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Chapter 1

Introduction

The last decades have introduced a new approach into the theory of constrained opti-
mization, which exploits the geometrical structure of the problem and develops conve-
nient numerical strategies. Explicitly, classical constrained optimization problems can
be recast as unconstrained ones by endowing the set of restrictions with a differentiable
structure. The new approach is referred to as Riemannian optimization. Applications
of Riemannian optimization abound in engineering and areas such as numerical linear
algebra, statistics, signal processing, data compression, quantum computing and com-
puter vision. We refer, e.g., to [3, 34, 72] and the references therein. By replacing
the traditional tools from numerical optimization (directional derivatives, line search,
etc.) with their Riemannian counterparts (geodesics, Levi-Civita connection, parallel
transport, etc.), one develops intrinsic methods, which evolve on a parameter space of
a smaller dimension than the one of the environment space. Take as an example the
eigenvalue computation of a symmetric matrix A € R™*". It is well-known that this
can be achieved by determining the critical points of the Rayleigh—quotient function
x " Az with ||z|| = 1, see e.g. [22, 26]. The classical Lagrange multiplier rule works with
a parameter space of dimension n + 1, whereas, the set of constraints is the unit sphere
and is a n — 1 dimensional manifold.

Let Vi,...,V, be finite dimensional vector spaces and let Vi ® --- ® V, denote
their tensor product space. We call as r-fold tensor product of manifolds the set of
all simple tensors X := X1 ® --- ® X,., where X is from a submanifold M; of V;, for
all 7 = 1,...,r. In this work, we propose the task of optimizing a generalization of
the Rayleigh—quotient map on a r-fold tensor product of manifolds. Special attention
is payed to the optimization task on the r-fold tensor product of Grassmannians and
on the r-fold tensor product of Lagrange-Grassmannians. The Grassmannian is the
manifold of all rank m self-adjoint projectors of C":

Grypn = {P € CV" | P2 = PT = P, tr(P) = m}.

The Lagrange-Grassmannian LG, is the submanifold of Gry, 2, consisting of all self-
adjoint projectors that correspond to Lagrangian subspaces of C?". By identifying the
abstract vector spaces V; with spaces of Hermitian matrices and the tensor product
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® with the matrix Kronecker product, the r-fold tensor product of Grassmannians

Gr®(m,n) is the set of all Kronecker products P := P| ® --- ® P, with Pj € Gr; n;,

for j =1,...,r. Here, (m,n) is a shortcut for the multi-index ((m1,n1),..., (my,n;)).

Similarly, the r-fold tensor product of Lagrange-Grassmannians LG®(n) is the set of all

Kronecker products Py ® - - - ® P, of self-adjoint projectors P; € LGy, for j =1,...,7.
The optimization task that we are interested in is given as follows:

max tr(AP), (1.1)

where M is either Gr® (m, n) or LG®(n) and A € CN*¥ is Hermitian, N := ning - - n,..
We call the map pa(P) := tr(AP), the generalized Rayleigh—quotient (GRQ) of A
with respect to the partitioning (m,n). Depending on the structure of A and on the
partitioning (m,n), optimization problem (1.1) relates to well-known optimization
tasks in numerical linear algebra such as:

(i) the best approximation of a tensor with a tensor of lower rank,
(ii) geometric measures of pure state entanglement,
(iii) the problem of subspace reconstruction.

In the sequel, we give a short description of the applications mentioned above and
also their historical background.

(i) For Hermitian matrices of rank-one, i.e. A = vof, problem (1.1) becomes an appli-
cation from areas such as statistics, signal processing and data compression, the best
low-rank approximation of a tensor T € C™**"r 1230, 46, 79]. A detailed explana-
tion on this relation is given in Section 4.2.1. Here we just mention that the matrix A
and the tensor T are related by the fact that v is obtained by arranging the elements of T
in a lexicographical order. To tackle the problem, one has to define first an appropriate
notion for the tensor rank. This can be done by noting that any tensor T € Cr* " *"r
can be decomposed in a finite sum of rank-one tensors z! @ --- ® &” with 2/ € C"%
and j = 1,...,r. Thus, one can define the rank of a tensor as the minimal number of
rank—one summands. In contrast to the rank of a matrix, for which it is known that the
column rank and the row rank are equal, for a tensor this is not necessarily true. There
are several possible rank definitions for a tensor and also corresponding singular value
decompositions (SVD), each satisfying only partly the properties of the matrix rank
and matrix SVD, see [51, 53, 66]. One of these definition which is of interest to us is the
so-called multilinear rank-(my, ..., m,) of a tensor T € C™ > *" which is the analog
of the row—column rank for matrices, [50]. A classical result from linear algebra, the
Eckart—Young theorem [18], asserts that the best low rank approximation to a matrix is
given by a truncated singular value decomposition. With the known definitions of rank
and SVD for tensors, there is still no available analog of the Eckart—Young theorem for
higher—order tensors. The first question that arises is if the problem of best low-rank
tensor approximation is well-posed. In [66], it is proven that this is not always the case



since the set of all tensors of rank (minimal number of rank-one summands) less than
k with k£ > 1 is not always closed. But, the set of all tensors with a certain multilinear
rank is closed and hence, the problem of best approximating a tensor with a tensor
of lower multilinear rank is well-defined. We make the following remark: the set of
rank—one tensors and the set of tensors with multilinear rank-(1,...,1) are identical.
From now on, whenever we discuss about the rank of a tensor we have in mind the
multilinear rank. An already classical numerical approach used to tackle the best low-
rank approximation problem is the higher-order orthogonal iteration (HOOI) [51], i.e.
an alternating least-squares algorithm that generalizes the well-known Power Method
[27]. Recently, there have been developed several new methods which exploit the ge-
ometric structure of the problem: Newton algorithms have been proposed in [20, 41],
quasi-Newton methods in [61], conjugate gradient and trust region methods in [42].

(ii) A key application in quantum computing characterizes and quantifies pure state
entanglement. The geometric measure of entanglement provides a measure from a pure
state to the set of all product states, [15, 56, 76]. Recalling that a pure state is an
element in a tensor product space and a product state is just a simple tensor, the
quantum entanglement problem is equivalent to a best rank—1 tensor approximation
problem.

(iii) The so-called “chicken—and—egg” problem in computer vision refers to the task of
recovering subspaces of possibly different dimensions from noisy data, known also as
subspace detection or subspace clustering problem [37, 73]. For a particular class of
matrices defined in (4.37), the subspace clustering task can be characterized by prob-
lem (1.1). The subspace clustering problem of estimating a mixture of linear subspaces
from sampled data points has numerous applications in computer vision (image seg-
mentation [78], motion segmentation [75], face clustering [37]), image processing (image
representation and image compression [38]) and system theory (hybrid system identi-
fication [74]). Classical iterative approaches used for the subspace clustering task, are
generalizations of the K-means algorithm [17] such as K—planes [9] and K-subspaces
algorithms [1, 70], or probabilistic methods such as Maximum Likelihood estimation
[69]. A new approach, that exploits the algebraic structure of the clustering problem,
was proposed in [73]. The method proposed in [73] gives a good starting point for
iterative methods and in the case of unperturbed data (data lying exactly in the union
of some subspaces), it computes the exact subspaces.

In this thesis we perform a thorough analysis on the critical points of the GRQ
and develop two Riemannian methods to solve problem (1.1): a Newton-like and a
conjugate gradient method. Since the convergence properties of Newton algorithms
depend on the nondegeneracy of the critical points, we present a careful analysis of the
genericity properties of generalized Rayleigh-quotient functions. As a consequence of
the Parametric Transversality Theorem [36], we conclude that for a generic Hermitian
matrix A € CV*N | the critical points of p4 are nondegenerate. A similar result can be
formulated also for the GRQ on LG®(m) for a thin subspace of the space of Hermitian
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matrices, that we have called the space of decomposable Hermitian-Hamiltonian ma-
trices. Of particular interest from the application point of view is the situation when A
is semi—positive definite and even more interesting, when A is of rank—one. For the last
situation, we obtain that the critical points satisfying a certain condition are generically
nondegenerate and in particular, the global maximizers satisfy this property. In the
case of the best rank—one tensor approximation problem, all critical points of the gener-
alized Rayleigh—quotient except the global minimizers, are generically nondegenerate.
All these results are detailed in Section 4.4.

On a Riemannian manifold, the intrinsic Newton method is usually described by
means of the Levi-Civita connection thus, the iterations are performed along the
geodesics and we refer the reader to the works of Gabay [23] and Smith [68]. However, a
closed form for the geodesics is not always possible and even when there is such a closed
form, the computation of the exponential map can be time expensive. Thus, a more
general approach by Shub in [65] uses local coordinates to replace geodesics, Levi-Civita
connections and parallel transport by suitable approximations without losing conver-
gence properties of the algorithms. This technique has gained a lot of interest through
the works of Helmke [34] in the 1990s and later on by the work of Absil, Sepulchre
and Mahony [3]. The idea in the work of Helmke, Hiiper and Trumpf [32] is to em-
ploy efficient local parametrizations which preserve local convergence. Here, we adapt
the ideas in [32] and use a pair of local parametrizations —normal coordinates for the
push-forward and QR—type coordinates or Cayley coordinates for the pull-back— sat-
isfying an additional compatibility condition to preserve quadratic convergence. In this
way, the resulting intrinsic Newton-like method has the advantage of computational
flexibility. However, for high—dimensional problems, the computation of the Hessian
and of the solution of the Newton equation remains an expensive task, both in terms
of computational complexity and memory requirements. Hence, as an alternative, we
propose a conjugate gradient method, which has the advantage of algorithmic simplic-
ity. We replace the global line-search of the classical conjugate gradient method by
a one—dimensional Newton—step. This yields a better convergence behavior near sta-
tionary points than the commonly used Armijo—rule. The two methods, tailored to the
applications described previously, are compared with other algorithms in the literature.

This work is structured as follows: In Chapter 2 we introduce the basic ingredients of
Riemannian optimization, i.e. Levi—Civita connection, geodesics, parallel transport and
the computation of the intrinsic gradient and Hessian for smooth objective functions
defined on a Riemannian manifold. Starting with Section 2.2 we address the question
when is the r—fold tensor product M; ® --- ® M, of submanifolds M; a Riemannian
submanifold of the tensor product vector space V1 ®- - -®V,.. Identifying an equivalence
relation ~ on the r—fold direct product of manifolds M; X --- x M, such that M; ®
.-+ ® M, is in a one-to-one correspondence with the space of all equivalence classes of
~, we give sufficient conditions for (M; x --- x M,.)/~ to be a quotient manifold. In
particular, when the equivalence relation ~ is induced by the action of a Lie-subgroup



of
G={(o,...,a,) €C" | qag---a, = 1},

then the quotient space is a Riemannian manifold. We mention that in the thesis we
have defined Lie-subgroups as closed subgroups of Lie-groups, that can be equipped
with a Lie-group structure. The one-to-one correspondence between (My x - -+ x M,)/~
and M ® - - - ® M, induces a Riemannian manifold structure on M; ® - - - ® M., but the
topology is not consistent with the subspace topology of V1®- - -QV,.. Some transversality
conditions are still necessary to guarantee the submanifold structure of My ® - - - ® M,..

The geometry of the Grassmannian and the Lagrange-Grassmannian are well stud-
ied in the literature, [4, 8, 34]. In Chapter 3, we recall the basics and generalize the
geometric structure of Grassmannian and Lagrange—Grassmannian to the r-fold ten-
sor product of Grassmannians and Lagrange—Grassmannians, respectively. Moreover,
in Proposition 3.2.3 and Proposition 3.4.2 we show that Gr®(m,n) and LG®(n) are
isometric to the direct product of Grassmannians and Lagrange-Grassmannians, re-
spectively. Beside the classical Lagrangian subspaces of R?" or C?", we tackle also the
case of complex Lagrangian subspaces of C?", i.e. Lagrangian subspaces of C?>" defined
with respect to a sesquilinear map. It was proven in [5] that the set of all the complex
Lagrangian subspaces of C?” have a manifold structure. We give a diffeomorphism to
the set of all self-adjoint projectors P € Gr(n,2n) that satisfy PJP = 0, where J is
the standard symplectic form

0 I,
J = : (1.2)
~I, 0

Moreover, we show that the r-fold tensor product of complex Lagrange—Grassmannians
is a submanifold of Gr®(n,2n) and is isometric to the direct product of complex
Lagrange—Grassmannians.

Chapter 4 is dedicated to the optimization of the generalized Rayleigh—quotient
on the r-fold tensor product of Grassmannians. We start with a comparison between
the optimization of the GRQ and the optimization of the classical Rayleigh—quotient.
The main point is that the classical Rayleigh—quotient has only global maximizers
and minimizers, while GRQ has also local ones, as we show in Example 4.1.2. We
give an explicit form of the Riemannian gradient and the Hessian of p4 and inves-
tigate in detail the critical points of the GRQ. In Section 4.2 we explicitly describe
the connection between the optimization of the GRQ and problems from various ar-
eas such as the multilinear low—rank tensor approximation, the geometric measure of
entanglement, subspace clustering problem and combinatorial problems. An impor-
tant question regarding the local extrema of GRQ is if they are nondegenerate. Using
tools from the transversality theory, we prove in Theorem 4.3.3, that the critical points
of GRQ on Gr®(m,n) are generically nondegenerate. Explicitly, the set of all Her-
mitian matrices A such that all the critical points of p4 are nondegenerate is open
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and dense. For the proof, we make use of a more general result stated as Theorem
4.3.2. To avoid confusion, we specify that a property holds generically if it holds on
a residual set, which is a subset of a topological space that contains the intersection
of a countable family of dense and open sets. It is obvious that if a set is open and
dense, then it is also residual. In Section 4.4, we investigate the nondegeneracy of the
critical points of p4 when the parameter is a low-rank semi-positive definite matrix,
ie. A= XX X €Stgy ={Y € CN*K | N > K, rank Y = K}. In Theorem
4.4.2 we have emphasized an important property of ps (A low—rank semi—positive def-
inite), which gives a necessary condition for the nondegeneracy of the critical points
of GRQ. Actually, Theorem 4.4.2 is a key tool in proving the generic nondegeneracy
of the critical points of GRQ for the restricted parameter set. In Theorem 4.4.5 we
give a lower bound for K such that the critical points of py xt+ are nondegenerate for
X in an open and dense subset of Stx n. As previously stated, the optimization of
Przts € CN on Gr®(m, n) corresponds to the best approximation of a tensor with a
tensor of lower rank. In Theorem 4.4.10 we prove that the set of all x € CV for which
all the critical points of p,, i that satisfy some conditions, is residual. In particular,
Corollary 4.4.11 states that the global maximizers of the GRQ for the best low—rank
tensor approximation problem are generically nondegenerate.

The optimization of the generalized Rayleigh-quotient on the r-fold tensor product
of Lagrange—Grassmannians is the subject of Chapter 5. We motivate our optimization
task by specifying a relation between the optimization of the classical Rayleigh—quotient
of a Hamiltonian matrix and solutions of a matrix Riccati equation. For a Hermitian
matrix A, we show that the optimization of the classical Rayleigh—quotient LG(n) is
equivalent to the optimization of the classical Rayleigh-quotient of the Hamiltonian
part of A. By introducing the notions of decomposable Hermitian Hamiltonian A"
and decomposable skew—Hermitian Hamiltonian A® matrices for A € hery we show
that when A is of the form A = AY + A®, then the optimization of ps on LG®(n)
is equivalent to the optimization of p4s on LG®(n). Further, we analyze the critical
points of the GRQ on LG®(n) and derive explicit formulas for the gradient and the
Hessian of GRQ. With a similar argumentation as in the case of GRQ on Gr®(m,n),
we prove that the critical points of ps on LG®(n) are nondegenerate for A from an
open and dense subset of the space of Hermitian Hamiltonian matrices. In Corollary
5.3.8 we show that this result still holds even if the space of parameters is reduced to
the space of decomposable Hermitian Hamiltonian matrices.

In Chapter 6 we develop two numerical approaches for the optimization problem
(1.1): a Riemannian Newton—like and a Riemannian conjugate gradient algorithm. As
mentioned, we follow the strategy initiated in [32] and use a QR—decomposition for the
first order approximation of the matrix exponential to compute the update. The costs
are considerably cheaper than the costs needed for the matrix exponential. For the
conjugate gradient method we compute a one-dimensional Newton—step instead of the
standard Armijo step-size. This procedure has the advantage of a fast convergence rate,



as the experimental results at the end of the chapter will show. As a consequence of a
result from [32], we specify that the sequence generated by the Newton-like algorithm
converges quadratically to a stationary point of the generalized Rayleigh—quotient,
when one starts in the neighborhood of that stationary point. Unfortunately, there
is no convergence result available for our conjugate gradient method. However, the
numerical experiments tailored to the applications show a very good behavior for the
conjugate gradient method. At the end of the chapter, we compare our algorithms with
the state of the art.

We mention that part of the results in Chapter 4 and Chapter 6 are published in
the paper [13]
“Riemannian optimization on tensor products of Grassmann manifolds: Applications
to generalized Rayleigh-quotients manifolds.”
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Chapter 2

Tensor products of Riemannian
manifolds

Applications in various research areas such as signal processing [11, 50, 71], quantum
computing [56], and computer vision [73], can be described as constrained optimization
tasks on certain subsets of tensor products of vector spaces. Here we want to make use
of techniques from Riemannian geometry and tackle constrained optimization tasks as
unconstrained ones. In this chapter, we investigate when the subsets of so-called simple
tensors can be equipped with a differentiable structure. We start with some preliminary
notions from differential geometry and refer to the broad literature for more thorough
investigation [1, 2, 3, 34, 36, 44].

By spotting an equivalence relation on the direct product of manifolds My x - - - X M.,
which is consistent with the tensor product operation, we give sufficient conditions for
the quotient space to be a quotient manifold. In fact, we prove that if the equivalence
relation is induced by the action of a certain Lie-group on the direct product manifold,
then the quotient space is a manifold. And hence, the set of simple tensors has a
manifold structure induced by the one-to-one correspondence with the quotient space.
Unfortunately, this does not imply that the set of simple tensors is a submanifold of
the tensor product vector space, as Example 2.2.11 shows. In Theorem 2.2.12 we give
sufficient conditions for the set of simple tensors to have a submanifold structure.

2.1 Preliminaries

The object of this section is to familiarize the reader with the basic language of and
fundamental theorems in differential geometry, which are essential for the entire thesis.
For a detailed discussion on this topic, the reader is referred to the rich literature
2, 3, 36].

We recall that an n-dimensional manifold M is a second countable Hausdorff space
which is locally homeomorphic to R™. A formal definition of a manifold uses the concepts
of charts and atlases. A chart (¢,U) is a couple consisting of an open set U C M and
a homeomorphism ¢ : U — ¢(U) C R™. Thus, for a set M to be a manifold or a
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topological manifold it is required that each point must be at least in one chart. The
collection of charts {(Uq, pq)} that cover M forms an atlas. The transition maps of the
atlas

050 at: pa(Ua NUg) — 0s(Us N Up)

define the differentiable structure of the manifold, which allows one to do calculus on
manifolds. Hence, if the transition maps are differentiable, then we have a differentiable
manifold. If the transition maps are smooth, then we have smooth manifold, and if the
transition maps are analytic, then we have an analytic manifold. The inverse of a chart
is called a local parametrization. Every n-dimensional vector space is an n-dimensional
manifold. Manifolds naturally arise as solutions of systems of equations and as graphs
of functions. The circle and the line are one-dimensional manifolds, the n-sphere is an
n-dimensional manifold.

An important feature of a manifold M is the tangent space T,M at a point p € M.
There are various ways to define tangent spaces to a manifold, and the most intuitive
one describes tangent vectors via equivalence classes of velocity vectors of curves. See
the literature also for other approaches [2, 3]. The disjoint union of all tangent spaces
of a manifold is called the tangent bundle of the manifold, that is

™ = ng{p} x TpM.

A smooth section in the tangent bundle of a manifold M is called wvector field, i.e.
X:M—TM, p— X(p) € T,M. The space of all vector fields on M is denoted with
C°(M, TM).

Using charts, one introduces the concept of differentiability of maps between man-
ifolds. Let M; and My be smooth manifolds of dimensions n; and no respectively and
let F' be a map from My to Mg. If (Uy,¢1) and (Us,¢2) are charts around z and
F(x) on My and My, respectively, then F' is differentiable at x € My if its coordinate
representation

<p2oFog01_1 :R™ — R"™

is smooth at ¢7!(x). And F is differentiable if it is differentiable at every x € M.
Moreover, F'is smooth if it has derivatives of all orders. The concept of differentiability
of a map between two smooth manifolds does not depend on the choice of the charts
around x. The differential or the tangent map of F at x € M; is the linear map

T,F : Tle — TF(x)MQ

and the rank of F at x € My is the dimension of the image of T, F. If the rank of F
is everywhere equal to ni, then F' is an immersion and if the rank of F' is everywhere
equal to ne, then it is a submersion. If F'is an immersion and a homeomorphism onto
its image, then it is called embedding.

A submanifold of a manifold M is a subset N C M which is a manifold with respect
to the subspace topology. Next, we recall two important results that are often used to
define submanifolds, the reqular value theorem and the embedding theorem.
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Theorem 2.1.1 Let My and My be manifolds of dimension ny and no, respectively,
with n1 > ng and F : My — My a smooth function. If y € Mo is a reqular value
for F, i.e. F has rank ny at every point in F~1(y), then F~(y) is either empty or a
submanifold of My of dimension ny — no.

Theorem 2.1.2 A subset N of a manifold M is a submanifold if and only if there
exists an embedding F' such that N is the image of F'.

Quotient manifolds are other well studied objects in differential geometry. Some general
aspects related to quotient manifolds are given as follows. If R is an equivalence relation
on a set M, then the set

[z] ={y € M | =Ry}

is called an equivalence class for R and the set of all equivalence classes is called the
quotient space of M with respect to R and denoted M/R. The quotient topology on
M/R is defined to be the finest topology such that the canonical projection

T:M—=>M/R, x> [z]

is continuous. If M is a manifold and M/R is a quotient space of M with respect to
an equivalence relation R, then we say that M/R is a quotient manifold if it carries a
unique manifold structure such that the canonical projection is a submersion. In this
case we say that the equivalence relation R is regular. The next result gives a necessary
and sufficient condition for an equivalence relation on a manifold to be regular (see [2],
page 209).

Theorem 2.1.3 Let R be an equivalence relation on a manifold M with graph
I'r:={(z,y) e M xM | zRy} C M x M.

Then R is regular if and only if

(i) Tr is a closed submanifold of M x M,

(ii) m :Tp = M, m1(x,y) = = is a submersion, and

Moreover, one has

dim(M/R) = 2dim M — dim(I'Rr).

Since the canonical projection 7 is a submersion, it follows that every [z] € M/R is
a regular value for 7 and hence, each equivalence class [x] C M is a submanifold of M
of dimension dimM — dim(M/R). The tangent space V, := Ty[z] of [z] at y € [z] is
a subspace of TyM, called the vertical space. For every y € M there exists a subspace
Hy of TyM such that V, & H, = T,M. We refer to H, as a horizontal space at y.
The vectors in a horizontal space provide a convenient representation for the tangent
vectors of the quotient manifold M/R as will be explained next.
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If [z] € M/R and y € [z], then a representation of {g € T|;M/R is a tangent vector
§ € T,M such that

Tym(§) = &r- (2.1)
However, there are infinitely many such representations since £ + 7 satisfies (2.1) for
all n € Ty[z]. From computational considerations one would like to have a unique
representation for g and this is possible in terms of elements in the horizontal space.
Particularly, there exists a unique fg € H, (depending on y) that satisfies (2.1) and this
will be taken as a representation for the tangent vector £z and named the horizontal

lift of &g.
2.1.1 Riemannian manifolds and the Levi-Civita connection

In differential geometry, a Riemannian metric g on a manifold M is a smoothly varying
family of inner products g, : T,M x T,M — R on the tangent spaces T, M, p € M. A
Riemannian manifold is a pair (M, g) of a smooth real manifold M and a Riemannian
metric g. When the explicit Riemannian metric is not important, we simply say that
M is a Riemannian manifold.

If N is a submanifold of a Riemannian manifold (M, g), then (N,g) is a Riemannian
submanifold of M, where g is the induced Riemannian metric, i.e.

9p(&;m) = gp(&,m), (2.2)

forall &, n € T,N, p e N.
An affine connection on a manifold M is a bilinear map

V1 C(M, TM) x C®(M, TM) = C=(M, TM),
with the following properties:
(1) Vyx¥ = fVqY,
(2) Va(fd) =df(X)4 + fVyY,

for all f: M — R smooth and X,Y € C*°(M, TM).
On a Riemannian manifold (M, g), one usually chooses an affine connection V that is
symmetric and compatible with the metric, i.e.

(i) symmetry: VY — VyX = [X, Y], for any vector fields X, Y on M,
(ii) compatibility with the metric: Vg =0,

called the Riemannian or Levi-Civita connection. The notion of symmetry is defined
by the concept of Lie-bracket [X,Y] of two vector fields X and Y. If X and Y are vector
fields on a manifold M, then [X,Y] is the differential operator, which assigns to X and
Y another vector field defined as

[, 9](f) = X(Y(f)) — Y(X(Sf)),
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for all smooth real-valued functions f on M. It is well-known that every Riemannian
manifold carries a unique Levi-Civita connection.

Let N be a Riemannian submanifold of a Riemannian manifold M and X € C (M, TM)
be a smooth extension of a vector field X on N. If V is the Levi-Civita connection on
M, then the Levi-Civita connection on N is given by

VX = VX,

for all £ € T,N. If moreover, M is an Euclidean vector space, then the Levi-Civita

connection on N is obtained by projecting the usual directional derivative of X e
C°(M, M) onto the tangent space T,N, p € N, i.e.

VX = proj,(DX(p)(€)), (2.3)

for all £ € T,N, where proj,, is the orthogonal projection onto T,N.

Let V be the Levi-Civita connection on a Riemannian manifold M. Then, for the
Riemannian quotient manifold M /R, the Levi-Civita connection V" is given by

V?RDCR = projg(/vahf)Ch), (2.4)

for all {g € T, M/ R and all vector fields Xg on M/ R, where € is the horizontal lift of

& X € C°(M, TM) is a smooth extension of X and projé1 is the orthogonal projection
onto the horizontal space 34, ¢ € [p].

2.1.2 Parallel transport and geodesics

By means of the Levi-Civita connection V, one defines parallel transport and geodesics
on a Riemannian manifold M as follows. Let ¢ — X(¢) be a vector field along a smooth
curve v : I C R — M, ie. X(t) € TyyM for all t € I. Then, X is parallel along =, if
and only if

for all ¢ € I. Conversely, given § € T, )M, there exists a unique parallel vector field X

along v such that X(0) = &£, and the vector
:X:(t) S Ty(t)M

A\
at )

is called the parallel transport of § to T, ;)M along . In particular, 7 is called a geodesic
on M, if %fy is parallel along ~, i.e. if

Vo <;tv(t)) —0 (2.6)

dt

for all ¢ € I. From the theory of ODEs one knows that for any p € M and £ € T,M
there exists a unique geodesic v with v(0) = p and %7(0) = . These abstract con-
cepts simplify considerably if M inherits its Riemannian structure from an embedding
Euclidean space V. Thus, (2.5) and (2.6) take the explicit form

Vi X(t) = proj, i (£X(1), Vi i(t) = proj, o (5(1)),
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where projp and proj, ;) stand for the orthogonal projection onto TpM and T M,
respectively.

