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Abstract

We provide explicit formulas for the Levi-Civita connection and Riemannian Hessian
for a Riemannian manifold that is a quotient of a manifold embedded in an inner
product space with a non-constant metric function. Together with a classical formula
for projection, this allows us to evaluate Riemannian gradient and Hessian for several
families of metrics on classical manifolds, including a family of metrics on Stiefel man-
ifolds connecting both the constant and canonical ambient metrics with closed-form
geodesics. Using these formulas, we derive Riemannian optimization frameworks on
quotients of Stiefel manifolds, including flag manifolds, and a new family of complete
quotient metrics on the manifold of positive-semidefinite matrices of fixed rank, con-
sidered as a quotient of a product of Stiefel and positive-definite matrix manifold with
affine-invariant metrics. The method is procedural, and in many instances, the Rie-
mannian gradient and Hessian formulas could be derived by symbolic calculus. The
method extends the list of potential metrics that could be used in manifold optimization
and machine learning.
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1 Introduction

In the foundational paper [9], the authors introduced Riemannian optimization frame-
works for Stiefel and Grassmann manifolds, where the Riemannian gradient and
Hessian are given globally using a projection operator and a Christoffel function,
a bilinear operator on the matrix space containing the Stiefel manifolds. The intro-
duction of these global operators allows efficient computation when the manifolds
are defined by constraints, or as quotients of constrained manifolds, as opposed to
computation using local charts in an abstract manifold. The frameworks help popular-
ize the field of Riemannian optimization. Since then, similar frameworks have been
introduced for many manifolds with several software packages [8, 16, 26] implement-
ing aspects of these frameworks. The Riemannian Hessian calculation is in general
difficult. It could be computed using the calculus of variation. "Doing so is tedious”
[9], so the detailed calculations for Stiefel manifolds were not included in that paper,
a generalization and full derivation recently appeared in [11].

In this article, we attempt to address the problem: given a manifold, described by
equality constraints in a vector space, or quotient of such manifold, and a metric, also
defined by an analytic formula, compute the gradient and Riemannian Hessian for a
function on the manifold. Recall the Riemannian Hessian is computed using the Levi-
Civita connection. By computing, we mean a procedural, not necessarily closed-form
approach. We are looking for a sequence of equations, operators, and expressions
to solve and evaluate, rather than starting from a distance minimizing problem. We
believe that the approach we take, using a classical formula for projections together
with an adaptation of the Christoffel symbol calculation to ambient space addresses
the problem effectively for many manifolds encountered in applications. This method
provides a very explicit and transparent procedure that we hope will be helpful to
researchers in the field. The main feature is it can handle manifolds with non-constant
embedded metrics, such as Stiefel manifolds with the canonical metric, or the manifold
of positive-definite matrices with the affine-invariant metrics. The method allows us
to compute Riemannian gradients and Hessian for several new families of metrics
on manifolds often encountered in applications, including optimization and machine
learning. While the effect of changing metrics on first-order optimization methods has
been considered previously, we hope this will lead to future works on adapting metrics
to second-order methods. The approach is also suitable in the case where the gradient
formula is not of closed-form. We also provide several useful identities known in
special cases.

As an application of the method developed here, we give a short derivation of the
gradient and Hessian of a family of metrics studied recently in [11], extending both the
canonical and embedded metric on the Stiefel manifolds with a closed-form geodesics
formula. (We were ignorance of [11], which were done before we started this project
in 2020). We derive the Riemannian framework for the induced metrics on certain
quotients of Stiefel manifolds, including flag manifolds. We also give complete metrics
on the fixed-rank positive-semidefinite matrix manifolds, with efficiently computable
gradient, Hessian, and geodesics.

When the metric on a submanifold of a vector space (called the ambient space)
is induced from the Euclidean metric on the vector space, the Riemannian gradient
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and Hessian correspond to the projected gradient and the projected Hessian in the
literature of constrained optimization [9, section 4.9], [10]. When the metric is given
by an analytic expression, (which is a metric when restricted to the constrained set, but
not necessarily on the whole vector space), using [22, Lemma 4.3], we can compute
Riemannian Hessian by projecting the Riemannian Hessian on the ambient space, and
[22, Lemma 7.45] give us a similar computation for a quotient manifold. Representing
the metric as an operator defined on the quotient/constrained manifold, we derive
directly formulas for the Levi-Civita connection and the Riemannian Hessian that are
dependent on the operator values on the manifold alone, giving us a procedural and
simple approach, as explained. This approach has also been advocated in [1]. However,
its usage is dependent on an extension with a computable Levi-Civita connection in the
ambient space. This last step seems to restrict its use, a tricky extension is sometimes
used, for example, in the case of the Grassmann manifold in [1]. We address this issue
by working directly with the metric expression, giving an explicit formula for the
connection in Eq. (3.10). This formula generalizes the connection formula using the
Weingarten map in [2] for constant metrics.

Our framework works for both real and complex cases. The paper [15] gave the
original treatment of the Hessian for the unitary/complex case. The case of Stiefel
manifolds was studied in [9, 11], we reprove the results using our framework and
provide complete formulas for the Hessian. Optimization on flag manifolds was studied
in [21, 28] but a second-order method had not been given in an efficient form, an
expression for the Riemannian Hessian vector product was not given/implemented.
We provide second-order methods for the flag manifolds with the full family of metrics
of [11], including efficient formulas for the Riemannian Hessian.

