n(y)), G = G(x(y)), C = Cx(y)), H = H(y).

First consider the case in which V' is the n x 0 empty matrix, i.e. I, = n. In this case, by the chain
rule and the fact that V7 (y) = 0 (cf. Proposition 4.3), we have

VE,(y) = VF(y)Vr(y) + r(I = Vn(y)) =rl,

showing Eq. (30). Equations (31) and (32) also follow since the determinant of a 0 x 0 matrix is equal to
1 by our convention.

Next consider the case in which V is not an empty matrix. Since VTG = 0 and VTV = I, we note
that

Gt =] | 3
for some matrix R. We can write the Jacobian of F). in the tangent-normal coordinates as
VEWlle = [VE@@)llelVr@lle +r( = [Vr(y)lle)
=  ([VFE@W)llc —rDIVrW)]lc +rl

0 0

= [GV]T'(VF(x(y)—rI)[G V] { 0 (I+VTHV)™

]+7“I

= { VI (VF(r(y)) —rI)V ] [ 8 (I+V£HV)_1 }

rl 0
Lo r@evrEV) I+ VTHY)T |

where, to get the last equation, we used Eq. (33) and the fact that (VT (I + H)V) is invertible (cf. Proof
of Proposition [4.3)). Then, for some matrix S, we have,

0 S
EDe = o yr R -y @+ )
rl 0
J{ 0 VI(rI+rH)V (I+VTHV) ]

rl S
B [0 VT(VF(ﬁ(y))—rI+rI+rH)V(I+VTHV)1}

B rl S
- [o VT(VF(w(y))+rH)V(I+VTHV)1]

as desired. The determinant then can be calculated as

det (VF,(y)) det (r"*1v) det (vT (VE(r(y)) +rH)V (I + VTHV)_l)

= rldet (VT (VF(n(y)) + rH) V) det (I + VTHV) ™'
as desired. We have noted that V' (—I — H)V is negative definite (cf. Proof of Proposition 4.3). Then,
I+ VTHYV is positive definite and thus (I + VTHV)f1 is positive definite. Then

det (T+VTHV) " >0

and for r > 0 we have

sign (det (VF,.(y))) = sign (det (VT(VF(W(Q)) +rH)V))
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as desired.

(iii) Let y € bd(M*€). By Corollary 4.2, we have
bd(M®) ={y € R" | d(z) = €},
which implies
d(y) = lly —=(y)l = e (34)
Since
c(M€) ={z e R" | d(z) < €},
a vector v € R™ points outward cl(M€) at y if

WTVd(y) = va;(Z;y) > 0. (35)

We have

Ew)" (y—n(y) Fry)" (y—7) +ry—7)" (y— ()

> —FE)Illy — 7@l +rlly — =)y — =)l
Z _‘vaax6 + 7"62
[fmax
> € (r — ) s
€

where we used the Cauchy-Schwartz inequality to get the first inequality and Eq. (34) and the definition
of F™Ma% to get the second inequality. If r > F™% /e, then F,.(y)T (y — w(y)) > 0 and by Eq. (35), F,
points outward at y as desired. This completes the proof of the theorem. Q.E.D.

The following proposition establishes that there exists a one-to-one correspondence between the zeros
of F,. over M€ and the critical points of F' over M.

PROPOSITION 4.4 Let M be aregion given by (1). Let U be an open set containing M and F : U — R"™ be
a continuous function. Let F™** = max ¢ |[|[F(x)] and let » > F™* be a scalar. Let F,. : cl(M€) — R"
be defined as
Fo(y) = F(n(y) +r(y —7(y))-
and let
Z ={z€ M| F.(z) =0}.
Define the function s : Cr(F, M) — R"™ such that

_F@) :x+G(x)@.

r

s(r) =

(cf. Definition [3.1)) Then, s is a one-to-one and onto function from Cr(F, M) to Z, with inverse equal to
7T|Z.

PRrROOF. Clearly, s(z) —x € Njs(x). Also, since

Jsta) o = N P20
we have
s(z) € N¢(x). (36)

Then it follows from Proposition 4.3 that w(s(z)) = . Also, it follows from the definition of A that
A(s(z)) = 8=) We first show that s(z) € Z for all x € Cr(F, M). Note that

Fo(s(x)) = F(r(s(x))) +r(s(z) - z)
= F(@)+r (iG(x)@(x))
F(z)+ G(x)0(x) = 0.
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Figure 4: A,B,C are the generalized critical points of F', whereas s(A4), s(B), and s(C) are the critical
points in the usual sense of the extended function F,.. In other words, s converts the generalized critical
points of F to critical points of F..