2.1.3 The Riemannian gradient and Hessian

If (M, g) is a Riemannian manifold and f : M — R a smooth objective function on
M, then, the Riemannian gradient at p € M is defined as the unique tangent vector
grad f(p) € T,M satistying

dpf(§) = gp(gradf(p),§) (2.7)

for all £ € TyM, where d,, f denotes the differential (tangent map) of f at p.
The Riemannian Hessian of f at p is the self-adjoint operator Hf(p) : T,M — T,,M
defined by
Hy(p)§ = Vegradf(p), (2.8)

for all £ € T, M.
When M is a Riemannian submanifold of a vector space, then the gradient and the
Hessian are given by the following:

gradf(p) = proj, (Vf(p)), Hy(p)¢ = proj,(DX(p)¢), (2.9)

where proj, is the orthogonal projection onto TM and Vf denotes the standard gra-
dient of the smooth extension f of f on V.

2.2 Tensor products of manifolds

In this section we study the structure of a special subset of the tensor product of vec-
tor spaces, i.e. the set of simple tensors which satisfy some properties. In special, we
are interested when can such a set be endowed with a manifold structure and more
important with a submanifold structure of the tensor product space. We establish a
bijection between our set of simple tensors and a quotient space. From the theory
of Lie-group actions we obtain sufficient conditions such that the quotient space can
have a differentiable structure. Furthermore, by additionally imposing some transver-
sality conditions, we conclude that the set of simple tensors can be equipped with a
submanifold structure of the tensor product vector space.

2.2.1 Tensor product of vector spaces

In this section, we recall fundamental objects and concepts from multilinear algebra (see
[28, 49] for more details). Let V1, ..., V. be vector spaces over K (K = R or K = C). The
tensor product of vector spaces Vi, ..., V, is defined as the pair (V} ®k- - -®k V;, ®k) of a
K-vector space Vi ®k - - -®g V- and a multilinear map @k : Vi x---xV, = Vi®k- - QrV,
that satisfies the universal property:

For any K-vector space V and any multilinear map h: Vj x --- x V,, — V| there exists

a unique linear map h: Vi ®k - ®k V,, — V such that the diagram
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Vi®g - @k Vr (2.10)

commutes, i.e., h(X1,...,X;) = h(X1 ®k -+ kg X;), for all (X1,...,X,) e Vi x- - xV,.

Given bases By, ..., B, of Vi,...,V, respectively, the set
{b1 ®k -+ @K by | b; € Bj, j=1,...,r}

is a basis for V] ®k - - - ®k V;- and hence the tensor product space has dimension equal to
the product of dimensions of vector spaces Vi,...,V,. The elements of V] Rk - - Qk V;
are called tensors and the elements of the form X; ® - - - Qg X, are called pure tensors
or stmple tensors. Any tensor X is a finite linear combination of simple ones and the
smallest number of simple tensors required to express it is called the tensor rank of X.
The tensor order refers to the number of spaces involved in the tensor product, i.e. in
our notation the order of a tensor X € V] ®k - -- ®k V,- is always r.

For simple tensors we give the following result, that we are going to use in the next
sections to define an equivalence relation on a direct product of manifolds.

Lemma 2.2.1 Let Vi @k Vo be the K-tensor product of the K-vector spaces Vi and V.
For Ay, By € V1 \ {0} and A, By € Vo \ {0} the following holds: A1 ®k A2 = By ®k Bs
if and only if there exists a1, an € K such that

B1 = Oqu, B2 = CEQAQ, a1 - = 1.

Proof. If there exist a1, as € K with ajas = 1 such that By = a1 A1 and By = as Ao,
then we get immediately by the bilinearity of ®x that

B1 ®x By = a1 41 Qg aglds = ajag Al Qg As = A1 Qi As.

To prove the other direction, assume that there exist Ay, By € Vi and As, Bs € V5 with
Al ® Ay = B ® By and

(B1, B2) # (a1 A1, a2 As),
for all a1, as € K with ajas = 1. We prove that there exists a K-vector space V and
a bilinear map h : V; x Vo — V such that

h(Bl,BQ) 7& h(O[lAl,OQAQ), (211)

for all a1, as € K with g = 1. We distinguish the following situations.
Case 1. Let By # a1 Ay, for all ag € K. If h: V] x Vo — V is the bilinear map defined
by

h(X1, X2) = p1(X1)p2(X2), (2.12)
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where p; : Vi — V and pg : Vo — V are linear maps such that p;(B;) # 0 and
pi(Ar) =0, it follows that

h(Bi, B2) = pn(B1)p2(B2) # 0 = p1 (A1) p2(A2) = h(an A1, azAs).

Case 2. Similarly, it can be proved that if Bs # agAs, for all as € K, then the bilinear
map h defined by (2.12) with pa(As2) = 0 and p2(B2) # 0, satisfies (2.11).

From the universal property of (V; ®x Va2, ®) we conclude that there exists a unique
linear map & : V4 @k Vo — V such that the diagram (2.10) commutes. Hence,

h(Bl, BQ) 7& h(Oqu, OZQAQ) — E(Bl XK BQ) 7& E(Al XK AQ)
and A ®g As # By ®k B2, which contradicts the hypothesis. O

Remark 2.2.2 If V; and Vs are C-vector spaces and we construct their R-tensor prod-
uct Vi @g Va, then for any A1, By € Vi \ {0} and As, By € V, \ {0} we have that
A1 ® As = By ® By if and only if there exists oy, as € R such that

By = a1A1, By =agAs, aj-as=1.

The above lemma can be generalized to any number of components in the K-tensor
product: for X = (Xy,...,X;) and Y = (Y1,...,Y;) from (V1 \ {0}) x --- x (V. \ {0}),
X1 ®k - @k X, =Y @k -+ @k Y, if and only if

Jai,...,a € Kwith ajag---a, = 1 such that Y1 = an Xy,...,Y, = o, Y,. (2.13)

We point out some examples of tensor products over K.
1. A classical example of a tensor product over K is obtained from the K-vector space
K™P*"4 with the bilinear map

. Tmxn X mpxn
R : KMX" x KPX4 _y KmPxng

defined as
z11Y 1Y
(Xa Y) = X ®]K Y = [‘/El]Y]Z?Zl = )
Tm1Y TomnY
where
11 Tin
X —
Iml *°° Tmn

This tensor product is called the matriz Kronecker product. Here we recall some of its
important properties which will be used later on. Let A €
K™ B e KPX4 C e K™ D e K then

(A®x B)(C @x D) = AC ®x BD, tr(A®g B) = tr(A) tr(B).
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2. In the case when K = C, By considering C™*"™ and CP*7 as real vector spaces, then
®R : CMXN s CPX4 —y QMPXNG Cmpan,
- (2.14)
(X,Y) = X @rY = ([2;Y], [z5Y]),

defines an R-tensor product. In fact, for any C-vector spaces V1 and V3, the R-bilinear
map (2.14) defines a tensor product on the R-vector space Vi @g Va.

2.2.2 Simple tensors and quotient manifolds

Let My,...,M, real submanifolds of the finite dimensional K-inner product spaces
Vi, (1) oo (Vi, (4 0)r) with 0 € My, j = 1,...,7. The r-fold tensor product of the
manifolds My, ..., M, is defined as the set of simple tensors

MEx =M Qg - Qg M, = {X1®K-"®KXT|XJ'EMJ', jZl,...,T}. (2.15)

In the sequel we construct a quotient space which is in a one-to-one correspondence
with M®% and use basic concepts from the theory of quotient manifolds to give sufficient
conditions for the quotient space to have a differentiable structure.

On the manifold

MX =My X - x M, (2.16)

we naturally consider the following equivalence relation
XNY:<:>X1®K"'®KXT:Y1®K"'®K}/;“7 (217)

forall X := (X1,...,X;), Y :=(Y1,...,Y;) € M*, and denote the set of all equivalence
classes

(X] :={(Y1,....Y,) e M | X1 ®k --- Qg Xr = Y1 Qg - ®k Yy }

with M* /.. According to Theorem 2.1.3, the quotient space M* /.., carries the struc-
ture of a quotient manifold if the graph of the equivalence relation

I ={(X,)Y)| X ~Y} M x M (2.18)
is a closed submanifold of M* x M* and the projection onto the first component
m Lo =M, (X,)Y)— X (2.19)

is a submersion. Since I'< is the preimage of {0} C V3 ®k- - -®k V; under the continuous
map

M XM - Vi@g-- @V, (X,)Y)»XQk--®kX,—Y® kY,

it is clearly a closed subset of M* x M*. However, it does not always have to be a
submanifold of M* x M*, as the following counterexample shows.
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y(t)

¥

IR

. .
-1 0 1

Figure 2.1: The graph of the function 7 as a submanifold of R2.

Example 2.2.3 Let M; := R\ {0} and Mj be the one-dimensional submanifold of R?
defined by the graph of the curve

R — R, »(t) {t’ 121 (2.20)

7 R=R, () = ; :
f@), lt<1

where f : R — R is a smooth function with f(0) = —1 such that 7 is smooth, see

Figure 2.1. For X5 := (2, 2)T € My, one notices that aXy € My for all a € R with
a > 1/2. On the other hand, by taking X5 := (0, —1)—r € My, one has aXy € My if
and only if @ = 1. Consequently, for fixed X7 € M; the following hold:

1
(X1, X2), (—X1,0X3)) e I for all a > 1/2
(0%

and

~ 1 —
(X7, Xo9), (BXl, fX2)) € I'v if and only if g = 1.

Let o1 : Uy C My — Rand ¢y : Us C Mo — R be the charts of My and My respectively.
Then, in a neighborhood of ((X1, X2), (X1, X)) € '~ the map

<Z1’Y1>
Y2 [? )

(Y1, Y2), (Z1, 7)) ~>(¢1<Yl>,m<x@>,

defines a homeomorphism to an open subset in R?, and in a neighborhood of ((X7, 5{2), (X1, )?2)) €
I' the map

(%, 2),(21,22) = (91(41),62(12)

defines a homeomorphism to an open subset in R2.
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Our goal is to impose some conditions on the manifolds My, ..., M, such that '~
is a submanifold of M* x M*. To this end, we reformulate the equivalence relation ~
in terms of a Lie-group action on the vector space Vi x --- x V. and use a well-known
result from differential geometry due to Dieudonne ([14], page 60), stated as Theorem
2.2.4. First recall that a Lie-group G is a group which has a differentiable structure such
that the group operation and inversion are compatible with the smooth structure. A
Lie-subgroup A of a Lie-group G is a closed subgroup of GG, equipped with the structure
of a Lie-group. A Lie-group G acts on a manifold M if there exists a smooth map

c:GxM->M, (,X)—a-z (2.21)

that satisfies
a-(f-X)=(af) - X, e- X=X, (2.22)

where e is the identity element in G. The graph map associated to o is the map
G:GXxM->MxM, (,X)— (X,a-X). (2.23)

For a thorough discussion on Lie-groups and their actions we refer to the literature
[35, 45]. In the case of Lie-groups acting on a manifold, the statement of Theorem 2.1.3
simplifies as follows.

Theorem 2.2.4 Let M be a differentiable manifold and G a Lie-group which acts on
M. Then, there exists a unique manifold structure on M/G such that the canonical
projection T is a submersion if and only if the image of the graph map & is a closed

submanifold of M x M.

Using Lemma 2.2.1, in what follows, we rewrite the equivalence relation ~ on M*
defined by (2.17), as the restriction of a Lie-group action on the K-vector space V; x
-+ x V.. For this, we define the set

G ={a=(a1,...,00) €K' |1 g a, =1}, (2.24)

which is a Lie-group with respect to the subspace topology of K" and the group oper-
ation

Oéﬁ = (alﬁl) ceey O‘Tﬁ’r‘)v
for all @« = (a1,...,a,) and B = (B1,...,5) in G. The Lie-algebra of G is given by

g={wekK |w+- 4w =0} (2.25)
Furthermore, the action of G on the vector space
V=V x---xV, (2.26)
is given by

og:GxV*=>V* (0, X)—a - X=(X1,...,00X;) (2.27)
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and it induces an equivalence relation on V> as
X~gY <<= JaeGsuchthat Y =a- X, (2.28)
for X, Y € Vi x --- x V.. The equivalence classes of ~¢ are called orbits, i.e.
O0c(X) ={a-X|acG},

and the set of all equivalence classes V* /G is referred to as the orbit space. For any
X € (Vi \{0}) x---x (V. \ {0}), the stabilizer group of X is the trivial subgroup

Stabe(X)={a € Gla-X =X} ={(1,...,1)} (2.29)

of G. In this case, we say that the group action o¢ is free.
With the above specifications, the graph I'.. of the equivalence relation ~ defined
in (2.17) can be written in terms of the graph of the equivalence relation ~¢

Ig={(X,a - X)|XeV* acG}CV*xV*

as
T =Tgn (M5 x M), (2.30)

There are several possible approaches one could follow to obtain conditions to ensure
that T'~ is a submanifold of M* x M*. One of these approaches involves the transver-
sality theory. From differential topology it is known that if two submanifolds S; and
So of a manifold M intersect tranversally, i.e.

T,S1 + TpSa = T,M, (2.31)

for all p € S; NSy, then their intersection is also a submanifold (see [29, 36, 55]).
However, it is clear from Example 2.2.3 that this is not the case in our situation, i.e.
(2.30), hence we will not follow this path. Instead, we will concentrate on the situation
when the equivalence relation ~ is induced by the action of a Lie-subgroup of G.

Next, we show that for any Lie-subgroup A of G which acts on the manifold M*
according to the group action

og: AXM =M, (a,X)—=a- X = (1 Xq,...,0:X,), (2.32)
the image of the graph map 74 is a closed submanifold of M* x M*.

Theorem 2.2.5 Let M be real submanifolds of the K-inner product spaces (Vj, (-, -);),
forj=1,...,r and G be the Lie-group defined by (2.24). If A is a Lie-subgroup of G
which acts on M* := My X - -+ x M, according to o defined by (2.32), then the graph
Ty of the equivalence relation induced by op is a closed submanifold of M* x M*.
Moreover, M* /A is a manifold of dimension

dim(M* /A) = dim M* — dim A.
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Proof. Since Stabg(X) = {(1,...,1)} for any X € M* and A is a Lie-subgroup of G,
it results that the group action o4 is free. To apply Theorem 2.2.4 we need to prove
that the graph map is proper. The graph map

oA AXM =M x M*, (o, X) = (X, X)

is injective, since the group action is free. Moreover, 6,4 is a homeomorphism onto its
image, with the inverse map

0 MX x MX = Gx M*, p(X,Y) = (“ﬁ;ﬁﬁl,..., <X’"’Y*3’“,X),
1 ™

is continuous and has the property that

_ 51
s0|IIT1;T\A - UA :

Hence, 8;1 is continuous, and moreover 74 is proper. From Theorem 2.2.4 it follows

that o4 is a regular group action. O

From the above theorem, we can conclude that the set I'¢ is a submanifold of
V> x V*. Thus, if the group G acts on M*, then I'¢ € M* x M* and thus, M* /. =
M* /G is a manifold. More generally, we have the following sufficient condition for the
quotient space M* /., to be a manifold.

Corollary 2.2.6 Let M; be real submanifolds of the K-inner product spaces (Vj, (-, -);),
forj=1,...,r and G be the Lie-group defined by (2.24). If there exists a Lie-subgroup
A of G which acts on M* := My x --- x M, according to o4 defined by (2.32) and

M7/ = ME/A,

then, the quotient space M* /., has a unique manifold structure such that the canonical
projection is a submersion.

We enclose this section with some examples of manifolds My,..., M, for which
M* /.~ is a quotient manifold.

Example 2.2.7 If M; = V;\ {0}, forall j = 1,...,r, then (2.27) defines a group action
of the Lie-group G on M*. According to Theorem 2.2.5 it follows that (M; x- - -xM,)/G
is a manifold.

Example 2.2.8 A similar situation is encountered when the product manifold M* is
GL,, x --- x GL,,, where GLnj is the Lie-group of all invertible n; x n; matrices with
entries in K. Here, the restriction of the map og to GLy, X --- X GL,, defines a group
action of G on GL,, X -+ x GL,, and hence (GL,, X --- x GL,,)/G is a manifold.

In both examples, the graph of the equivalence relation induced by og is equal to '
and hence, (V7 \ {0} x --- x V;.\ {0})/~ and (GL,, x --- X GL,, )/~ are manifolds.
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Example 2.2.9 Let M; be the manifold of all elements X; € V; of equal norm, i.e.,
M ={X; € Vj | IX;ll; = ¢j, ¢ > 0},

forj=1,...,r
We will show that M* /. is a manifold, where ~ is the equivalence relation defined
by (2.17). On the K-vector space Vi x --- x V. one has the inner product

<X7Y> = <X17Y1>1 +- <XT7Y;">T7

forall X = (X4,...,X,), Y =(M,...,Y,) € Vi x--- x V.. Moreover, for any X, Y €
M* one has

X~Y <« 3Ja€edG, |a;| =+ =]a,| =1such that Y = o - X.
The set
A={aecK ||la|==|an] =1, yag---a, =1}

is a Lie-subgroup of G and
oq: AXMC =M (0, X) = a- X

is the Lie-group action which induces the equivalence relation ~, hence, M* /. is a
manifold.

2.2.3 Tangent space, Riemannian metric and Levi-Civita connection
on the orbit space M* /A

Let (Vj,(-,-);) be K-inner product spaces, and (M, g;) be Riemannian submanifolds
of Vj, i.e.

9;(&,m5) = Re(€5,m5) 5 (2.33)
for all §;,m; € Tx,M;, X; € My, j=1,...,7. We endow the direct product manifold
M* =My X -+ x M, with the Riemannian metric

Re(&;,mj);
9; (& m;) = (2.34)
Z e Z T
for all X = (Xy,...,X,) € M*, & = (&1,..,&), n = (n1,...,m) € TxM*, where
1X515 = (X5, X;);-

In this section, we describe the Riemannian structure of the quotient manifold
M* /A, for a Lie-subgroup A of G defined by (2.24), which acts on M* according to
the group action (2.32). The tangent vectors of M* /A have a unique representation as
vectors in the horizontal space. To avoid confusion we will use [X] to refer to elements
in the quotient manifold M* /A and O4(X) for subsets in the manifold M*. The
vertical space at Y € O4(X) is the tangent space of O4(X) at Y and is given by

TyOu(X) = {w Y |w e a} € TyM, (2.35)
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where a is the Lie-algebra of A. The horizontal space at Y is the orthogonal complement
of TyO4(X) in TyM* with respect to the Riemannian metric (2.34) and is given by

Hy ={£eTyM* |gy({n) =0, VneTyOa(X)}
={£eTyM" | gy(§,w-Y) =0, Vw € a}.

(2.36)

A representation for a tangent vector { € T xM* /A is given by a vector f{lf in the
horizontal space Hy with Y € O4(X) that satisfies

Tyma(éy) = &

This representation, called horizontal lift, is unique up to a choice of a representative
Y €0y (X )

The following relation between the horizontal lifts of the tangent vectors of elements
in the same equivalence class will help us to introduce a Riemannian metric on the

manifold M* /A.

Lemma 2.2.10 Let A be any Lie-subgroup of G that acts on M* according the group
action (2.32). Then, for any X € M* and o € A,

gy =a-tk, (2.37)

where fé‘( € Hx denotes the horizontal component of £x € TxM*. Moreover,

9x (€% n%) = ga.x (€ x. 0l x), (2.38)

for all 5?(7 77% € Hx and o € A.

Proof. Let X € M* be a representative for [X] € M* /A, and let £ € T x;M*/A.
Then, the horizontal lift £% € Hx of ¢ satisfies

Txma(ly) =€

Fix oo € A and consider the function fo : M>* — M* defined as f,(X) = a - X. Then,
Ta(fa(X)) = m4(X) and hence

§ =Txma(l) =Tx(mao fa)(€%) = Taxma(Tx foa(X) (k) = To.xmalor - €%).

Moreover,

gox(o & w (0 X)) =3 —1

h
PG et s
j=1 J

r

ZZ%Re(fh w; X;);
= o PlIXG ]



24 2. TENSOR PRODUCTS OF RIEMANNIAN MANIFOLDS

for all w € a. Hence, from the definition of the horizontal space (2.36) it follows that
a- €% € H,.x. The conclusion (2.37) follows from the fact that

Toxma(€ ) =€ =Toxmala-€%) and o-&% € Hyx.
To prove (2.38), let & , n' € Ha.x. Then,
Jax (Ehxsml ) = gax(a-E a-nk)

h h
Z |Oé]|2”X ||2 <O‘J§3704J77] >J

- 1
= Z HX HQRe<§j 777]' >j

(€X777X)’

where &b = (&7,...,&M), ol = (b, ... ,nP) € Hx. O

The above lemma says that, for all [X] € M* /A and all §, n € T;xM* /A, the

expression gy (&8, 7%) does not depend on the choice of the representative Y € 9 4(X).
Hence,

91x1(&m) = gy (7,75 (2:39)
defines a Riemannian metric on the orbit space M* /A. The vectors {{3, 77{3 e Hy
are the unique vectors in the horizontal space Hy such that Tyms(¢l) = ¢ and

Tyma(nf) = n.

According to (2.3), on the Riemannian manifold (M*, g) the Levi-Civita connection
is given by

VX = proj (DX (X)), DX(X)(6))

for all £ = (&1,...,&) € TxM* and all vector fields X = (Xyq,...,%X,) : M* — TM*,
where X = (f)NCl, e 3~CT) is a smooth extension of X to the vector space V7 x --- x V,. and
proj y is the orthogonal projector onto T xM*. From (2.4) it follows that the Levi-Civita
connection on (M* /A, g) is defined as

VEXa = Vg X" = profl (DXFC0) (€, DXRCX)(ED),

for all £ € Tjx;M* /A and all smooth vector fields X4 : M* /A — TM* /A, where ¢ is
the horizontal lift of {4 and X" is the vector field of the horizontal lift of X 4. Moreover,

X" is a smooth extension of X" to Vi x --- x V,. and proj})”( is the orthogonal projector
onto the horizontal space Hx.
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Figure 2.2: The graph of the smooth function f defined in Example 2.2.11.

2.2.4 Submanifold conditions for the r-fold tensor product of mani-
folds

Recall that M,..., M, are Riemannian submanifolds of the K-inner product spaces
Vi,..., V.. Let M* denote the direct product manifold My x - - - x M. equipped with the
Riemannian metric (2.34), and ~ the equivalence relation on M* given by (2.17). If
the quotient space M* /. has a manifold structure, then the one-to-one correspondence
with M® induces a manifold structure on M®%. The interesting question that arises is
whether Mﬁ% has the structure of a submanifold of the vector space V; Qg - -+ Qk V.
This is not always the case, as the next example will prove.

Example 2.2.11 The graph of the function

(z —1)2%,0), z<1

: 2 7)) —
f:RE, fl) {(0,($—1)2), x>1

is a submanifold of R3. Let My = R\ {0} and My =T’y and as before M* := My x My.
It is obvious that if Xo € Mo, then aXy € My if and only if o = 1 and hence,
M* /o =M*/{1}.

From Theorem 2.2.5 it follows that M* /.. is a manifold diffeomorphic to M*. More-
over,

My @ Mo ={afz, f(x)) |« € R\ {0}, z € R} = (zOy Ux0z) \ (K1 U K»),

where K1 and Ko are cones in the plane xOy and Oz respectively. Thus, My @ My is
not a submanifold of R3.

Next, we give sufficient conditions for M®¥ to be a submanifold of Vi ®x - - - @k V;..
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Theorem 2.2.12 Let M; C Vi \ {0},..., M, C V;.\ {0} be compact submanifolds of
Vi,..., Vi, ~ be the equivalence relation (2.17) on M* := My X -+ x M, and G the
Lie-group defined in (2.24) with Lie algebra g. If the map

h:M*—->Vi@---@V, (Xi,....X)—»X;1® --0X, (2.40)

is open with respect to the subspace topology and if there exists a Lie-subgroup A of G
such that:

(1)
M* /o =M" /A,

(2)
TXOA(X) = TxMX ﬂTXo(;(X), fO’I" all X € MX, (241)

then M®% is a submanifold of Vi ®x -+ @k V, and is diffeomorphic to M* /..

Proof. Let [X]4 € M*/A with X := (X1,...,X,) € 7, ([X]4) as a representative.
We prove that the map

MA@V, Xa—r X100 X,

is a homeomorphism onto its image Im f = M®x,
The following diagram

f

M* /A Vi@ -V, (2.42)
7
A ///
P h
W

commutes. For every open set W C V4 ® --- ® V,, the preimage h~!(W) is open.
Moreover,

R W) = (foma) (W) = (m ' (f7H (W) (2.43)

it follows that f~!(W) is open and hence, f is continuous. Since h is open, it follows
that f is open as well, and hence a homeomorphism onto its image.

Further, we will prove that if condition (2.41) is satisfied for all X € M*, then
f is an embedding. We have shown that f is a homeomorphism onto its image, thus
it is left to prove that f is an immersion, i.e. Tixj, [ : T[X]AMX/A > V®---V,
has full rank equal to the dimension of M*/A. Let X = (Xi,...,X,) € M* and
¢h = (¢h, ... &l € Hy be a representation for {4 € Tix), M* /A. Then

Tixjfa) =Y X1®-- e X,
=1
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From Lemma 2.2.1 it follows that

kerTiy), f = {€":=(&f,....&") € Hx | ﬁ1X1®~-§§l®---®Xr20}
J:
:{fh = (6?7"'757]?)6%)(’{]1:“)')(7 weg}:

where g is the Lie-algebra of G defined in (2.24). Further, we have
kerTix), f = Hx N{w- X |weat},

where al is the orthogonal complement of a in g, i.e. g = a @ a’. From (2.41) it
follows that w - X ¢ TxM* for all 0 # w € a and hence, kerTix), f = {0}. Thus,
f is an immersion and therefore an embedding. From Theorem 2.1.2 it follows that
Im f = M?® is a submanifold of V; ®k - - - ®k V; diffeomorphic to M* /.. O

For compact submanifolds, the map
fMA-VIR-QV,, [Xa—r X100 X,

describes a homeomorphism onto its image. The next result is a consequence of Theo-
rem 2.2.12 and an important tool in the next chapters, to prove that the r-fold tensor
products of Grassmann manifolds and of Lagrange Grassmann manifolds have a com-
pact submanifold structure.

Corollary 2.2.13 Let M; C Vi \ {0},..., M, C V. \ {0} be compact submanifolds of
Vi,..., Vi and ~ the equivalence relation (2.17) on M* := My X --- X M, and G the
Lie-group defined in (2.24) with Lie algebra g. If there exists a Lie-subgroup A of G
such that M* /. = M* /A and the condition (2.41) holds, then M®% is a compact
submanifold of V1 Rk -+ Qr V..

Furthermore, if A = {(1,...,1)} is the trivial subgroup of G and if

w- X ¢ TxM* (2.44)

for all X € M* and 0 # w € g, then M®¥ is a compact submanifold of Vi Qk - - - Qk Vi
diffeomorphic to M*.

Proof. The continuous map
h-M* V@V, (X,...,.X)—»X10 - ®X,

is closed and proper since M* is compact. From the commutative diagram (2.42) we
obtain that the continuous map

FMA=S V@0V Xu— X190 X,

is closed and proper. Furthermore, f is injective, and hence, f is a homeomorphism
onto its image. From (2.41) and the proof of Theorem 2.2.12, we conclude that f is
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an immersion and hence, an embedding. Then, Im f = Imh = M®¥ is a compact
submanifold of V] ®k -+ Qk V..

The second part of the proof follows immediately from the fact that h is injective and
the condition (2.41) becomes (2.44). O

Remark 2.2.14 If the map h (2.40) is injective, i.e. A = {(1,...,1)}, but the mani-
folds M; are not compact, then M®% does not necessarily have a submanifold structure,
see Example 2.2.11.



Chapter 3

Tensor products of
Grassmannians and
Lagrange-(GGrassmannians

Important tasks in numerical linear algebra such as invariant subspace computation
or subspace tracking, can be formulated as optimization tasks on the set of all m-
dimensional subspaces of K" (K = R or K = C) called the Grassmann manifold, see e.g.
[3, 16, 34, 77]. In this chapter, we recall the fundamental properties of the Grassmann
manifold and in particular we discuss its representation as the set of rank-m orthogonal
or self-adjoint projectors of R™ and C", respectively, called Grassmannian Gr(m,n).
Furthermore, we generalize the Grassmannian to a tensor product of Grassmannians
denoted by Gr®(m, n). With tools from the previous chapter, we prove that Gr®(m, n)
can be equipped with a Riemannian submanifold structure and that it is isometric to
the direct product of Grassmannians.