The affine-invariant metric on positive-definite matrices was also widely studied,
for example in [12, 23-25]. There are numerous metrics on the fixed-rank positive-
semidefinite (PSD) manifolds, which we mentioned [7] that motivated our approach.
Although working with the same product of Stiefel and positive-definite manifolds
with the affine-invariant metric, that paper did not use the Riemannian submersion
metric on the quotient and focused on first-order methods. We compute the Levi-
Civita connection for second-order methods. In [13, 27], two different families of
metrics on PSD manifolds are studied. They both require solving Lyapunov equations
but have different behaviors on the positive-definite part. Articles [15, 17] discuss the
effect of adapting metrics to optimization problems ([17] adapts ambient metrics to
the objective function using first-order methods.)

In the next section, we provide some background and summarize notations. In
Sect. 3, we formulate and prove the main theoretical results of the paper. We then
identify the adjoints of common operators on matrix spaces. We apply the theory
developed to the manifolds discussed above. We then discuss numerical results and
implementation. We conclude with a discussion of future directions.

2 Preliminaries

First-order approximation of a function f on R” relies on the computation of the gradi-
ent and the second-order approximation relies on the Hessian matrix or Hessian-vector
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product. When a function f is defined on a Riemannian manifold M, the relevant quan-
tities are the Riemannian gradient, which provides a first-order approximation for f,
and Riemannian Hessian, providing the second-order term.

When a manifold M is embedded in an inner product space £ with the inner
product denoted by (- - - )¢, if we have a function g from M with values in the set
of positive-definite operators operating on &£, we can define an inner product of two
vectors wy, w2 € £ by (w1, g(Y)wy)e for Y € M. This induces an inner product on
each tangent space Ty M and hence a Riemannian metric on M, assuming sufficient
smoothness. In this setup, if f is extended to a function f on an open neighborhood
of M C &, then the Riemannian gradient relates to the gradient of f through a
projection to Ty M. In the theory of generalized least squares (GLS) [4], it is well-
known that a projection to the nullspace of a full-rank matrix J in an inner product
space equipped with a metric g (also represented by a matrix) is given by the formula
Ie— g ' JT(Jg= ' JT) 1 J (I¢ is the identity matrix/operator of &). If the tangent space
is the nullspace of an operator J, and an operator g is used to describe the metric
instead of matrices J and g, we have a similar formula where the transposed matrix
JT is replaced by the adjoint operator J'. J is the Jacobian of a full rank equality
constraint. This projection formula is not often used in the literature, the projection is
usually derived directly by minimizing the distance to the tangent space. It turns out
when J is given by a matrix equation, J* is simple to compute. For manifolds common
in applications, J g~! J* could often be inverted efficiently. Thus, this will be our main
approach to computing the Riemannian gradient.

The Levi-Civita connection of the manifold, which allows us to take covariant
derivatives of the gradient, is used to compute the Riemannian Hessian. A vector
field & in our context could be considered as a £-valued function from M, such that
E(Y) € TyMforallY € M.Fortwo vector fields &, n on M, the directional derivative
Dgn is an E-valued function but generally not a vector field (i.e. (Dgn)(Y) € Ty M
may not hold). A covariant derivative [22] (or connection) associates a vector field
Ven to two vector fields &, n on M. The association is linear in &, R-linear in 7 and
satisfies the product rule

Ve(fn) = fVen+ (De f)n

for a function f on M, where D¢ f denotes the Lie derivative of f (the directional
derivative of f along direction &, at each x € M). For a Riemannian metric (, )
on M, the Levi-Civita connection is the unique connection that is compatible with
metric, D¢ (n, @) g = (Ven, @) r + (1, Ve@)r (¢ is another vector field), and torsion-
free, Ven — V,,& = [, n]. If a coordinate chart of M is identified with an open subset
of R" and (, ) g is given by a positive-definite operator gg, (i.e. (£, n)g = (£, gr1)R")

1
Ven =Den + 295 (Degr)n + (Dygr)E — X(E, 1),

where X(&,7) € R" (uniquely defined) satisfies (Dggr&, n)gr = (¢, X(&, n))ge
for all vector field ¢. The formula is valid for each coordinate chart, and it is often
given in terms of Christoffel symbols in index notation ([22], proposition 3.13). We
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will generalize this operator formula. The gradient and & are examples of index-
raising, translating from a (multi)linear scalar function 4 to a (multi)linear vector-
valued function of one less variable, that evaluates back to /& using the inner product
pairing.

The Riemannian Hessian could be provided in two formats, as a bilinear form
rhess(}2 (&, ), returning a scalar function to every two vector fields &, 1 on the manifold,

or a (Riemannian) Hessian vector product rhess}lé, an operator returning a vector
field given a vector field input £. In optimization, as we need to invert the Hessian
in second-order methods, the Riemannian Hessian vector product form rhessf is

more practical. However, rhess?? # isdirectly related to the Levi-Civita connection (see
Eq. (3.12) below), and can be read from the geodesic equation: In [9], the authors
showed the geodesic equation (for a Stiefel manifold) is given by ¥ + I'(Y, Y) = 0
where the Christoffel function I” (defined below) maps two vector fields to an ambient
function and the bilinear form rhess(}2 is fyy(é, n) —(I'E,n), fy)g. Here, fy and

fyy are the ambient gradient and Hessian, see Sect. 3.