Thus s(z) € Z. We next show that s : Cr(F, M) — Z is onto. To see this, let y € Z. Then,

Fo(y)=F(r(y) +ry—7(y) =0
implies
—F(n(y)) =7 (y —7(y)) = rG(m(y))A(y).
Since 7A(y) > 0, we have —F(r(y)) € Nas(n(y)) and thus 7(y) € Cr(F, M). Moreover,

() = m(y) - 20O _ gy 4 =)

=Y
T r

and thus s : Cr(F, M) — Z is onto.

We finally show that s is one-to-one. Assume there exists z, 2’ € Cr(F, M) such that y = s(z) = s(a’).
Then y € N¢(z) and y € N¢(a’) [cf. Eq. (36)]. From Lemma 4.1, x = 2’ and thus s is one-to-one. We
conclude that s is a one-to-one and onto function from Cr(F, M) to Z (see Figure [4]). Q.E.D.

The following Lemma relates the index of a generalized critical point to the Poincaré-Hopf index of
the zero of the extended function.

LEMMA 4.4 Letr > F™® /e and F,. : M — R™ be the extension defined in Theorem 4.1 and Proposition
4.4. Let x € Cr(F, M) be complementary and non-degenerate, and let F' be continuously differentiable
at . Then, F, is continuously differentiable at s(x). Moreover,

indp(z) = sign (det (VF,.(s(x)))) . (37)

Proor. If x € Cr(F,M) is complementary, then #(x) > 0. Thus A(s(z)) %) 0. There-

fore, s(x) € ri(N¢(x)). Then, F, is continuously differentiable at s(z) [cf. part (ii) of Proposition 4.1].
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Furthermore, we have

sign (det (VF,(s(z)))) = sign (det (V ) +rH(s(x))) V(2)))
= sign | det )-l—'EIZ()r)\i(s(w))Hgi(x) V(z)
= sign | det )+'Z 0;(x)H,, () | V(z)
sign (det(T'(z))) o
= indp()
as desired. Q.E.D.

4.3 Proof of the Generalized Poincaré-Hopf Theorem. We are now ready to prove Theorem
3.11

PROOF OF THEOREM [3.1. Let r > r,, = F,,/e and F). : cl(M€) — R™ be the extension defined in
Theorem 4.1 and Proposition 4.4. Let

Z ={z€R" | F.(2) =0}.

By Corollary 4.2, cl(M¢) is a manifold with boundary. Moreover, by Proposition 4.1, F,. points outward
on the boundary of M€ and is continuously differentiable at every y € Z since n(y) € Cr(F,M) is
complementary and non-degenerate and F is continuously differentiable at m(y). Then, the Poincaré-
Hopf Theorem applies to F, and Z has a finite number of elements. By Proposition 4.4, Cr(F, M) has a
finite number of elements. Moreover,

> sign (det (VF,(2))) = x(cl(M9)).

z€Z

Then using Proposition 4.4 and Lemma 4.4, we have

Z indp(z) = Z sign (det(I'(2)))

zeCr(F,M) z€Cr(F,M)

= Z sign (det(VF,(s(x))))

s(x)ez
= X(cl(M)). (38)
To complete the proof, we need an additional lemma. First, recall the following definition:
DEFINITION 4.3 Two continuous functions a,b : X +— Y are homotopic if there exists a continuous map
F: X x[0,1] — Y such that
F(z,0) =a(x) and F(x,1) =b(z), forallz € X.

Such a function F' is called a homotopy between a and b.

Next, we have the following result.

LEMMA 4.5 The set cl(M€) is homotopy equivalent to M, i.e. there exists continuous functions f :
cl(M€) — M and g : M ~ cl(M*) such that f o g is homotopic to iy and g o f is homotopic to ici(ar),
where ix : X — X denotes the identity function on some set X. In particular, x(cl(M€)) = x(M).