In this chapter, we also present the manifold of all Lagrangian subspaces of R?"
and C?", called the Lagrangian Grassmannian [4]. The task of determining Lagrangian
subspaces of Hamiltonian matrices is important in linear optimal control, in Kalman
filtering, etc., being closely connected to solutions of an algebraic Riccati equation. For
details in this direction we refer to the literature [34, 63]. Similar to the case of the
Grassmann manifold, we give a representation of the Lagrangian Grassmannian with
orthogonal, respective self-adjoint projectors of rank n that satisfy some properties.
We will call this set Lagrange-Grassmannian LG(n). The r-fold tensor product of
Lagrange-Grassmannians LG®(n) is a submanifold of the Gr®(2n). Moreover, it is
natural to think about what happens when the symplectic form on C?" is given by a
sesquilinear map and not by a bilinear one. In [5], it was proven that in this case the
set of all complex Lagrangian subspaces has the structure of a manifold diffeomorphic
to the unitary group U(n), called the complex Lagrangian Grassmannian. Similar to
the classical cases, we characterize the complex Lagrangian Grassmannian by a subset
of the set of rank-n self-adjoint projectors of C?" and show that this set is a manifold
diffeomorphic to the direct product of complex Lagrange-Grassmannians.
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3.1 Preliminaries on the Grassmannian

Let K denote the field of real or complex numbers, i.e. K =R or K = C. Recall that
the K- Grassmann manifold is the set of all K-subspaces of dimension m from K" and
is denoted with Grassg(m,n). Its geometric properties are well understood and we
refer the interested reader to [8, 34, 55| for specific details. There are several equivalent
identifications for Grassg(m, n), as a quotient of K"*™ [3], or as an homogeneous space
[34], etc. In our inquiry, we concentrate on the identification of the Grassmann manifold
with the set of rank-n self-adjoint projectors, see [32]. For this purpose we recapitulate
some important objects that will be used throughout the thesis.

The set of all n x n symmetric matrices shm,, is the subspace of matrices A € R™*"
with the property that AT = A. Similar, the set of n x n Hermitian matrices bet,, is the
real vector subspace of matrices A € C" " satisfying AT = A. With AT we refer to the
transpose of A and with Af to the transpose conjugate of A. Fundamental for our work
with Grassmann manifolds are the Lie groups of special orthogonal matrices SO(n) and
special unitary matrices SU(n) and the Lie algebras of so,, and su,, respectively, i.e.

SO(n) ={0 cR™" |00 =1,, det © =1}, so,={QecR™" Q" =-Q}.
and
SU(n) ={0@ cC™ |00 =1, det © =1}, su, ={QeC™" | Qf =-Q, tr(Q) = 0}.
The Grassmannian,
Grg(m,n) := {P e K™" | P = P! = P?, tz(P) = m}, (3.1)

is the set of all rank m self-adjoint projection operators of K. In [32], the authors
have shown that Grg(m,n) and Gre(m,n) are smooth and compact real submanifolds
of shm,, and her,, of real dimension m(n — m) and 2m(n — m), respectively. Here we
discuss only the complex Grassmannian Gre(m, n), since its geometric structure can be
transfered to the real Grassmannian Grg(m,n) just by replacing SU(n) and su,, with
SO(n) and so,, respectively, and transpose with transpose conjugate. From here on,
the complex Grassmannian is denoted by Gr(m,n). For further use, we denote with

I, O
] | 52)
0 0

11, :=

)

the standard projector of rank m acting on C™. Whenever the values of m and n are
clear from the context, we will simply write II.
The Grassmannian Gr(m,n) is diffeomorphic to the Grassmann manifold, see [34].
It is also diffeomorphic to the homogeneous space SU(n)/Stabgy,, (IL,,,,) according to
the map
SU(n) x Gr(m,n) — Gr(m,n), (©,P)— 07PeO, (3.3)
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where

Stabgy(n) (Mmn) = {© € SU(R) | O 1,0 = My}

From the diffeomorphism (3.3) we derive the following representation of the elements P
in the Grassmannian and of the vectors in the tangent space T pGr(m,n). The tangent
space at P to Gr(m,n) is given by

TpGr(m,n) = {[P,Q] | Q € su,}, (3.4)
where the matriz commutator is defined by
[P, Q] = PQ—QP.
Every element P € Gr(m,n) and every tangent vector £ € TpGr(m,n) can be written
as

Iy 0
P=0f

oamdée=o| % 7o (3.5)
Z7 0
0 O
with © € SU(n) and Z € C™*(n—m),
With respect to the Riemannian metric induced by the Hilbert-Schmidt inner prod-
uct of her,,
(X,)Y) :=tr(XY), (3.6)

the Grassmannian Gr(m,n) is a Riemannian submanifold of her,, and the unique or-
thogonal projector onto T pGr(m,n) is given by

adpX =[P, [P, X]], X € bex,, (3.7)

see [32]. From (2.3) it follows that the Levi-Civita connection V on Gr(m,n) is given
by

VX(P) = adh (DI(P)E) ). (3.5)

for any ¢ € TpGr(m,n), P € Gr(m,n), where X is a smooth extension of the vector
field X on Gr(m,n) to a vector field on her,,. It is known in the literature (see [32])
that, the curve

t s y(t) = &1 petler] (3.9)

describes the unique geodesic on Gr(m,n) with initial conditions v(0) = P € Gr(m,n)
and 4~(0) = ¢ € TpGr(m,n). One can check that y(t) = e!l&F1Pe~tEP] satisfies the
equation (2.6). Similarly, it can be verified that the parallel transport of £ € TpGryy,
to T ;) Grim,n along the geodesic v is given by

é‘ — et[§7P]£e_t[§7P]_ (310)

In general, parametrizations around a point P from a n-dimensional smooth manifold,
are defined as inverses of the charts, i.e. smooth maps pp from R™ to the manifold with
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pup(0) = P. Here, we say that a local parametrization around a point P € Gr(m,n) is
a smooth map
pup : TpGr(m,n) — Gr(m,n),

which satisfies
pp(0) =P, Dup(0) = idTpGr(m,n)' (3.11)

For the Grassmannian, the authors of [32] have introduced three types of local parametriza-
tions, one given by the exponential map and the other two given by approximations of
the exponential map:

(a) Riemannian normal coordinates

pp® : TpGr(m,n) — Gr(m,n), & el&PIpel&P] (3.12)

(b)  QR-type coordinates

pE: TpGr(m,n) — Gr(m,n), €= (I + & Pg P (I + (& P (3.13)

Here I,, + [£, P] is the first order approximation of the matrix exponential el&*’] and
(In + [£, P])q denotes the Q—factor from the QR decomposition of I, + [£, P]. Since,
I, + [¢, P] is similar to a matrix of the form

L, —Z

Z' Inm

with Z € C™* (=) it follows that det(I, +[¢, P]) = det(L,,+ZZ) > 0, i.e. I, + ¢, P)
is invertible. Thus, the QR decomposition of I,, + [, P] is unique.

(¢) Cayley coordinates
e - TpGr(m,n) = Gr(m,n), €+ c([€, P))Pe(~[€, P)), (3.14)

where ¢ denotes the Cayley transform of a skew-Hermitian matrix 2, i.e.

c:su, — SU(n), Qs (2L, + Q) (21, —Q)~*

exp Cay

In [32] it is shown that the maps pp", ,uP and pp
cording to (3.11) and moreover, that they satisfy

are local parametrizations ac-

d? @ on, d?

exp Cay [ 22z 0
dt2'up ( )|t=0 dt2'up ( )|t=0_dt2:up (t€)|t=0:@ )

0 2777

for all P € Gr(m,n) and £ € TpGr(m,n), where £ and Z are related by (3.5).
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3.2 Riemannian structure of the tensor product of Grass-
mannians

In this section we introduce an object which arises naturally in many applications as we
will see later on, i.e. the tensor product of Grassmannians. We describe its Riemannian
structure and show that it is isometric to the direct product of Grassmannians.

Let K=R or K =C. The r—fold tensor product of Grassmannians is the subset

Gri(m,n) :={P,®---® P, | Pj € Grg(mj,n;), j=1,...,r} C Grg(M,N) (3.15)

of all rank-M self-adjoint projectors P : KV — K which have the form of a Kronecker
product P := P, ® --- ® P,., where M := mimg---m, and N := nino---n,. Here,
(m, n) denotes the multi index

(m,n) == ((m1,m1), (M2, ma), ..., (my, 1)), (3.16)

As in the previous section, we present only the case of complex Grassmannians, the real
case being easily obtained from the complex one, if not otherwise specified. To avoid
complicated notation, we will use Gr®(m, n) for the r-fold tensor product of complex
Grassmannians.

The r—fold tensor product of Grassmannians can be equipped with a Riemannian
submanifold structure of hery = her,, ® --- ® her,, , as we will prove next. The Rie-
mannian metric of Gr¥(m,n) is induced by the Hilbert-Schmidt inner product (3.6)
on hery.

Remark 3.2.1 For the real case, we do not have an isomorphism between shymy and
the tensor product vector space sym®(n) :=sym, @ --- @ sym,, . On the sym®(n) we
define the inner product

(X1®--0X,., V10 ---Y,) =tr(X1Y7) - - tr( X, Y), (3.17)
for all X;,Y € sym,, forj=1,...,r.
Furthermore, the special features of the Grassmannian lead to a diffeomorphism be-
tween Gr®(m,n) and the direct r—fold product of Grassmannians

Gr*(m,n) = {(P1,...,P) | Pj € Gr(mj,n;), j=1,...,r} (3.18)

Nothe that, Gr* (m, n) is a smooth and compact Riemannian submanifold of the prod-
uct space her,, X -+ x her,, with Riemannian metric induced by the inner product

(X1, X0), (Vi V) ) 1= (XA YD) - 0r(X7), (3.19)

forall X;, Y, betnj and j = 1,...,r. The fundamental geometric objects and concepts
of Gr* (m, n) are trivial extensions of the corresponding ones on the Grassmannian. We
give the following property of elements in Gr*(m,n) that we will use in the proof of
Proposition 3.2.3 and further on in Chapter 4.
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Lemma 3.2.2 Let P = (Py,...,P) € Gr*(m,n) and (&1,...,&) € TpGr*(m,n).
Then,
(P® - QP,PA® - §® - ®PF) =0, (3.20)

forallj #k, j,k=1,...,r. The inner product considered is given by (3.6).
Proof. From (3.6) and the properties of the trace function, it follows that
<X1 R X, V1®--® YT> = tr(lel) ... tI"(XTYT),

for all X;, Y € f)etnj and 7 = 1,...,r. Without loss of generality, in (3.20) we assume
that j =1 and k = 2. Since tr(§; P;) = 0 for all §; € Tp,Gry; n;, then

(G0 0P, AL @ F) =tr(&ih)tr(Ps)- - tr(F) = 0.

O

Proposition 3.2.3 The r—fold tensor product of Grassmannians Gr® (m, n) is a smooth
and compact submanifold of hery, diffeomorphic to Gr*(m,n), i.e. the map

¢:Gr*(m,n) = Gr®(m,n), (P,...,P)— P ® - -®P, (3.21)

defines a diffeomorphism. Furthermore, ¢ is a global Riemannian isometry if the inner
product (3.19) on ber, X ---x hev, is scaled as follows

<<X1, c.. ,XT), (Yl, c. ,Y;«)> =M tl“(lel) + -4+ M, tI‘(XTY;), (322)

.
with My :=  T[  m, for Xj, Yy €ber,, ., j=1,...,r.
k=1, k#£j

Proof. First we prove that the map
¢:Gr*(m,n) = hery, (P,....,P)—P® - QP
is injective. Let (Py,.., P), (Q1,-..,Q;) € Gr*(m,n) such that

PR QP =019 - ®Q,.

From Lemma 2.2.1 it follows that there exist aq,...,q, € C with ajas --- @, = 1 such
that

P1 = Clel, yoesoy PT = arQr.
Since P; and ); have only 0 and 1 as eigenvalues it follows that a; = 1 for all

j =1,...,r. Thus ¢ is injective. Let G denote the Lie group G := {(ay,...,a,) €
C" | arag---ap = 1} and g := {(w1,...,w,) € C" | wy + -+ w, = 0} its Lie algebra.
For any P € Gr*(m,n) and any w € g we have that w - P = (w1 Py,...,w.P.) ¢
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TpGr*(m,n). Since Gr*(m,n) is compact, from Corollary 2.2.13 we conclude that
Gr®(m,n) is a compact submanifold of hety diffeomorphic to Gr™(m,n).

For the second part of the proposition, let (3.22) be the inner product on het, x
-++ x her,, . The tangent tangent map of ¢ at P is given by

Tpp : TpGr* (m,n) — hery
(£177§7")'_>ZP1®®€]®®PT
j=1

Then, from the properties of the trace function and the fact that tr(P&) = 0 for all
¢ € TpGr(m,n), we obtain

(Tpo(€), Tre(m)) =D Y (P®-+Q&L® - @P,PL® @@ @ PF)

j=1k=1
T T
:ZZtr<(P1®~~®§j®~-®PT)(P1®~~®nk®-~-®Pr))
J=1k=1
T
j=1
(s
where Mj := [] my, forall §, n € TpGr*(m,n). Hence, ¢ is a global Riemannian
k=1, kit
isometry. O

The injectivity of the map ¢ defined by (3.21) is very special and does not hold in
general, as can be noticed from the subsequent example

ber,, x ---x ber, — bery, (Xi,...,X;) = X10---®X,. (3.23)

Remark 3.2.4 It is a well-known fact that the Grassmannian Gr(m,n) is diffeo-
morphic to the Grassmann manifold Grass(m,n), cf.[34]. Therefore, Gr(mi,ni) ®
Gr(ma,na) is diffeomorphic to

{(Vi @ Vo | Vi € Grass(my,n1), Vo € Grass(ma,ng)} C Grass(M, N),
where M := mimg and N := ning. This allows us to use the term r-fold tensor product
of Grassmann manifolds when talking about the manifold Gr®(m,n).
3.3 Symplectic vector spaces and Lagrange-Grassmannians

In this section we review the notions of Lagrangian subspaces of R?" and C?" and give
a representation of these subspaces by certain orthogonal and self-adjoint projectors,
respectively. In the literature [4], the set of all Lagrangian subspaces of R?" and C?"
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is a manifold called the Lagrangian Grassmannian. We show that the set of all projec-
tors representing Lagrangian subspaces is a submanifold of the Grassmann manifold.
Naturally, one could be interested in what happens to the complex version of the real
Lagrangian Grassmannian, i.e. the set of all complex Lagrangian subspaces of C?"
with respect to a sesquilinear form. In [5], it was proved that the complex Lagrangian
Grassmannian is a manifold, which is diffeomorphic to the group of unitary matrices.
Similar to the classical cases, we characterize the complex Lagrangian Grassmannian
by a subset of rank-n self-adjoint projectors of C?* show that this subset is a manifold.
We start with basic notions from symplectic geometry.

Definition 3.3.1 A symplectic vector space is a pair (V,w), where V is a finite di-
mensional vector space over K (K =C or K=R) andw : V xV — K is a bilinear
form, which satisfies the following:

(i) nondegeneracy
w(u,v) =0 forallveV = u=0,

(ii) skew-symmetry
w(u,v) = —w(v,u),

for allu, veV.

A complex symplectic vector space is a complex vector space V' endowed with a sesquilin-
ear formw : V x V — C, that is nondegenerate and

(ii’) skew-Hermitian

(JJ(U,’U) = —W(’U,U),
for allu, veV.
If (V,w) is a symplectic vector space (or complex symplectic vector space) and

W C V a subspace (resp. complex subspace), then the symplectic complement (resp.
complex symplectic complement) of W is

W ={veV ] wlw)=0, forall we W}.

Moreover, from the nondegeneracy of the bilinear form (resp. sesquilinear form) w, it
follows that
dimW + dimW* = dimV and (W¥)* = W. (3.24)

In contrast to the case of the orthogonal complement of a linear subspace, in general
W N W« #£ {0}. The following instances may occur:

(a) WNW® = {0} and say that W is a symplectic subspace (resp. complex symplectic
subspace);

(b) W C W% and say that W is an isotropic subspace (resp. complex isotropic
subspace);
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(¢) W« C W and say that W is a coisotropic subspace (resp. complex coisotropic
subspace);

(d) W = W¥ and we say that W is a Lagrangian subspace (resp. complex Lagrangian
subspace).

As a consequence of (3.24) it follows that a Lagrangian subspace (resp. complex La-
grangian subspace) W C V is an isotropic subspace (resp. complex isotropic subspace)
of dimension (dimV)/2.

Classical examples of symplectic spaces are given by the spaces K", equipped with
standard symplectic form

wu,v) =u'Jv, u, vek, (3.25)
where J is the skew-symmetric, nonsingular matrix
0 I
J = ", (3.26)
I, 0

and I, is the n x n identity matrix.
The space C?" can be endowed also with a sesquilinear form that we call the standard
complex symplectic form

w(u,v) = utJv, w, veC™. (3.27)

In what follows, we recall standard results for the classical cases of Lagrangian
subspaces of the standard symplectic spaces R?" and C?" as well as for the case of
complex Lagrangian subspaces of C?". To this extent, we present some basics on the
structure of symplectic groups, compact symplectic groups and their Lie-algebras. For
a detailed inquiry we refer to the literature [31, 45].

The symplectic group Sp(2n,K) is defined as

Sp(2n,K) = {6 € GLy,(K) | ©JOT = J},
and has as Lie-algebra the space of Hamiltonian matrices,
sp(2n,K) = {X € gly, (K) | JX = =X J}.

An easy computation will reveal the following block structure for matrices © and X in
the symplectic group and in its Lie-algebra, respectively:

o | ¢ x|t F 3.28
_ls T]’ _[C—ATL 2%

where Q,R,S,T,A,B,C e K" withQ'T-S"R=1, Q'S=S"Q, T" R=R'T,
BT = B and CT = C. We give also the compact version of the symplectic group, i.e.
the orthogonal symplectic group for K =R

0Sp(n) = SO, NSp(2n,R) = {© € SOy, | OJO" = J}
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and the unitary symplectic group for K = C
Sp(n) = SUs, NSp(2n,C) = {© € SUy,, | ©JO" = J}.
The Lie algebras of OSp(n) and Sp(n) are
osp(n) = {X € s09, | JX = XJ}

and B
sp(n) ={X €suy, | JX = X J},

respectively. Similar to the case of symplectic groups and their Lie-algebras, one obtains
the following block-structure for their compact version. Thus, ©® € OSp(n) and X €
osp(n) are given by

Q R A B
o= . X = : (3.29)
—-R Q -B A
with R,Q,A,B € R"™" and A = —AT, B = B'". For © € Sp(n) and X € sp(n) we
have
QO R A B
o= ° |, x=|"_ |, (3.30)
"R O B A

where R,Q,A,B e C"" and AT = —A,B" = B.

We know from the literature [4], that the set of all Lagrangian subspaces of R?" and
C?" is a manifold diffeomorphic to U(n)/O(n) and Sp(n)/U(n), respectively, called the
Lagrangian Grassmannian. The notation U(n) stands for the unitary group and O(n)
for the orthogonal group. In what comes, we identify the Lagrangian subspaces with
orthogonal and self-adjoint projectors of R?® and C?", respectively.

Proposition 3.3.2 ([32]) There is a one-to-one correspondence between the set of La-
grangian subspaces W C K2 and the set of all self-adjoint projectors P of K* of
rank-n which satisfy PTJP = 0.

Proof. We give the proof in the case K = C and mention that for K = R it is similar.
Let 8 denote the set 8 := {P € C>»*?" | pt = P P2 = P, PTJP = 0} and let
P € 8. Then PTJP = 0 and hence, Im P is a Lagrangian subspace of C2". Now, let
W C C?" be a Lagrangian subspace and B € C***" with BB = I,, a basis for W, i.e.
BTJB = 0. Since any © € Sp(n) is of the form

l O11 O ]
@ — — . 3
—012 O11

with ©11,015 € C"*" such that

i
01101, — 01201, = [011 O] J [ + ] =
12
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Hence, it is always possible to extend B to a basis © = [B  B*] € Sp(n) of the
symplectic vector space C?" and thus, there exist P = BB' such that W = Im R.
0

The Lagrange—Grassmannian is the set of all self-adjoint projectors of rank n with
the property that P'T.JP = 0, denoted by LGx(n), i.e.

LGg(n) ={P e K> | p=pPl, P=P2 trP=n,P"JP =0}.

It is clear that, the Lagrange—Grassmannians is diffeomorph to the Lagrangian Grass-
mannian. The Lagrange-Grassmannians LGg(n) and LG¢(n) are smooth, compact and
connected submanifolds of the Grassmann manifolds Grg(n,2n) and Gre(n, 2n), with
dimension n(n +1)/2 and n(n + 1), respectively. They are the orbit o(II) of the group
actions

o : 0Sp(n) x Grr(n,2n) — Grg(n,2n), (©,1)— 6TIIO

and
o : Sp(n) x Gre(n,2n) — Gre(n,2n), (©,1I) — ©TIIO,

for LGr(n) and LG¢(n), respectively. We remind that II is the standard projector of
K2" (3.2). The tangent spaces of LGg(n) and LG¢(n) at P are

TpLGr(n) = {[P, Q] | 2 € 0sp(n)} and TpLGc(n) ={[P, O [Q € sp(n)},

respectively. Moreover, every element P € LGg(n) and every tangent vector { €
TpLGg(n) has the structure

I, 0|~ 0 Z |~
_oT | in _oT
peer [ 25 coor[ 3 7)o -
where ® € OSp(n), Z € sym, and © € Sp(n),Z € her,, for K = R and K = C,
respectively. The projection operator onto TpLGgk(n), P € LGg(n) is

.
LI

wp: TpGrg(n,2n) — TpGrk(n,2n), & 5

(3.32)
Since, OSp(n) and Sp(n) are subgroups of SO(n) and SU(n), respectively, the geodesics,
the exponential map and the parallel transport on the Lagrange-Grassmannians LGk (n)
are restrictions of the same object on the Grassmann manifold Grg(n,2n). Further-
more, in [32] it was shown that this is still true for the proposed approximations of the
exponential map, i.e. the QR-~coordinates and the Cayley-coordinates.

We know that the set of complex Lagrangian subspaces of the complex symplectic
space C?" has a manifold structure diffeomorphic to U(n). In the sequel, we use the
same techniques as in the case of classical Lagrangian subspaces of K?" to define a
geometric structure for the set of complex Lagrangian subspaces by means of certain
self-adjoint projectors of C2". First, we introduce the Lie-group

Sp(2n,C) = {O € GLy,(C) | ©J61 = J},
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and call it the complex symplectic group. Its Lie-algebra is
5p(2n,C) = {X € gly,(C) | JX = —XTJ}.

and we call it the space of complex Hamiltonian matriz. The block-structure of © €
Sp(n) and X € sp(2n,C) is

Q R A B
0= . X = , (3.33)
ol ele

where Q, R, A, B,C € C", with Bf = B and C' = C. Thus, the space of complex
Hamiltonian matrices is a real vector space of dimension 4n?. The compact complex
symplectic group is the Lie-group

Sp(n) = SUs, NSp(2n,C) = {6 € SUy, | ©J61 = J}
with Lie-algebra
sp(n) ={X €suy, | XJ =JX}.
The matrices © € Sp(n) and X € 5p(n) have the following block structure

Q R A B
@:[ ] X:[ ] (3.34)
"R Q B A

where Q, R, A, B,C € C™*", with AT = —A and Bf = B.
Next, we prove that complex Lagrangian subspaces can be represented by self-
adjoint projectors of C?" with some properties.

Proposition 3.3.3 There is a one-to-one correspondence between the set of complex
Lagrangian subspaces W C C?" and the set of all self-adjoint projectors P of C*" of
rank-n which satisfy PJP = Q.

Proof. First we show that, for every self-adjoint projector P € C?"*2" of rank n with
PJP = 0, the subspace Im P is a Lagrangian subspace. Since dim¢ Im P = rankP = n,
we have to prove only that Im P is an isotropic subspace, i.e.

uw'Jv =0, for all u, veImP.

From PJP = 0, for v = Pz, v = Py, it follows that ufJv = 2TPJPy = 0, for all
z, y € C?". Second, we show that for every complex Lagrangian subspace W C C?*
there exists a self-adjoint projector P € C?*"*" with PJP = 0 such that W = Im P.
There exists a rank n self-adjoint projector P of C?" such that W = Im P. Hence, it
remains to show that PJP = 0. Since W = WY it follows that

uw'Jv =0, for all u,v € ImP

and thus, 2T PJPy = 0, for all z,y € C?". Hence, PJP = 0. O
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We denote with fé(n) the set of all complex Lagrangian subspaces of C?" and call it
the complexr Lagrange-Grassmannian, i.e.

LG(n) :={PeC>? | pl =p P=P? trP=n,PJP =0}
In the subsequent statement we show that fa(n) is indeed a manifold.
Theorem 3.3.4 The complex Lagrange-Grassmannian fa(n) is a smooth, compact

and connected real submanifold of the Grassmann manifold Gre(n,2n) and has dimen-

sion n?.

Proof. The manifold LG(n) is given as the orbit of the standard projector II of C2"
with respect to the group action

o §f)(n) x Gre(n,2n) — Gre(n,2n), (©,1I) — OTTI6.

0
The tangent space of f(\}(n) at P is given by
TpLG(n) = {[P,9) | 2 € F(n)}
and cach P € LG(n) and ¢ € TpLG(n) can be represented as
I, O 0 Z
—ef| — of
P @[0019,5 @[2016’ (3.35)

with © € é})(n) and Z € her,,. The tangent vectors of fa(n) at P can be obtained
from the tangent vectors in T pGrc(n,2n) with the following projection

£+ JET

7p: TpGre(n,2n) — TpGre(n,2n), & 5

(3.36)
Since f(\}(n) is generated by the action of a subgroup of SU(n) on the complex Grass-
mannian, it follows that the geodesics, the exponential map and the parallel transport
are the restrictions of the same objects from the Grassmannian Gre(n,2n). In the same
way as for the classical real Lagrange-Grassmannians it can be shown that also the QR-
coordinates and the Cayley-coordinates on E@(n) are restrictions of the QR-coordinates
and Cayley-coordinates, respectively, from the Grassmann manifold Gre(n,2n).

3.4 Riemannian structure of the tensor product of Lagrange-
Grassmannians

In this section, we extend the classical Lagrange-Grassmannians LGgk(n) and the com-
plex Lagrange-Grassmannian LG(n) to a tensor product of Lagrange-Grassmannians
and complex Lagrange-Grassmannians, respectively. We will prove that these tensor
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products are smooth and compact manifolds. Furthermore, we specify an isometry
with the direct product of Lagrange-Grassmannians.

Let Ji,...,J. denote the standard symplectic forms (3.26) on K™ ... K" re-
spectively. For simplicity we use the following notations:

N :=2n1---2n,, n:=(ny,...,n,), (n,2n):=((n1,2n),...,ns,2n,)). (3.37)

If r is odd then, the skew-symmetric nondegenerate matrix J; ® --- ® J, defines a
symplectic bilinear form on KV =2 K?>™ @ ... ® K" as

w: KV xKYN 5 R, wxy) =z (/1 ® @)y (3.38)

If J denotes the standard symplectic form on K, then there exists a permutation
matrix I' € KN*N such that

J=T(1®- - ®J)". (3.39)

If r is even, then J; ® -+ ® J. is symmetric and hence it does no longer define a
symplectic bilinear form on K. Thus, from now on, when discussing about symplectic
spaces, we will consider r odd.