In application, we also work with quotient manifolds, an example of Riemannian
submersion. Recall ([22], Definition 7.44) a Riemannian submersion 7 : M — B
between two manifolds M and B is a smooth, onto mapping, such that the differential
dr isontoatevery point Y € M, the fiber 7 ~!(b), b € BisaRiemannian submanifold
of M, and dm preserves scalar products of vectors normal to fibers. An important
example is the quotient space by a free and proper action of a group of isometries.
At each point ¥ € M, the tangent space of 7! (7 Y) is called the vertical space,
and its orthogonal complement with respect to the Riemannian metric is called the
horizontal space. The collection of horizontal spaces Hy (¥ € M) of a submersion
is a subbundle H. The horizontal lift, identifying a tangent vector £ atb = 7 (Y) € B
with a horizontal tangent vector £y at Y is a linear isometry between the tangent space
Tp3 and Hy, the horizontal space at Y. The Riemannian framework for a quotient
of embedded manifolds is studied through the horizontal lifts, the focus is on the
horizontal bundle H instead of the tangent bundle 7 M.

The reader can consult [1, 9] for details of Riemannian optimization, including
the basic algorithms once the Euclidean and Riemannian gradient and Hessian are
computed. In essence, it has been recognized that many popular equation solving and
optimization algorithms on Euclidean spaces can be extended to a manifold framework
([9, 10]). Steepest descent on real vector spaces could be extended to manifolds using
the Riemannian gradient defined above together with a retraction. Here, a retraction
R is a sufficiently smooth map mapping X € M,n € TxM to R(X,n) € M for
sufficiently small 5. Also, using the Riemannian Hessian, second-order optimization
methods, for example, Trust-Region ([1]), could be extended to manifold context. At
the i-th iteration step, an optimization algorithm produces a tangent vector 1; to the
manifold point ¥;, which will produce the next iteration point Y;+1 = R(Y;, ;) ([3],
chapter 4 of [1]). For manifolds considered in this article, computationally efficient
retractions are available.
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2.1 Notations

We will attempt to state and prove statements for both the real and Hermitian cases
at the same time when there are parallel results, as discussed in Sect. 4.1. The base
field K will be R or C. We use the notation K"*" to denote the space of matrices of
size n x m over K. We consider both real and complex vector spaces as real vector
spaces, and by Trr we denote the trace of a matrix in the real case or the real part of
the trace in the complex case. A real matrix space is a real inner product space with the
Frobenius inner product Trg ab", while a complex matrix space becomes a real inner
product space with inner product Trr abM (see Sect. 4.1). We will use the notation t to
denote the real adjoint T for a real vector space, and Hermitian adjoint H for a complex
vector space, both for matrices and operators. We denote sym X = %(X + XY,
skew X = %(X — X%). We denote by Sym, g ,, the space of t-symmetric matrices
X € K™ with X' = X. The t-antisymmetric space Skew  , is defined similarly.
Symbols &, n are often used to denote tangent vector or vector fields, while w is used
to denote a vector on the ambient space. The directional derivative in direction v is
denoted by D, it applies to scalar, vector, or operator-valued functions. If X is a vector
field and f is a function, the Lie derivatives will be written as Dx f. We also apply Lie
derivatives on scalar or operator-valued functions when X is a vector field, and write
Dxg for example, where g is a metric operator. Because the vector field X may be a
matrix, we prefer the notation Dxg to the usual Lie derivative notation Xg which may
be ambiguous. By Uk 4 we denote the group of K*? matrices U satisfying U'U = I,
(called t-orthogonal), thus Uk 4 is the real orthogonal group O(d) when K = R and
unitary group U(d) when K = C.

In our approach, a subspace Hy of the tangent space at a point ¥ on a manifold
M is defined as either the nullspace of an operator J(Y'), or the range of an operator
N(Y), both are operator-valued functions on M. Since we most often work with one
manifold point Y at a time, we sometimes drop the symbol Y to make the expressions
less lengthy. Other operator-valued functions defined in this paper include the ambient
metric g, the projection [Ty 4 to H, the Christoffel metric term K, and their directional
derivatives. We also use the symbols fy and fyy to denote the ambient gradient and
Hessian (Y is the manifold variable). We summarize below symbols and concepts
related to the main ideas in the paper, with the Stiefel case as an example (details
explained in sections below).

@ Springer



Journal of Optimization Theory and Applications (2023) 198:135-164 141

Symbol Concept

& Ambient space, M is embedded in £. (e.g. K"*P).

&1, EN Inner product spaces, range of J(Y¥') and domain of N(Y) below.

H A subbundle of T M. Either T M or a horizontal bundle in practice.
J(Y) Operator from & onto &y, Null(J(Y)) = Hy C Ty M. (e.g. Yo + o'Y).
N(Y) Inject. oper. from &N to Eonto Hy C Ty M (e.g. N(A, B) =YA + Y B).
Xtrace Index-raising operator for the trace (Frobenius) inner product.

g(¥) Metric given as self-adjoint operator on & (e.g. (1YYt + oY | Yj_)n).
Iy, MMy g Projection to H C T M in Proposition 3.2.

K(, n) Chrisfl. metric term %((Dgg)n + (D)9 — xtrace((Dy9)&, n)g, ).
T, m) Chrisfl. function IT3 g~ 'K (£, 1) — (Dg Ty, o).

