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Abstract

We consider optimization problems with manifold-valued constraints. These general-
ize classical equality and inequality constraints to a setting in which both the domain
and the codomain of the constraint mapping are smooth manifolds. We model the
feasible set as the preimage of a submanifold with corners of the codomain. The latter
is a subset which corresponds to a convex cone locally in suitable charts. We study
first- and second-order optimality conditions for this class of problems. We also show
the invariance of the relevant quantities with respect to local representations of the
problem.
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1 Introduction

The presence of constraints renders optimization problems not only more interest-
ing, but also more difficult to analyze and solve. Constrained nonlinear optimization
problems on R™ can be cast in the following form,

Minimize f(x), wherex € R”

. (1.1)
subjectto (s. t.) g(x) € K.

Here f: R™ — R denotes the objective function, and g: R™ — R”" represents the
constraint function. Moreover, K C R”" is a convex cone satisfying 0 € K, i.e., it
induces a preorder on R” defined by

y<kz & y—ze€Kk.

The constraint in (1.1) can thus be written as g(x) <g 0.

Problems of the form (1.1) include classical nonlinear programming problems with
equality and inequality constraints. These are described by g(x) = (g7(x), g gO)T
and K = RF x {0})"F ¢ RF x R"*, where RX is the non-positive orthant in R¥.

It is well known that—under appropriate constraint qualifications—local minimiz-
ers of (1.1) admit Lagrange multipliers, i.e., there exists € R" such that

n
F1o)+ ) wigi(x) =0,

=t (1.2)
weKo:={s e R"|s'v <0forallv e K},

nrg(x) =0

holds. In short, we can write f'(x) 4+ u' g/(x) = 0 with u € K° and u"g(x) = 0.
The set K° is called the polar cone of K.

Equation 1.2 is known as generalized Karush—Kuhn-Tucker (KKT) conditions per-
taining to problem (1.1). We refer the reader to, e. g., [9, Ch. 9], [15, 18], [5, Ch. 5],
[16, Ch. 6], for results in this direction in finite and infinite-dimensional spaces.

In this paper, we generalize (1.1) to constrained optimization problems on man-
ifolds, replacing R™ and R" by finite-dimensional, smooth manifolds M and N/,
respectively. Theory for the case of equality and inequality constraints g: M — R”
has been considered in [2, 17] and some algorithmic approaches have been discussed
in [8, 12]. Theory and an algorithm for equality constraints of the form g(p) = g«
with g: M — N were presented in [14]. Here we aim to incorporate equality and
inequality constraints for manifold-valued constraint mappings g: M — N.

Such an extension is not straightforward since there is no natural way to define a
cone (nor a preorder) on the manifold N which would take the role of the condition
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Fig.1 A geodesic polygon on
the 2-sphere. Unlike in R, this
set cannot be described as the
intersection of half spaces.
Notice that, for instance, at the
tangent space at the light blue
point in the middle of the
horizontal geodesic, the image
of the upper half space under the
exponential map is the entire
sphere

g(x) € K. We propose here to overcome this difficulty by requiring the constraint
function to have values in a submanifold with corners K C N, a mathematical object
that corresponds to a convex cone locally in adequate charts.

We thus consider the following class of problems,

Minimize f(p), where p € M

s.t. g(p) ek, (13
which generalizes (1.1). The description of the feasible setas F:={p € M | g(p) € K}
turns out to be convenient and relevant in a number of situations. Moreover, it will be
shown that this description is independent of possibly varying parametrizations of the
given problem.

Our formulation differs from other generalizations of equality and inequality con-
straints. Consider for instance a geodesic polygon as a feasible set F, defined on the
sphere M = S2, i.e.a set bounded by a set of geodesics. More generally, we can
also consider a geodesic polyhedron on 8™, i.e., a region bounded by a number of
geodesic hyperplanes. In other words, its boundary consists of totally geodesic sub-
manifolds, cf., e.g., [6, Ch. XI, §4]. An example of a geodesic polygon is given in
see Figure 1 in S2%. F constitutes a submanifold of N' = M with corners, so it can
be naturally parametrized as g(p) € K with g = idyq and K = F. By contrast, an
algebraic description of F in terms of classical inequalities runs into difficulties. In
the case of a vector space M = R™, the analogue of F (an ordinary polygon) can be
easily represented as the intersection of finitely many closed half spaces, using linear
inequality constraints g;(x) = (x — y;, n;) < 0. A similar attempt to describe F
on & via inequality constraints of the type g;(p) = (log,, p, ni) < 0 can certainly
be used locally; however, the lack of injectivity of the exponential map on &, and
thus the lack of global well-definedness of its inverse, the logarithmic map, makes this
inequality constraint globally not well-defined.

This paper is structured as follows. We describe our approach to modeling manifold-
valued constraints using manifolds with corners in Sect. 2. Constraint qualifications
are introduced and discussed in Sect. 3. Section 4 is devoted to the derivation of first-
order necessary optimality conditions. We show in Sect. 5 that equivalent conditions
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are obtained when the problem is pulled back to a tangent space, using a retraction. In
Sect. 6 we introduce the analogue of a Lagrangian function for (1.3). In preparation
for the formulation of second-order optimality conditions in Sect. 8, we define the
critical cone in Sect. 7. Finally, Sect. 9 presents an application of our theory to the
control of discretized variational problems.

We denote manifolds as well as subsets of manifolds by calligraphic letters. For
an introduction to differentiable manifolds, we refer the reader, e.g., to [7]. Points
on the manifold M are denoted by the letter p, while points on N are denoted by
¢ . Each manifold comes with a collection of charts (U4, ), and each chart maps an
open subset U of M (or NV) onto an open set in R™ (or R"), where m and n are the
dimensions of M and N, respectively. We say that a chart (U, ) is centered at a
point p if p € U holds. For the purpose of this paper, since we will be pursuing a first-
and second-order analysis, we will mostly assume that M and N are of class C2, i.e.,
the chart transition maps ¥ o ¥, !are of this class. In chart space, we use the letters
x € R and y € R". We write C/ (M, N\) for the set of all mappings M — A which
are j times continuously differentiable. The identity mappings on a vector space V or
on a manifold M are denoted by idy and id r¢, respectively. The zero element in the
tangent space 7, M of a manifold M at p is denoted by 0,,. We distinguish primal
elements v € 7, M and dual elements ;+ € 7, M and write dual pairings in the form
w v and compositions with linear mappings A into 7, M as u A.

2 Manifold-Valued Constraints

Our method of choice to generalize equality and inequality constrained problems to
manifolds is to replace the usual cone K that the equality and inequality constraints g
are mapping into by a submanifold with corners.

In the following we use 0 < k < n and write RF x {O}"’k to denote the subset
of R” consisting of those elements whose last n — k components vanish. We define
the map W: R" — Rk by Wx = (xk+1, .- -, xn)T. Further, as usual, v < 0 in R’
meansv; <Ofori =1,...,¢.

Definition 2.1 (Submanifold with corners [10]). Suppose that N is an n-dimensional
CZ2-manifold. A subset K C A is called a submanifold with corners of dimension k

if, for each g € N, there exists a local chart (U, ¥) satisfying ¥ (¢) = 0, an index £
satisfying 0 < ¢ < k, and a surjective linear operator

A: RE x {0y % > R¢
such that

YKNU) = {x e yU) N R x {0} )| Ax <0}
={xevU)|Ax <0, Wx =0}

holds. In this case, (4, V) is termed an adapted local chart centered at q.
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We may identify A with a matrix [ 4 0] where A € Rk and 0 € R0 For
x € R¥ x {0} %, we then have A x = ;\\(xl, cx)l

We refer to ¢ in Definition 2.1 as a corner of index £. It has been shown in [10]
that the index £, which may of course depend on ¢, however does not depend on the
particular choice of the adapted local chart centered at g. In terms of optimization, £
describes the number of active inequality constraints at . This generalizes the notion
of vertices (¢ = k), edges (¢ = k — 1), and higher-dimensional facets.