If P, € LGk(n1),...,P € LGg(n,) are orthogonal projectors corresponding to
Lagrangian subspaces Wy, ..., W, in K?"1, ... K?" then, the Kronecker product P ®
---® P, is an orthogonal projector that corresponds to an isotropic subspace W of K.
From the rank of P ® --- ® P, it is evident that W is not a Lagrangian subspace of
KN nor with respect to J; & - - - ® J,., nor with J. We introduce the following notion.

Definition 3.4.1 A subspace W C K¥ is decomposable Lagrangian subspace of KV
if it is the image of a projector of the form P ® --- @ P, with P; € LGk(n;j), for
j=1...,r

We show that the set of all decomposable Lagrangian subspaces of KV that we call
r—fold tensor product of Lagrange-Grassmannians

LGE(n):={P ®---® P, | Pj € LGk(nj), j=1,...,7} (3.40)

has a manifold structure. In fact LG§ (n) is a Riemannian submanifold of Gr (n, 2n).
The Riemannian metric on LGE (n) and LG (n) is induced by the inner product (3.17)
and (3.6) on symy, ® --- ® symy, and hery, respectively.

Theorem 3.4.2 The r—fold tensor product of Lagrange-Grassmannians LG]%(II) s a
smooth and compact submanifold of Grg (n, 2n) with

T

dim LGF (n) =)

i=1

nz(nz =+ 1)

5 and dimg LGZ(n) = ;nl(nl +1). (3.41)

Moreover, the map
¢:LGE(n) - LGE(n), (Xi,....X;)—» X190 0X,,

defines a global Riemannian isometry.
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Proof. The map
&:Grﬂé(n72n)%Gr]§)(nv2n)a <P17-~-7P7’)'_>P1®"'®P7‘

is injective, it follows that also its restriction to the set LGy (n) remains injective. More-
over, the Lagrange-Grassmannians LGg(n;) are compact manifolds and also o P; ¢
Tp,LGg(n;), for all 1 # a € K and all j = 1,...,r. From Corollary 2.2.13 it follows
that LGy (n) is a submanifold of Gr (n, 2n). Since ¢ is a Riemannian global isometry,
then ¢ as well is a global isometry. The dimension of LG%(H) is equal to the dimension
of LGg (n). O

For r odd, we define the symplectic sesquilinear form
G:CVNxC™" = C, Gxy)=2'(1® - J)y.

A subspace W C CV is decomposable complex Lagrangian subspace if it is the image of
of a projector of the form P ® --- ® P, with P; € Z/La(nj), forj=1,...,r

Analogous to the r-fold tensor product of classical Lagrange-Grassmannians, we
show that the set of all decomposable complex Lagrangian subspaces of C??, called the
r-fold tensor product of complex Lagrange-Grassmannians

—® —
LG (n):={PA® - QP |PelGy, j=1,...,1r}

is a submanifold of Grg(n,2n). Moreover, Eég)(n) is isometric to the r-fold direct
product of complex Lagrange-Grassmannians

X

LG (n):={(Pi,....P) | P €LG,,, j=1,...,7}.

Theorem 3.4.3 The set f(\}®(n) is a smooth and compact real submanifold of Grg (n, 2n)
of dimension

dim Ija@)(n) = an
i=1
Moreover, the map
¢:LG ) LG (), (P,....P)—>P® -®P,

describes a Riemannian isometry between fa@)(n) and fax(n).

The proof is similar to the proof of Theorem 3.4.2.
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Chapter 4

Generalized Rayleigh-quotient on
Grassmannians

Several applications in signal processing, data compression, quantum computing, image
processing, etc., have a natural description as optimization tasks on the tensor product
of Grassmannians. In particular, we show that a certain generalization of the classi-
cal Rayleigh-quotient map relates to important optimization problems from numerical
linear algebra, which will be detailed in section 4.2. The isometry between the r-fold
tensor product of Grassmannians and the direct product of Grassmannians enables
to formulate any optimization task on the tensor product equivalently on the direct
product of Grassmannians.

The structure of this chapter is as follows: Section 4.1 is dedicated to the problem of
optimizing the generalized Rayleigh-quotient p4, including a detailed discussion on the
computation of its Riemannian gradient and its Hessian, as well as necessary conditions
for the nondegeneracy of its critical points. Moreover, we make an analogy to the
classcial Rayleigh-quotient and show by some examples, that unlike the classical case,
the generalized Rayleigh-quotient has also local optima.

In section 4.2, we discuss in detail several applications for the optimization task of
the generalized Rayleigh-quotient: (i) the best approximation of a tensor with a tensor
of lower rank from signal processing, statistics, and pattern recognition [50, 66]; (ii) the
Euclidean entanglement measure from quantum computation [15, 56]; (iii) a "chicken-
and-egg" problem in computer vision, namely the problem of determining subspaces
from noisy data [73]; (iv) a combinatorial problem, which is a generalization of the
well-known Brockett matching problems [10].

Using techniques from the transversality theory, we prove in section 4.3 that, the
critical points of the generalized Rayleigh-quotient p4 are nondegenerate when the
parameter A is taken generically in the space of Hermitian matrices. Furthermore, we
extend the result to handle also situations when one would like to exclude some of the
critical points from the genericity quest. Such a problem is encountered in applications
from computer vision, signal processing, image processing, quantum information, which
can be expressed as optimizations of p4, where A is only from a thin subset of the space
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of Hermitian matrices.

The optimization of the generalized Rayleigh-quotient of semi-positive matrices is
the topic of section 4.4. An important result in this section underlies a particular prop-
erty of the Hessian of p4 for A semi-positive definite, and is given in Theorem 4.4.2.
An immediate corollary of Theorem 4.4.2 states necessary conditions for the nondegen-
eracy of the critical points of p4. Moreover, we compute a lower bound for the rank of
the parameters, such that the critical points of the generalized Rayleigh-quotient are
generically nondegenerate. Another key point of section 4.4 concerns the critical points
of py when A is semi-positive definite and of rank-1, i.e. problems (i) and (ii). The
result stated in Theorem 4.4.10 says that the critical points of the generalized Rayleigh-
quotient satisfying a certain property are generically nondegenerate, and in particular,
the global maximizers are generically nondegenerate. As a consequence of Theorem
4.4.10, for problem (ii) we have a complete characterization, i.e. the critical points
except the global minimizers are generically nondegenerate and the global minimizers
are always degenerate.

4.1 The generalized Rayleigh-quotient

In this section, we introduce the central task of our work, i.e. the optimization of a
generalization of the classical Rayleigh-quotient on the r-fold tensor product of Grass-
mannians. We motivate our optimization task by the large area of applications and
stress its difficulty by pointing out crucial differences to the optimization of the classical
Rayleigh-quotient.

Let Gr®(m,n) be the r—fold tensor product of Grassmannians with (m,n) as in
(3.16) and let A € hery, N = ning---n,, M = mymgy---m,. In the following, we
analyze the constrained optimization problem

max  tr(AP). (4.1)
PcGr®(m,n)

For this purpose, we define the generalized Rayleigh-quotient of a matrix A as
pa:Gr®(m,n) - R, P tr(AP). (4.2)

We justify the term “generalized Rayleigh-quotient" for the map (4.2) by pointing out
that for only one Grassmannian in the tensor product we obtain the classical Rayleigh-
quotient pa(P) = tr(AP), P € Gr(m,n). The generalized Rayleigh-quotient can also be
regarded as the restriction of the classical Rayleigh-quotient on Gr(M, N) to the subset
Gr®(m,n). In the sequel, we discuss about the similarities and differences between the
generalized and the classical Rayleigh-quotient.

Since Gr®(m,n) is a compact manifold, it follows that the optimization problem
(4.1) is well-defined and

max tr(AP) < max tr(AP). (4.3)
PEGr®(m7n) PEGI‘(M,N)

The next example will show that the inequality (4.3) can be strict.
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Example 4.1.1 We take a matriz A € herg of the form A = diag(12378456). We
want to compare the maximal value of tr(AP) on Gr(2,8) with the mazimal value of
tr(AP) on Gr(2,4) ® Gr(1,2). It is know that

max tr(AP)=7+8.
PeGr(2,8)
Hence, there exists P = diag(0 001100 0) € Gr(2,8) such that po(P) = 15. However,
there exist no matrices of the form P; = diag(1 1 0 0) and P, = diag(1 0) and any
possible permutation of the 0s and 1s in Pi and P, such that P = P; ® P. Thus, the
mazimal value of the generalized Rayleigh-quotient is strictly smaller than 15.

It is well known that under the assumption that there is a spectral gap between
the eigenvalues of A € hery, there is a unique maximizer and a unique minimizer
of the classical Rayleigh-quotient of A. Unfortunately, this is no longer the case for
the generalized Rayleigh-quotient p4. Global maximizers and global minimizers exist
since the generalized Rayleigh-quotient is defined on a compact manifold, but unlike
the classical case, it admits also local extrema as we will show in the next example.
Because we do not want to enter into too many details in order to be able to give the
example, we have to clarify first some relations between the objects we work with.

Problem (4.1) comprises problems from different areas, such as multilinear low-rank
approximations of a tensor, geometric measures of entanglement, subspace clustering
and combinatorial optimization. These applications are naturally stated on a tensor
product space. However, for the special case of the Grassmannian they can be refor-
mulated on a direct product space. By abuse of notation we will define the map

pa:Gri(mm) 5 R, pa(Pr,....P):=tr (AP @0 P)) (4.4)

and call it as well the generalized Rayleigh-quotient of A. From now on, whenever we
discuss about the generalized Rayleigh-quotient, we have in mind the map (4.4). Based
on the isometry (3.21) between Gr®(m,n) and Gr*(m, n), the optimization problem
(4.1) has the equivalent statement

max pa(Pr,..., Pp). (4.5)
(P1y...,Pr)EGr™ (m,n)

Now, we can give our example to prove that the generalized Rayleigh-quotient has
also local extrema. For the case when A is of rank-1 we refer to Example 3 in [51].

Example 4.1.2 Let A = diag(A1, A2, A3, A1) € hery be a diagonal matriz with A >
A3 > A > A and Pf, Py € Gri2 of the form

. 10 . 00
Pl:[() 0] and PQ:[O 1].

The mazimum of pa is obvious less or equal to Aa. Since pa(Py, Py) = A2, we have
(Pf, Py) as the global maximizer of pa. From (4.13) it follows that all (P, P) €
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Gr(1,2) x Gr(1,2) with P1 and P» diagonal, are critical points of pa. In particular
(Py, Py) is a critical point of pa with pa(Py, Py) = A3 < \a. Moreover, one can check
by computing the Hessian of pa at (Py,Pf) , see (4.19), that (Py, P{) is actually a
local mazimizer of pa.

This implies that the generalized Rayleigh-quotient has local extrema, unlike the classical
Rayleigh-quotient. This is a result of the fact that not all 4 x 4 permutation matrices
are of the form ©1 ® Oq, with ©1, Oy € SU(2).

While for the classical Rayleigh-quotient one knows that the maximizer and mini-
mizer are orthogonal projectors onto the space spanned by the eigenvectors correspond-
ing to the largest and smallest eigenvalues of A, respectively, it is difficult to provide
an analog characterization for the global extrema of the generalized Rayleigh-quotient
for an arbitrary matrix A. Hence, in what follows, we give a detailed description of the
fundamental geometric objects necessary to develop Riemannian algorithms to tackle
the optimization problem (4.5).

4.1.1 Riemannian optimization of the generalized Rayleigh-quotient

In this section we derive clear expressions for the gradient and the Hessian of the
generalized Rayleigh-quotient of a matrix A € heryy on Gr*(m,n). Thus, in the fol-
lowing lemma we establish multilinear maps W4 ;, which will help us to achieve this
purpose. As before, (m,n) stands for the multi-index ((mq,n1),...,(m,,n,)) and
N =ning---n,.

Lemma 4.1.3 Let A € CVN and (Xq,...,X,) € CX™ x ... x C*" Then, for
all j =1,...,7 there exists a unique map W, j : C"X" x ... x C¥ > — C"*"™ such
that

r(AfXi @0 X2l e 0 X)) =tr (Vay(Xi,..., X,)12) (4.6)

holds for all Z € C"*™ . In particular, one has

tr <AT(X1 R ® Xr)) =tr <\IIA71(In1,X2, e ,XT)TX1>

(4.7)
=...=tr (mpA,r(Xl, ... ,Xr_l,Inr)TXT)
Moreover, for A:= A1 ® --- ® A, the maps W 4 ; exhibit the explicit form
Uai(X1,..., X)) = ( I1 tr(X,iAk)> Aj. (4.8)
k=1, k#j

Proof. Fix j and consider the linear functional

Zaa2) = (AKX 00 X,20- 0 X,)).
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By the Riesz representation theorem, there exists a unique B; € C"*" such that
A (Z) = tr (B]T-Z) for all Z € C"*™. Therefore, the map W4 ; is given by
(X1,...,Xp) = Yu(Xq,...,X,) := Bj. It is straightforward to show that W, ; is
multilinear in X, ..., X;. Now, choosing Z := X; and X := I,; in (4.6) immediately
yields (4.7). Moreover, (4.8) follows from the trace equality

tr(AjX10-®AlX;Z0 - 0 AlX,) = ( I1 tr(A;Xk)> tr(A1X;Z).
k=1, k#j

Thus the proof of Lemma 4.1.3 is complete. O

Remark 4.1.4 The linear maps ¥ 4 ; constructed in the above proof are almost iden-
tical to the so-called partial trace operators — a well-known concept from multilinear
algebra and quantum mechanics (see [7]).

Next, we show how to compute ¥4 ;(X7,...,X,) for given (Xi,...,X,) € C">X"™ x
<o x CX"r if A is not a pure tensor product A1 @ -+ @ A,.

Lemma 4.1.5 Let A € CN*N and (X1,...,X,) € C"¥™ x ... x C™*", Then, the
(s,t)-entry of Ua ;(X1,...,X,) € C%*" is given by
n
Z (e;l;®"'®ez®"'®e;)AT(X1®"'®Xr)(ei1®"'®et®"'®eir)’ (4.9)
iq=1, q#j

q=1,...,r

where {e;};L, denotes the standard basis of C™.

Proof. Let 1 < s, t < nj. Then, the element in the (s,t) position of the transpose
conjugate of the matrix W4 ;(X7,...,X,) is given by

ef (Wa(X1,..., X)) es = tr(\IJAJ-(Xl, . ,XT)TesetT)
:tr(AT(X1®---®Xjesej®-~-®Xr)>

:tr<AT(X1 @@ X,)(Ig, ®~'®esez®'~®lkr)).

n
Hence, (4.9) follows from the identity I,,, = Eq: eiqez;. O
iq=1

lq:
A useful property of the multilinear map W4 ; is given in what follows.
Lemma 4.1.6 Let A € hery and (X1,...,X;) € ber,,, x --- x ber, . Then,
Wai (X1, dngy ooy Xo)

1s a Hermitian matriz for all j =1,...,7.
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Proof. The result is a straightforward consequence of the identity
.I.
tr(A(X1®---®Z®---®XT)) :tr(A(Xl®---®ZT®---®XT)>, (4.10)

for all Z € C™*"i, O

Now, we can give an explicit formula for the Riemannian gradient of p4 and derive
necessary and sufficient critical point conditions for it. For simplicity of writing, when-
ever (Pp,...,P,) € Gr*(m,n) is understood from the context, we use the following
shortcut

~

Aj = \I/ij(Pl,...,Inj,...,Pr). (411)

Theorem 4.1.7 Let A € hety, P := (P1,...,P,) € Gr*(m,n) and let pa be the
generalized Rayleigh-quotient on Gr™"(m,n). Then, one has the following:
(1)  The gradient of pa at P with respect to the Riemannian metric (3.19) is

gradpa(P) = (ad%lﬁl, . ,ad%rg,«) : (4.12)
(1)  The critical points of pa on Gr*(m,n) are characterized by
[Pj7Aj] =0, (4.13)

forj=1,.. 51y d.e. Pjis the orthogonal projector onto an mj—dimensional invariant

subspace of A;.

Proof. (i) Fix P:=(P1,...,P,) € Gr*(m,n) and let p4 denote the canonical smooth
extension of pa to her, x --- x her, . Then,

DAAP)(X) =3 tr (AP & 0X;02PR)) = 3" 6(A,X,),
j=1 j=1

for all X := (Xy,...,X,) € ber,,, x---xber, . From (3.19), we obtain that the gradient
of pa at P is given by

Via(P) = (A1,..., 4.
Thus, according to (3.7) and (2.9),
grad pa(P) = (ad%plgl, . ,adQPT/T,,) .

(i1) P:=(Pi,...,P.) € Gr*(m,n) is a critical point of p4 if and only if

grad pa(P) = 0.
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This is equivalent to R R

forall j =1,...,r. By multlplymg (4. 14) once from the left with P; and once from
the right with P], we obtain that P; AJ =P A P; and A P; = P; A P;. Hence, the
conclusion [P;, 4;] = 0 holds for all j = 1,. O

As a consequence of Theorem 4.1.7, we obtain the following necessary and sufficient
critical point condition.

Corollary 4.1.8 Let A € hery, P := (Py,...,P,) € Gr*(m,n) and let ©; € SU(n;)
be such that @ij@; = 1I;, where 11; is the standard projector in Gry,,; n;. We write

\I’/- ‘Iﬂ-”
o;A00=1 7 (4.15)
T
vt vy

with V; € hev,, , U7 € her
of pa if and only zf

nj—my» and W5 € Cmi*(s=m3) . Then, P is a critical point

\IJ;” =0, (4.16)
forall j=1,...,r. Moreover, for any P € Gr*(m,n) the following holds

(W) = - = (W) = pa(P). (4.17)

In the case when A € hery can be diagonalized by elements in
SUmn)={6:®---®06, |0, €SU(n;), j=1,...,r}, (4.18)

it is possible to give an explicit characterization of the critical points of p4. We can
assume without loss of generality that A is diagonal and distinguish two possibilities:

(1) A can be written as Ay ® --- ® A, with A; diagonal;
(2) A cannot be written as a Kronecker product of diagonal matrices

The first case arises when A = 41 ® --- ® A,, A; € hetnj, and in this instance, the
generalized Rayleigh-quotient becomes a product of r decoupled classical Rayleigh-
quotients with one maximizer and one minimizer. However, there is a dramatic change
if A cannot be written as a Kronecker product of diagonal matrices. This situation
is encountered in Example 4.1.2 and the conclusion is that the generalized Rayleigh—
qutient has also local extrema. Next, we give a sufficient critical point condition for
the case when the matrix A is diagonal. Before that, we underlie a property of the
Kronecker product that will be used to prove the mentioned critical point condition.

Lemma 4.1.9 Let X; € C">™ \ {0},..., X, € C"*" \ {0}. Then, X; ®---® X, is
diagonal if and only if X1,...,X, are diagonal.
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Proof. The proof follows by induction over r. For r = 1 the conclusion is obvious.
Assume that the conclusion of the lemma holds for » and we show it for » 4+ 1. Then,
from (X1 ®---® X,)® X,4+1 diagonal with X, 1 # 0, it follows that X; ® ---® X, and
X,4+1 are diagonal. From the previous induction step we know that Xy, ..., X, are also
diagonal and hence the proof. U

Corollary 4.1.10 Let A € hery be diagonal. Then, (Pi,...,P.) € Gr*"(m,n) with
Pj any permutation of the standard projector 11;, for j =1,...,r, is a critical point of

pA-

Proof. If D € hery is diagonal, then
tr(D(X1®---® X)) = tr(D diag(X; ® - - - @ X)).

Moreover, from Lemma 4.1.9 it follows that X; ® --- ® X, # 0 is diagonal if and only
if X1 € per, \ {0},..., X, € ber, \ {0} are diagonal. Let Pi,..., P, be permutations
of the standard projectors, i.e. diagonal. Since A is diagonal, it follows that gl, . ,AT

are diagoanl and hence,
[P Jo Aj] =0,

for j =1,...,r. The conclusion follows from Theorem 4.1.7. [l

For the rest of this section we are concerned with the computation of the Riemannian
Hessian of p4 and give also necessary conditions for its nondegeneracy at critical points.

Theorem 4.1.11 Let A € hery and P := (P1,...,P,) € Gr*(m,n). Then, the Rie-
mannian Hessian of pa at P is the unique self-adjoint operator

H,,(P): TpGr*"(m,n) - TpGr*"(m,n),

(4.19)
&= (& 0&) = Hp, (P)(©) = (HL(9),. . HL(9),
defined by
H;(¢) = —adpady & + Yo adpUai(Pry gy s P, (4.20)
k=1 k]
where ﬁj = Wa(Pryee Dy Pr).
Proof. Let (f)NCl, . ,5CT) denote a smooth extension of gradpa to her,, x --- x ber, .

According to (4.12), we can choose

P~ %J(P) = adﬁgjgj.
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Then,
DX;(P)(X) =adx,adp,A; +adp,adx, A;

T
+ > adpUa(Pr,.. Iny, . Xpy oo Br),
k=1k#j

for all P := (Py,...,P.) and X := (X1,...,X;) in ber,, x --- x her, . Notice that
the derivative of the linear map Py +— Wa (P, ,Iy,,..., P, ..., ) in direction
Xy € bevy, (k#j)is Wa(Pr,... . In;, ..., Xg,..., Pr). Applying (3.7) and (2.9), the
Riemannian Hessian of p4 at P € Gr*(m,n) is given by

.
H,(¢) = —adpadg & + k lzl;#’ad%j\IJA,j(Pl, o dp &y P,
= b -]

for all £ := (&1,...,&) € TpGr*"(m,n). Here, we have used the following two facts:

(i) Clearly, ad 7 &; is skew-hermitian and hence
J

~

—adpj ad;{j fj = adpj a,dg]. Aj

is in the tangent space T'p, Gy p; for all §; € Tp, Gry; p;-

(ii) A straightforward computation shows that ade;adp, Aj is in the orthogonal comple-
ment of Tp,Gry,; »; and hence

ad%gjadgjadp].;lj =0
for all §; € Tp, Grm].,nj. O
Recall from [32] that for the classical Rayleigh-quotient, the Hessian of p4 at P € Gryy,
is nondegenerate if and only if the Sylvester equation
V7 - 20" =0

has only the trivial solution 0 = Z € C™*("=™)  The matrices ¥’ and U are defined in
(4.15) by taking into account that » = 1. Exploiting this fact, in the case of the gener-
alized Rayleigh-quotient we obtain only a necessary condition for the nondegeneracy of
the Hessian in a local maximizer or a local minimizer, as the next theorem will prove.

Theorem 4.1.12 Let A € hery, and P € Gr*"(m,n) be a local maximizer (local
minimizer) of pa. If H,, (P) is nondegenerate, then for all j =1,...,r the equality

o(i) Na(v) =0, (4.21)

holds with WV and W7 as in (4.15). Here, o0(X) denotes the spectrum of X.
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Proof. Let P := (Py,...,P,) € Gr*(m,n) be a local maximizer of p4. Since H,, (P) is
nondegenerate it follows that is negative definite and hence, H; restricted to {(0,...,§;,.
T P; Grmjmj} is negative definite. Hence

H,(0,...,&,...,0) #0,

for all 0 # §; € Tp,Gryn; pn; and j =1,...,7. From (4.20) it follows that
adpjadgjfj 75 0, (4.22)

for all 0 # &; € Tp, Gryy, n;- Now, according to Corollary 4.1.8, there exists ©; € SU(n;)
for all j =1,...,r such that P; = @}H]@j and

!/

odei—| 7 "] we ber, . U € het
1495 — 0 N ) j m;jo j n;—m;:*
J

Hence, from (3.31) it follows that (4.22) is equivalent to the fact that the Sylvester
equation
V.7, — 20" =0 (4.23)

has only the trivial solution 0 = Z; € Cmi*(ni=mj) for all j = 1,...,r. This, in turn,
is well-known to hold if and only if the intersection of the spectra of W’ and W7 is
empty. U

Remark 4.1.13 If A € hery can be diagonalized by elements in SU(n), then condition
(4.21) is also sufficient for the nondegeneracy of the Hessian of pa at local extrema. In
this situation the Hessian of pa at critical points is block-diagonal.

4.2 Applications of the generalized Rayleigh-quotient

There is a wide range of applications for problem (4.5) in areas such as signal processing,
computer vision and quantum information. We illustrate the broad potential of (4.5)
by four examples.

4.2.1 Best multilinear rank-(m,,..., m,) tensor approximation

The problem of best approximation of a tensor by a tensor of lower rank is important in
areas such as statistics, signal processing and pattern recognition. Unlike in the matrix
case, there are several rank concepts for a higher order tensor, [47, 51, 66]. For the
scope of this paper, we focus on the multilinear rank case.

A finite dimensional complex tensor A of order r is an element of a tensor product
Vi ®---® V., where Vi,...,V, are complex vector spaces with dim V; = n;. Such
an element can have various representations, a common one is the description as an
r—way array, i.e. after a choice of bases for V,...,V,, the tensor A is identified with

50§ €
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[aiy i ]300y 2y € CMXmP N see g, [66]. The j—th way of the array is referred

to as the j—th mode of A. A matrix X € C%*™ acts on a tensor A € Cn1xn2xxmnr
via mode—j multiplication x; and the result is a tensor in C™1**4>Xxnr j e,

nj
(-A Xj X)il...l'jflk‘lijJrl...iT = Z ail.uijflk2ij+1~~~irxk1k27 (424>
ko=1

cf. [50, 66]. Moreover, given A € CM>m2xxnr - X ¢ CL*™ and Y € C%*™  from
(4.24) one has

.AXjXXkY:(.AXjX> XkY:(.AXkY) XjX. (425)

It is always possible to rearrange the elements of A along one or, more general,
several modes such that they form a matrix. Let l1,...,l; and c1,...,¢, be ordered
subsets of 1,...,r such that {l;,...,l;} U{c1,...,¢,} ={1,...,r}. Moreover, consider
the products Ny := ny ., ---ny, Nj = Nejq "Ny, for k= 0,...,¢g—1 and k =
0,...,p—1, respectively. Then, the matriz unfolding of A along (I1,...,l;) is a matrix
Aqy,...1,) of size No x Ng such that the element in position (i1,...,%,) of A moves to

position (s,?) in A, .y, where

q—1 p—1
si=i,+» (i, — )Ny and  ti=ig, + Y (ic, — 1)N;. (4.26)
k=1 k=1

(C2><2><2

As an example, for a third order tensor A € we obtain the following matrix

unfoldings as in [50]

A _ aiil aiiz2 @121 Q122 A _ aiil aiiz @211 G212
1) = =
( a211 Aaz12 G221 G222 ’ ( a121 ai22 G221 G222

A _ a111  aiz1 G211 G221
B — :
aii2 ai22 G212 G222

The multilinear rank of A € C™ > X" ig the r—tuple (mq,...,m,) such that
my =rtank Ay, ... , my =rank Ag). (4.27)
To refer to the multilinear rank of A we will use the notation rank-(mq,...,m,) or
rank A = (mq,...,m,). Given a tensor A € C™* " *" e are interested in finding the
best rank-(my, ..., m,) approximation of A (assuming that A has rank greater or equal
to (my,...,m;)), ie.
min |A—B]. (4.28)
rank(’B)S(mlr'vm'f")

Here, ||A|| is the Frobenius norm of a tensor, i.e. ||A||?> = (A, A) with

N1yeeey Mg
(A, B) = vec(A)Tvec(B) = > @i biy.i,- (4.29)

01 yeenytpr=1
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Here, vec(A) refers to the matrix unfolding Ay ,) € CN*1,

In the matrix case, the solution of the optimization problem (4.28) is given by a trun-
cated SVD, cf. Eckart-Young theorem [18]. What would be a good generalization of
the singular value decomposition such that one could formulate a similar Eckart-Young
result for higher order tensors? There are several types of decompositions for ten-
sors available in the literature, see [11, 50, 71], however, there is no equivalent of the
Eckart-Young theorem for the higher-order case.