3 Ambient Space and Optimization on Riemannian Manifolds

If f is a scalar function from an open subset I/ of a Euclidean space &, its gradient
grad f satisfies (7, grad f)e = Dj f for all vector fields /) on U where Dj f is the Lie

derivative of f with respect to 7. As well-known [1, 9], the Riemannian gradient and
Hessian product of a function f on a submanifold M C & could be computed from
the Euclidean gradient and Hessian, which are evaluated by extending f to a function
f on a region of £ near M. The process is independent of the extension f .

Definition 3.1 We call an inner product (Euclidean) space (&, (, )¢) an embedded
ambient space of a Riemannian manifold M if there is a differentiable (not necessarily
Riemannian) embedding M C &.

Let f be a function on M and f be an extension of f to an open neighborhood of £
containing M. We call grad f an ambient gradient of f. Itis a vector-valued function
from M to € such that for all vector fields n on M

(n(Y), grad £ (Y))e = (Dyy) f)(Y) forall Y € M 3.1)

or equivalently (n, grad f )e = D, f. Given an ambient gradient grad f with continu-
ous derivatives, we define the ambient Hessian to be the map hess f associating to a
vector field £ on M the derivative Dggrad f. We define the ambient Hessian bilinear
form hessfoz(.f, n) to be ((Dggradf), n)e. If Y € M is considered as a variable, we
also use the notation fy for gradf and fyy for hessf.

By the Whitney embedding theorem, any manifold has an ambient space. Coordinate
charts could be considered as a collection of compatible local ambient spaces.

From the embedding M C &, the tangent space of M at each point ¥ € M is
considered as a subspace of £. Thus, a vector field on M could be considered as an
&-valued function on M and we can take its directional derivatives. This derivative is
dependent on the embedding and hence not intrinsic. For a function f and two vector
fields &, n on M C & we have:

2, n) = hess f2(€, n) = De(D, f) — (Den, fr)e. (3.2)
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This follows from Dg(n, fy)e = (Dgn, fr)e + (0, De(fr))e = De(Dy, f) by taking
directional derivatives of Eq. (3.1), thus (1, Dg( fy))g can be evaluated by Eq. (3.2).
We begin with a standard result of inner product spaces. Recall that the adjoint of
a linear map A between two inner product spaces V and W is the map A' such that
(Av, w)w = (v, Atw)y where (, )y, (,)w denote the inner products on V and W,
respectively. If A is represented by a matrix also called A in two orthogonal bases in
V and W respectively, then A' is represented by its transpose A'. A projection from
an inner product space V to a subspace W is a linear operator [Ty on V such that
ITwv € W and (v, w)y = ([Twv, w)y forallw € W, v € V. Itis well-known a
projection always exists and unique, and /Ty v minimizes the distance from v to W.

Proposition 3.1 Let £ be a vector space with an inner product {, )g. Let g be a self-
adjoint positive-definite operator on &, thus (gey, e2)g = (e1, ge2)e. The operator g
defines a new inner product on £ by (e1, e2)e,g 1= (e1, gea)e. If W = Null(J) for a
map J from & onto an inner product space &y, the projection Ilg = Iy w from £ to W
under the inner product {, )¢ g is given by [1ge = ¢ — g ' 1tag 1Y Te, where It
is the adjoint map of J for all e € E.

Alternatively, if N is a one-to-one map from an inner product space Ex to € such that
W = N(&n), then the projection to W could be given by IMge = N(NtgN)~Ntge.

The operators gIly and I'IQg’1 are self-adjoint under (, )¢.

Proof The assumption that J is onto & shows J! is injective (as J'ta = 0 implies
(a,Jw)g, = 0 for all w € &, and since J is onto this implies ¢ = 0). This in
turn implies J g~! J* is invertible as if Jg~!J'a = 0, then (Jg~'J'a, a)s = 0, so
(g7 'J%a, T a)e = 0 and hence J'a = 0 as g is positive-definite. We can show NgN
is invertible similarly.

For the first case, if ey € W = Null(J) and e € &,

(@ '1'ag Y e gew)e = A9 I e ew)e = (g7 I T T e Tew)e,

where the last term is zero because ey € Null(J), so (I1ge, gew)s = (e, gew)e. For
the second case, assuming ey = N(en) for ey € En then (Using (AB)! = BtAY):

(N(N'gN)~'N'ge, gN(en))e = (ge, N(N'gN) "'N'gN(en))e = (ge, N(en))e.

The last statement follows from the defining equations of I1g. O

Recall the Riemannian gradient of a function f on a manifold M with Riemannian
metric (, ) g is the vector field rgradf such that (rgradf(Y), E(Y))r = (Dg f)(Y) for
any point Y € M, and any vector field &. Let H be a subbundle of the tangent bundle
T M, we recall this means H is a collection of subspaces (fibers) Hy C Ty M for
Y € M suchthat H is itself a vector bundle on M, i.e. H is locally a product of a vector
space and an open subset of M, together with a linear coordinate change condition (see
[22], definition 7.24 for details). We can define the 7{-Riemannian gradient rgradH’ !
of f as the unique H-valued vector field such that (rgrady, s, é1)r = Dg, f for
any H-valued vector field £&7. Uniqueness follows from nondegeneracy of the inner
product restricted to . Clearly, when H = T M, rgrady, ; = rgrady , f is the usual
Riemannian gradient. We have:
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Proposition 3.2 Let (&, {, )¢) be an embedded ambient space of a manifold M as
in definition 3.1. Let g be a smooth operator-valued function associating each Y €
M a self-adjoint positive-definite operator g(Y) on E. Thus, each g(Y) defines an
inner product on &, which induces an inner product on Ty M and hence g induces
a Riemannian metric on M. Let 'H be a subbundle of T M. Define I} g to be the
operator-valued function such that Iy, 4(Y) is the projection associated with g(Y)
Sfrom & to the fiber Hy, and for the case H = T M, define Iy, = I rm,g. For an

ambient gradient grad f of f, the H-Riemannian gradient of f can be evaluated as:
rgrady, ; = Hﬁ,ggflgradf. 3.3)