The requirement £ < k is essential in this definition. In local charts, the description
of a corner satisfies the linear independence constraint qualification (LICQ), because
the rows of . X are necessarily linearly independent to guarantee surjectivity. Thus,
whenever (L{ w) is a (non-adapted) local chart on N such that w xn U ) is given by
the nonlinear constraint A(x) < 0 with A(O) = 0, we can use the surjective implicit
function theorem to construct an adapted local chart ¥ such that ¢ (KXNIf) is described
by A’(0)x <O.

Definition 2.1 can be conceived as straightforward generalizations of the concepts

(i) of an embedded submanifold X C N, which is obtained when £ = 0 holds for
allg € IC,

(ii) of asmoothly bounded subset X C N with non-empty interior, which is obtained
when k = n and, for every ¢ € N, either £ = 0 (interior point) or £ =
(boundary point) holds,

(iii) and of a convex polyhedron KX C N = R", whose corners satisfy the above
regularity condition. In particular, the non-positive orthant L = R” C R" is a
submanifold with corners of dimension n of R". For instance, the origin ¢ = 0
is a corner of index n and it can be described by A = idgn. As another example,
the point g = —e; (the negative j-th unit vector in R”) is a corner of index n — 1
and a local description of /C can be defined via A € R=Dxn whose rows are
el with 1 <i <n,i # j.

Next we discuss tangent spaces in the context of submanifolds with corners. Among
the various equivalent ways to define the tangent space for differentiable manifolds,
we use the one given in [6, 10]. Let ¢ € N and consider the set

{(Y,v)|¥: Uy — R"isachartatg € N, v € R"}.

For two charts 1, 12, we denote the transition map by T:=v; o ¥ ! Define an
equivalence relation (Y1, vy, ) ~ (Y2, vy,) by

T'(Y1(q)) vy, = vy,.

We call any corresponding equivalence class a tangent vector v of A" at ¢ and vy, its
representative in the chart 1. For fixed ¢ € NV, the set of these equivalence classes is
a vector space 7, \, termed the tangent space of A" at g. The disjoint union of T,
over all ¢ € N can be endowed with the structure of a manifold, more accurately a
vector bundle, termed the tangent bundle 7N of .

Suppose now that K is a submanifold with corners of A of dimension k. For
g € K, we define the tangent space 7, KC as the set of all v € 7,V which possess a

@ Springer



Journal of Optimization Theory and Applications (2022) 195:596-623 601

Fig.2 TIllustration of a

k = 2-dimensional manifold
with corners /C (teal) as a subset
of the n = 2-dimensional sphere
N = 82.Dueto k = n, the
tangent space satisfies

14K = TgN forevery g € K.
At the particular point ¢, which
is a corner of index ¢ = 2, the
cone of inner tangent vectors
’ZZIC is shown in green

representative vy in an adapted chart 1 centered at g such that vy is an element of
R¥ x {0}*~k_ In this case, all representatives of v in all adapted charts centered at g
satisfy the same relation. It is easy to verify that 7, K is a linear subspace of 7, of
dimension k. Notice that the dimension of 7, K does not depend on the index of ¢ as
a corner of /C.

Further, the set of inner tangent vectors ’TqilC C 1,K is defined as all v € T, K
which satisfy, in addition, A vy < O for representatives in adapted charts centered
at g. As discussed in [10], ’Z:; KC is well-defined and it is a polyhedral convex cone.
Similarly, we denote by TqOIC the linear subspace of all elements v of 7, K for which
the representatives in adapted charts centered at g satisfy A vy, = 0. We refer the
reader to Figure 2 for an illustrative example.

The following are our standing assumptions for the remainder of this paper.

Assumption 2.2 Let M and A be C%-manifolds of dimensions m and n, respectively.
Moreover, let IC be a submanifold with corners of N of dimension k. We further
suppose that f € C?>(M,R) and g € C*(M, N) hold and consider the following
problem:

Minimize f(p), where p € M

2.1
s.t. g(p)ek.

Notice that products of submanifolds with corners are again submanifolds with
corners. One can therefore easily combine several constraints, e.g., g1(p) € K and
g2(p) € K,, into one single constraint mapping into a product manifold. We re-
iterate that (2.1) generalizes classical nonlinear programming problems with equality
and inequality constraints. The latter are obtained in case M = R™, N' = R",
K =RE x {0} % c RF x R"*. Atany p € K, the adapted local chart centered at
a point p can be chosen as ¢(p) = p — p, and A consists of the appropriate rows of
idgk.

Be aware that in general the feasible set F :=¢g~1(K) c M is not a submanifold
with corners even though K is. For example, consider p to be the tip of a pyramid P in
R3, where ¢ > 3 planes meet. Then, locally near p, P is described by £ > 3 inequality
constraints, and thus P cannot be a submanifold with corners of R3, because this would
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violate the condition £ < k = 3 in Definition 2.1. Nevertheless, with a suitable affine
mapping g: R? — Rf, P canbedescribed locally as P = g~ (R). Thus, by means of
the constraint mapping g we can obtain feasible sets more general than submanifolds
with corners of M. Also in view of practical computational approaches, the set /C
should have a simple structure, allowing, e.g., a local representation in computable
adapted charts.

Suppose that ¢: M D U, — R™ is a chart centered at p and that ¢ : N' D
Ug(py — R" is a chart centered at g(p). We may then define the following local
representations of f and g:

for=fo R eUp) = R, gye=Yog op ! oUy) — R"
and obtain the following classical constrained optimization problem locally:

Minimize f,(py), where p, € o(U))

Agy.o(py) <0, (2.2)
ng//,(p(P(p) =0.

As a general strategy, we will carry over results on first- and second-order optimality
conditions from (2.2) to (2.1) by formulations that are independent of the local repre-
sentation in charts. We will use rather straightforward and well established strategies of
proof but highlight invariance considerations which arise in the differential geometric
context.

Example 2.3 Consider the standard case, i.e N' = R/ "% and

gr(x) <0 inR™,
ge(x) =0 inR"%,

This fits into our general setting (1.3) if we define

IC'—{yeR”“L”E yi <0fori=1,...,ny,

vi=0fori=n;+1,...,n;+ng

This set K is a submanifold of A/ with corners of dimension k = n;. An adapted chart
ata point y € K can be defined by ¢ () = n — y and by choosing the chart domain &/
as an open ||-||so-ball about y with radius » = min{|y;||y; < 0}. The index ¢ of any
point y € K equals the number of components 1 < i < ny for which y; = 0 holds.
Then the linear mapping A € R consists of rows equal to e (the i-th unit vector
in R¥) for each index i with y; = 0. For any y € K, the tangent space T,K (in its
representation w.r.t. the chart ¢(n) = n — y) is given by R™ x {0}"E. At the point,
y=(1,0,..., 0)T € K, for instance, the cone of inner tangent vectors is described
by R x R" "' x {0}, while the subspace TYK is equal to R x {0} =1 x {0}"E.