PrOOF. Let f = 7|a(ase) : cl(M€) — M and g =ipr : M +— M. Then, f and g are continuous and
fogx)=flg(z)) =n(xr) =2, forallze M.
Then, f o g =iy and thus is homotopic to ip,. We have
go f(z) =g(f(x)) =n(x), forall z € cl(M). (39)
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Let F(cl(M¢€) x [0,1]) — R™ such that
Fz,§) = (1= n(z) + L.
F is continuous since 7 is continuous over cl(M€). We have,
F(z,0) =7n(z) =go f(x), forall zecl(M),
where we used Eq. (39), and
F(z,1) = 2 = iqun(x), forall x € cl(M).

Thus, F' is a homotopy between g o f and i(ar), which implies that g o f is homotopic to i¢(as). Then
f and g satisfy the conditions for homotopy equivalence of cl(M€) and M, which implies that cl(M€) is
homotopy equivalent to M as desired. !

Since the Euler characteristic is invariant for sets that are homotopy equivalent to each other (see, for
example, Massey [21]), we have x(cl(M€)) = x(M), completing the proof of Lemma [4.5. Q.E.D.

Finally, combining the result of Lemma 4.5/ with Eq. (38), we complete the proof of Theorem 3.1
Q.E.D.

5. Applications of the Generalized Poincaré-Hopf Theorem. In this section, we use Theo-
rem 3.1 to present sufficient conditions for the uniqueness of solutions to finite-dimensional variational
inequalities and the stationary points in nonconvex optimization problems.

5.1 Variational Inequalities.

DEFINITION 5.1 Let M C R" be a region and F' : M — R"™ be a function. The variational inequality
problem is to find a vector x € M such that

(y—2)"F(x) >0, VyeM.
We denote the set of solutions to this problem with VI(F, M).

The following lemma establishes that, when M is given by (1), every solution of the variational
inequality problem corresponds to a generalized critical point of F' over M and vice versa. The proof is
straightforward and hence omitted.

LEMMA 5.1 Let M C R”™ be a closed convex region given by (1)). Then,
z € VI(F,M) <= z € Cr(F,M).

The following proposition establishes sufficient conditions for the existence and the uniqueness of
solutions to a variational inequality problem over a convex and compact region M given by (1). The
proof is a direct application of Theorem 3.1 in view of Lemma [5.1.

PROPOSITION 5.1 Let M be a compact convex region given by (I). Let U be an open set containing M
and F' : U — R”™ be a continuous function which is continuously differentiable at every x € Cr(F, M).
Assume that every x € Cr(F, M) is complementary and non-degenerate. Furthermore, assume that
indp(z) =1 for all x € Cr(F, M). Then, VI(F, M) has a unique element.

5.2 Karush-Kuhn-Tucker Points in Nonconvex Optimization. In the special case when F is
the gradient of a scalar valued function, a generalized critical point of F' corresponds to a Karush-Kuhn-
Tucker (KKT) stationary point of a constrained optimization problem, which allows us to establish
sufficient conditions for the uniqueness of the local optimum for nonconvex optimization problems.

H1In fact, this argument proves the stronger result that M is a strong deformation retract of M€, i.e. there exists a
homotopy F : M€ x [0,1] — M€ such that F(z,0) =z and F(z,1) € M for all x € M€ (cf. Kosniowski [19]).
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DEFINITION 5.2 Consider a compact region M given by (1). Let U be an open set containing M and
f:U — R be a twice continuously differentiable function.

(a) We say that x € M is a KKT point of f over M if there exists p; > 0 such that

Vi@ + Y uiVgix)=0. (40)

i€l(x)
We denote the set of KKT points of f over M with KKT(f, M).

(b) For z € KKT(f, M), we define u(z) > 0 to be the unique vector in RH(®) that satisfies Eq. (40). We
say that z is a complementary KKT point if p(x) > 0.12

(¢) We define

Aa) = V(@)™ | Hp(z)+ Y pila)Hy (x) | V(z), (41)

i€l(x)

where V(z) denotes the change-of-coordinates matrix from tangent coordinates to standard coordinates
[cf. Eq. (3)]. We say that z is a non-degenerate KKT point if A(z) is a non-singular matrix.

(d) Let  be a complementary and non-degenerate KKT point of f over M. We define the KKT index
of f at x as
indffKT(a:) = sign (det(A(z))) .

Note that the KKT points of f over M are precisely the generalized critical points of V f over M, with
6(x) = p(z) in Definition [3.1. Therefore, the following proposition and the subsequent corollary follow
directly from Theorem 3.1.