If there is an inner product space E and a map 1 from M to the space £(E, Ey) of
linear maps from & to &y, such that for each Y € M, the range of J(Y) is precisely &j,
and its nullspace is Hy then ITy g(Y)e for e € & could be given by:

My g(Y)e =e — g_1 J{(J g_l Jt)_l Je; all are evaluated at Y . (3.4)

If there is an inner product space En and a map N from M to the space £(EN, E)
of linear maps from EN to € such that for each Y € M, N(Y) is one-to-one, with its
range is precisely Hy then:

Iy ge = N(thN)_thge; all are evaluated at Y . 3.5)
Proof For any H-valued vector field &, we have:

(MTr,g9~ ' grad f, géx)e = (grad f, IMy1,q9™ ' 9én)e = (fr, &n)e = Dey, f

because 1'[7%,99_1 is self-adjoint and the projection is idempotent. The remaining

statements are just a parametrized version of Proposition 3.1. O

Note, we are not making any smoothness assumption on J or N yet, although ITy g is
assumed to be sufficiently smooth. In fact, N is often not smooth. J is usually smooth
as it is constructed from a smooth constraint on M, or on the horizontal requirements
of a vector field.

Definition 3.2 A triple (M, g, £) with £ an inner product space, M C & a differ-
entiable manifold submersion, and g is a positive-definite operator-valued-function
from M to £(&, £) is called an embedded ambient structure of M. M is a Rieman-
nian manifold with the metric induced by g.

From the definition of Lie brackets, for an embedded ambient space £ of M we have
Dgn — Dyé = [&, n] for all vector fields &, n on M. 3.6)
Recall if M, {, )g is a Riemannian manifold with the Levi-Civita connection V, the

Riemannian Hessian (vector product) of a function f is the operator sending a tan-
gent vector £ to the tangent vector rhess}lé = Vgrgrad ;. The Riemannian Hessian
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bilinear form is the map evaluating on two vector fields &, as (Vgrgrad s, n)k.
For a subbundle H of TM and a H-valued vector field &, we define the H-
Riemannian Hessian similarly as rhess%’ fn = ITy,g Ve, rgrady, » and we call

02
thessyy (61, 1) = (ITy,gVey,rgrady o mu)r = (Vey,rgrady, . nudg the M-
Riemannian Hessian bilinear form. The next theorem shows how to compute the
Riemannian connection and the associated Riemannian Hessian.

Theorem 3.1 Let (M, g, &) be an embedded ambient structure of a Riemannian man-
ifold M. There exists an E-valued bilinear form X sending a pair of vector fields (¢, n)
to X(&,n) € € such that for any vector field &y:

(X(&, m), 50)e = (§, (Dgyn)e. (3.7

Let Iy, g be the projection from £ to the tangent bundle of M. Then 1'1/\/1,9971 X(&,n)
is uniquely defined given &, n and X(&, n) is also unique if we require X(E(Y), n(Y))
to be in Ty M for all Y € M. For two vector fields &, n on M, define

1
K¢, n) = 5((Dsg)n + (D,9)§ — X(&,n) €&,
Ven :=Den + g7 'K (&, ), 3-8)
Ven = Mg Ven = Mag(Den + 97 K(E, 0).

Then Vgn is the covariant derivative associated with the Levi-Civita connection. It
could be written using the Christoffel function I':

&, n) = —Delnm:g)n + Magg ™ K(E, ),

3.9)
Ven = Dgn + I'(§, ).

If H is a subbundle of T M, and &3, ny are two H-valued vector fields, we have:

I3,gVe, i = Dey i + Tr(Ex, ny) with

L (3.10)
Iy (Ex, n) = —Dgy M g)nn + ;g9 K, 11).

If f is a function on M, fy is an ambient gradient of f and fyy is the ambient Hessian
operator, then rhess# &1 = ITy;g Ve, rgrady, r and rhess%’f are given by:

thess}) r&r = Mi.q9™ ' (frvén + 9De, (.99~ ) fr + K. M g9~ 1))
= IT1.97 " (frvém + 9Dg, [Tr.g)9 ™" fr

—(Dg, 99" fr + K&, Mr.g9~" fr)), (3.11)
thess®? (1. &10) = (Ver .99~ fr. 9mm)e
= frv&n, m0) — (PnEw, m0), fr)e. (3.12)
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The form I" (&, n) appeared in [9] and was computed for the case of a Stiefel manifold,
and was called a Christoffel function. It includes the Christoffel metric term K and
the derivative of ITx( 4. Evaluated at ¥ € M, it depends only on the tangent vectors
n(Y) and £(Y), not on the whole vector fields. Equation (2.57) in that reference is the
expression of rhess(}2 in terms of I above. In [9], I’y was computed for a Grassmann
manifold. The formulation for subbundles allows us to extend the result to Riemannian
submersions and quotient manifolds. Equation3.11 generalizes the Weingarten map
formula in [2, equations 7,10] when g = Ig, since by product rule