@ Springer



Journal of Optimization Theory and Applications (2022) 195:596-623 603

Example 2.4 Consider a geodesic polyhedron K C A on a Riemannian manifold \V,
i.e., a set whose facets are totally geodesic submanifolds as in Figure 1; cf., e.g., [6,
Ch. XI, §4]. We may use the logarithmic map log,, : N — T,N = R" to construct an
adapted local chart at a point ¢ € K. Then K can be represented as A vy, < 0 and K
is a manifold with corners, provided that A (which depends on g and v/, of course) is
surjective at any g € K.

Example 2.5 Given two mappings g¢, g-: M — N, consider the equality constraint

ge(p) = gr(p).

Since N in general is not a vector space, this constraint cannot be written in the usual
form g;(p) — g, (p) = 0. However, it can be formulated as g(p) € K via the mapping

g:M>3p— (ge(p)gr(p) e N xN

with K = {(g1, ¢2) € N x N'| g1 = g3} the diagonal submanifold of N" x N.

Example 2.6 Consider a vector bundle 7w : N' — B, where B and AV are smooth mani-
folds and 7 is a smooth surjective map. In fact, the total space A/ of a vector bundle is
a manifold with special structure in the sense that, for each ¢ in the base manifold 3,
the preimages 7 ! (¢) (called fibres) are linear spaces; see, e. g., [6, Ch. III].

In applications, a constraint mapping g: M — N of the form

g(p) = Ox(g(p))

arises frequently, in particular when ' = 718 or N' = 7B is the tangent bundle or
cotangent bundle over B, respectively. Since the mapping g +— 0y, is well-defined
and smooth on vector bundles, this constraint is of the form discussed in Example 2.5.

If the fibres 7~ !(¢) of A are equipped with preorder cones K, C 77 1(q), then
also inequality constraints of the form

g(p) < Oze(py), e, g(p) € —Knpy

can be included under suitable assumptions on the choice of cones.

3 Constraint Qualifications

We recapitulate the definition of the tangent cone of a subset 7 C M and generalize
basic results, known for optimization problems on vector spaces, to the case of mani-
folds with corners. We recall that #; N\ O denotes a sequence of strictly positive real
numbers that converges to 0.

Definition 3.1 (Tangent cone). Let p € F and (U, ¢) be a chart centered at p. A
tangent vector v € 7,.M is said to belong to the tangent cone C, F C T, M at p if
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there exists a representative v, in the chart ¢ and sequences # \ 0 and x,x € R™
such that

Xpk — Vg and fx xp x € (F NU) 3.1

holds. We then call x, x a feasible tangential sequence for v,,.

The following result shows that Definition 3.1 does not depend on the chosen
chart. Indeed, the tangent cone can alternatively be defined without the use of a chart;
compare [2, Def. 3.2].

Lemma 3.2 Property (3.1) holds for one representative of v € T, M if and only if it
holds for every representative of v.

Proof Consider two local charts ¢; and ¢, centered at p and their smooth transition
map T = ¢ o ¢; ', defined in a neighborhood U of 0 = ¢1(p) = ¢a2(p) = T(0).
Then the corresponding representatives v, and vy, of a tangent vector v € 7, M are
related by vy, = T7(0) vy, . By differentiability of 7 we obtain (for sufficiently large
k so that #; x4, x € U):

T (tx xpy k) — T(0)
X k1= Ll " — T'(0) vy, = vy,

for any pair of sequences x4, x — vy, and # N\ 0. Hence, vy, satisfies (3.1) if and
only if vy, does. a

Obviously, C,F is a cone and 0 € C,F. Furthermore, it is closed. To see this,
consider a sequence v' € C,F which converges to v € 7, M with v # 0. Using a
chart, we have sequences 7; \' 0 and x(’p’ x — U, From these, appropriate diagonal
sequences can be chosen to verify v € C, F.

The following simple lemma can be proved as in the standard case:

Lemma3.3 Let f € C'(M,R) and assume that p is a local minimizer of f on a
set F C M. Then f'(p) v = 0 holds for all v € C,F.

Proof Consider v € C,F and a corresponding tangential sequence #; vy € F with
representatives x, x. Then, by optimality, #,~ 1( Jo(k xp.x) — f4(0)) = 0 holds for
k € N sufficiently large. Since x, x — v, we obtain f’(0) x, x — f(0) v, but since
t,:l(f(p (tk xp.1) — f(0)) — f'(0) xpx — O by differentiability, this limit has to be
non-negative. O

The following result shows that the tangent cone to a submanifold with corners has
a particularly simple structure since it agrees with the cone of inner tangent vectors
defined in Sect. 2:

Proposition 3.4 Suppose that K is a submanifold with corners of N and q € K. Then

CK =T, K.
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Proof Let v € 7,K. Consider an adapted local chart ¥ of K C N, centered at ¢, and
defined on a neighborhood ¢/ of ¢, and vy, the corresponding representative of v. Since
both C,K and ’];ilC are cones, we may assume w.l.0.g. that Ly (CNU) C ¢ (NU) and
Avy € Yy (U) for & € [0, 1]. Two cases can occur. If vy, € ¥ (K), then v € ’Z:;IC holds
by definition, and v € C,4 K follows because #; vy, € ¥ (K NU) is clearly a tangential
sequence. By contrast, if vy, ¢ ¥ (K), then v ¢ ’]:I’ KC by definition. Moreover,

dist vy )= iInf vy —w| >0
wocnu) (vy) we//(lCﬂU)” v Il

because ¥ (I NU) is closed in ¥ (U). Then we can compute

dist Avy):= inf Avy — w)|| = A dist vy ) forall A €]0, 1].
wkcnu) (A vy) wel//(ICﬂM)” (vy )i v cnu) (Vy) 10, 1]
Hence, there is no feasible tangential sequence for vy,. O

In the following we consider the linearization
g'(p): M = Ty N

of g at p. Its representation in a local chart ¢, centered at p, and an adapted local chart
Y, centered at g(p), reads:

8y, O:=ogop ") (0): R" - R".
Definition 3.5 (Linearizing cone). The linearizing cone at a point p € F is defined as
Ly(g, lC)::{v e T,M | gpve ’];,i(p)lC} = g/(p)_l(’Tg"(p)/C) Cc TyM.

Lemma 3.6 We have C, F C L(g, K).

Proof Consider v € C,F, its representation in a chart v, and corresponding sequences
i \ 0 and xp x — vy, Where gy o (tk X4 k) € ¥ (K). We obtain:

Agw,go(tk x(p,k) <0, Aglﬂ,(p(o) =0.
It follows that

1A gy ,(0)(vy) = Agy ,(0)(tk X 1) + 1k A gy ,(0)(Vy — X )
= A gyt Xp k) + Ot),

and thus
1 /
L AGvtxor) = Agy 0.

Since every row of the left hand side is non-positive, its limit cannot be positive. Thus,
A g]’ﬁgw(O)(v(p) < 0 and similarly Wg]’ﬁgw(O)(v(p) = 0. This implies v € £,(g, ). O
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Definition 3.7 The (description of the) feasible set F is called transversal over K
atp e Fif

image g'(p) — Ty(pn)K = Ty(nN.

It is said to satisfy the Zowe—Kurcyusz—Robinson constraint qualification (ZKRCQ,
compare [18]) at p € F if

image g’ (p) — 7;:'(1,)/6 = Ty N. (ZKRCQ)
It is said to satisfy the linear independence constraint qualification (LICQ) at p € F
if

image g'(p) — Ty(,)K = Ty V. (LICQ)

Clearly, since 7;,0( K C T}, K C Ty holds, (LICQ)implies (ZKRCQ), which

in turn implies transversality. If the index ¢ of g(p) satisfies £ = 0, i.e.g(p) is not
a corner of positive index, then all above notions are equivalent, because ’];0( p)lC =
T4(pyKC holds in this case.