PROPOSITION 5.2 Consider a compact region M given by (1). Let U be an open set containing M and
f U — R be a twice continuously differentiable function. Assume that every KKT point of f over
M is complementary and non-degenerate. Then, the set KKT(F, M) has a finite number of elements.
Moreover, we have

> indf* (@) = x(M).

2€KKT(f,M)

COROLLARY 5.1 Consider a compact region M given by (1). Let U be an open set containing M and
f : U — R be a twice continuously differentiable function. Assume that y(M) = 1 and that every
x € KKT(f, M) is non-degenerate, complementary, and satisfies indJIf KT(x) = 1. Then, f has a unique

local minimum over M which is also the global minimum.

Traditional optimization results establish the uniqueness of the minimum under a global convexity
assumption, i.e., when the Hessian of the objective function is positive definite for every vector in the
constraint region. In contrast, Corollary 5.1 establishes the uniqueness of a local minimum of a non-
convex optimization problem by a sufficient local condition which requires that the determinant of the
(generalized) Hessian is positive at every KKT point of the function over the region. In the following
example, we use Corollary 5.1/ to prove the uniqueness of a local minimum in a nonconvex problem.

ExXAMPLE 5.1 Let n be a positive integer, L = {1,2,...,n} be a set, a,b € R be scalars such that
0<a<l1l/nand a<b. Let f: M = ]a,b]” — R™ be a function given by

flp) = —Zlogg%),

jeL

where p~7 =1+ Zk#; wer Pk It can be seen that f(p) is a nonconvex function.

12In some optimization literature, the word ‘nondegenerate solution’ is used for what we define as a ‘complementary
critical point’ (cf. Definition 3.4.1 in Facchinei-Pang [12]). We choose to use the latter naming, since we use the former to
denote a different concept (cf. Definition 5.2}, part (c)).
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We claim that every KKT point of f is complementary, non-degenerate, and has KKT index equal to 1.
Let p € KKT(f, M). By Definition 5.2, every KKT point satisfies

Viilp) > 0,ifp;=a (42)
Vfilp) = 0,ifa<p; <b (43)
Viip) < 0, ifp;, =0 (44)
If the inequalities in (42)) and (44)) are strict, p is complementary. If p; = a, then
1 1
Vilp)=——+) — <——+(n-1) <0,
“ J#i p “

since a < 1/(n — 1), therefore Eq. (42) does not hold for any ¢ € L. Let I(p) denote the set of indices
for which p; = b. Assume, to get a contradiction, that V f;(p) = 0 for some i € I(p). Then, for j € I(p),
p; = p; = b, and by symmetry, we have

Vfi(p) = Vfi(p) = 0.
Together with Equation (43), the preceding relation implies that V f;(p) = 0 for all 7 € L. Then, using
the inequality 37, ;. ;cp ppfjk < 1, we obtain

0= nVi0) = ity > <o

jEL k€L j#k; jEL

yielding a contradiction. Hence, V f;(p) < 0 for all i € I(p), implying that p is a complementary KKT
point. Let I'VE(p) denote the set of indices for which Eq. (43) holds. For this example A(p) (cf. Eq. (41))
is given by
A(p) = Hy(p)| 135 (1),
where Hy(p)|;vs () denotes the principal sub-matrix of Hy(p) corresponding to the indices in I NEB(p).
Let
C = PH;(p)P,

where P is the n x n diagonal matrix with entries p; in the diagonal. It can be seen that C|;~s(y is
positive diagonally dominant. Consequently, det(A(p)) > 0, which implies that p is non-degenerate and
ind?KT(p) =1 as desired.

Since x(M) = 1 and every p € KKT(f,M) is complementary, non-degenerate, and satisfies
ind?KT(p) = 1, by Corollary 5.1, f has a unique local minimum over M. It can be seen that the
unique local minimum is located at p = (b,b,...b). In essence, using the first order conditions given
by equations (42)),(43)), and (44), we could prove that f is locally convex around each stationary point,
which, by Corollary (5.1), implies that f has a unique stationary point and a unique local minimum over
M. Note that Poincaré-Hopf Theorem cannot be applied to this problem since the region M is not a
manifold and the unique critical point of the vector field V f is on the boundary of the region M.