According to the Tucker decomposition [71] or its generalization, the higher order sin-

gular value decomposition (HOSVD) [50], any rank-(my, ..., m,) tensor can be written
as a product of a core tensor § and r Stiefel matrices X7 € C™*™ . X, € C"rx™mr,
i.e.

B=8x1 X1 xo %, Xy, XIXj=1Ip,j=1,..m

Using vec—operation and Kronecker product language, one has
VeC(S X1 X1 Xg - X, Xr) = (Xl XX XT)VGC(S). (430)

Thus, from (4.29) it follows that
1A — B2 = vec(A)lvec(A) — 2Re <vec(A)Tvec(B)> + veo(B) vec(B)
— vee(A)vec(A) — 2 Re <vec(A)f(X1 Q- ® Xr)vec(S)) + veo(8)Tvec(s).

Let a := vec(A) € C™™2 " and s := vec(§) € C™™2"r and consider for fixed
(X1,...,X,) € C">X™ ... x C"*™r the function

fogmamarme LR f(s) = |lal|* - 2Re<aT(X1 @ ® Xr)s> + |Is|1.

The minimal value of f on C"™ ™2™ ig
lall* — lla’ (X1 @ -~ © X,)|?
and hence, solving (4.28) is equivalent to solving the maximization problem problem

"X, -2 X2
e [ee(A) (X1 @ X,

with X}Xj = In;, j = 1,...,7. From the properties of the trace function, the best
multilinear rank-(my, ..., m,) approximation problem becomes

o Py (A ) ws1)

with A = vec(A)vec(A)! and P; = XjXJT, j=1...,r
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4.2.2 A geometric measure of entanglement

The task of characterizing and quantifying entanglement is a central theme in quantum
information theory. There exist various ways to measure the difference between entan-
gled and product states and we refer to [39, 59] for detailed reviews on quantifying
entanglement. Here, we discuss a geometric measure of entanglement, which is given
by the Euclidean distance of z € CV with ||z|| = 1 to the set of all product states
P={z1® @z, |z; € CY, ||z;|| =1}, ie.

0g(2) := min||z — z||°. (4.32)
xeP

Since
Iz — 2l = ||2|> — 2tz — 2Tz + ||2]|* = ||2]|* — 2Re(z1z) + 1,

it follows that any minimizer of §g is also a maximizer of

max Re (zT(ml ®: - ® xr)), (4.33)

z; €CM, ;=1

and vice versa. Moreover, since the maximal value is > 0 and in the critical points we
have z(z1 ® --- ® ) € R it follows that (4.33) is equivalent to

max [Nz @@, (4.34)
2;€C"3, |la;]=1

Hence, computing the entanglement measure (4.32) is equivalent to solving

(Pl,...,Pglgg;(rX(m,n) g ( 5! )) (4.35)

with A = 22 and P, = l‘li{, ..., P. = z,zl. Note that (4.35) actually constitutes a
best rank—(1,...,1) tensor approximation problem [15].

4.2.3 Subspace clustering

Subspace segmentation is a fundamental problem in many applications in computer
vision (e.g. image segmentation) and image processing (e.g. image representation and
compression), see [73, 75]. The problem of clustering data lying on multiple subspaces
of different dimensions can be stated as follows:

Given a set of data points X = {x; € R"}]Lzl which lie approximately in r > 1
distinct subspaces Sy of dimension d, 1 < dp < n, identify the subspaces S without
knowing in advance which points belong to which subspace.

Every dj dimensional subspace S C R” can be defined as the kernel of a rank
my, = n — di, orthogonal projector P of R with ny =n as

Sk ={x € R" | Pyx = 0}.
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Therefore, any point x € kLngk satisfies
[Pr|| - || Pox]] - - - | Pr]| = O,
which is equivalent to
tr(zaz " P) tr(zaz ' Py) - -tr(za ' P) = tr ((xxT Q- Qrx )(PL® - ® Pr)) = 0.

Thus, the problem of recovering the subspaces Sy from the data points X can be treated
as the following optimization task:

L r
min Pz = min  tr({APA® - -®PFP)), 4.36
PeGr*(m,n) ;]]‘;[1 H ¥ lH PeGr*(m,n) ( ( ! T)> ( )
with P := (Py,..., P,) and
L
A=) nr @@ mE] . (4.37)
=1 7 times

We mention that here we have used the same notation Gr™ (m, n) to refer to the direct
r—fold product of real Grassmannians.

4.2.4 A combinatorial problem

Let A = ()\]k)?iln k—1 be a given array of positive real numbers and let m; < ny, mg <
ng be fixed. Find m; columns and ms rows such that the sum of the corresponding
entries \;, is maximal, i.e. solve the combinatorial maximization problem

max max E Ak (4.38)
J
JC{1,...,n2} KC{1,...,n1} .
IEmy  (Kl=my IS REK

We can permute m; columns and meo rows of A by right and left multiplication with
permutations of the standard projectors II; and Iy, respectively. Hence, problem (4.38)
is solved by finding permutation matrices o1 and o9 which maximize:

Z(HUQAHCH)U? (4'39)
i,j

where Zi,j is the sum over all entries and II,, := aleal, II,, == a; II509. The sum
in (4.39) can be written as

> (MgyAllg, )ij =Y ((Hm ® ng)vec(A)> = tr(A(rL,1 ® HU2)), (4.40)

] 1,J i
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where A := diag(vec(A)). The last equality in (4.40) holds since II,, ®II,, is diagonal,
too. According to Corollary 4.1.10, we have the following equivalence

max tr <A(1_L71 ® H02)> = max )tr (A(P1 ® P2)>. (4.41)

91, 02 (P1,P2)€Gr*2(m,n

Hence, we can embed the combinatorial maximization problem (4.38) into our con-
tinuous optimization task (4.5). The generalization of (4.38) to A being an arbitrary
multi-array is straight-forward.

Problems of this type arise in multi-decision processes such as the following. Assume
that a company has n; branches and each branch produces ns goods. If ;i denotes the
gain of the j—th branch with the k—th good, then one could be interested to reduce
the number of producers and goods to m; and ms, respectively, which give maximum
benefit.

4.3 Generic nondegeneracy of the critical points

One could be interested in knowing with which "certainty" the critical points of a real-
valued function are nondegenerate. This type of question is common in differential
topology and the basic tool is the Morse-Sard theorem, which is used to prove various
transversality theorems, see e.g. [36]. In this subsection we derive a genericity statement
concerning the critical points of the generalized Rayleigh-quotient as a consequence of
the parametric transversality theorem [36]. We say that a property holds generically
if it holds on a residual set, i.e. on a subset of a topological space that contains the
intersection of a countable family of dense and open sets.

Let V, M, N be finite dimensional smooth manifolds and F' : V x M — N a smooth
map. Moreover, let Ty pyF' : V X TpM — Tp4 pyN denote the tangent map of F
at (A, P) € V x M. We say that F is transversal to a submanifold S C N and write
FSif

Im T(AJD)F =+ TF(AJD)S = TF(A,P)Nu (442)

for all (A, P) € F~1(S). Then, the parametric transversality theorem states the fol-
lowing.

Theorem 4.3.1 ([/36]) Let V, M, N be smooth manifolds and S a submanifold of
N. Let F : V.xM — N be a smooth map, let A € V and define Fy : M — N,
Fa(P):=F(A,P). If Fh S, then the set

{AeV |Fqamh S} (4.43)
is residual. If moreover S is closed, then the set (4.43) is open and dense.

Now, let f4 : M — R be a smooth function depending on a parameter A € V and
consider the map

F:VxM—oRxTM, F(A,P)=(fa(P),dfa(P)), (4.44)



60 4.Generalized Rayleigh-quotient on Grassmannians

where T*M is the cotangent bundle of M and df4(P) denotes the differential of f4 at
PeM.

The relation between the nondegenerate critical points of f4 and the transversality of
F' is given in the next result.

Theorem 4.3.2 Let M,V and F be as above and let S := I x My, where I is an open
subset of R and My is the image of the zero section in T*M. If F' h S, then the critical
points P € M of the smooth function fa : M — R for which fo(P) € I, are generically
nondegenerate.

Proof. Fix A € V and define
Fy:M—T"M, Fs(P):=F(A,P). (4.45)
From the Transversality Theorem 4.3.1 it follows that the set
R:={AecV|FshS}

is residual in V if F' h S. In the following, we will prove that F4 S is equivalent to
the fact that the Hessian of f4 is nondegenerate in the critical points P € M for which
fa(P) € I. This will prove the theorem.

First, notice that P, € FXI(S) if and only if P, € M is a critical point of f4 and
fa(P.) € I. Therefore, the transversality condition for Fy4 is

ImTPCFA+TFA(PC)S:TFA(PC)(]R>< *M). (4.46)

To rewrite (4.46) in local coordinates, we choose a coordinate chart ¢ on an open subset
U C M around P. with values in Tp,M, such that ¢=1(0) = P. and Dyp~1(0) = id.
Then define

fa:=faop t:ipU)—R.
Moreover, ¢ induces a chart ¢ : R x 7=} (U) = R x p(U) x Tp M C R x Tp, M x Tp M
around Fy(P.) via

P(a,7) = (o, z,(Dp~H(2)* (7)), x:=gpon(y),

Here, 7 : T*M — M refers to the natural projection and (D¢ ~!(x))*(y) := yoDy ().
Thus, for N
Fy=vpoFs00 1 pU)—=RxpU)xTpM

one has Fa(z) = (fa(z),z,dfa(z)). Since transversality of Fiy to S is preserved in
local coordinates, (4.46) is equivalent to

Im DFA(0) + R x Tp, M x {0} = R x Tp,M x Tj M. (4.47)

Since DF4(0) = (0,id, d?f4(0)) yields that (4.47) is fulfilled if and only if d®f4(0) is
nonsingular. Finally, the conclusion follows from the identity Hessy, (P.) = d?fa(0)
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which is satisfied due to the fact that P. is a critical point and D¢~1(0) = id.
Here, Hessy, (P.) denotes the Hessian form corresponding to the Hessian operator via
Hessy, (Pe)(z,y) = (Hy, (Pe)x,y) for all z,y € Tp M. O

An immediate consequence of the above theorem we obtain that if S = R x My and
F M S, then the set

{A € V| all critical points of f4 are nondegenerate}

is open and dense, which implies that the critical points of f4 are nondegenerate for
a generic A € V. In this situation, the validity of Theorem 4.3.2 does not change if
instead of the map F' defined in (4.44) we take the following

F:VxM—=TM, F(A,P):=dfa(P).

However, if one wants to exclude certain critical points of f4, as is e.g. the case in the
problem of best low-rank tensor approximation, it is useful to have F' defined by (4.44).

Now, the important conclusion about the critical points of the generalized Rayleigh-
quotient is given.

Theorem 4.3.3 The critical points of the generalized Rayleigh-quotient are generically
nondegenerate, i.e. the set

{A € hery | all critical points of pa are nondegenerate}

is open and dense.

Proof. Set M := Gr*(m,n), V := hery. For simplicity, we identify the cotangent
bundle T*M with the tangent bundle TM and work with the map

F:VxM—->RxTM, (A,P)— (pa(P),gradps(P)), (4.48)

where gradpa(P) is the Riemannian gradient of p4 at P. We show that F' th S, where
S :=R x My and My is now the image of the zero section in TM, i.e.

Im T(A,P)F + TF(A,P)S - TF(A,P) (R X TM), (449)

for all (A, P) € V. x M with gradps(P) = 0. As in the proof of Theorem 4.3.2, we
rewrite the transversality condition (4.49) in local coordinates, i.e.

Im DE(A,0) + R x (TpM x {0}) =R x (TpM x TpM), (4.50)

where N
Fi=t¢poFo(idxo ™) :VxW =5RxW x TpM.

Here, ¢ : U — W C TpM is a chart around P with ¢~1(0) = P and Dy ~1(0) = id and
Y :Rx 7 Y U) = Rx W x TpM C R x TpM x TpM is the corresponding induced
chart around F'(A, P). With this choice of charts, we obtain

ﬁ(A’x) = (,514(113),1‘, VﬁA($)),
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where pa := paop !t : W — R. Since A — 54(0) is linear and Vp4(0) = gradpa(P) =
0, one has
DF(A,0)(X,€) = (px(0),€, Vx(0) + d*pa(0)¢) .

Thus, condition (4.50) holds if and only if
Im V5((0) + Im d*p4(0) = TpM. (4.51)
Finally, we will show that Im Vp((0) = TpM which clearly guarantees (4.51). Let

£€:=(&,...,&) € (Im Vﬁ(.)(O))J‘, then we obtain

0= (Vpx(0),§) = dpx (0)§ = dpx (P)§
—tr(X(zr:Fﬁ ®---®@®---®R«)>,
j=1

for all X € hery. Notice, that the equality dpx (0)¢ = dpx (P)¢ follows from Dp~1(0) =
id. Therefore,

T
Y>P® - ®§R P =0 (4.52)

j=1
and this holds if and only if & = 0,...,& = 0, since according to Lemma 3.2.2, all
summands in (4.52) are orthogonal to each other. We have proven that F' h R x T pM x

{0} and hence F' th S. From the Theorem 4.3.2 it follows immediately that the critical
points of the generalized Rayleigh-quotient are generically nondegenerate. O

From the proof of the above corollary, we extract the following equivalent formula-
tion for the transversality condition (4.49):
Let F : heryy x Gr* (m,n) — TGr* (m, n) be the map defined by (A, P) — grad pa(P),
and for fix P € Gr*(m,n) define

Fp:hery — TGr*(m,n), A~ grad pa(P).
Then, F' i S if and only if
ImTyFp+ImH,,(P)=TpGr*(m,n), (4.53)
for all (A, P) € hery x Gr*(m,n) with grad pa(P) = 0. As before S is the zero section

in the tangent bundle TGr* (m,n).

4.4 Critical point discussion in the case of the best low-
rank tensor approximation problem

In the previous section we have proved that the critical points of the generalized
Rayleigh-quotient p4 are nondegenerate for A in an open and dense subset of hery.
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A key point was the fact that the generalized Rayleigh-quotient depends linearly on
the parameter A € hery. However, for the problem of best approximation of a ten-
sor with a tensor of lower rank, A is a positive semidefinite matrix of rank-one, i.e.
A = zzf, 2 € CV, and hence no longer from a vector space. With x as the new
parameter, the generalized Rayleigh-quotient is no longer linear in the parameter, but
quadratic. In what follows, we analyze the general situation when the generalized
Rayleigh-quotient depends quadratically on the parameter, particularly

prxi(Pre P = (XX (P9 B ), (4.54)

where X € CN*K K < N and N :=ning-- - n,.

Let Sty = {X € CV*E | rank X = K, K < N} denote the noncompact Stiefel
manifold, i.e. the set of all full rank matrices X € CN*K with K < N, and define the
map

F:Stgn x Gr*(m,n) - TGr*(m,n), (X,P)+— grad pxxi(P). (4.55)
By fixing P € Gr*(m,n) in F', we obtain the following map
Fp:Stg.ny — TpGr*(m,n), X — grad pxxi(P), (4.56)
with the following tangent map at X € Stx n
TxFp: C*N = TpGr*(m,n), TxFp(Y) = grad pxyt,y xt(P).

To avoid confusion, we accentuate that grad px xi(P) and H, . (P) denote the Rie-
mannian gradient and the Hessian of pxxt at P € Gr*(m,n).

Recall the equivalent transversality condition (4.53) for the generalized Rayleigh-
quotient pa, A € hery. We prove in the sequel that, F' M S if and only if ImTx Fp =
TpGr*(m,n), for all (X, P) € F~1(S), with S the zero section in the tangent bundle
of Gr*(m,n). We denote with (Im Tx Fp)* the orthogonal complement of Im Tx Fp
in TpGr*(m,n). For simplicity, we give first a characterization of the elements in
(Im TX Fp)J‘ .

Lemma 4.4.1 Let X € Stgn, P € Gr*(m,n) and let Fp be the map defined by
(4.56). Then 0 # & = (&1,...,&) € (ImTxFp)* if and only if

T
O P @R 0P)X =0. (4.57)
j=1
Proof. On the vector space her,, x --- x her, we consider the inner product (-,-)

defined by (3.19). Let A € hery and denote with p4 a smooth extension of p4 to
ber,, x---x bet, . For P € Gr*(m,n) the following hold

Dpa(P)() = tr (A( 3

j=1
= <VIBA(P)77]> = <grad ,OA(P)’U>>

P1®"'®Zj®"'®Pr)> (458)
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for all n € TpGr*(m,n). Here, Vp4(P) is the gradient of p4 at P and grad pa(P) is
the Riemannian gradient of p4 at P.

Let X € St n, P € Gr*(m,n) and ¢ := (£,...,&) € Tp(ImTxFp)*. From the
definition of the orthogonal complement in T pGr* (m, n) we have that £ := (£1,...,&) €
Tp(Im Tx Fp)t if and only if

(¢, grad pXYT+YXT(P)> =0, (4.59)

forall Y € TxStx y = CV*X. From (4.58) and (4.59) we have that ¢ € Tp(Im Tx Fp)*+
if and only if

tr<(XYT +YXHO Ao 0ge--- Pr)> = (& grad pxytiyxt(P)) =0,
j=1

for all Y € CNV*¥ | which is equivalent to
T
(ZP1®...®£].®...®PT)X:O_
j=1
[l

Theorem 4.4.2 Let X € St n, P € Gr*(m,n) and let Fp be the map defined by
(4.56). Then,
(Im Ty Fp)® C ker H, .(P).

Proof. Let X € Stk .y, P € Gr*(m,n) and & := (&,...,&) € Tp(ImTxFp)t. To

prove that £ € ker H, . (P), it is necessary and sufficient to show that

<HPXXT (P)§7n> = Oa

for all n € TpGr*(m,n). Explicitly, it is left to show that

Er:tr (xxF (P& @ (g, Pln; + [0, Pl&) @ -~ @ Py )

= (4.60)
+3 Y u(xxiPe - ene- g0k =0,
i=1k=1, kj

for all n € TpGr*(m,n). With the following notations
4; =t (XXI(PL@- oG Plye - oPR),

By =tr(XX{(Pi@-@h,Plge - on)
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equation (4.60) becomes

T

r T
SA+B==-3 Y u(XX[(Po-one - 04e--0PR), (461)
= =1 k=1k#]

for all n € TpGr*(m,n). By multiplying (4.57) from the left with (I,, ® --- ® P; ®
.-+ ® I,,) and substracting the new equation from (4.57), we obtain that

<p1®...®(§j_pjgj)@)...@pr)xzo, (4.62)
for all j =1,...,r. Moreover, since §; = P;&; + &;Pj, from equality (4.62) we obtain
(p1®-~-®§j13j®---®Pr>X_o, (4.63)
for all j =1,...,r. Furthermore, from (4.57) it follows that
XX*<k£1P1 ®---®£k®---®PT) <Im ®---® Pjnj ®---®Im> =0, (4.64)

forall j =1,...,r. Hence,

4; = (XXT(Pe - 0gPn e 0 F))

.
tr<XXT(z P1®.--®§k®--.®Pr><Im®--~®Pjnj®~--®lnr>>
k=1

T

_ tr(XXT(Pl®"'®Pj77j®"'®§k®"'®Pr))
k=1,k#j

_ tr<XXT(P1®--~®ij®~-®§k®---®Pr)>,
k=1k#j

for all j =1,...,r. Similar to (4.64) we obtain that
T
(Inl®"~®[77j,Pj]®~-®Im><Z P1®-~~®§k®'--®P,ﬂ)XXT =0, (4.65)
k=1

and hence,

T
By =— ¥ u(XXN(Pa- - ohPPo  0&o-0PR),
k=1,k#j

for all j =1,...,r. Moreover, since Pjn;P; = 0 for all n; € Tp,Gry; »n; , it follows that
T

Bj =— X% tl"(XXT(Pl®"'®77j,Pj®“‘®§k®"'®Pr))v
k=1,k#j
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for all j = 1,...,r. Recalling that n; = Pjn; + n;P; for every n; € Tp,Gry, n;, the
conclusion follows

T T
SA+B=-Yr Y u(XX'(Pie- oo 040 0F)).
j=1 =1 k=1k#j

Thus (H, ,(P)§ n) = 0for alln € TpGr™(m,n) and hence, § € kertH, _, (P). O
As an immediate consequence of the above theorem we have the following result
about the critical points of py xt, X € Stg n.

Corollary 4.4.3 For X € Stx n, all critical points P € Gr*(m,n) of pxxi for which
(Im Tx Fp)* # {0} are degenerate.

Another consequence of Theorem 4.4.2 is a necessary and sufficient condition for the
generic nondegeneracy of the critical points of the generalized Rayleigh-quotient (4.54).
Corollary 4.4.4 Let F be the map defined by (4.55) and S the zero section in TGr* (m,n).
Then, F' th S if and only if

ImTxFp =TpGr*(m,n), (4.66)

for all (X, P) € F~1(S), with Fp defined by (4.56). Moreover, from Theorem 4.5.1 it
follows that if F'th' S, then the set

{X € Sty n | all critical points of px xi are nondegenerate}

is open and dense.

Depending on the rank of the parameter X of py y+, we prove next that the critical
points of the generalized Rayleigh-quotient are generically nondegenerate.

Theorem 4.4.5 Let F' be the map defined by (4.55) and S be the zero section in the
tangent bundle of Gr*(m,n). If

T
K>N-—2min{ [[ mu|j=1....7}, (4.67)
k=1, k#j

then F' is transversal to S. Moreover, the set
{X € Stg n | all critical points P € Gr*(m,n) of pxx+ are nondegenerate}

is open and dense.
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Proof. We will prove that when condition (4.67) holds, then (ImTxFp)t = {0}
holds for all (P, X) € F~1(S). Hence, the conclusion follows from Corollary 4.4.4 and
Theorem 4.3.1.

Without loss of generality we can assume that P = (IIy,...,II,.), where II; are the
standard projectors of C", j = 1,...,r. Let X € Stg n such that (II, X) € F~1(9).
Assume that there exist 0 # ¢ € (Im Ty Fp)*. From Lemma 4.4.1 we have

T
O e @@ - 0lL,)X =0. (4.68)
j=1
Next, we show that

dim ker(ZH1®---®§j®~-®Hr>§N—2min{ II meli=1,....r} (4.69)
=1 k=1, k#j

,
Let 0 # n € TpGr*(m,n) and denote with W:= > II; ® --- ®n; ® - - - ® I, then
i=1

T
14 =H1®<Z H2®"‘®nk®"’®ﬂr)+7’1®H2®"‘®Hr
k=2

r
k=2

)

Zloly@--- oI, 0

where
0 Z;

ZI S TH1 Grml’m,

m =

and Z; € Cmax(m—m) Thyg,
rank W > rank m @ Il ® - - - ® I1,.
Similar, we obtain that
rank W >rank II; @ ---®@n; @ - - - @ I, (4.70)

forall j=1,...,r
By the Rank-Nullity Theorem we have

dim ker W = N —rank W
and by (4.70) it follows that

N —rank W < N —max{rank II; ® ---@n;®---@IL. | j=1,...,7}.
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Moreover, since 7 # 0 there exists j between 1 and r such that rank 7; > 2. Thus, we
obtain that

T
N —rank W < N — 2min{ H mi|j=1,...,1} (4.71)
k=1, k#j
which proves (4.69), which implies that (Im Tx Fp)* = {0}. O

In view of applications, one is in particular interested in what can be said about the
nondegeneracy of the critical points of the generalized Rayleigh-quotient in the case
when K =1, i.e. p,,+ with z € CV. Recall from Section 4.2.1 that when K = 1, the
maximization of the generalized Rayleigh-quotient p...+ is equivalent to finding the best
approximation of a tensor T € C™**" with a tensor of lower rank (4.28). The tensor
T and the vector x are related by the fact that = is a lexicographical representation of
T. At this point we recall some of the important notions when dealing with tensors, and
refer to Section 4.2.1 and the literature therein for details. If 7 is a tensor in C™1 % *nr
then 7(;) € Cn*Ni with N; = N/n;j denotes its matrix unfolding along the direction
j, for j =1,...,7. The rank of T is rank T = (rank 7{y), ..., rank 7{,)). Moreover, we
say that a tensor T has full rank if the unfoldings T(y), ..., T(,) have full rank.

It is known that for a tensor of order 2 (matrix) the column rank and the row rank
are equal, hence a best approximation with a tensor of rank < (mj,mg) is equivalent
to a best approximation with a tensor of rank (m,m), where m = min{m,ma}. For
higher-order tensors there is no similar statement known. In the following lemma,
we give a relation between the values mq,...,m, from the best (mi,..., m;)-rank
approximation of a tensor, which is in a certain sense a generalization of the statement
about the best rank-(mq,m2) approximation of a matrix.

Lemma 4.4.6 Let m; < ni/2,...,m, < n,/2 be given natural numbers and let N :=
ning - --n,. If there exists a permutation § € S, such that

Mpa(1) > MpE(2)MB(3) ** MB(r)s (4.72)

then, for any x € CN, the local extrema of the generalized Rayleigh-quotient p,,+ are
degenerate.

Proof. Without loss of generality we assume that § = id, thus
mi1 > mMoms - - My.

The proof is given for r = 3, as the generalization is straight-forward. Let z € CY with
N :=ningng and let (P, P2, P3) € Gr*(m,n) be a critical point of p,,+. Then

tr (a:ﬂfT(& RP® Pg)) =0 (4.73)
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for all & € Tp,Gryy,y p,- Let X € C"1*"2 he a matrix such that © = vec(X). With
the Kronecker-vec formalism we can write

€& P Pija = vec( X (P @ P))
and hence (4.73) becomes
tr (X(P2 ® Pg)XTgl) =0,

for all £ € Tp, G110, - Here we have used the following property of the trace function

and vec operator
tr(A'B) = vec(A)vec(B),

for any A, B € C™"*™.
Let ©1 € SU(n;) such that P, = @IHl@l. Then, from Corollary 4.1.8 it follows
that
L[ o
o (X(P2 ® P3)XT>®1 _ , (4.74)
0w

where U] € her,, , ¥/ € her Since,

miyo ni—msi*

rank (,X(PQ ® Pg)XT) < moms < my

it follows that rank ¥} < m; and rank ¥} < m; and hence
{0} C o(T) Na (L) #0,

where o(¥}), o(¥}) denote the spectrum of ¥} and ¥} respectively. From Theorem
4.1.12 it follows that the Hessian H, . (P) is degenerate. O

From the above result it can be easily noticed that for the best rank-(mq,ms)
approximation of a second order tensor, the local extrema of the generalized Rayleigh-
quotient are degenerate if my # mg, i.e. m1 > mg or mo > my. In this sense, the
relation (4.72) is a generalization of the fact that it is required the best rank-(m1, ma)
of a matrix with m; = mao.

We enclose the analysis of the problem of best approximating a tensor by a tensor
of lower rank, with some genericity results on the critical points. We provide sufficient
conditions which guarantee that the critical points of the generalized Rayleigh-quotient
Pzt that satisfy a certain condition are nondegenerate for x from a residual set. As
before, x is a vector representation of a tensor 7. In particular, we obtain that the
global maximizers of p,,+ are nondegenerate for a generic choice of x.

We know from Corollary 4.4.4 that the map F' defined by (4.55) is transversal to
the zero section in TGr*(m,n) if and only if In T, Fp = TpGr*(m,n) or equivalent
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(Im T, Fp)t = {0}, for all (x,P) € F~(S) (S is the zero section in TGr*(m,n)).
From Lemma 4.4.1 we have that ¢ € (Im T, Fp)* if and only if

O P® @R @ P)r=0. (4.75)
j=1

has only the trivial solution & = 0.