Proposition 3.8 If (ZKRCQ) holds, then C, F = L(g, K).

Proof As above, consider a chart ¢ of M centered at p and an adapted chart ¥ of N
centered at g(p). Then the feasible set is represented locally as follows:

Fyp={x € oU) [Wgy o (x) =0, Agy o(x) <0},
while the representation of the linearizing cone is:
L8, K)y,pi={x e R"| ng’//,(p(O)x =0, Ag{/f’(p(O)x <0}. (3.2)
Then (ZKRCQ) can be written as:
imageg:/,’(p(O) —{yeR"|Wy=0, Ay <0} =R". 3.3)

Under assumption (ZKRCQ), we can apply [18] to conclude that £, (g, K)y , coin-
cides with the tangent cone of Fy, , at 0 in R”, which is, by Lemma 3.2, arepresentative
of C, F. Since both sets are representatives of subsets of 7,,M, we conclude the result
as claimed. O

Using the local representation (3.2), where our constraints are split into equality
and inequality constraints, we can formulate the Mangasarian—Fromovitz constraint
qualification (MFCQ) in the following way:

The mapping Wg:/,! »(0) is surjective.
There exists £ € R™ such that Wg), ,(0) £ =0 (MFCQ)
and A g{/,’ »(0) X < 0 holds (in each component).
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Proposition 3.9 (MFCQ) and (ZKRCQ) are equivalent.

Proof Let (MFCQ) hold and y € R" be arbitrary. Define &::g://, g0(0))? €
image gl’//’w(O). In addition, since Wg:M](O) is surjective, there is X, such that
Wg:p’(p(O) X = Wy and we define y:=g;p,w(0) X. Then we can write for any o > 0:

y=@y+y) —(@y+y—y),

where @ y + ¥ € image g:ﬂ’(p(O). By construction, W(a y + ¥ — y) = 0 holds, and
choosing « sufficiently large we also obtain A(w y + ¥ — y) < 0, because Ay < 0.
This shows (3.3) and thus (ZKRCQ).

If (ZKRCQ) holds, then for any y € R” there is y € image g:p’ »(0), such that
Wy = Wy and Ay < Ay, because y = y — (y — y) with W(y — y) = 0 and
A — y) < 0. Thus, since W and A are surjective by definition of manifolds with
corners, Wg:h’ (p(O) is surjective as well, and we find y such that Wy = O and Ay < 0,
and thus also § = g://y »(0) X with the same properties. So (MFCQ) holds. O

Proposition 3.10 F satisfies (LICQ) at p € F if and only if, for every representation
in charts, the following linear mapping is surjective:

B g:/,’w(O): R"™ — R x R* K, where B:= (Q) .

Proof Letv € Ty(,)N withrepresentative vy, € R".If B g:/f’ (p(O) is surjective, then we

findw, € R™, suchthat B gl’/fﬁw(O) w, = —B vy Thisimplies that vf/)/::g://’(p(O) we+

vy € ker B and we may write vy = gy, ,(0) wy — vg. Thus, we have found w € 7, M
and 00 € ’Z;,O(p)IC, such that v = ¢’ (p)w — v°.

If, conversely, (LICQ) holds, then we can write vy, = g:/f’ (p(O) Wy — vg for any

v € Ty N with vg € ker B and thus B gl’//’w(O) wy, = B vy. Hence the surjectivity

of B g://’ (p(O) follows from the surjectivity of B, which holds by Definition 2.1 of a
submanifold with corners. O

4 First-Order Optimality Conditions

In this section we address the first-order necessary optimality conditions for (2.1)
under the constraint qualification (ZKRCQ). To this end, we recall that

S°={* e V*|v*s <Oforalls € S}

denotes the polar cone of an arbitrary set S C V of a normed vector space V.
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Theorem 4.1 Suppose that p, € F is a local minimizer of (2.1) such that (ZKRCQ)
holds at p.. Then there exists a Lagrange multiplier u € 7;*( p*)/\/ such that the
following KKT conditions hold:

f'(p) + g (pe) =0 onTiM, (4.12)
e (T, K)° (4.1b)
The set of all possible Lagrange multipliers, A(py) = {u € ’ng*(p*)/\f | (4.1) holds} is
compact. If (LICQ) holds, then A(py) is a singleton.

Proof By Lemma 3.3 we have f’(ps) > 0 on C,, F and thus, by Proposition 3.8 on
L, (g, K). Hence v = 0 is a minimizer of the following linear problem:

Minimize f'(ps)v, wherev € 7, M
s.t. g(pve ’Z;*lC.

Due to the (ZKRCQ) regularity condition, we can once more apply the results of [18]
to this problem to conclude the existence of a Lagrange multiplier © such that the
KKT conditions (4.1) hold, so A(p.) is non-empty. Being the intersection of closed
sets, A(p.) is also closed.

In order to prove the boundedness of A(p.), we proceed by contradiction. Consider
a sequence py of Lagrange multipliers with || || — o0 and a corresponding bounded
sequence Ar:=(ux — 1)/ llpkll with wy/|lnkll — 0. By picking a subsequence we
may assume that A, converges to a limit A, with ||A.| = 1. Due to (ZKRCQ), every
v € Ty(p,)/N can be written as v = w — u, where w € image g'(p,) and u € ’];,i(p*)IC.
Then we compute

1 u u
Ay = lim Apv = lim (—(Mk—ﬂl)w— ol ad )
k=00 k=00 \ || il el Il

Since (ux — pn1) w = 0, ur w < 0, and the last addend in the sum tends to 0, as
k — o0, it follows that A, v > 0 holds for all v € %(p*)/\f and thus A, = 0, which is

in contradiction to ||A.|| = 1. Hence, A(p.) is bounded and therefore compact.
Now consider two solutions j; and s of (4.1). Then u; — s € (’];,O(p*)IC)O

and (1 — w2) g’ (px) = 0. Hence, for all v € image g'(ps) — ’];,O(p*)lC, it follows
that (u; — po) v = 0. If (LICQ) holds, then this implies (i — u2) v = 0 for all

v € Ty(p)N and thus py = po. O

In the following, we derive arepresentation iy € R" of u C (’Z;,i( p)IC) ° withrespect

to an adapted local chart ¢ centered at g(p). Recall that, by definition, v € ’Z;,i( p)IC
holds if and only if Wvy, = 0 and A vy < 0.

Proposition4.2 . € (’];(p)IC)O holds if and only if its representation vy, in an adapted
chart is of the following form:

ATxg
Ky = (WTA.E) € Rns
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where Aj > 0 € R¢ and A E € R"*. Hence, in local charts, 4.1) reads:

£o(p)+ XA gy ,(p)+AEWel, ,(p) =0,
A > 0.

Proof Consider a representative vy of an element of ’Zg( /< and gy of the claimed

form:

My Uy :AT)q vy ~|—)\EO=)»1AUw <0.

Hence, 1 € (’];(p)lC)o.