Appendix A. Proof of Proposition 4.2. For the proof, we need the following result.

LEMMA A.1 For any z € M€ and z € M, we have

(x —2)T(r(x) — 2) > 0.

PRrROOF. For any © € M* and z € M, we can write ¢ — n(z) = (z — 2) + (2 — w(x)), which implies
that
lz = 7(@)|* = llo = 2]* + 2(z = 2)T (z = 7(2)) + ||z = 7 ()|
By the definition of m(x), we have ||z — 7(z)|| < || — z]||, therefore the preceding implies that (x —
2)T(w(z) — z) > 0, completing the proof. Q.E.D.

The following lemma proves that a function that has values close to another differentiable function is
also differentiable. This lemma was inspired by the proof of Theorem 3.1 in Clarke-Stern-Wolenski [6].
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LEMMA A.2 Let A C R™ be an open set, and f,g : A — R be scalar valued functions such that f is
differentiable at © € A. Assume that f(z) = g(x) and there exists r > 0 such that

If(w) =gl <rly—=|?), VyeA (45)

Then, g is differentiable at « with derivative equal to V f(z).

PROOF. Define -
o) - L+ ) =S =9 fe"

The assumption that f is differentiable at x € A implies that

lin%) ef(v) =0.
By (45)), for all v # 0 and sufficiently small such that x +v € A, we have

g(@+v) —g(@) = Vf(@)Tv _ fl@+v)+rllv]* = flz) - V(@)
[[o]

= ef () + rlv].

ez (v) =

Similarly,

= ez (v) —rv].

ed(v) > f(x+v) —rlo]]? = f(z) — Vf(z)Tv £

Combining the preceding two relations, we obtain

el(v) = rlvll < ed(v) < el(v) + o]

z <
By taking the limit as v — 0,

0 = lim el (v) — 7|lv| < lim ef (v) < lim ef (v) + r|jv]| = 0.
v—0 v—0 v—0

Thus, lim,_, ed(v) = 0, showing that g is differentiable at « with derivative Vf(z) as desired. Q.E.D.

Proof of Proposition 4.2. Let z be an arbitrary vector in M“— M. Consider the function f : M*—M —
R given by
f(w) = [lw = ()]
Let 6 € R be such that 0 < § < d(z). Then, f is differentiable on the ball B(z,d) with derivative
w — 7(x)
Y= o=@l
Let y € B(x,0) (see Figure 5). By the definition of d(y) and 4, we have
fly) = d(y) = d(z) =5 > 0. (46)
Using y — w(z) = y — 7(y) + (7(y) — w(x)), we obtain
F?=ly—r@)l* = ly—7@I*+ () — 7@ +2(y — 7(y))" (x(y) - 7(x))
= AW’ +lr@) —r@) P +2@y—z+z—7(y)" (r(y) - 7(x))
d(y)? + 7 (y) = m(@)|* + 2(y — 2)" (n(y) — 7 (2))
+2(z —7(y)" (n(y) — n(x))
d(y)? + 7 (y) = m(@)|* + 2lly — 2] |7 (y) — ()]
d(y)® + (k* + 2k)[ly — =%,

VARV

where we used Lemma [A.1l [with z = 7(y)] and the Cauchy-Schwartz inequality to get the first inequality
and the fact that 7 is globally Lipschitz over M€ (cf. Proposition 4.1) to get the second inequality. Using
the preceding, we obtain
Fy)? = d(y)* < (k* + 2k)||ly — 2%,
which implies
k% + 2k 5
lly — |-

f(y)_d(y)ﬁm Y
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Figure 5: The distance function d is close to the function f in a neighborhood of x. Then since f is
differentiable at x, d is also differentiable at = with derivative V f(z).

Using Eq. (46)), we further obtain

2
) = dly) < sy =l
Then, for
kP42 0
2(d(z) —6) =
we have

0< f(y) —dly) <rlly —=|?
for all y € B(x,d). Since f(z) = d(z), we conclude by Lemma [A.2 that d is differentiable at = with
derivative

x—m(x) x —w(x)
Vd(z) =V f(z) = =
[l — ()| d(x)
Since x was an arbitrary point in M€— M, and Vd(z) = “ng;)x) is a continuous function of x over M — M,

we conclude that d is continuously differentiable over M€ — M, completing the proof.
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