ITy,g(Dgy [Ty ) fy = (Dey, (T o)) fy — (Dgy My g) Mg f -
and rhess,l}’ &1 becomes

M g(frvEn) + Mg (Dey M) fr = Mrg(FryEn) + (Dgy M, g) ((Ig — Myt:g) fr).-

Here, V := (I¢ — HH;g)fy is vertical (ITy;qV = 0) and (Dg, IT3,4) V' is horizontal.
Proof X is the familiar index-raising term: for ¥ € M and vg, v, vp € Ty M, as

(v1, (Dyy9)v2)¢ is a tri-linear function on 7y M and the Riemannian inner product
on Ty M is nondegenerate, the index-raising bilinear form X with value in Ty M is
uniquely defined, so X(§(Y), n(Y)) = :\,’(E(Y), n(Y)) satisfies Eq. (3.7), where we
consider Ty M as a subspace of £ Thus, we have proved the existence of X. If we
take another E-valued function A& satisfying the same condition but not necessarily
in the tangent space, the expression /T M,gg’l)(l, hence IT M,gg’lK is independent
of the choice of X, as for three vector fields &y, &, n

(90, Mr,g9 ' X1(E, m)e = (960, 97 X1 (&, m))e = (£, Dgym)e.

We can verify directly that Vg¢n satisfies the conditions of a covariant derivative:
linear in £ and satisfying the product rule with respect to n. Similar to the calculation
with coordinate charts, we can show V is compatible with metric: for two vector

fields 7, &, 2(Ven, gn)e = 2(Ma1,gVen, gn)e, which is 2(Dgn + g 'K (€, n), gn)e
by definition and by property of the projection. Expanding the last expression and use

(X(E, m), me = (Dy9)E, n)e

2(Den, gn)e +2(g7 'K (&, n), gn)e
= 2(Dgn, gn)e + ((Deg)n + (D, Q)& — X(E, 1), n)e
=2(Den, gn)e + (D, n)e = De(n, gn)e.

Torsion-free follows from the fact that K is symmetric and Eq. (3.6):

Ven — Vp€ = Ip,g(Den — Dyé) = [, 1]

For Eq. (3.9), we note ITyq,gDgn = Dg (ITpq,gn) — (DI pq,g)n sO
Ven = De(n) — (DeMarg)n + Matg9 'KE, ).

@ Springer



146 Journal of Optimization Theory and Applications (2023) 198:135-164

For Eq. (3.10), [Ty, gl p1,g = 3,4 if Y € M, Hy C Ty M. Hence, Eq. (3.8) implies

My.g Ve, = Mhg(Dem + 9~ KEw, n1)),

and as before, we use ITy,gDgnn = Dg,(ITx,gnn) — (Dg I13,g)nx and
Iy gn1 = nx. The first line of Eq. (3.11) is by definition and D¢ (HH,gg_lfAy) =

D: (Mg~ ") fr + H}A{’gg_lfyy. Expand, note ITy g9~ (9T gDe, 9~ fy =
—HH,gg_l(Dgﬁg)g_lfy (as ITy g is idempotent), we have the second line. For Eq.
(3.12):

(Ver ITr.g(97" fr), 9nm)e = Dy, (ITr.g(9 7" fr), 9nm)e — (Tr.g(@™ ' fr). 9Venn)e
=D, (fy. m)e — (fy. Tr.g9 " 9w, g Ve, im)e
=D, (fy. m)e — (fy. Mr.gVemn)e
=D, (fr. mn)e — (fy. Deymrde — (fro Pr(Er nm))e
= fry & mm) — (fro PuEr nm))e.

from compatibility with metric, idempotency of I3, g, Egs. (3.10) and (3.2). O

When the projection is given in terms of J, and J is sufficiently smooth we have:

Proposition 3.3 If ] as in Proposition 3.2 is of class C? then:
Prreom) =97 1A g7 1 gy D + M9 ' KEreom) - (B.13)

for two H-valued tangent vectors &, ny at Y € M. We can evaluate rhess;_}’ ffH by

setting w = fy in the following formula, which is valid for all E-valued function w:

Ve, 1,99 '@ = Ty 9™ 'Dey 0 — M g9 (Dg,,9)9 ' @

— My, g(Dg, (@ INT g 1Y M T g7 w0 + My 997 'K, Mr,g(g ).
(3.14)

Proof The first expression follows by expanding Dg, [T} g in terms of J, noting
Jny = 0. For the second, expand HH,g%EH (H, Hgg’la)) = Ty gDg,, (HH,gg’la))—i-
ITy,49~ 'K (&3, ITy1,g9™ '), then expand the first term and use Ty g9~ ' J' =0. O

The following proposition allows us to apply the results so far in familiar contexts:
Proposition 3.4 Let (M, g, £) be an embedded ambient structure.

1. Fix an orthogonal basis e; of & & let f be a function on M, which is a restriction
of a function f on &, define fy to be the Junction from M to &, having the i-th
component the directional derivative D, f then fy is an ambient gradient. If M
is defined by the equation C(Y) = 0 (Y € M) with a full rank Jacobian, then
the nullspace of the Jacobian J¢(Y) is the tangent space of M at Y, hence J¢(Y)
could be used as the operator J(Y).
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2. (Riemannian submersion) Let (M, g, £) be an embedded ambient structure. Let
T : M — B be a Riemannian submersion, with H the corresponding hori-
zontal subbundle of TM. If &, n are two vector fields on B with &y, ny their
horizontal lifts, then the Levi-Civita connection an on B lifts to Iy, gVe, nw,
hence Eq. (3.10) applies. Also, Riemannian gradients and Hessians on B lift to
‘H-Riemannian gradients and Hessians on M.