For the converse, assume that (A;); < 0 for some 1 < i < £. Since A is surjective,
choose vy such that A vy, = —e; holds, which implies AT vy = —(A7)i > 0, s0

né (7;(17)’6)0' o

We return back to Example 2.3 and recall that the rows of A € RYK consist of
those unit vectors elT for which gj(x,); = 0 holds. We observe the representation

Wy = (ﬂl) , where n; = Z)‘i e; with some A; > 0.
NE .
{i | g1(x)i=0}
Thus we obtain the classical complementarity result:
nr =0, gr(x) =0, nrgr(x) =0,

together with the well-known dual equation:

F/() + 18 gh () 4 nE gl () = 0.

After transposition, it takes the more familiar form

V) + g5 ) ns + gp(x0) ne = 0.

5 Retractions and Linearizing Maps

Numerical solution algorithms frequently employ retractions to pull back optimization
problems on manifolds to the corresponding tangent spaces. In this section we will
consider reformulations of the KKT conditions (4.1) in terms of these objects. This is
an alternative to our approach via local charts employed in Sect. 4 and it allows us to
argue more conveniently in some cases. Moreover, retractions are also the approach
we take for the second-order analysis in Sect. 8.

We will use the following definitions:

Definition 5.1 Let Vy, C 7,M be a neighborhood of 0, € ZopM. A C*-mapping
Rp: Vo, — M is called a local retraction at p if it satisfies:
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(Ri) Ry(0,) = p,
(Rii) DRy(0p) = id um.
Let U, C N be a neighborhood of ¢ € N. A C?-mapping S,: U, — TN is
called a local linearizing map at ¢ if it satisfies:
(Si) Sq(q) =0q4,
(Sii) DSy(q) = idT, .
We call S, adapted to K if S, (U, N K) = S, U,;) N ’];iIC holds.

Every chart ¢ on M, centered at p, induces a local retraction at p via
R, (v)::w‘l(vw). Moreover, every adapted chart ¥ on N, centered at g, induces
an adapted linearizing map: for any n € U, we define v:=S, (1) € T, N by the equiv-
alence class of vy :=y(n). If K is a geodesic polyhedron on a Riemannian manifold
N as in Example 2.4, then log,, yields an adapted linearizing map at q.

Remark 5.2 Retractions are widely used in optimization algorithms on manifolds; see,
e.g., [1]. Linearizing maps for constrained problems were introduced in [14], but a
similar concept has been used in a different context in [3] under the name “generalized
logarithmic map”.

The concept of adapted linearizing maps may be useful for the implementation of
numerical algorithms in this setting. As we will see below, it allows us to write down
a local optimization problem at p, in a way that resembles a classical formulation
without the need of further linearization of Sg(,,) U (p,) N K).

Let p be a feasible point of (2.1) and R),: Vo, — M and Sg(p): Ug(p) = Te(N
be a given local retraction and adapted linearizing map, respectively. Choosing their
domain of definition sufficiently small, we may assume without loss of generality that
Rp and Sg(p) are injective with g(R,(Vo,)) C Ug(p). We can now locally pull back
our problem as follows:

f;:foRpZ V()p — R,
g:=Sg(py 08 o Rp: Vo, = TN,
K:=Sg(p) (KN Ug(p) = T 0 Sg ) Us )

and formulate a local optimization problem on the tangent space at p:

Minimize f(v), wherev e Vy, C 7, M

5.1)
s.t. g(v) € K CTypnN,

since K is the intersection of a polyhedral convex cone and a neighborhood of Og ().
It can thus be described by finitely many linear equality and inequality constraints on
Tg(p)/N. Neglecting the local neighborhoods, (5.1) is locally a classical constrained
optimization problem of the form:

Minimize f(v), wherev € 7, M
s.t. Ajg(v) <0 (5.2)
and Agpg() =0
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with linear mappings A : Ty, N — R and Ag: Ty, N — R"7*. Notice that the
data of problem (5.2) is, of course, not uniquely defined. For instance, we may pre-
multiply A; by a positive diagonal matrix, and A g by any invertible matrix. However,
the viable choices for A; and A do not depend on the choice of Sg(p).

Theorem 5.3 Suppose that p, is a feasible point of (2.1). Then p, is locally optimal
Sfor (2.1) if and only if v, = 0 € T, M is a local minimizer of (5.1). In this case,
when (ZKRCQ) holds at p, then there exists i € ’Z;,*( p*)/\/' such that

£10p) +1g'©0p) =0 inTiM

e (€0, K)" = (T K"

Proof Clearly, 0,, € 7,,M is alocal minimizer of (5.1) if and only if p is a local
minimizer of (2.1). Moreover, by the chain rule, using property (Rii) of R, and
property (Sii) of Sg(p,):

f/(op*) = f/(P*), g/(op*) = g/(P*), COI,*K = 7;([7*)16-
Thus, our conditions directly follow from (4.1). O

As an alternative approach, we can apply a classical theorem on KKT conditions
to (5.2) and obtain

F'©0p) + XA 8'0p,) + 1AL g(0p,) =0, (5.3)
Ar >0, .

with ; € RY and A € R" %, which depend on the choice of A; and Ag. By
invariance, the first row equivalently yields:

£'(pe) + 37 A1 8 (p) + A5 AE &' (p) = 0
and thus by comparison,
T T i o
w=AA;r+ApAE € (7;<F*>/C) .

We emphasize that the number of rows in A, which is equal to the index ¢ of the corner
g(px),depends on g(p,). Thus, there is no further distinction necessary between active
and inactive constraints, because this is already built into the local representation of
K.

The formulation (5.3) allows us to split the given constraints into individual com-
ponents and to distinguish strongly active and weakly active constraints, according to
the structure of A;.

Definition 5.4 We call the i-th constraint (A;); g < 0 weakly active at (px, A1, Ag)
if (A7); = 0 holds, and strongly active in case (A;); > 0.
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Observe that this definition does not depend on the particular choice of Aj. If A;
is premultiplied by a positive diagonal matrix, then the notion of weak and strong
activity of (Ay); is not changed.

6 Lagrangian Functions
When A = V is a normed linear space with dual space V* and g: M — V, then a

Lagrangian function for our problem (2.1) with Lagrange multiplier © € V* can be
defined as usual:

L: MxV*> (p,u)— L(p, w):=f(p)+ungp) €R.

However when A is a nonlinear manifold, then p cannot be defined as a linear func-
tional on V. Rather, we need to replace it with a function h € C 1 (N, R) and define

L: M x C'N.R) > (p.h) = L(p.h):=f(p) + h(g(p)) € R

as a Lagrangian function. In the following we will consider / fixed and regard the
mapping p — L(p, h): M — R as a function in p. Its derivative L’ is given by

d
L'(p, h):ZEL(p, h)y = f'(p) + K (g(p)) & (p).

For these derivatives to be well-defined at a point p, itis enough that / is defined in some
neighborhood of p. We can observe two things. First, u:=h'(g(p)) € 7;;*(17)/\/ can be

interpreted as a Lagrange multiplier; second, L'(p, k) only depends on u = h'(g(p))
and not on the particular choice of .

The paragraph above explains how to obtain p from /. Conversely, let p,, € M be
fixed and g, = g(p«). In view of the KKT-conditions (4.1) we would like to extend a
Lagrange multiplier u € 7;’;N locally to a nonlinear function % on a neighbourhood
of g such that 4’(q,) = p holds. This can be achieved by using a linearizing map S,
about g, and defining h:=u o S, . Then we obtain a Lagrangian function of the form

Ls,, (p, W:=L(p, ;1o Sg,) = f(p) + 10 54,0 2(p).
Since h'(g+) = o DS,, (g+) = p, we obtain with this definition of /:
Ly, (pes i) = f'(p) + 18" (ps) = L'(pss ). ©.1)

Alternatively we may define Lagrangian functions near p, with g, = g(px) via
pull-backs:

L: Ty MxT/N — R
(v, 1) = L(v, w):=f @) + n(g®) = (f o Rp,)(v) + (1 0 Sg,0 g o Rp, ) (v)
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with derivative

L'(v, ) = f'(v) +pug'(v) andthus L'(0p,, n) = f'(ps) + 1 g (ps).