In what follows, we want to find an equivalent formulation for (4.75). To simplify
the exposure, we will present in detail the linear system of equations (4.75) in the case
when r = 3, since the general case follows straight-forwardly. Choose unitary matrices
©,; € SU(n;) such that P; and {; have the standard representation

0 Z

P;=0l1;0; and ¢ =6! ZT
J

0, (4.76)

respectively. Then, rewrite the system of equations (4.75) with (Z1, Za, Zz) € C™1*(m=m) x
(Cmgx(nz—mz) % (Cm3><("3_m3) as variables

<C1®H2®H3+H1®C2®H3+H1®H2®C3>§:0. (4.77)

0 Z
Al

J
corresponding to ¥ (T = vec(7T)), then (4.77) has the equivalent formulation in terms
of tensors

Here, ¢; = and T = (01 ® Oy ® O3)x. If T € C"*"2X"3 ig the tensor

T X1 xollg x3 I3+ T xq1 1l xo (o x31I3 4+ T x1 11 xo IIs x3 (3 =0. (478)

Denote
A =T X1 Q1 X2 Q2 X3 Qg € CmXm2xms,
B =T x1 Qf x5 Q2 x3 Qg € Clm—m)xmaxms, .
C:=T x1 Q1 X2 QF X3 Q3 € Cmrx(n2mma)xms, ‘
D=7 X1 Ql X9 Q2 X3 Qé— c (Cm1><m2><(n3—m3),
where
I, 0
Q] e c anxmj and Qj‘ — c (anx(nj—mj)’
0 (nj—my)

for j = 1,2, 3. Recalling that 7{;) denotes the unfolding of T along direction j and that

(T x; V)5 =VTy),
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for all V€ CF*™i | j =1,2,3, the equation (4.78) can be written in matrix form along
direction 1 as follows

G(T xg Mg x3 I3) 1y + M1 (T x2 2 x5 I3) (1) + I (T x2 M2 X3 (3) (1) = 0.
This is equivalent to
[0 Z1 (T x2TIp x3103) (1) + Ql(T x2 (o x3 3) (1) + Q1 (T xa Ty x3 G)1) =0,
[Z} 0} (T x2 Iy x5 T03) 4y = 0
and in tensor formalism to
T x1 (Q1)1Z1 xo My x3 T3 + T x1 Q1 X2 (o x3 3 + T x1 Q1 x2 Iy x5 (3 = 0, (4.80)
(T x1 Q1 x2 g x31I3) x4 ZI =0.(4.81)
Using the same techinque for direction 2 on (4.80), we obtain

T x1 (Q1)1Z1 x2 Q2 x5 M3+ T x1 Q1 x2 (Q7)Zs x5 I3
+ T x1 Q1 X2 Q2 x3¢3 =0, (4.82)

(T x1 Q1 X2 Q2 x31I3) X3 Z3 = 0. (4.83)
One more time for the direction 3 and (4.82) and it follows
T x1(Q1) 21 x2 Q2 x3 Q3+ T x1 Q1 X2 (Q2)'Z2 x5 Q3
+T x1 Q1 X2 Q2 X3 (Q3)1Z3 =0,

(T x1 Q1 X2 Q2 X3 Q3) x3 Z} =0.

With the notation given by (4.79), the solutions (Z1, Z2, Z3) of (4.77) are solutions of
the system

Ax1Zi=0 (4.84)
AxyZi=0 (4.85)
AxsZi=0 (4.86)
Bx1Z1+Cx9Z9+Dx373=0 (4.87)
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and the other way around. Since the first three equations above have the matrix form

Z{Aqy =0 (4.88)
Z§ Ay =0 (4.89)
Z3Agy =0, (4.90)

it follows that if A has full rank, then the system (4.77) has only the trivial solution.
Recall the multilinear map W=  defined by (4.6) and denote

X1 1= Wy (Iny, T, TMg) = Ty (T @ Th) T, (4.91)
Xy 1= Wy o(Iy, Iy, Tlg) = Tio) (I @ T3) T, (4.92)
Xy 1= Uiz 4(Iy, Ty, Ly) = Ty (T @ )Ty, (4.93)

where 7T(;) is the matrix unfolding of T along direction j. From the notation (4.79) we
obtain that

A
. _ | W ] t
Ko=) | Al Bl |, (4.94)
M
Ao | f
¢ oo
Xa=| [ 4l <l ] (4.95)
L C |
S
N (3) t ot
Xa=| | Aly Dl | (4.96)
| Doy |

where B(1), C(2) and D(3) are the matrix unfoldings of B, € and D along direction 1, 2
and 3 respectively. With the above specifications, the critical point condition (4.1.8)
ca be equivalently given as follows.

Lemma 4.4.7 Let x € CV, P € Gr*(m,n) and Ay, Ay, Ay, By, Cay, D3y as
defined before. If P is a critical point of p,.i, then the critical point condition (4.1.8)
is equivalent to
T T T
Moreover, . . .
Przt (P) = tr(X1H1) = tI‘(XQHQ) = tI‘(X3H3) ( )
4.98
= tr(AmAf}) = tr(A@)Aly) = tr(AAly).

In particular, for the best low rank approximation of a matrix X € C"*"2 with a
matrix of lower rank, from Theorem 4.4.2 we obtain the following conclusions about
the critical points.
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Theorem 4.4.8 Let X € C™*™ be a full-rank matriz with the property that there
exists a spectral gap between its m-th and m + 1 singular values, and let x := vec(X).
Then, the generalized Rayleigh-quotient p,,+ has only one minimizer and only one
mazimizer. The mazimizer (Py, Py) € Gr*(m,n) of pa is given by the orthogonal
projectors onto the space spanned by the my := min{mi, ma} (M1 < n1/2, ma <ng/2)
left, respective right singular vectors corresponding to the largest m, singular values, and
it is nondegenerate. The minimal value of p,.+ 15 0 and the minimizer is degenerate.

Proof. Since x = vec(X), the generalized Rayleigh-quotient can be written as
Poat = tr(zal (Pl @ P)) = tr(XTPLX Py).

Let (P, Py) € Gr(mi,n1) x Gr(ma,na) be a critical point of p,,+ with corresponding
unitary matrices ©1 and ©5 and let

o xo! [ X1 X2 ]
1 — )

Xo1 Xoo

where X711 € mem, X9 € (me(ng—m)7 Xo1 € (C(nl—m)xm7 X9y € (C(nl—m)x(ng—m)'
According to Theorem 4.4.2 it is desired to cancel out all those critical points P of p_,+
for which (Im T, Fp)* # {0}, i.e. the system (4.84)(4.87) has only the trivial solution.
In the matrix case, this means that we are interested in those P for which the system

XQZ}L + Z9Xo1 =0 (499)
X121 =0 (4.100)
X1, Zy=0 (4.101)

has only the solution Z; = 0, Zy = 0. If X;; is invertible, then the system (4.99) —
(4.101) has (0,0) as the unique solution. What happens when Xj; is not invertible?
In this situation, let U € C**™ with orthogonal columns span the kernel of X;; and
V € C™*k with orthogonal lines span the kernel of X{rl. From (4.100) and (4.101) it
follows that there exists Y; € Ck*(mi—m) 'y, ¢ Ck*(n2=m) gych that Z; and Zs can be
given as

Z1=UWY1, Zy=VYs.
Moreover, since P is a critical point, from Corollary 4.1.8 it follows that
X[, X11 =0, X11X} =0,

which means that there exist matrices A; € C(M =Xk and A, € Ck*(m2=m) gych that
X192 and X391 are represented as
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Hence, the system (4.99) — (4.101) becomes
VAY, U+ VY, AU =0 <= A)Y] + YA, =0,

which is an underdetermined k? x k(ni + na — 2m)—system and hence there exist
nontrivial solution Y7, Y3. Thus, the system (4.99) — (4.101) has a unique solution
(Z1,Z2) = 0 if and only if X;; is invertible. In this situation, Xj2 = 0 and X9 = 0.
Hence, all critical points P of p,,+ which satisfy (ImT,Fp)*t = {0} bring X in the
form

X 0
©,X6} :[ H p ] (4.102)
22

with X717 invertible. The set of all full rank matrices with this property is open and
dense in C"*"2. Now, let P := (P;, P») be a local maximizer (or local minimizer) of
Pyt With corresponding ©1 and ©9 such that (4.102) holds. For which P the system

H, .(P)=0 (4.103)

zat

has only the trivial solution £ = (&1,&2) € TpGr™(m,n)? From the Theorem 4.1.11 and
equations (4.102), (3.5) and (3.31), the system (4.103) becomes a system in (Z;, Z3) €
(me(nl—m) % me(ng—m)7 ie.
X X121 — X1 22X}, = 0 (4.104)

X121 X9y — X}, X11Z5 = 0.
Using Kronecker-vec formalism, the matrix of the system (4.104) can be written as

Ity —m) ®X11XL —X22 ® X11

H—
—X}, ® X}, Iy —m) ® X1, X1

Then,
det(H) = det (I(mm) ® XHXL)
det (I(n2_m) ® X1 X1 — Xy @ XJ1 (I, ) © X11X]1) "1 X0 ® X11>
— det (I(m_m) ® XHXL) det <I(n2_m) ® X]1 X1 — X3y Xoo @ I(m_m)> :

It follows that H is invertible if and only if o(X31) N o(Xa2) = 0, where o(X71) and
0(Xa2) is the set of singular values of X;; and Xa9 respectively. Hence, global maxi-
mizers are nondegenerate.
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When X7; is not invertible, the critical point (Pi, P) is degenerate. In particular, the
global minimizers are degenerate and correspond to those projectors (P;, P») that bring
the matrix X in the following form

Om X2
©,X06] = l 1 ,
Xo1 Xoo

Here we have assumed that m < min{n;,ns}/2. Hence, for the matrix case, the
minimal value of p,+ is tr(Xq1) = 0. O

Further, we formulate a result on the nondegeneracy of the critical points of the
generalized Rayleigh-quotient in the case of rank-one tensor approximations.

Theorem 4.4.9 Let m; = --- =m, =1 and N = ning---n,.. Then, for x from a
residual subset of CN, the critical points (Py,...,P,) € Gr*(m,n) of p,,+ which are
not global minimizers are nondegenerate. The global minimizers of p,,+ are degenerate
for all z € CN.

Proof. Set M := Gr*(m,n) and define the map
F:CVNxM—=RxTM, (2,P) (pyt(P),grad p,+(P)). (4.105)

Moreover, let S := (R \ {0}) x Mo, where My is the zero section in the tangent bundle
of M. Since p,.+(P) = |[[(P1 ® --- ® P.)x||*> > 0 and there exists P € M such that
puet (P) = 0, it follows that the global minimum is zero, for any = € C. Theorem 4.3.2
states that if ' th S then, for a generic x € CV, the critical points (Pi,..., P.) of p,,+
such that p,+(Pi,..., Py) # 0 different from the global minimizers are nondegenerate.
To show that F' M S, we will proceed as in the proof of Corollary 4.3.3 and write the
transversality condition in local coordinates.

Let (z,P) € CN x M with grad p,,+(P) = 0 and p,,i(P) # 0 and consider the
coordinates ¢ and ¢ around P and F'(z, P) exactly as defined in the proof of Corollary
4.3.3. Then, the transversality condition in local coordinates reads as follows

Im DF(z,0) + R x (TpM x {0}) = R x (TpM x TpM), (4.106)

where

F(.%', t) = (ﬁa:mT (t)a t, vﬁ;mﬁ (t))
and py = pt © @ L. One has

DF(x7 O) (y7 5) - (ﬁa:yT—i—ya:T (0)7 3 vﬁajyf—i—yaﬁ (0) + dQ:va:a:T (0)€>
and hence, condition (4.106) holds if and only if

Im V()14 ()01 (0) + Im d?5,,1 (0) = TpM. (4.107)
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L
We will prove that Im V)14 ()1 (0) = TpM. Let § = (&1,...,&) € (Im Vﬁx(.)TJr(.)xf(O)) ,

then
0 = <vﬁxyT+yxT (0)7 £> = dﬁzyT+yxT (0) (f) = dpzyT+yajT (P) (5)

.
=2y Pe 0o 0Py,

Jj=1

for all y € CV. This is equivalent to
T
O P®-®ER @ P)r=0. (4.108)
j=1

We will give the proof for » = 3, since it can be straight-forwardly extended to the
general case. Let ©1,0,, 03 be the unitary matrices related to P;, P, and Pj, re-
spectively according to (4.76) and let T € C"1*"2*"3 he the tensor corresponding to
T := (0; ® 02 ® O3)x. As mentioned before, solving (4.108) is equivalent to solving the
system (4.84) — (4.87). Since we are interested in rank-one approximations, it follows
that A in (4.84) — (4.86) is a scalar, i.e. A = Ay = Ay = A3y = a € C. If a = 0, then
from (4.98) it follows that p,,:(P) = 0, and this contradicts the hypothesis. Hence,
from Theorem 4.3.2 the conclusion follows. O

We generalize the above result for the problem of best approximating a tensor with
a tensor of lower rank, not necessarily rank—one. In fact, we prove that critical points of
the generalized Rayleigh-quotient that satisfy a certain property (that will be mention
next) are generically nondegenerate. For this purpose, we define the following map

F:CN x Gr*(m,n) = R" x TGr*(m,n),
(4.109)
(2. P) o5 (det(Ly). ... det(L, ). grad pus (P).

The matrices L; are defined next. Let W

sot,; D€ the multilinear map defined by (4.6),
then
@1 = \Il;tzT,l(InuPQa Ps), ®2 = \Ija;acT,Q(PbInQ?P:i)? @3 = \I/zzT,l(Plv Py, Ins)'
Now, the matrices L; are given as
L,
L= Ln, 0]P¥;P, € XM, (4.110)
0

forj=1,...,r

Theorem 4.4.10 Let Ly,..., L, be the matrices given by (4.110). If F is the defined
by (4.109) and S := (R\ {0})" x My, where My is the image of the zero section in
the tangent bundle of Gr*(m,n), then F' th S. In particular, the set of all x € CV for
which the critical points of p,,+ with det(L1) # 0,...,det(L,) # 0, are nondegenerate,
is residual.
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Proof. Let M := Gr*(m, n). Similar to the proof of Theorem 4.4.9, in order to prove
that F' is transversal to .S, we show that the equation

O P® @R @ P)r=0. (4.111)
j=1

has only the trivial solution & := (&1,...,&.) € TpM, for all (z, P) € F~1(S). As before,
we give the proof for the case r = 3, the general case follows immediately form this.
Let (z, P) € F~1(9), i.e., grad p,,+(P) = 0 and det (L) # 0,...,det (L,) # 0, with
Ly,...,L, given by (4.110). With the notations and technical details already given
((3.5), (4.79)), solving (4.111) is equivalent to solving the system

Ax1Z]=0 (4.112)
Axo ZE=0 (4.113)
Axs ZE=0 (4.114)
B X1 Z1 4 CxyZo+ D xs Z3 =0, (4.115)

for Z; € Cmi*(nj=mi) 5 — 1 2 3. We are interested only in the first three equations of
the system and we write them in matrix form

ZiAny =0 (4.116)
Z3 Ay =0 (4.117)
ZYAg) =0, (4.118)

where A(;) is the matrix unfolding of the tensor A along direction j. From
det(Ly) = det(A¢Al) #0

it follows that A;) has full rank mj, for j = 1,2,3 and hence, the system (4.112)-
(4.115) has only the trivial solution (Z1, Za, Z3) = (0,0,0). Generalizing the Theorem
4.3.2 we prove that the critical points P of the generalized Rayleigh-quotient which
satisfy det (L1) #0,...,det (L;) # 0 are generically nondegenerate. O

It follows that the global maximizers of the generalized Rayleigh-quotient are gener-
ically nondegenerate.

Corollary 4.4.11 Let m; < n1/2,...,m, < n,/2 be given natural numbers such that
(4.72) holds for any permutation B € S,. For generic x € CV, the global mazimizers of
Put are nondegenerate.

Proof. Let W € C" ¥ " denote the tensor corresponding to z € C according to
the lexicographical order. If

k=1, k#j
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and ¢; :=min {n;, M;} for j =1,...,r, then the set

T
T(m,n) = () {T € C"> X | any ¢; columns of T(;) are linearly independent }

=1

’ (4.120)
is open and dense in C™"**"r Let x € CY be such that W € T(m,n) and let P be a
global maximizer for p, .
Let ©; be the unitary matrices corresponding to P;, denote T := (01 ® Q2 ® ©3)x, with
T = vec(z). Recall matrices X1, Xa, X3 given by (4.91), (4.92) and (4.93) respectively.
Since T € T(m, n), it follows that

rank X; > m1, rank X, > mg, rank X3 > mg.

From the critical point condition (4.97) we have

_ A A, 0
X, = - (4.121)
0 BwbBy) |

~ A(2)A](L2) 0

Xy = e (4.122)
| 0 Cely
i T

~ A Al 0

X5 = e (4.123)
| 0 Dl

where B(1), C(3) and D3y are the matrix unfoldings of B, € and D along direction
1, 2 and 3 respectively. Moreover, recall that p .+ (P) = tr(A(l)AII)) = tr(A(Q)AIQ)) =
tr(A(3)AT3 ). Since rank X; > m; and P is a global maximizer for p,,: it follows
that A has full rank, for j = 1,2,3. Thus, det L; # 0,det Ly # 0,det Lz # 0

and according to Theorem 4.4.10, the global maximizers of the generalized Rayleigh-
quotient are generically nondegenerate. (I

Remark 4.4.12 Theorem 4.4.9 is a particular case of Theorem 4.4.10 as one notices
that for the best rank-one approzimation problem det (Li) = --- =det (L;) = pyut (P)
for all x € CN and all P € M, when the matrices L1, ..., L, are defined in (4.110).



Chapter 5

Generalized Rayleigh-quotient on
Lagrange-(GGrassmannians

In this chapter we are studying the optimization task of the generalized Rayleigh-
quotient of a matrix A on the r-fold tensor product of Lagrange-Grassmannians. The
optimization of the classical Rayleigh-quotient is closely related to determining solu-
tions of algebraic Riccati equations with applications in linear optimal control such as
Kalman filtering, spectral factorization, etc. (see [39, 63]). Most of the numerical algo-
rithms developed to determine solutions of the algebraic Riccati equation achieve this by
computing Lagrangian subspaces of a Hamiltonian matrix, see [33, 43, 52, 54, 67]. The
results stated in this chapter hold for all Lagrange-Grassmannian types introduced in
Chapter 3, i.e. classical LGg(n), LG¢(n) and complex Lagrange-Grassmannian LG(n).
First we stress some of the properties of the classical Rayleigh-quotient on LG(n). In
particular, we show that for a symmetric matrix A the optimization of the classical
Rayleigh-quotient is equivalent to the optimization of the classical Rayleigh-quotient
of the Hamiltonian part of A. We introduce the notions of decomposable symmet-
ric Hamiltonian A and decomposable skew-symmetric Hamiltonian A°® matrices for a
symmetric matrix A. In the case when A = A" 4+ A°, we show that the optimization of
pa on LG®(n) is equivalent to the optimization of p 4y on LG%(H). We derive explicit
formulas for the gradient and the Hessian of GRQ on LG®(n) and characterize the
critical points. Moreover, we prove that the critical points of p4 on LG®(n) are nonde-
generate for A from an open and dense subset of the space of decomposable symmetric
Hamiltonian matrices.

5.1 The generalized Rayleigh-quotient on Lagrange-Grassmannians

We recall some of the previous notations that we will use here as well

N :=2ny---2n,, n:=(ny,...,n), (n,2n):= <(n1,2n1), e (nr,2n7)>. (5.1)
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Let K denote the field of real or complex numbers and let K?% be the standard sym-
0 I
,forj=1,...,r
—In,

For a matrix A € symy when K = R (resp. A € hery when K = C ), we address
the optimization task

plectic space with the symplectic form J; = l

max tr(AP) (5.2)
PELGE (n)

on the r-fold tensor product of Lagrange-Grassmannians LG%(n) which can be equiv-
alently formulated as the optimization task

max tr (A(Pl ® - ® PT)> (5.3)
(Pt,.., P )ELGY (n)

on the r-fold direct product of Lagrange-Grassmannians LGy (n). This is a restriction
of the optimization task (4.5) discussed in the previous chapter. The map

pa:LGi(m) 5 R, (P,....P) —tr(AP @@ P,)), (5.4)

is called the generalized Rayleigh-quotient of A € symy (resp. A € hery) on LGy (n).

If we have only one Lagrange-Grassmannian LGg(n), i.e. 7 = 1, then the optimiza-
tion task (5.3) determines Lagrangian invariant subspaces of A. This follows directly
from the critical point condition (5.35), i.e. AP = PA, and the fact that P is a pro-
jection operator associated to the Lagrangian subspace Im P. Computing Lagrangian
invariant subspaces of Hamiltonian matrices is a classical assignment arising in many
applications such as Kalman filtering, spectral factorization, etc. (see [39, 63]). Ex-
plicitly, the symmetric (resp. Hermitian) solutions X € K"*™ of the algebraic Riccati
equation

RX+XR—-XSX+S5=0, (5.5)
define Lagrangian invariant subspaces W = span )? ] of the symmetric (resp. Her-
mitian) Hamiltonian matrix

R S
= [ ] e K¥*n, (5.6)

where R, S € sym,, are known. Furthermore, the projection operator P associated to
W is given by
I,
P =
X

We refer to the literature for a thorough discussion in this direction, [48].
We say that a matrix A € K?"*?" is skew-Hamiltonian if

(Lo+ X)) [ L, X . (5.7)

JA=—(JA)T, (5.8)
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where J is the standard symplectic form on K?”. Every matrix A € K?"*?" can be
decomposed in a Hamiltonian and a skew-Hamiltonian part

A=Ayt A, Ah:‘“;AT‘], AEZA_‘;ATJ. (5.9)
Recall that a matrix A € C?"*2" is called complex Hamiltonian if
JA = (JA)T.
Moreover, we say that a matrix A € C?"*2" is complex skew-Hamiltonian if
JA=—(JA).
Then, any matrix A € C?>**?" can be given as
A=Ay + A5, Ay = A+2JATJ’ As = A_QJATJ (5.10)

For the optimization of the classical Rayleigh-quotient of a symmetric matrix on the
Lagrange-Grassmannian only the Hamiltonian part of the matrix counts, as we show
in the next lemma.

Lemma 5.1.1 Let A € symy,, (resp. A € hery, ). Then the mazimization problem

tr(AP 5.11
prax  tr(AP) (5.11)
1s equivalent to the following one
max tr (A;JP), (5.12)
PeLGg(n)

A+ JATT

where Ay = 5

is the Hamiltonian part of A.

Proof. Every matrix A € sym,,, can be written as a sum of its Hamiltonian part and
its skew-Hamiltonian part, which are both symmetric, i.e. A = Ay + A;. For every
P € LGg(n), a straight-forward computation shows that

JPJ =P — Iy,.

Then
tr(AyP) = itr((JAJ + A)P) = $tr(AJPJ) + § tr(AP)
= tr(AP) — 3 tr(A).
Since tr(A) is a constant, the conclusion follows. For A € hery, and LGc(n), we use

the fact that
JPJ=P" — L,
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is true for any P € LG¢(n), and thus, the conclusion follows. O

From the proof of the above Lemma it follows that for all P € LGg(n) one has
1
tr(AsP) = 3 tr(A),
where Aq is the skew-Hamiltonian part of A € symy,, (resp. A € bery,,).

An identical result is true also for the optimization of the Rayleigh-quotient of a
Hermitian matrix on the complex Lagrange-Grassmannian, i.e.

max tr(AP) = max tr(4,P),
PeLG(n) PeLG(n)
A+ JAJT e o
where Ay = ———— is the complex Hamiltonian part of A. In this situation, the

critical points of the Rayleigh-quotient are complex Lagrangian invariant subspaces of
the complex Hamiltonian part Ay of A € bhery,,.

5.2 Decomposable Hamiltonian matrices

In this section we introduce a special class of matrices that we will call decompos-
able Hamiltonian matrices. Let Ji,...,J, denote the standard symplectic forms on
K271 K?" respectively. We know from Section 3.4 that for r odd, the skew-
symmetric nondegenerate matrix J; ® --- ® J, defines a symplectic bilinear form on
KN 2K @ ... @ K2 as

w: KV xKYN 5 R, wxy) =z (J1® --®J)y. (5.13)
The notions of Hamiltonian or complex Hamiltonian we consider with respect to w, i.e.

Ah® - ®J)=—(/1® - ®J,)AT (Hamiltonian)
(5.14)
AN ® - ®J)=—(J1®---®J,)AT (complex Hamiltonian)

Definition 5.2.1 Let nq,...,n, € N be given and N = 2n12ns---2n,.. A matriz A €
KN*N s called decomposable Hamiltonian if it can be obtained as a summation of
Kronecker products of Hamiltonian matrices, i.e.

L
A= ZX1k®---®er, (5.15)
k=1

where X € sp(2n;,K), for j =1,...,r. The space of all decomposable Hamiltonian
matrices is the tensor product space

sp®(2n,K) := 5p(2n1,K) ® - - @ sp(2n,, K). (5.16)



5.2. Decomposable Hamiltonian matrices 83

Similar to decomposable Hamiltonian matrices, the decomposable skew-Hamiltonian
matrices are matrices B € KVN*N which can be obtained as a sum of Kronecker products
of skew-Hamiltonian matrices, i.e.

L
B=) Y ® @Yy, (5.17)
k=1
where Yji, € K275 %21 skew-Hamiltonian, for j = 1,...,r.

By counting dimensions

N +1) > [[ nj(2n; + 1) = dimg sp®(2n,K),
j=1

N
dim sp(N,K) = - (

it is clear that not every Hamiltonian matrix can be a decomposable Hamiltonian
matrix. As well we can argue that not all skew-Hamiltonian matrices are decomposable
skew-Hamiltonian matrices.

We define a finite iterative process to determine the decomposable Hamiltonian and
skew-Hamiltonian parts of a matrix A € KV*V:

(J1 @ Iopy -+ @ Iop, VAT (J1 @ Iopy -+ @ Iop, ) + A

A = ;
g, B ® 2@ Ion, )AL (Ion, ® Jo -+ ® Ion,) + Ay
2 p—
2 (5.18)
A — (Iin ® I2n2 e ® Jr)ArTfl(Iin ® I2n2 e ® JT) + Ar—l
T 2 b
and
B — A= (1@ Tony -+ @ Ion, )JAT(J1 @ Inpy -+ - @ Iy,
e 2
B By — (Ion, @ Jo+++ ® Inp, ) BY (Ion, ® Jo- -+ ® Iy,)
2 =
2 (5.19)
B. — Br—l - (Iin b2y IQnQ @ JT)B;F_l(Iin b2y Ian @ Jr)
T b

2

In conclusion, A, is the decomposable Hamiltonian part of A and B, is the decompos-
able skew-Hamiltonian part of A.
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In contrast to the classical symplectic spaces, every complex Hamiltonian matrix
A € CN*N ig also a complex decomposable Hamiltonian matrix, i.e.,

K
A= ZX1k®-~-®er, (5.20)
k=1

where X € sp(2n;,C), for j = 1,...,r. This is straight-forward by counting dimen-
sions

dim (35(2n1,<C) ® - ® sp(2ny, (C)) =[] 4n3 = N? = dim(sp(N, C)).
j=1

Let h/s\p(Qn, C) denote the vector space of complex Hamiltonian matrices which are also
Hermitian, i.e.

hsp(2n, C) := 5p(2n, C) N hers,,. (5.21)
Definition 5.2.2 Let r be an odd number, ni,...,n, € N be given and denote N =

2"ning -+ -ny. A matriz A € %(N ,C) is called decomposable Hermitian Hamiltonian
if it can be obtained as a sum of Kronecker products of Hermitian Hamiltonian matrices

K
A=>"X1, @ @ Xy, (5.22)
k=1

where X3, € f)/s\p(2nj, C), forj=1,...,r. A matriz A is called decomposable Hermitian
skew-Hamiltonian if it can be written as

K
A=Y ® - ® Yy, (5.23)
k=1
where Yji, € f)et%j skew-Hamiltonian, for j =1,... 7.