Proof The construction of fy ensures ( fy, ei)s = D, f. The statement about the
Jacobian is simply the implicit function theorem. Isometry of horizontal lift and [22],
Lemma 7.45, item 3, gives us Statement 2. |

In practice, fy is computed by index-raising the directional derivative. For clarity,
so far we use the subscript H to indicate the relation to a subbundle H. For the rest of
the paper, we will drop the subscripts 7 on vector fields (referring to £ instead of &3)
as it will be clear from the context if we discuss a vector field in H, or just a regular
vector field.

Remark 3.1 The results of this section offer two theoretical insights in deciding poten-
tial metric candidates in optimization problems:

(1.) Non-constant ambient metrics may have the same big-O time picture as the con-
stant one. This is the case with the examples in this paper when the constraint and
the metrics are given in matrix polynomials or inversion. If the ambient Hessian
could be computed efficiently, in many cases the (maybe tedious) Riemannian
Hessian expressions, could be computed by operator composition with the same
order-of-magnitude time complexity as the Riemannian gradient. This suggests
non-constant metrics may be competitive if the improvement in convergence
rate is significant. For certain problems involving positive-definite matrices, a
non-constant metric is a better option([25]).

(2.) There is a theoretical bound for the cost of computing the gradient, assuming
that the metric g is easy to invert. If the complexity of computing g and J is
known, it remains to estimate the cost of inverting Jg~! J* (or N'gN). While in
our examples these operators are reduced to simple ones that could be inverted
efficiently, otherwise, J g~! J* could be solved by a conjugate gradient (CG)-
method (one example is in [14]). In that case, the time cost is proportional to
the rank of J (or N)) times the cost of each CG step, which can be estimated
depending on the problem.

Example 3.1 Let M be a submanifold of £, defined by a system of equations C(x) = 0,
where C is a map from & to R¥ (x € M). In this case, Jc = Cy is the Jacobian of
C, assumed to be of full rank. The projection of w € & to the tangent space Ty M
given by

Hgo = — CH(C,CH 7' Crw (3.15)

and the covariant derivative is given by Ven = Dgn + C;(Cx Cl)’1 (DgCy)n for two
vector fields &, n. With I'(€, ) = C1(C,C])~!(D¢Cy)n, the Riemannian Hessian
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bilinear form is computed from Eq. (3.12), and the Riemannian Hessian operator is:
My(fux§ = DeC) (C:CDH ™' C fo).

The expression (C,C I) -1c, fx is often used as an estimate for the Lagrange multiplier,
this result was discussed in section 4.9 of [9]. When C(x) = xx — 1 (the unit sphere)
Jc ® = x"w, the Riemannian connection is thus Ven = Den + x& T, a well-known
result.

Our main interest is to study matrix manifolds. As seen, we need to compute N* or Jt.
We will review adjoint operators for basic matrix operations.

4 Matrix Manifolds: Inner Products and Adjoint Operators
4.1 Matrices and Adjoints

We will use the trace (Frobenius) inner product on matrix vector spaces considered
here. Again, the base field K is either R or C. We use the letters m, n, p to denote the
dimensions of vector spaces. We will prove results for both the real and complex cases
together, as often there is a complex result using the Hermitian transpose corresponding
to a real result using the real transpose. The reason is when C"*", as a real vector
space, is equipped with the real inner product Re Tr(ab") (for a,b € C"™™, H is
the Hermitian transpose), then the adjoint of the scalar multiplication operator by a
complex number c, is the multiplication by the conjugate ¢. T o fix some notations,
we use the symbol Trg to denote the real part of the trace, so for a matrix a € K**",
Trra = Tra if K = R and Trra = Re(Tra) if K = C. The symbol t will be
used on either an operator, where it specifies the adjoint with respect to these inner
products, or to a matrix, where it specifies the corresponding adjoint matrix. When
K = R, we take t to be the real transpose, and when K = C we take t to be the
hermitian transpose. The inner product of two matrices a, b is Trr (ab'). Recall that
we denote by Sym, i , the space of all t-symmetric matrices (At = A),and Skew Kk
the space of all t-antisymmetric matrices (A" = —A). We consider both Sym, ,
and Skew¢ ik , inner product spaces under Trg. We defined the symmetrizer sym, and
antisymmetrizer skewy in Sect. 2.1, with the usual meaning.

Proposition 4.1 With the above notations, let A;, Bj, X be matrices such that the
functional L(X) = Zle Trr(A; X B;) + Trr(C; X'D;) is well-formed. We have:

1. The matrix xtrace(L, X) = Zf:l A}Bit + D;C; is the unique matrix Ly such that
Trr L1 X' = L(X) for all X € K"*™ (this is the gradient of L).

2. The matrix xtrace®Y™(L, X) = symt(Zf=1 A'B} + D;C;) is the unique matrix
L, € Symt’K’n satisfying Trr(L XY = L(X) forall X € Symt,K,n.

3. The matrix xtrace’*V (L, X) = skewt(ZLl Af-Bit + D;C;) is the unique matrix
L3 € Skew k., satisfying Trr(L3X') = L(X) for all X € Skew( p.
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There is an abuse of notation as xtrace(L, X) is not a function of two variables, but
X should be considered a (symbolic) variable and L is a function in X, however, this
notation is convenient in symbolic implementation.