It is therefore justified to define the derivative of the Lagrangian function in the fol-
lowing way:

L'(ps, )=f"(ps) + 18" (ps) = L'(Op,, ) = L5, (ps, ) = L'(ps, 1)

(6.2)

for i = h'(qs),
independently of the choice of the retraction R, linearizing map S, , and £, as long
as i = h’(g). Utilizing the identifications p:=h'(g(px)) and h:=p o S,(p,), we find
that the KKT conditions (4.1) can equivalently be written in the familiar way:

L' (ps, ;1) =0 on ’]j*./\/l, (6.3a)
e (Ty,)K)° (6.3b)

7 The Critical Cone

To derive second-order optimality conditions, we need a definition of the critical cone
at a KKT point p, as a subset of the tangent cone C,,, F. Suppose that (p., 1) satisfies
the KKT conditions (4.1). We define the critical cone at p, as

K and f'(ps) v =0}
K and p g’ (ps) v = 0}.

Ci=tv e Mg (poveT]
=eT,M|gPpIveT]

(p+)
(p+)
We also introduce the definition
C=¢'(p) C5Y
={we T}, KI(Apjw=0forall j =1,...,¢suchthat (;); = 0},

= {w e Ty, K nw = 0)

where (Aj); are the components of the mapping A : Tg(p )N — R* used in (5.2).
Then we can write u € (span Cj\r/i‘)o for any Lagrange multiplier u € A(p).

The following considerations will be useful for the discussion of second-order
conditions:

Lemma 7.1 Suppose that X is a normed linear space and U, V are open neighbor-
hoods of 0 € X. Consider a diffeomorphism ®: U — V such that ®(0) = 0 and
@'(0) = idx hold. Let K be a polyhedral cone of the form

K={veX|Ajv<0, Apv =0}
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with linear maps A;: X — R" and Ag: X — R"E. Suppose that
P:KNU—- KNV
is bijective. Select arow aj = (Ay)j and define the facet
={veX[Ajv=<0, Apv=0, ajv=0}L
Then there are neighborhoods U and V of 0 such that
®:K;NU—>K;NV
is also bijective.

Proof We may assume w.l.o.g. that U = U = B, (0) is an open ball of radius  about 0.
Since @ is a homeomorphism and thus preserves boundaries of sets, we conclude in
particular that

®:0KNU - KNV
is also a homeomorphism. Consider now the “open” facet

1%,/ ={veK;|(A)v <Oforall £ # j},

which is a relatively open subset of 9K . Then U N K ;j 1s a connected set, because U
and K ;j are both connected and convex. The continuity of @ implies that @ (U N K j)is
connected as well. However, the arbitrary union of two (or more) distinct open facets
is not connected because each K is a relatlvely open subset of this union. Hence,

U NK; j) is a subset of an open facet K¢ and it remains to show j = L. Since
@'(0) = 1dx holds, we find that

®'0): K; - K;

is bijective. Using the differentiability of @ this implies that there exists xo € K j such
that @ (xq) € 151- holds. We thus conclude that @ (U N kj) C I?j.
Picking some B,(0) C V we can show by the same argumentation

“1B,(0)NK) CcK;nU

and thus B,(0) N I€j C CD(I?]' N U). Thus, ®(U N kj) can be written as 15]- nv,
where V is a neighborhood of 0. O

This lemma can be applied recursively also to subfacets of K. Hence, after finitely
many steps of application, we conclude in particular that there are neighborhoods U
and V of 0 such that @ maps C{' N U bijectively onto CCrlt
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Lemma 7.2 Consider two adapted linearizing maps Sy.1 and S, > and the transition
map @:=S,.1 08, . Then

ve /K = 0"0)[v.v] e T,K,
velt = @"(0y)lv, v] € span Ci.

Proof Consider any cone K C 7,V such that @ maps K into K. Since ©(0,) = 0y
and ®'(0,) = idgr» hold, we can compute

0"(0,)[v, v] = }%r—z(@(z V) — 00, — O'(0,) 1v) = }%t—z(@(t v) —1v).

Since both @ (7 v) and 7 v belong to K, ©(r v) — ¢ v belongs to span K and thus so
does the limit. By definition, ® maps K C 7, into 7, K and thus € "(0)[v, v] €
span’]:]‘IC = T,K forv e 7;1’IC, proving our first assertion. Our second assertion
follows similarly, because ® maps C/C\r}‘ into C/C\r/“ by Lemma 7.1. O

8 Second-Order Optimality Conditions

Compared to the case in vector spaces, the formulation of second-order conditions on
manifolds exhibits an additional difficulty. On a vector space V the second derivative
of a real-valued function o: V. — R at x € V can be represented as a bilinear form
o”(x): V x V — R, whose definiteness properties can be studied. In contrast, for
o0: M — R we have 0’: TM — R and thus ¢”: 7(7ZM) — R. The required
representation of o”(p) as a bilinear form on 7, M, i.e.0”(p): T,M x T,M — R,
is not given canonically. A connection, or equivalently, a covariant derivative, has to
be specified for this purpose. However, at a stationary point p, € M, i.e.0’(ps) =
0, second derivatives of scalar-valued functions can be represented canonically by
bilinear forms on 7, M without the help of a covariant derivative, as shown in the
following lemma.

Lemma 8.1 Suppose that o € C>(M, R). At a point p, € M satisfying o' (ps) = 0,
the second derivative o"(py): T,, M x T, M — R is a well-defined symmetric
bilinear form, i.e., a symmetric (2, 0)-tensor.

Proof Consider two charts ¢ and ¢, centered at p, so that ¢;(ps) = @2(psx) = 0
holds. Then o has representations o,,:=0 o ¢; ! and 0y, = 0 0 ¢! in charts, and

0y, = 00T WithT = ¢r0¢; . Let v, and vy, be the representatives of v € 7, M.
Then vy, = T7(0) vy, holds and we have

G:;n (0) vy, = o(;z 0)T'(0) vy, = G(;)z (0) vy,
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Using o’/ (ps) = 0 we find

O (O[vg,, vy 1= 0, (0)[T'(0) vy, T'(0) vy 1 4 3, (0) T (0) [V, , V]
= 0(2’2 (0)[T(0) vg,, T'(0) vy, 1.

This implies the well-definedness of o (p,) on 7,, M x T, M. Its symmetry follows
from the theorem of Schwarz. O

As a consequence of Lemma 8.1, second-order optimality conditions for uncon-
strained optimization problems on C2-manifolds can be formulated without recourse
to covariant derivatives. Even for constrained problems for which the constraint target
manifold N' = V isalinear space, we can apply Lemma 8.1 to the Lagrangian function
L: M xV*— R,ieo(p)=L(p, 1), ata KKT point p, with Lagrange multiplier
w € V*and obtain a well-defined second derivative L” (ps, u): Tp, MxTp, M — R,
because of o (py) = L' (ps, 1) = 0.