The set of all decomposable Hermitian Hamiltonian matrices is by definition the tensor
product space - -
hsp®(2n) := hsp(2n1,C) ® - - - ® hsp(2n,., C). (5.24)

Unlike to the general case of complex Hamiltonian matrices, not every Hermitian Hamil-
tonian matrix is a decomposable Hermitian Hamiltonian matrix as it can be seen by
counting the dimension of the corresponding vector spaces

dim <h5p®(2n) = j]i[l dim(h/s\p(2nj, (C)) = j]i[l 2n]2- # N72 = dim hsp(N, 0).

Now, we can formulate a similar result to Lemma 5.1.1 for the optimization of the
generalized Rayleigh-quotient of a symmetric (or Hermitian) matrix on LGy (n). First,
notice that any matrix A € symy can be written as

A=A"4+ A°+ R, (5.25)
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where A", A% are the decomposable Hamiltonian and decomposable skew-Hamiltonian
parts of A and R is in the orthogonal complement of the space spanned by the space
of decomposable Hamiltonian and decomposable skew-Hamiltonian matrices.

Proposition 5.2.3 Let A € symy (resp. A € hery ) be of the form
A= A" A%, (5.26)

where A%, A® € symy (resp. A%, A® € hery) are the decomposable Hamiltonian and
the decomposable skew-Hamiltonian parts of A. Then, the optimization problem

max tr (A(P1 ®- - ® Pr)> (5.27)
(Pr,... P )ELGZ ()

is equivalent to

max tr (Ah(Pl ®-® P,«)). (5.28)
(Pt,...P)ELG ()

Proof. The result follows from the fact that tr(XP) = tr(X) for all X € sym,,
(resp. X € hery,,) skew-Hamiltonian and all P € LG,,. O

5.3 Riemannian gradient and Hessian of the generalized
Raleigh-quotient

In the sequel, we derive expressions for the gradient and the Hessian of the generalized
Rayleigh-quotient of a symmetric or Hermitian matrix on LGy (n) and Ijéx(n). As
in (5.1), we have N := 2n;---2n,, n = (n1,...,n,). Previously, we have seen that
the optimization of the classical Rayleigh-quotient (RQ) of a symmetric or Hermitian
matrix A on LGg(n) or fa(n) can be reduced to the optimization of the RQ of the
Hamiltonian or complex Hamiltonian part of the matrix. Since not every symmet-
ric/Hermitian matrix can be decomposed only in a decomposable Hamiltonian and a
decomposable skew-Hamiltonian part, we will analyze the optimization of the general-
ized Rayleigh-quotient (GRQ) for a symmetric/Hermitian matrix in general. We will
discuss only the optimization of GRQ on LG (n) (the results are easily translated for
LGy (n)) and on f@x(n).

Let pa be the generalized Rayleigh-quotient of A € symy on LG (n), and pa be
the generalized Rayleigh-quotient of A € fhery on féx(n). Using the submanifold

structure of LG{(n) and féx(n), we derive the formulas for the gradient and the
Hessian of p4 and pa by projecting the analog objects from Gr{ (n,2n). For simplicity
and since there is no danger of confusion, we will refer to LG (n) by LG* (n).

Let P:= (Py,...,P.) € LG*(n), then the map

mp = (mp,...,mp,) : TpGr¢(n, 2n) — TpGrg(n, 2n),
J&L i+ & JEN T+ &, (5.29)
(51""’&)H( 2 T 2 )
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is the orthogonal projector onto TpLG* (n), and

7p = (p,...,7p.) : TpGrg(n, 2n) = TpGrg(n, 2n),
Ji& 1+ & J&rdr + &, (5.30)
(61""757")’_> 2 REE) 2

is the orthogonal projector onto TpLG” (n), P e LG” (n). For A € CV*N recall from
Section 4.1.1 the multilinear maps W 4 ; : bety,, X --- X bery, — C2ni*21j defined by

tr(ANX; @ 9 X;Z® -0 X,) = tr(Va;(X1,...,X,)12), (5.31)

for all Z € C"*™ and for all j = 1,...,r. We know that if A € hery and (Py,..., P,) €
LG*(n), the matrix W4 ;(P1,...,In;, ..., Pr) is also Hermitian. However, if A is Hamil-
tonian, it does not mean that W4 ;(Py,..., I, ..., ) is Hamiltonian as well. This is
true if A € her is decomposable Hamiltonian, as the next lemma will show.

Lemma 5.3.1 Let A € hery be decomposable Hamiltonian matriz and (P, ..., P,)
an element in LG*(n). Then, Ya;(Py,... Ip,,...,P,) € C* "2 js Hermitian and
Hamiltonian for all j =1,... 7.

Proof. Without loss of generality, we can assume that A € sp®(2n,C) is of the form
A ®---® A, with A; € sp(2n;,C)N bety,,, for j=1,...,r. Then,

trAPL®---®P,)) = 1 tr(A4;P;)

Jj=1

and hence,

r
\IIA,j(Plv"wInj:"'vPr):Aj H tr(AzR,) Gﬁp(QnJ:C)
i=1, i#j

O

Moreover, when the point P € LG*(n) is understood from the context, we use the
following shortcut

—

Aj . \IJAJ(Pl,...,Inj,...,PT), (532)
for j =1,...,r. Now, the gradient of the generalized Rayleigh-quotient of A on LG* (n)

or LG (n) can be explicitly given.

Theorem 5.3.2 Let A € hery and P := (P1,..., P.) an element in LG*(n) (resp. in
f@x(n))) Then, one has:

(i) The gradient of pa at P € LG*(n) (resp. pa at P € fax(n)) with respect to the
Riemannian metric induced by (3.19) is

grad pa(P) =7p (adQPIﬁl, . ,ad%grﬁ,,) , (5.33)



5.3. Riemannian gradient and Hessian of the generalized Raleigh-quotient 87

(resp. grad pa(P)=7p (ad%ﬁﬁl, e ,ad%rz&)) (5.34)

(i) The critical points of pa on LG*(n) (resp. pa on f@x(n) ) are characterized by

~ —~

5.35

: (5.35)
JiA; T + A

(resp. {P] 332]]} = O,), (5.36)

forall j =1,...,r, i.e. Pj is a self-adjoint projector associated to an invariant

Lagrangian subspace of the Hamiltonian part of A; (resp. Pj is the self-adjoint
projector associated to an tnvariant complex Lagrangian subspace of the complex
Hamiltonian part of A;).

Proof. The conclusion (5.33) and (5.34) follow immediately from Theorem 4.1.7 with
the projection operators (5.29) and (5.30). Conclusions (5.35) and (5.36) can be drawn
from Theorem 4.1.7 and the equalities

J(@diX)'J=ad%JX"J and J(adbX)J =ad:JXJ,

for P € LG(n) and P € I/LE’(n), respectively. Here X € fer,,, and J the skew-symmetric
matrix defined by (3.26). O

Next, we formulate a necessary and sufficient critical point condition.

Corollary 5.3.3 Let A € hety, P := (Pi,...,P.) € LG*(n) and chose ©; € Sp(n;)
such that @ij@jT = II;, where I1; is the standard projector of C?™i, forj=1,...,r.
We write

(5.37)

N \IJ,~ \IJ/-”
@jAj@szl R ]

mT "
i v

with W5, W, W € ber,,, and \I/;” € C%*", for j=1,...,r. Then, P is a critical point
of pa if and only if

n __ mT
U= -5, (5.38)
forall j=1,....r. Moreover, if A is decomposable Hamiltonian matriz, then

V=) and O] = (W7,

and hence, in the critical points
" o__
v =0,

forallj=1,...,r. A similar statement holds for P € E@X(n) with transpose replaced
by conjugate transpose.
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Proof. Let P := (Py,...,P,) € LG*(n) be a critical point for p4 given in the form
@Pj@; = II;, with ©; € Sp(n;) for j = 1,...,7. Since (5.35) holds in the critical
point, we have that
oAl = | 0"
p (ANOT = 7
e 0 —X;

with X; € f)etnj, forall j =1,...,r. Moreover,

0,7 (4)0] =0;J;4;7;0] +6;4;6]
= J]@Aj@;J] +06; j@jT
=, (G54,07 )
for all j = 1,...,r and hence, X; = ¥’ — \IT;’ and W' + (\If;-”)T = 0, for ¥}, W/ WY
from the block—structure (5.37), for all j =1,... 7. O

Let pa : Grg(n,2n) — R denote the extension of p4 and pa to Grg(n,2n) and

Gr¢ (n, 2n), respectively. The Hessian of p4 at P € LG*(n) (resp. pa at P € LG" (n))
is given as follows.

Theorem 5.3.4 Let A € hery and P := (Py,...,P.) € LG*(n) (resp. f(\}x(n))
Then, the Riemannian Hessian of pa (resp. pa) at P is the self-adjoint operator

H,,(P): TpLG*(n) — TpLG* (n), (5.39)

defined by
H,,(P)=mpoH; (P)oi, (5.40)

where
i: TpLG*(n) —» TpGr*(n,2n), &+ ¢&

is the inclusion map. If P € Ijax(n), then there is a corresponding result obtained by
replacing wp in (5.40) by 7p.

Proof. We can argue as in the proof of Theorem 4.1.11. The result follows from the

fact that the geodesics on LG™(n) and on LG" (n) are restrictions of the geodesics on
Gr*(n,2n). O

For completeness, we give next the explicit formula for the Hessian of p4 at P €
LG (n).

Corollary 5.3.5 With the same hypothesis as in Theorem 5.3.4, the Hessian
H,, (P)=MH. ,....,H" ) is expressed as

pA? ZA)

H) (&) := —adpad 7\ &+ > adQPj(\IIAJ(Pl,...,Inj,...,§k,...,P,,)), (5.41)
k=1,k#j b
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for all & := (&1,...,&) € TpLG*(n) and j = 1,...,r, where /Tj is given in (5.32) and
(X)y ts the Hamiltonian part of X. For P € f@x(n) there is a corresponging result
obtained by the Hamiltonian part by the complex Hamiltonian part.

Proof. Let P := (Py,...,P.) € LG*(n) and p4 be the extension of p4 to the manifold
Gr*(n,2n). Then, from (5.40) one obtains

HAA®:=73(H£$®) (5.42)

for all £ € TpLG*(n) and j = 1,...,r. Moreover, formula (5.41) follows from (4.20)
with the specifications

JilPy, X]Jj = JiPpXJj = J; X Py
= —J;PJ;J; X J; + J; X ;0 Py
= =(Pj = In;) J; X Jj + J X Jj(Pj = L)
= [Py, ;X Jjl,

TP (45,6005 + [Py, [A;, &)

7ij (adpjadgjfj) =

2
_ 1B, J51A5, G150 + [P, (A, &
2
_ [P, T[4, 65175 + [45, 6]
2
- adead(Xj)hfj
and
7er (a'd%DJY) - ad%j (Y)h7
for all ¢ € TpLG*(n) and all X, Y € het2nj. O

Remark 5.3.6 For decomposable Hamiltonian matrices A, the given expressions of
the gradient and Hessian of pa do no longer need to project the matrices ij and
U i(Pr,... N IR , P.) onto their Hamiltonian parts, since they are already
Hamiltonian.

Further, we give necessary conditions such that the Hessian of p4 on LG*"(n) and

—=X
on LG r(n) is nondegenerate in local extrema.

Theorem 5.3.7 Let A € hery be decomposable Hamiltonian and P € LG*(n) (resp.

P e Ijax(n)) a local mazimizer or a local minimizer of pa (resp. pa). If H,,(P)
(resp. H;A(P)) is nondegenerate, then, for j = 1,...,r the matriz \Il; cannot have as
eigenvalues both \j € R and —\; € R. Here \I/; is defined by (5.37).
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Proof. Assume that P € LG*(n) is a local maximizer of ps. If H,,(P) is nonde-
generate, it means that H,, (P) is negative definite. By restricting the tangent vectors
(&1,...,&) € TpLG*(n) to the vectors of the form (0,...,&;,...,0), it holds

H/ (0,....&,...,0) #0, (5.43)

for all 0 # &; € Tp,LGy,, for all j =1,...,r. Hence, adpjad; §; # 0, for all 0 # §; €
J

Tp,LGy,, for all j = 1,...,r. Moreover, by the representation (5.37) of @7]11]@; in a
critical point, we obtain
‘IJ;Z]‘ + Zj‘l’;- 75 0, (5.44)

for all 0 # Z; € hetnj, for all j = 1,...,r. This means that A and —\ are not both
eigenvalues of W', for j =1,...,r. O

As a consequence of Theorem 4.3.2, we can conclude that the critical points of

the generalized Rayleigh-quotient on LG*(n) and on LG (n) are nondegenerate for a
generic choice of the parameter A € hery Nsp®(2n, C), where N := 2n12ny - - - 2n,..

Corollary 5.3.8 For a generic A € hery Nsp®(2n,C), the critical points of pa on
LG*(n) are nondegenerate.

Proof. Let V denote the vector space hery Nsp®(2n, C) and M := LG* (n). Moreover

define F' : V. x M — TM as F(A, P) = grad pa(P). We want to show that F' M S,
where S is the zero section in TM, i.e.,

ImT4,p)F + Tra,p)S = Tra,p)(TpM),

for all (A, P) € F~1(S). It is enough to prove that Fp {0} for all P € M, where
Fp:V — TM, Fp(A) = grad pa(P), for all A € Fp*({0}). Hence, we will prove that

Im TaFp = TpM, (5.45)
for all A € Fp'({0}) and all P € M. Since
grad, (y(P): V — TpM, X — grad px(P)

is linear, it follows that
TaFp(X) = grad px(P)

and, hence,
ImTsFp = Imgrad p(.)(P).

Let € := (&1,...,&) € (Imgrad p(.)(P))L, ie.

(grad px(P),&) = tr(X(ET: P® -0§®® PT)> =0, (5.46)
j=1
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for all X € sp®(2n,R) and hence also for X of the form X = X; ® --- ® X, with
X; € sp(2n;,C). Nw, (5.46) becomes

,
> (X1 Py) - tr(XEG) - tr(X P = 0,
j=1
for all X; € sp(2n;,C) and j =1,...,7.
Since &; € sp(2n;,C), by taking X; = &; and recalling that tr(P;¢;) = 0, it follows that
l€;]l = 0 and hence &; = 0, for j = 1,...,r. thus, we have proven (5.45). O

From the proof, we obtain that the set of parameters A € hery Nsp®(2n, C) for which
the critical points of p4 are nondegenerate is open and dense and not only residual. A
similar result holds also for p4 on LG” (n).
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Chapter 6

Riemannian numerical algorithms

Several problems in Linear Algebra (eigenvalue computation, numerical ranges, low
rank matrix approximation), Control Theory (Riccati equation), Robotics (grasping
problem), Quantum Control (entanglement measure), Computer Vision (camera esti-
mation, face recognition), etc., can be formulated as optimization tasks with the set of
constraints carrying the structure of a Riemannian manifold, see [3, 34]. In this way,
the constraint optimization problems can be solved by techniques from Riemannian
optimization as unconstrained ones. By replacing the classical objects from numerical
optimization (directional derivatives, line search) with their Riemannian counterparts
(geodesics, Levi-Civita connection, parallel transport), one obtains efficient methods
which perform on the smallest possible parameter space.

In this chapter, we develop two intrinsic methods for the optimization of the gen-
eralized Rayleigh-quotient on the r—fold direct product of Grassmannians and on the
r—fold direct product of Lagrangian Grassmannian manifolds: a Newton-like method
and a conjugate gradient method. We give suggestions for the implementation of the
two methods mentioned as well as a convergence proof in the case of Newton method.
Numerical experiments at the end of the chapter confirm the efficiency of the developed
algorithms. The above-mentioned algorithms are given in a generalized form with the
scope to determine the zeros of a smooth vector field on Gr*(m,n) or on LG*(m),
which does not have to be the gradient vector field of some real-valued function.

6.1 Newton-like method

The intrinsic approach to develop a Newton algorithm for the optimization of a smooth
real-valued function on a Riemannian manifold is described by means of the Levi-Civita
connection taking iteration steps along geodesics. In particular, if f : M — R is a
smooth function and P* € M is a nondegenerated critical point, then the Newton
iteration reads as

PP = expp (B (P)) " (grad £(P))). (6.1)
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where P € M is in the neighborhood of P*. We do not enter into more details, in-
stead we refer the reader to the literature, e.g. [19, 23, 68] and the references therein.
As solutions of second-order differential equations, geodesics are sometimes difficult to
determine. Even when one knows the geodesic, it is computationally expensive to de-
termine the corresponding Riemannian exponential map. Thus, we are interested in a
more general approach due to Shub [65] and further extended [3, 32], which introduces
the Newton iteration via local coordinates. More precisely, we follow the ideas intro-
duced by Helmke, Hiiper and Trumpf in [32] and use two locally smooth families of
parametrizations {up}pent and {vp}pent around P*. Then, the Newton-like iteration
reads as follows

P = yp (—(Hfoup (0)) " 'grad f(P)), (6.2)

where P is in the neighborhood of P* and H foujg‘P(P) is the Hessian of the function
foup: TpM — R at 0. In this way, one can develop families of numerical methods
with quadratic convergence as the intrinsic Newton method.

Further, let M denote either one of the manifolds Gr* (m,n) or LG*(m), with the
specification that in the case of the Lagrangian Grassmann manifold, n; is even and
mj =n;/2 for all j =1,...,r. As before N =niny---n,, and (m,n) and (m) denote
the multi-index

(m,n) := ((ml,nl), e (mr,n,«)>, resp. (m) := (mq,...,m;).

In view of applications, we will use Riemannian normal coordinates and QR~coordinates
as parametrizations around P € M. These notions of coordinates around a point
P = (P,...,P.) € M can be immediately generalized from one Grassmannian (resp.
Lagrange-Grassmann manifold) to the r—fold direct product of Grassmannians (resp.
direct product of Lagrange-Grassmann manifolds) as follows: Riemannian normal co-
ordinates are given by the Riemannian exponential map

pp®  TpM =M, € (elfvPlpemleni] o elenbrlp e=lenPrl) (6.3)

while QR-type coordinates are defined by the QR-approximation of the matrix expo-
nential, i.e.

pgt TPM = M, € ([Xilg P1 (X1l - [ Ko Pr [X0])), (6.4)
where [X;]q is the Q—factor from the unique QR decomposition of X; := I + [&;, P;].

In what follows, we will give the Newton-like method to determine the stationary
points of the generalized Rayleigh-quotient of a Hermitian matrix A € hery

pa: M =R, pa(P)=tr (AP ®-- 0 P)). (6.5)
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6.1.1 Newton-like algorithm on Gr*(m,n)

The Newton-like iteration (6.2) for the generalized Rayleigh-quotient of a Hermitian
matrix A is stated as

P = (e, (6.6)
where £ € TpM is the solution of the equation
H,,(P){ = —grad pa(P). (6.7)

For an explicit expression of the Newton direction &, recall first the multilinear maps
W4 ber, X --- X ber, — C"*" defined by

tr(AT(Xl Q- QX;Z® --~XT)) = tr(\pA,j(Xl,...,Inj,...,XT)TZ)

for all Z € C"%*™ and j = 1,...,r. To simplify the exposure, denote

~

Aj = \IIA,j(Pla'-wInj,u-,Pr) (68)

and remind that Aj is Hermitian for all P € Gr*(m,n) and j =1,...,r.
Replacing the objects in (6.7) by their explicit form computed in Chapter 3, we get the
following:

,
2 2 7
—adpad; & + > adp Waj(Pry.o sy &y Pr) = —adp A5, (6.9)
k=1,k#j
for all j = 1,...,7. Solving the system (6.9) in the embedding space bet,,, x --- x et
requires 2(n? + --- 4+ n?) parameters. By exploiting the particular structure of the
tangent vectors

0 Z

t
Z;

§ = @;CJQJ = @;' ©; € Tp;Grm; n,, (6.10)

where ©; € SU,,; and Z; € C™i*(i=m;) the number of parameters is reduced to the
dimension of the tangent space TpGr™(m,n), i.e. 2(mq(n1—mq)+---+m,(n, —m,)).
Multiplying the system (6.9) from the left with ©; and from the right with @;r., we

reduce it to a system in Z; € Cmix(ni—ms) e,
T
ViZ;— Z;0 = > ®(2Zy) = VY. (6.11)
k=1k#j

An explicit form for W, W W7 and ®;(Z}) is given in what follows.

Let

U.
0, = [ ] ] € SU,,, (6.12)
J
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where U; and Vj are mj X n; and (n; —m;) X n; matrices, respectively. Then,

V= UL Y = VAV e = U AV (6.13)

For expressing ®;(Zy) with j < k , we introduce the multilinear operators
Wk ber, X - x her, — CrImeXnim

defined in a similar way as W4 ; by
tr (A(X1®--~®Xj8®---®XkT®---®Xr)) = tr (‘IJA,j,k(Xl,-..,Xr)(S®T)), (6.14)

for all S € C™*™ and T € C"*",
For convenience, we will use the following shortcut

Ajp =T 5(Pry Doy Doy oo, Br) (6.15)

and can argue similarly to /Tj that ﬁjk is a Hermitian matrix of size n;ni x njny.
Furthermore, we partition the matrix A;; into block form

air | a2 | - | Alp;
~ 512 322 cee E/ign].
Aji, = : : : : , (6.16)
~t ~t ~
L Q1n; | A2, | " | Anyny |

where each ag is an ny X nj; matrix.
Then, the linear map ®; : Crmex(ne—mi) _y Cmix(5=m5) ig given by

nj

Zy > ®i(Z1) = Uj |te(Urd V) Z) + 23 Vial,U)) v, (6.17)

s,t=1

The squared norm of the gradient of p4 at P can be expressed as
T
lgrad pa(P)[* =2 [0} (6.18)
j=1

and hence, the complete Newton-like algorithm for the optimization of p4 on the Rie-
mannian manifold Gr* (m, n) is given in Table 6.1.
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The Newton-like algorithm can be generalized to determine the zeros of the vector
field

X4 :Gr*(m,n) — TGr*(m,n),
(6.19)
(Pl, e ,Pr) — ([Ql,Pl] + [P1, [Pl,Sl]], cey [QT,PT] + [Pr, [Pr, STH),

where A € CV*¥ is not necessarily Hermitian. Here, S; and ; denote the Hermitian
and respectively the skew-Hermitian part of A;, for j = 1,...,r. In this case, the
Newton-like update is given as

P = ¥R (€) with VXa(P) = —Xa(P).

From the formula (2.3) which defines the Levi-Civita connection on a submanifold, the
Newton equation is writen in an implicit form as

.
adp adg, & —adpads G+ > adp Sjp = adp,Q; — adp, S5,
k=1,k+#j

where §jk is the Hermitian part of W4 ;(P1,. .., Injs - -+ &k, - - -, Pr). Following the exact
steps as in the case of the Newton-like method for the optimization of the generalized
Rayleigh-quotient, one gets

'L d(Z A(Z)T
.z - 20— i ks); i(Zk)
k=1,k#j

_ g
= \I/]

where ®;(Z) and W}, U7, W Wl are determined as in (6.17) and

\I//~ \II/{/
olde,—| = (6.20)
14,0, . .
v

Moreover, A;(Zy) is given similar to ®;(Z;) by

nj

Zp = ©5(Zy) = Vi |te(Upaa V) 2] + Zivial,uh)| - Ul

s,t=1
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ALGORITHM 1. N-like algorithm for the optimization of p4 on Gr*(m,n)

Step 1. Starting point: Given P = (P,..., P,) € Gr*(m,n) choose

U,
_ P -
0, = € SUy,, UjUJ = Iy, ViV = Lo,
Vi

such that P; = ©1I1;0;, for j =1,...,r.
Step 2. Stopping criterion: If |[grad,, (P)||/pa(P) < err then STOP.

Step 3. Newton direction: Set

-~

Aj = \IJAJ(Pl,...,Inj,...,Pr)

and compute \11;, \Il;-’, ‘11;-” as in (6.13), for j =1,...,r. Set

-~

Ajk = \I]A,j,k(le- . 7Inj7-~-7Ink7- . .,PT)
and compute ®;(Z;) as in (6.17), for j, k = 1,...,r, with j < k. With ®,(Z;) =
®;(Z)" solve the Newton equation
T
WiZy =297 = 3 5(Z) = W,
k=1k+j
to obtain Z; € Cmi*(mi=m3) for j=1,...,r.
Step 4. QR-updates:
—Z;

new — ©; and PP =@re' e, (6.21)

T
Z] [nj —my Q

for all j =1,...,r. Here []g refers to the @ part from the QR factorization.

Step 5. Set P := P™V O := 0" and return to Step 2.

Table 6.1:
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6.1.2 Convergence proof and suggestions for implementation.

It was proved in [32] that under the assumption
Dpp(0) = Dvp(0), (6.22)

on the two families of local parametrization up and vp, the Newton-like iteration (6.2)
converges quadratically to a critical point of the cost function, when it starts in a
sufficiently small neighborhood of this critical point. Since in the case when pup = pp®
and vp = % b R the condition (6.22) holds (we refer to [32] for the proof), we can state

the following convergence result and mention the literature [32, 40] for the proof.

Theorem 6.1.1 Let A € hery and P* € M be a nondegenerate critical point of the
generalized Rayleigh-quotient pa, then the sequence generated by the N-like algorithm
(Table 6.1) converges locally quadratically to P*.

Keeping in mind the objects and their definition from the previous section, we
will give some suggestions regarding the computational aspects of the Newton-like
algorithm. The convergence of the Newton-like method (6.2) is not guaranteed for
arbitrary starting points and even in the case of convergence the limiting point need
not be a local maximizer or local minimizer of the cost function. How could one
overcome this, in particular in the case of maximizing p4, where there is no closed
form characterization of the stationary points of p4 available? A classical approach in
the literature combines Newton steps with gradient steps, see [25]. More precisely, one
starts in an arbitrary point and verifies if the Newton direction is ascending, else takes
the gradient as the new direction. Furthermore, one can make an iterative line-search in
the ascending direction to guarantee convergence to a local maximizer. Our numerical
experiments have proved that this is a lengthy procedure and not recommended for
large size problems. Instead of the gradient direction, we propose an alternating least
square method, i.e. at each step we perform the following optimization task to obtain
a new update (P, ..., P.) € Gr*(m,n)

~

Pl tr(A4;F5), (6.23)
for all j =1,...,r. This procedure is a generalization of the well-known Power method

[27] use to determine the biggest eigenvalue of a matrix, and is immediately solved by
a truncated singular value decomposition (SVD) of ﬁj. It was proved by Golub and
Zuhang in [79] that for the best rank-one tensor approximation problem, the HOOI
method converges globally with at most linear rate to a critical point of p4. In general,
being an alternating least square method, it converges locally, see [6, 58, 62].

Further, for given A € hery and fixed P € Gr*(m,n) we suggest methods that
efficiently compute A and Ajk glven by (6.8) and (6.15) respectively. In the general
case, the computation of A and A]k is performed according to formula (4.9), but this
can be notably simplified When we tackle the specified applications of the generalized
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Rayleigh-quotient on Gr* (m, n), i.e. best low-rank tensor approximation and subspace
clustering problem.

Best low-rank tensor approximation. In the first case, the matrix A € hery is
of rank -1, i.e. A = vof, with v = vec(A) and A € C X *" From (4.25) and the
definition of matrix unfolding along the j—th direction, it follows that

(A X1 U1 X o Xp Ur)(g) = UJ(.A X1 U1 Xg o Xy Inj Xj41 - Xy Ur)(j), (624)

where Uj are given in (6.12), for j =1,...,r.
Recall that A(j) refers to the matrix unfolding along direction j of a tensor A.
The Frobenius norm of a tensor (4.29) has the obvious property

A2 = 1AwIZ = - = 14 I1%. (6.25)

By denoting B := A x1 Uy X2 -+ X In; Xjy1 -+ X; Uy, from (6.24) and (6.25) it holds

pA(P) = A1 Ur o, Uy = 1B, Uy = U By | = (B - B, P,

o~

for j =1,...,7. Since pa(P) = tr(A;P;) it follows that we can take
Aj = By - B, € ber,, , (6.26)

forj=1,...,r

Simﬂar, by denoting C:=A X1 U1 Xg -+ Xy In]. Xj41 - Xk Ink Xk+1 " Xp UT and
recalling that C{; ;) stands for the (j, k)—th mode matrix of C,

~

Aji = Cjny - Clyjy € et (6.27)

njng?
for j,k=1,...,r with j # k.