For the general case of manifold-valued constraints, the situation is more complex,
since, as we have seen, a classical Lagrange multiplier ; cannot be used directly
to define a Lagrangian function due to lack of linearity of N. Instead, a nonlinear
function & € C2(N, R) was used to define L(p, h). Although L'(p, k) only depends
on u:=h'(g(p)), the situation is different for the second-order derivative. Let p, be
a KKT-point, g, = g(ps), and u € ’Z;;:N the corresponding Lagrange multiplier
such that 4'(gx) = p and L'(ps, h) = 0 hold. Then we can apply Lemma 8.1 to
o(p):=L(p,h) = f(p) + h(g(p)) and obtain a well-defined bilinear form at p,:

L"(ps, h): Ty M x Ty, M — R.

Unfortunately, L”(ps, h) still depends on the particular choice of & and not only on
w = h'(g4). This can be seen most clearly when M and N are linear spaces. Then
we can compute L (py, h) as follows:

L"(ps, Wv,v] = f"(p)v, v] + 1 g" (p)lv, vl + A" (g)[g' (ps) v, &' (ps) V],

and we observe that the third term on the right hand side depends on the second
derivative of 1. Of course, these second derivatives can be avoided when N is a linear
space by taking the canonical choice 4 = u, but such a canonical choice is not possible
when A is nonlinear.

However, suppose we use an adapted linearizing map S,, about g, to define h =
no S, and thus Ls, (p, w) = L(p, h) holds. In that case, as we will show now,
L"(ps, W)[v,v] = L’S/q* (ps, w[v, v] is independent of the particular choice of S,

on the critical cone, i.e., for v € Cj\r/il‘. This is all we need in order to formulate
second-order optimality conditions in an invariant way.

Proposition 8.2 Suppose that p, is a KKT point, ¢, = g(px) holds and . € 7;’?\/’ is
a corresponding Lagrange multiplier so that (6.3) is satisfied. Let S, 1 and S, » be
adapted linearizing maps about q. Then

crit

LY, (pe v, vl = Lg ,(ps, v, v] forallv e Ciy. 8.1
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In view of (6.2), we therefore also refer to L”q (px, hi) simply as L" (py, ). More-

over, for any pullback with retraction R, and adapted linearizing map S,,, the
relation

L"(ps. v, v] = L"(0p,, v, vl forallv € CY

holds.

Proof Defining ©®:=S,, 10 S;:z, we observe (1o S, 2 = po® oS, 1.Consequently,
forw € 7,, M and p = R, (w), we have

Ls, ,(p,n) —Ls,, (p,n) = po@dy, x—O)o S, 108(p)
=uo (idq;l*/\/ —0®)og(w).

The first derivatives read
L’Sq*‘z(p, W — qu*yl (p. ) v = po (idr, x — O (gw))) o g'(w)v.

Since p is stationary, second derivatives of Ls, (p, n) are well-defined and can be
computed as follows, using the fact that ©'(0,,) = id7, a7 holds:

( g’q*yz(p*v ,bL) - g‘q*vl(p*, M))[U,U]
= 1o (idz, pr — ©'(0,,)) 8" (0,,)[v, vl = 11 0 6" (04,)[g'(0p,) v, £'(0p,) ]
= —100"(0g,)[g' (0p) v, g'(0p,)v].

For v € C§f we conclude g'(0,,) v € C§* and thus we find by Lemma 7.2, using that
the lmearlzmg maps are adapted:

0" (04,)18'(05,) v, g'(0,,) v] € span CRF.

crit

By stationarity and by definition of C{*', we infer ,u,|Span ol = 0 and thus
o ®"(0,,)[8'(0,)v, 80, )v]=0 forallve Ccm (8.2)
which yields the desired result. O

Remark 8.3 The conclusion of Proposition 8.2 can be extended slightly beyond the
class of adapted linearizing maps: let us call S¢.,1 and S, o second-order consis-
tent, if their transition map ®@:=S,, | o S, 2 satisfies ©”(0,4,) = 0. Clearly, (8.2)
holds for second-order consistent hnearlzmg maps, even for all v € 7, M. Hence,
(8.1) extends to linearizing maps each of which is second-order consistent with some
adapted linearizing map.
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Remark 8.4 The restriction to adapted linearizing maps in Proposition 8.2 is natural,
taking into account the definition of a manifold with corners via adapted local charts.
To illustrate that this restriction is also essential (up to Remark 8.3), consider M =
N =R with p = (p1, p)", f(p) = —p1, g =idpand K = {p € M| p1 <0}
Then O is a local minimizer of f, CCrlt CCrlt {v e M|v; =0} hold, and

o (- V1 . . (1
O_L(O,u)v—<0>+u<v2) implies M_<O>'

Using the adapted linearizing map Sop,; = id a4, we obtain u o Sp,1(p) = pi and
L/S’0 ) (0, w)[v, v] = 0, but using the non-adapted linearizing map Sp2(p):=(p1 +

o p2, p2) would yield o Sp2(p) = p1 + o p% and Lg,z(O, wlv,v] =2« v12.
In general, it is also not possible to extend (8.1) beyond v € Cj\r/ilt. Using the adapted

local linearizing map So.3(p):=(p1 + p1 p2, p2)T (when |pa| < 1, then py + pip2 >

0 & p1 = 0),weobtain £oSp 3(p) = p1+p1 p2 and thus LSo3(O’ wlv, v] =2 v vy,

which coincides with L&’O | (0, w)[v,v] =0on Cj\r/‘lt but not on all of RZ.

Having achieved an invariant definition of L” on the critical cone, second-order opti-
mality conditions for manifold-valued constraints can now be reduced to the classical
vector-valued case. Suppose that p, € M is a KKT point with Lagrange multiplier
w. For any choice of retraction at p, and adapted linearizing map at g(ps), we con-
sider the second derivative of thg pullback L” (0 ps» 1), which—as we have seen—is
invariant on the critical cone Cj\r/‘[.

Invoking well-known results from the literature, we obtain the following second-
order sufficient optimality conditions:

Theorem 8.5 Assume that p, € Mand . € T,
Moreover; suppose that

g( - )/\/ satisfy the KKT conditions (4.1).

L (ps, v, v] > 0 holds for all v € Ccm \ {0, }.

Then p, is a strict local minimizer of problem (2.1).

Proof 1t is clear that this result holds for L” (0 p..» #) and thus, by invariance, it also
holds for L” (px, 1); see, e.g., [11, Thm. 12.6]. O

Concerning second-order necessary optimality conditions, a wide variety of con-
straint qualifications can be found in the literature (cf., e. g., [4] and references therein),
leading to second-order conditions of various strength. We restrict our discussion here
to the simplest case:

Theorem 8.6 Assume that p, € M is a local minimizer of problem (2.1) and that
(LICQ) holds at p. Then p. satisfies the KKT conditions (4.1) with some Lagrange

multiplier u € T(p ),/\/' Moreover,

L"(ps, Wlv, vl = 0 holds for all v € CSy.
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Proof 1t is clear that this result holds for L” (0 p.» W) and thus, by invariance, it also
holds for L" (ps, ); see, e.g., [11, Thm. 12.5]. O

9 Application to the Control of Discretized Variational Problems

Suppose that ) and U/ are smooth manifolds and consider the following energy mini-
mization problem, parametrized (or controlled) by u:

Minimize E(y,u), wherey € ),
which we replace by its stationarity condition:
0y = e, wi=dyE(y, u) € T,;V.

Such a situation occurs frequently in the infinite-dimensional context of variational
problems, where occasionally ) and/or U{ are nonlinear, smooth manifolds. Also the
principle of stationary action, which is applied, e.g., in classical mechanics, leads
to problems of a similar form. After discretization, a similar problem on finite-
dimensional manifolds is obtained.

Using the control variable u, an optimal control problem or a parameter identifica-
tion problem may then be formulated as follows:

Minimize f(y,u), where (y,u)e Y xU
s. t. O;‘, = c(y, u).

A simple concrete example, which has been considered in e.g., [13, Ch. 6], is the
optimal control of a static inextensible flexible rod. Here y : [0, 1] — R3 is the
configuration of the rod, u is an applied force, and E(y, u) is the total energy of the
rod. Inextensibility is modelled by requiring y'(t) € S* forallz € [0, 1], the unit sphere
in R3, which renders ) a nonlinear manifold. An appropriate objective function f may
comprise the distance of y to some desired configuration and a Tychonov term for u.
For details we refer to [13, Ch. 6] and [14].

Setting p:=(y, u), M:=Y x U, N:=T*Y, and taking K to be the zero-section of
T*), i.e., the pairs (y, 0;) € 7*), which can be identified with K = ), we observe
that this problem fits into our theoretical framework, where the constraint mapping is
defined as follows:

g: Y XxU—>TY>5p=©u) v gp)r=(y,cly u)).

To formulate first-order optimality conditions, we calculate the derivative at a feasible
point:

§'(p) = (idp, c(v, ) (v, w): T,Y x T — Ty00)(TY).
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At 0, we can utilize the canonical splitting (a connection or covariant derivative is not
required here) of the cotangent’s tangent space

To.00)(TY) =T,V x T,)Y

into the tangent space of the base manifold and a fibre. This allows us to write g’(p)
as a pair:

§(): TY x T — T,Y x T,V
8p = (8y,8u) — g'(p)sp = (8y, (v, w) Sy, du)) € T,Y x T,

and the tangent space of /C as:
T 0K =TV =T,V x {0} C LY x T,Y.

Thus the linearized constraints can be split into two parts, the first of which is redun-
dant:

gPspeTi ok & SyeTY, (.u@y, du)=0;.

Constraint qualifications are fulfilled at p, provided that image g'(p) — 7, Y x {O;} =
T,y x Ty*y holds. This is the case if and only if ¢/(y, u): 7, x T,U — Ty"‘y is
surjective.

A Lagrange multiplier u is an element of

(T4, 00/ K)° = (BY)° = (BY x {031)° = {03} x (LY = {03} x T, Y,

where the last identity is the canonical identification of the bidual space with the primal
space. A Lagrange multiplier thus is a pair

=051 € )Y x T,V

These splittings yield u g'(p)8p = (038y, Ac'(y, u)(Sy, su)) = rc'(y, u)(8y, su)
and thus the KKT-conditions read

0= f'(y,u)Sy, du) +rc'(y,u)(8y,du) forall 8y, du) e T,Y x T,U.

Since c(y, u) = dyE(y, u) is a linear form on 7Y, ¢(y, u) can be interpreted as a
bilinear form on (7Y x T,U) x 7,) and we have (notice that 9, E(y, u) is well-
defined by Lemma 8.1, since dy E(y, u) = 0 holds):

A (y,u)(By, du) = ByE) (v, u)(1,8y,8u) = dyy E(y, u)(2,8y) + dyu E(y, u) (x,8u).
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Then the KKT conditions read in more detail:

Oy f(y,u)8y +dyyE(y,u)(x,8y) =0 foralldy € 7,),
A f(y,u)du + 3y, E(y, u)(x,8u) =0 forall su € T,U,
OyE(y,u)éy =0 forall§y e T, ).

To write down a Lagrangian function and second-order conditions, we need adapted
linearizing maps on the zero section of 7*) at a KKT-point p, = (yx, uys) with
g« = g(px) = (¥« 07). Utilizing the above splitting, these are those mappings
Sq.: TV — T,¥ x 1Y which map the zero section K = Y to the first factor of

the product, i.e.0;, — (8y(n), 0,). For a specific example, consider a C 2_retraction
Ry, : T,,Y — )Y with derivative DR, (v): 7,,) — 7T} Ry, Y. Then an adapted
linearizing map can be given as:

Sg. (v, w):=(v, w DRy, (v)), wherev =R '(y) € T, ).

Since w € T;‘y holds, it follows that w DR, (v) € Ty’jy, and S, (v, O;‘,) = (v, O;‘,*),
as required. With the help of this linearizing map, the Lagrange multiplier i can be
extended locally to a function & € CZ(T*Y, R) as follows:

h(n, w) = p Sy, (n, w) = O;* v+ w DRy, (V)L =w DRy, (v)A
and thus the Lagrangian function near p, reads:

Ls,, (p, ;) = f(y,u) + 9y E(y,u) DRy, ()%, v =R;'(y).
Its first derivative at a feasible point, where dy E(y, u) = 0 holds, is given by

L, (p, @)= f'(y, )8y, du) + (dyE) (v, u)(DRy, ()X, 8y, bu), v= Ry ).

For a the KKT point p, we observe L/S,,* (ps, 1) = 0, since DRy, (0,,) = idTy*y.

Since ’T(’y 0*)IC is a linear subspace in our setting, the critical cone Cf{}f is given as
"y

crit

the preimage of C{' = 7,,Y x {07} under g (ps), so it is the set

CH = {6y, 8u) | ¢/ (ye. us) By, bu) = 0)
= {8y, 81) | 3y E (s 1) (v, ) + Dy E (s ) (v, 8u) = 0 Vo € T, V).

Finally, the second derivative of the Lagrangian at p, is well-defined on Cj\r/i(t and can,
at least formally, be written as:

L/éq* s e, VI8P, 8Pl = (f (s ) + Oy E)” (s, u) A8y, Su), 8y, Su)]
for all (8y, 8u) € CSy.
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As a consequence of the restriction (§y, du) € Cj\r/i[t and the fact that S,, is adapted,
terms containing DD R, are not present in this formula, which reflects Proposition
8.2.

10 Conclusion and Outlook

In this paper we have extended the analysis of optimization problems on manifolds
from vector space-valued constraints to the much more flexible case of manifold-
valued constraints. We have seen that such problems arise naturally when constraints
are formulated in a geometric way, and in the optimal control of variational problems on
manifolds. We generalized the polyhedric structure required for inequality constraints
by using submanifolds with corners and adapted local charts.

First-order optimality conditions were derived, which directly generalize the known
cases. An appropriate definition of the Lagrangian function and the formulation of
well-defined second-order optimality conditions, however, revealed the significance
of the above-mentioned polyhedric structure, reflected by the important role played by
adapted linearizing maps. We emphasize that in order to derive the theory, Riemannian
metrics or connections were not needed.

Most of the stated results may be generalized to infinite-dimensional Banach man-
ifolds. However, we expect additional technical difficulties. First, it seems to be an
open problem how to generalize Definition 2.1 to the infinite dimensional case, i.e.,
to define corners of infinite index £ = oo in a useful way. Second, already in infinite-
dimensional Banach spaces, optimality conditions exhibit a couple of topological
subtleties, which have to be tackled in the case of Banach manifolds, as well.

Further, algorithmic approaches for this class of optimization problems are still to
be developed, even in the finite-dimensional setting. An idea would be to extend SQP
methods to this setting. At every iterate x; we perform a local pull-back of the given
problem to tangent spaces, using retractions and adapted linearizing maps. Locally,
we end up with a problem of the form (5.2). A QP step may then be computed for this
pull-back, and an update can be defined via a retraction. A detailed realization of this
basic idea is, however, subject to future research.
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