Remark 6.1.2 In a more general framework, if A € hety is semipositive definite
of a certain rank K considerably smaller than N, one can use iteratively the same
procedure as in the case of rank-1 matrices to compute A; and Aj,. Explicitly, there
exists a matric X € CN*K such that A = XXT. If z;, denote the columns of X, then
A= xlx]; +- 1‘ka and hence pa(P) = pzlxi(P) ++ prI}((P).

Subspace clustering. For the problem of recovering subspaces from data points
x; € C™ with given L € N, the matrix A has the form

L
A= Zl‘ll'; Q- ®$l$;.
=1

r times
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As in the previous application, one doesn’t work directly with the matrix A, but with
the data points z;. In particular, from the properties of the trace function and matrix
Kronecker product one has

T

A=Y (TT 1P )i (6.28)

=1 =1
i#]

and
T

L
Ay =3 (I IPai]?)mia] © wial. (6.29)
S

Low cost QR-update. The computation of geodesics on matrix manifolds usually
requires the matrix exponential map, which is in general an expensive procedure of order
O(n?). Yet, for the particular case of the Grassmann manifold Gry, ,, Gallivan et.al. [24]
have developed an efficient method to compute the matrix exponential, reducing the
complexity order to O(nm?) (m < n). Our approach, however, is based on a first
order approximation of the matrix exponential el followed by a QR-decomposition
to preserve orthogonality /unitarity. Let X denote the matrix I,, 4+ [(,I1], i.e.

I, -2
X = (6.30)
VAN -

and X = (X)o(X)r be the QR—decomposition of X and Z = UXVT with U €
SU,,, V e Clrmm)xm iy — [ and ¥ € C™*™ diagonal, the singular value decom-
position of Z. Since

Xxt=X1X =(X)oX)r(X) LX) = (XN)h(X)r

0 Ly + 272

by the singular value decomposition of Z it follows that

I, +Ixf 0 0
xxt =w 0 I,+xfs o | W
0 0 In72m
where
ut o o

W .= € SU,, D :=+/I,, + X%, (6.31)
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and [V V'] € SU,,_p, is an unitary completion of V. Hence, (X)q is explicitly given
by

DY D! 0
(X)q=W/| -stp-t pt o |Wh. (6.32)

0 0 In72m

The computational complexity of this QR-factorization is of order O((n — m)m?). To
solve the system (6.11), one can rewrite it as a linear equation on R? (d is the dimension
of Gr*(m,n)) using matrix Kronecker products and vec—operations, then solve this
by any linear equation solver.

6.1.3 Newton-like algorithm on LG™(m)

We give the Newton-like iteration for the optimization of the generalized Rayleigh-
quotient of a matrix A € hery on the direct product of complex Lagrangian Grass-
mannian manifolds LG*(m) and we mention that it can be similarly given for the
classical cases of direct product of Lagrangian Grassmannian manifolds. As a subman-
ifold of Gr* (m, n), the Newton-like algorithm on LG (m) is a simplified version of the
Newton-like algorithm on Gr*(m,n).

Let A € hery and let P* € LG*(m) be a nondegenerated stationary point of pg
on LG*(m). For P € LG*(m) in the neighborhood of P*, the Newton-like iteration is
given as

PP = @ H(P) pgrad pa(P)). (6.33)

where grad pa(P) and H,,(P)) are the gradient and respective the Hessian of p4 at
P on Gr*(m,n) and

7mp: TpGr*(m,n) — TpGr*(m,n),
(6.34)

51 + Jlfljl §r + Jrfr&’r)
5 sy 5

(§1a~--7§7")'_><

is the orthogonal projector onto TpLG*(m). Recall from Chapter 4 that J; is the
standard symplectic form on C", for j = 1,...,r. As before /Tj is the shortcut for
Vai(Pry.. Iy, .., Pr) and Xy is the Hamiltonian part of X € ber, , ie. Xy :=
X + J;XJ;)/2. Then, the Newton equation

mp(Hy, (P))§ = —mpgrad pa(P)

T'Lj?

becomes

_adead(gj)hfj + . lzk;é,ad%j (\I/A,j(Ph ey X .,Pr))h = —ad%:j (ij)b,
= K -]
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which reduces to the task of determining Hermitian solutions Z; € betmj of

T
(W =) Z; — Z;(V] =) — > ®(Zk) + (2;(Z)T =) + (¥])T,  (6.35)
k=1,k#j

for j = 1,...,r. The terms W), W/ W/ and ®;(Zx) are computed by (6.13) and (6.17)
respectively. The Newton-like algorithm for the optimization of p4 on the Riemannian
manifold LG*(m) is given in Table 6.2.

For the generalized Lagrange-Grassmannian LG,,, a computational cheap Q R—update
is given by

I, —Z D1 yp!
=W wi, (6.36)
Z 1, -»ip-1 p-1
Q
where
Ut o
W .= € SU,,, D :=+I, +X? (6.37)
0 U

and U € SU,, gives the singular value decomposition Z = UXUT with ¥ € R™*™
diagonal. In this case, the numerical complexity is given only by the singular value
decomposition of Z and hence is of order O(m?3), where m = n/2.

The convergence of the sequence generated by the Newton-like iteration (6.33) con-
verges quadratically to a critical point of p4 when starting in the neighborhood of that
point. For the proof, see the literature [32]. The question is how to get in the neighbor-
hood of a critical point of p4? One idea would be to combine the Newton-like direction
with a steepest ascent direction, or one could try an alternating least square approach
as in the case of the Grassmann manifold. However, for the optimization (6.23) on the
Lagrange-Grassmannian manifold, presently there is no closed form solution for the
maximizers.
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ALGORITHM 1’ N-like algorithm for the optimization of p4 on LG*(m)

Step 1. Starting point: Given P = (P,..., P,) € LG*(m) choose

up |
0, = e Sp(my), U;US = L, ViV = I, —m,,
Vi

such that P; = ©1I1;0;, for j =1,...,r.
Step 2. Stopping criterion: |[grad,, (P)||/pa(P) <e¢.

Step 3. Newton direction: Set

~

A=W (P, Doy Pr), (Ay)g = JjA 05 + A (6.38)

and compute W, W7, W asin (6.13), for j =1,...,7.
Set

-~

Ajk = \I]A,j,k(le--7Inja-~~7Ink7---;P7‘)

and compute ®;(Z;) as in (6.16) and (6.17), for j, k =1,...,r, with j < k. Solve
the Newton equation

:
(V=N Z; — Z;(V] =) — N ®(Zk) + (2;(Z)T = ) + (T])T, (6.39)
k=1,k#j

to obtain Z; € f]etnj, forj=1,...,r

Step 4. QR-updates:

_Zj
o — @ and PPV = ;101 (6.40)

Zj  Anj—m, 0

for all j =1,...,r. Here []g refers to the @ part from the QR factorization.

Step 5. Set P := P™V, 0O := 0" and go to Step 2.

Table 6.2:
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6.2 Riemannian conjugate gradient algorithm

The quadratic convergence of the Newton-like algorithm has the drawback of high
computational complexity. Solving the Newton equation (6.11) (resp. (6.35)) yields
a cost per iteration of order O(d®), where d is the dimension of Gr*(m,n) (resp.
LG*(m)). In what follows, we offer as an alternative to reduce the computational costs
of the Newton-like algorithm by a conjugate gradient method. The linear conjugate
gradient (LCG) method is used for solving large systems of linear equations with a
symmetric positive definite matrix, which is achieved by iteratively minimizing a convex
quadratic function ' Az. The initial direction dy is chosen as the steepest descent and
every forthcoming direction d; is required to be conjugate to all the previous ones, i.e.
d}Adk =0, forall k=0,---,7—1, [21, 25, 64]. The exact maximum along a direction
gives the next iterate. Hence, the optimal solution is found in at most n steps, where n
is the dimension of the problem. Nonlinear conjugate gradient (NCG) methods use the
same approach for general functions f : R™ — R, not necessarily convex and quadratic.

The update rule reads as

2"V =z +ad and d*V = -V [f(z"V)+ j3d, (6.41)
where the step-size « is obtained by a line search in the direction d

a = argminf(z + td) (6.42)
t

and [ is given by one of the formulas:

Vf new va new
Fletcher — Reeves : SFR := (fo(xivaEi) ),
o _ V)TV () = V()
Polak — Ribiere : BPR .= V@)V () )

V(@) (Vf (@) — Vf(2))
At (V@) =V f(z)

Hestenes — Stiefel : 515 :=

or others.

Table 6.3: The Euclidean conjugate gradient method for the optimization of a function
f :R™ = R, not necessarily convex and quadratic.

We refer to [68] for the generalization of the NCG method to a Riemannian manifold.
For the computation of the step-size along the geodesic in direction £, an exact line
search — as in the classical case — is an extremely expensive procedure. Therefore,
one commonly approximates (6.42) by an Armijo-rule, which ensures at least that the
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step length decreases the function sufficiently. We, however, have decided to compute
the step-size by performing a one-dimensional Newton-step along the geodesic, since
in the neighborhood of a critical point one Newton step can lead very close to the
solution. Starting at a point P € M and moving in the direction £ € TpM we arrive
in P*V € M. To compute a new direction, a “transport” of the old direction £ from
TpM to the tangent space T pnewM is required. We denote this transport with 7§ and
we refer to (2.5) for an explicit formula.

In what follows, we describe the Riemannian conjugate gradient for the maxi-
mization of the generalized Rayleigh-quotient of a Hermitian matrix A € hery on

M := Gr*(m,n) or M := LG*(m).

Choose P € M in a neighborhood of P*, denote £ := grad p4(P) and perform
the following update
P @), (6.43)

The step-size « is computed as

_ (pao)'(0)
C= (o) (0)’ (6.44)

where v : I — M is the unique geodesic through P in direction £&. The new
direction £™V € T pnewM is given by

£ = grad pa(P"V) + B1€ (6.45)

with

d Pnew d Pnew
Fletcher — Reeves : SFR = {grad paf ), gra PAE )

(grad pa(P),grad pa(P))

GPR . (grad pa(P"V), grad pa(P"V) — Tgrad pa(P))
(grad pa(P),grad pa(P))

(grad pa(P™V), grad pa(P"V) — rgrad pa(P))

(grad pa(P),grad pa(P*¥) — rgrad pa(P))
(6.46)

Polak — Ribiere :

I

Hestenes — Stiefel : 515 :=

Table 6.4: Riemannian conjugate gradient algorithm for the maximization of p4 on

M := Gr*(m,n) or M :=LG*(m).

The above algorithm can be generalized to the task of finding the zeros of a vector
filed X on M as follows. The initial direction is chosen as £ = X(P) and the step-size
is computed acording the formula

(X(P), &)
(VeX(P),€)
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Then, the new direction will be
gnew — x(PneW) + BT&,

where P"V = M%R(o@), B is given via one of the formulas in (6.46) with grad pa(P)
replaced by X(P) and grad p4(P""V) by X(P"Y).

Next, we give an explicit formula for the parallel transport of a tangent vector in
our particular cases of Gr*(m,n) and LG*(m). Let © := (©1,---,0,) be such that
@LPk@;C = IIj. Furthermore, let P™% := (PPV,...  P""V) denote the updated point
in Gr*(m,n) via the QR~coordinates as in (6.21). According to (2.5) and (6.4), the
parallel transport of & to TpnewGr*(m,n) along the curve ugR(tf) is given by the
formula

; Iy, —Z; ) I, Zj
§— ©; ; 0,¢;0; ; 0;, (6.47)
Zj In;—m, Q _Zj Inj—m;

with Z; € Cmi*(i=m3) as in (6.10), for j = 1,--- ,r. By parallel transporting & €
Tp,Grm;n,; to &G € ijnew Grm;,n, » the pull-back of {; and &GV to the tangent space
of the standard projector does not change, i.e.

0 Z
v = (5T ey, (6.48)
ZI 0

The complete Riemannian conjugate gradient algorithm for the optimization of the
generalized Rayleigh-quotient on Gr*(m,n) and on LG (m) is presented in Table 6.5
and Table 6.6 respectively.

It is recommended to reset the search direction to the steepest ascent direction
after d iterations, i.e. Z;°V := ¢gp°V, k = 1,...,r, where d refers to the dimension of
the manifold.

The convergence properties of the NCG methods are in general difficult to analyze.
Yet, under moderate supplementary assumptions on the cost function one can guarantee
that the NCG converges to a stationary point [57]. It is expected that the proposed
Riemannian conjugate gradient method has properties similar to those of the NCG.
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ALGORITHM 2. RCG algorithm on Gr*(m,n)

Step 1. Starting point: Given P = (P,..., P,) € Gr*(m,n) choose

Uj
0; = € SUn,, UjUS = In;, ViV = Iy,
Vj
such that P; = ©1I1;0;, for j =1,...,r.

Initial direction: Set

~

A= Ua (P, Iy, P,
compute W%, W7, W asin (6.13) and take the steepest ascent direction

Zj = gj = \I/;{/,

for j=1,...,r. Denote Z := (Z1,...,2Zy), g := (g1,---,Gr)-

Step 2. Stopping criterion: |[grad,, (P)||/pa(P) <e.
Step 3. QR-updates:

Ct[mj —Osz

enev = ©;, Pj =0V I0mv,
aZ}L alp;—m,

Q
with the step-size given by a = —a/(b+ ¢), where

r T
. T - 17 7t ot
a.—j_gltr<\I/3”Zj>, b:.= Eltr(\I/jZ]Zj —Z]\I/ij),
= iz

|
—

T

r
Ci= Z pA(Pla"'7§j)"'7€k7"')PT)7

=1 k=j+1

for j =1,...,r. The tangent vectors &; are given in (6.10).
Step 4. Set P := P™V and © := ©"°V.
Step 5. New direction: Update W', W7, W’ as in (6.13) and compute the new
direction
Z;lew — g‘;lew _|_ /B ZJ7 g;lew = \Ij;(/’
for j =1,...,r. Here, 8 is given by the Polak-Ribiere formula

new

9"V —g)

g
.

Step 6. Set g := ¢V, Z := Z"¥ and go to Step 2.

Table 6.5:
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ALGORITHM 2. RCG algorithm on LG (m)

Step 1. Starting point: Given P = (Py,..., P.) € LG*(m) choose

Up | -
@j = S Sp(nj), UjU;f = [mj, VJVJJr = In]-—mj,
Vi
such that P; = ©1I1;0;, for j = 1,...,r.

Initial direction: Set

~

A= Wa (P, Iy P,
compute W, W7, W asin (6.13) and take the steepest ascent direction
"
Zj = g; =V + ",
for j=1,...,r. Denote Z := (Z1,...,2Z), g := (g1, -, 9r)-
Step 2. Stopping criterion: |[grad,, (P)|/pa(P) <e.
Step 3. QR-updates:
OéImj OéZj +
07" = 0; , Pj= 0,110,
—OéZj Oé[nj,mj 0
with the step-size given by a = —a/(b + ¢), where
i " a
a:= %]21 tr((\Ilg.” + \I/j T)ZJT), b:.= ZtI‘(Zj(\I/;- — ;./)Zj>,
= =

r—1 r
C::Z Z pA(Pl)"'aéj)'"7£k7"‘)P7“)7
=1 k=41
for j =1,...,r. The tangent vectors &; are given in (6.10).
Step 4. Set P := P™V and © := "V,
Step 5. New direction: Update W', W7, W’ as in (6.13) and compute the new

direction Z]I,leW — g;}ew + 8 Zj, g;}ew — (‘1};(/ + \I/;-”T),

for j =1,...,r. Here, 8 is given by the Polak-Ribiere formula

new

9" —g)
b=
(9.9)
Step 6. Set g := g™V, Z := Z™V and go to Step 2.

(g

Table 6.6:
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6.3 Numerical experiments on Gr”*(m,n)

In this section we run several numerical experiments suitable for the applications men-
tioned in Chapter 3.1, i.e. best rank approximation for tensors and subspace clustering,
to test the Newton-like (N-like) and Riemannian conjugate gradient (RCG) algorithms.
The algorithms were implemented in MATLAB on a personal notebook with 1.8 GHz
Intel Core 2 Duo processor.

6.3.1 Best multilinear rank-(m,...,m,) tensor approximation.

To test the performance of the N-like and RCG algorithms, we have considered several
examples of tensors of order 3 and 4 with entries chosen from the standard normal
distribution and we have estimated their best low-rank approximation. We have started
with a truncated HOSVD ([50]) and run several HOOI iterates before starting the N-like
or RCG iterations. Depending on the size of the tensor, the number of HOOI iterations
necessary to reach the region of attraction of a stationary point P* € Gr*(m,n),
ranges from 10 to 100. As a stopping criterion we have chosen the relative norm of
the gradient [|grad,, (P)||/pa(P) to be approximately 10713 in machine precision, i.e.
lerad,,, (P)[|/pa(P) ~ 1013,

Computational complexity. The computational complexity of the N-like method
is determined by the computation of the Hessian and the solution of the Newton equa-
tion (6.39). Thus, for the best rank-(m,m,m) approximation of a n X n X n tensor,
the computation of the Hessian is dominated by tensor-matrix multiplications and is
of order O(n®m). Solving the Newton equation by Gaussian elimination gives a com-
putational complexity of order O(m?(n — m)3), i.e. the dimension of the manifold to
the power of three. For the computational costs of the RCG method we have to take
into discussion only tensor-matrix multiplications, which give a cost per RCG iteration
of order O(n3m).

Experimental results and previous work. The problem of best low-rank
tensor approximation has enjoyed a lot of attention recently. Apart from the well
known higher order orthogonal iterations — HOOI ([51]), various algorithms which
exploit the manifold structure of the constraint set have been developed. We refer to
[20, 41] for Newton methods, to [66] for quasi-Newton methods and to [42] for conjugate
gradient and trust region methods on the Grassmann manifold. Similar to the Newton
methods in [20, 41], our N-like method converges quadratically to a stationary point of
the generalized Rayleigh-quotient when starting in its neighborhood.

We have compared our algorithms with the existing ones in the literature for several
tensor instances: quasi-Newton with BFGS, Riemannian conjugate gradient method
which uses the Armijo-rule for the computation of the step-size (CG-Armijo), and
HOOI. The algorithms were run on the same platform, identically initialized by a
truncated HOSVD ([50]) and having the same stopping criterion. For the BFGS quasi-
Newton and limited memory quasi-Newton (L-BFGS) methods we have used the code
available in [60].
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Figure 6.1: Convergence for multilinear rank tensor approximation: number of itera-
tions versus the relative norm of the gradient |grad,, (P")||/pa(P") at a logarithmic
scale. Left: 100 x 100 x 100 tensor approximated by a rank-(5,5,5) tensor. Right:
100 x 150 x 200 tensor approximated by a rank-(15,10,5) tensor.

Fig. 6.1 shows convergence results for two large size tensors 100 x 100 x 100 and
100 x 150 x 200 approximated by rank-(5, 5, 5) and rank-(15, 10, 5) tensors, respectively.
In Fig. 6.2 we plot the convergence behavior of the RCG method for the best rank-
(10,10, 10) approximation of a 200 x 200 x 200 tensor (left) and for the best rank-
(5,5,5,5) approximation of a 4 order tensor 50 x 50 x 50 x 50. Due to the limited
memory space allowance, we were not able to run the N-like and BFGS quasi-Newton
algorithms for the example on the left. In this case it was still possible to run RCG,
L-BFGS, CG-Armijo and HOOI. We did not run the N-like algorithm for the example
on the right as well, but not because of memory limitation, but because of the huge
number of HOOI iterations necessary to reach the area of attraction for the N-like
iteration.

As the numerical experiments have shown, the N-like method has the advantage of
fast convergence rate. However, for very large size problems, the N-like algorithm can
not be applied, as mentioned before. Even in the cases when it is possible to apply N-
like algorithm, it needs a large amount of time per iteration. As an example, for the best
rank-(10, 10, 10) of a 180 x 180 x 180 tensor, one N-like iteration took 3 minutes. With
the same problem are confronted algorithms which explicitly compute the Hessian and
solve the Newton equation, such as [20, 41], but also the trust region method in [42],
which approximately solves the Newton equation by a truncated conjugate gradient
algorithm and does not compute explicitly the Hessian, but its action on a tangent
vector. On the other hand, the low cost iterations of the RCG method makes it a
good candidate to solve large size problems. The convergence rate is comparative to
that of the BFGS quasi-Newton method in [60], at much lower computational costs.
In the examples in which the tensor is a small perturbation of a low-rank tensor, our
RCG algorithm manifests a quadratic convergence. For a general tensor, which is not
a small perturbation of a low-rank tensor, the CG-Armijo and HOOI methods required
an extremely high number of iterations to reach a stationary point.
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Figure 6.2: Convergence for multilinear rank tensor approximation: number of itera-
tions versus the relative norm of the gradient |grad,, (P")|/pa(P") at a logarithmic
scale. Left: 200 x 200 x 200 tensor approximated by a rank-(10, 10, 10) tensor. Right:
50 x 50 x 50 x 50 tensor approximated by a rank-(5,5,5,5) tensor.

In Table 6.7 we display the average CPU times (100 trials for each instance) neces-
sary to compute a low rank best approximation for tensors of different sizes and orders
by N-like, RCG, BFGS and L-BFGS quasi-Newton methods.

Table 6.7: Average CPU Time

Tensor size and rank N-like | RCG | BFGS | L-BFGS
50 x 50 x 50, rank-(7,8,5) 2s 6s 24 s 13s
100 x 100 x 100, rank-(5,5,5) 70 s 75 s 150 s 9 s
100 x 150 x 200, rank-(15,10,5) | 1 min/it | 9 min | 25 min | 15 min
200 x 200 x 200, rank-(5,5,5) - 11 min - 14 min
50 x 50 x 50 x 50, rank-(5,5,5,5) | 2.5s/it | 9 min | 11 min -

Conclusions. As expected, there is no guarantee that the N-like and RCG itera-
tions converge to a local maximizer of the generalized Rayleigh-quotient. However, in
the examples shown in Fig.6.1 and Fig.6.2 the limiting points are local maximizers of
the generalized Rayleigh-quotient. The RCG method has very cheap iterations as well
as a good convergence rate. Our experiments exhibit shortest CPU time for the RCG
method. In the implementation of the RCG, we have used the Polak-Ribiere strategy
for the computation of a new direction, since it turned out to be the most efficient for
these type of applications, see Figure 6.3.
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Figure 6.3: Comparison between the convergence speed of RCG method with Polak-
Ribiere, Hestens-Stiefel and Fletcher-Reeves strategies in the case of the rank-(5,5,5)
approximation of randomly chosen tensors of size 10 x 10 x 10 (left) and size 50 x 50 x 50
(right).

6.3.2 Subspace clustering

The experimental setup consists in choosing r subspaces in R? (r = 2,3 and 4) and
collections of 200 randomly chosen! points on each subspace. Then, the sample points
are perturbed by adding zero-mean Gaussian noise with standard deviation varying
from 0% to 5% in the different experiments. Now, the goal is to detect the exact
subspaces or to approximate them as good as possible. For this purpose, we apply our
N-like and RCG algorithms to solve the associated optimization task, cf. Section 3.1.
The error between the exact subspaces and the estimated ones is measured as in [73],
i.e.

err := ! 27": arccos<1| tr(P~]5-)|> (6.49)
Cor mj2 I '
where P; is the orthogonal projector corresponding to the exact subspace and ]5] the
orthogonal projector corresponding to the estimated one.

In the case of unperturbed data, we have shown that the global minimizer of ps
yields the exact subspaces, thus we expect that for noisy data the global minimizer still
gives a good approximation. Since ps has many local optima, for an arbitrary starting
point our algorithms can converge to stationary points which lead to a significant
error between the exact subspaces and their approximation. Thus, in what follows,
we briefly describe a method (PDA, see below) for computing a suitable initial point
which guarantees the convergence of our algorithms towards a good approximation of
the exact subspaces in our numerical experiment:

The Polynomial Differential Algorithm (PDA) was proposed in [73]. It is a purely
algebraic method for recovering a finite number of subspaces from a set of data points

!The points have been generated by fixing an orthogonal basis within the subspaces and choosing
corresponding coordinates randomly with a uniform distribution over the interval [—5, 5].
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Figure 6.4: Left: Data points drawn from the union of two subspaces of dimension 2
(through the origin) of R3. Right: Data points from the left figure slightly perturbed
by zero mean Gaussian noise with 5% standard deviation.

belonging to the union of these subspaces. From the data set finitely many homoge-
neous polynomials are computed such that their zero set coincides with the union of
the sought subspaces. Then, an evaluation of their derivatives at given data points
yields successively a basis of the orthogonal complement of subspaces one is interested
in. For noisy data, a slightly modified version of PDA [73] yields an approximation of
the unperturbed subspaces. This “first" approximation turned out to be a good start-
ing point for our iterative algorithms which significantly improved the approximation
quality.

For each noise level we perform 500 runs of the N-like and Local-CG algorithms for
different data sets and compute the mean error between the exact subspaces and the
computed approximations. As a preliminary step, we normalize all data points, such
that no direction is favored.

In Fig. 6.4, 400 randomly chosen data points which lie exactly in the union of two
2-dimensional subspaces of R? (left) and their perturbed’ images (right) are depicted.
Moreover, the two plots display the exact subspaces (left) as well as the ones com-
puted by our N-like algorithm (right). The error between the exact subspaces and our
approximation is ca. 2°, whereas the error for the PDA approximation is ca. 5°.

In Fig. 6.6, we plot the mean error (left) for different noise levels and different
number of subspaces. We included also the mean error for the staring point of our
algorithms, i.e. for the PDA approximation. On the right we demonstrate the fast
convergence rate of the N-like and RCG algorithms for the case of 3 and, respectively,
4 subspaces.

Resume. Our numerical experiments have proven that (i) the minimization task
proposed in Section 3 is capable to solve subspace detection problems and (ii) our
numerical algorithms initialized with the PDA starting point yield an effective method

!Gaussian noise with 5% standard deviation
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Figure 6.5: Left: The mean error for noise levels from 0% to 5% and different num-
ber of subspaces. The disconnected symbols refer to the initial error (PDA) and the
corresponding continuous lines refer to the error estimated by our algorithms. Right:
Convergence of N-like and RCG for subspace clustering: number of iterations versus
the relative norm of the gradient |grad,, (P")||/pa(P") at a logarithmic scale. Data
points from 3 and resp. 4 subspaces perturbed with 5% Gaussian noise. Average CPU
time: ca. 0.4 and ca. 2 seconds for the N-like and RCG algorithm, respectively (1.8
GHz Intel Core 2 Duo processor).

for computing a reliable approximation of the perturbed subspaces.
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Figure 6.6: Convergence behavior for N-like and RCG methods for finding the zeros of
the gradient vector field of p4 with A € shym;yoo Hamiltonian.

6.4 Numerical experiments on LG™(m)

To test the performance of the Newton-like and conjugate gradient methods on LG™ (m),
we have taken a small perturbation of a symmetric Hamiltonian matrix of the form
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A1 ® As ® A3 with Ay, Ag, Az € sp(10,R) Nsymy, i.e.
A=A1® A ® As+ E/|E|,

where I/ € symyg, represents the noise with elements normally distributed in the
interval [0, 1]. As a starting point we have chosen orthogonal projectors Pj, P, Ps
corresponding to Lagrangian invariant subspaces of Aj, Ao and As respectively. The
convergence behavior of the Newton-like and conjugate gradient method are displayed
in Fig. 6.6.
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