Proof We have Trp (xtrace(L)X') = L(X) from
Trr(A; X B;) = Trr(B} X'A}) = Trr(A! B! XY

and Trr (C; X'D;) = Trr(D;C; X"). Uniqueness follows from the fact that Trg is a
non-degenerate bilinear form. The last two statements follow from

o Trp(xtrace(L)XY) = Trr(xtrace(L)H X if X' = X.
o Trp(xtrace(L)'X) = — Trp(xtrace(L)H X if X! = —X.

O

Remark 4.1 The index-raising operation/gradient xtrace could be implemented as a
symbolic operation on matrix trace expressions, as it involves only linear opera-
tions, matrix transpose, and multiplications. It could be used to compute an ambient
gradient, for example. For another application, let M be a manifold with ambient
space K™, recall rhess(}z(é, n) = fry(€ n) — I'(€,n). Assume (I"(€, 1), fy)e =
Zi Trr (A;nB;) +Trr(CintD;) with A;, B;, C;, D; are not dependent on 7, and iden-
tify tangent vectors with their images in K"*", we have:

rhesslflé = 179,9_l xtrace(rhess(}2 &, n),n),

as the inner product of the right-hand side with 7 is rhess(}2 (&, n), and the projection
ensures it is in the tangent space. If the ambient space is identified with Sym, i ,,,
Skew¢ k , or a direct sum of matrix spaces, we also have similar statements.

Proposition 4.2 With the same notations as Proposition 4.1:

1. The adjoint of the left multiplication operator by a matrix A € K™*", sending
X € K"™? to AX € K"*P is the left multiplication by A', sending Y € K"*? to
AtY e K™,

2. The adjoint of the right multiplication operator by a matrix A € K"™*" from KP*"
to KPX" is the right multiplication by A*.

3. The adjoint of the operator sending X — X' for X € K™*™ is again the operator
Y — Ytfor Y € K" Adjoint is additive, and (F o G)* = Gt o F* for two linear
operators F and G.

4. The adjoint of the left multiplication operator by A € KP*" sending X € Sym g ,
to AX € KP*" isthe operator sending Y +> %(AtY+YtA)f0rY € KP*", Conversely,
the adjoint of the operator Y + %(AtY +YtA) e Symy g, is the operator X — AX.
5. The adjoint of the left multiplication operator by A € KP*" sending X € Skewk_ p
to AX € KP*" isthe operator sendingY +— %(AtY—YtA)forY € KP*"* Conversely,
the adjoint of the operator Y + %(AtY —YtA) € Skewy i, p is the operator X +— AX.
6. Adjoint is linear on the space of operators. If F1 and F, are two linear operators
from a space V to two spaces W1 and W», then the adjoint of the direct sum operator
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(operator sending X to | F1 X F2X|) is the map sendin, A to FYA + F!B. Adjoint
P 8 P 8 B 1 ) 7k

, and more generally a map

X 0
sending a row block X; of a matrix X to F X; is the map sending Y to a matrix where
the i-th block is F'Y, and zero outside of this block.

t
of the map sending |:X1] to FXyisthemap Y —
2

Most of the proof is just a simple application of trace calculus. For the first state-
ment, the real case follows from Tr(Aab") = Tr(a(ATH)"), and Trr(Aab") =
Trr (a(A"b)M) gives us the complex case. Statement 2. is proved similarly, statement
4 is standard. Statements 4. and 5. are checked by direct substitution, and 6. is just the
operator version of the corresponding matrix statement, observing for example:

Trr(F1 XA' 4+ F, X BY) = Tre((F{A + FiB)XY).

5 Application to Stiefel Manifold

The Stiefel manifold Stk 4, on € = K"*4 is defined by the equation Y'Y = I,
where the tangent space at a point ¥ consists of matrices 1 satisfying n'Y + ¥n* = 0.
When K = R we assume d < n, so the manifold is connected. We apply the results of
Sect. 3 for the full tangent bundle H = TStk 4.,. We can consider an ambient metric:

g(Y)w = apw + (a1 — )Y Yo = g, — YYHo + a1 Y Yo (5.1)

forw € &= K™ Itis easy to see wg — Y Y'wy is an eigenvector of g(Y) with
eigenvalue o, and Y'Y twy is an eigenvector with eigenvalue «1, for any wg, w] € &,
and these are the only eigenvalues and vectors. Hence, g(Y Y o= g ! (I, -YYYHo+
ozl_l YY'w and g is a Riemannian metric if g, oy are positive. We can describe the
tangent space as a nullspace of J(¥) with J(¥V)w = 'Y + Yo € & = Symy g 4-
We will evaluate everything at Y, so we will write J and g instead of J(Y) and g(Y),
etc. By Proposition 4.2, J'a = (aYY!' 4+ Ya = 2Ya fora € . We have g~ J'a =
oy 2Ya+ ;' —ayH2Ya =20, Ya. Thus g~ ' Ita = JQ2a; 'Ya) = 4a; 'a and
by Proposition 3.1:

. _ —1¢1 t toy 1 t t
Mgy = gy = v — 2, Z(Yv Y+YYv)=v— E(Yv Y+YYv). (5.2

In this case, the ambient gradient fy is the matrix of partial derivatives of an extension
of f on the ambient space K"*“. More conveniently, using the eigenspaces of g,
Mgv = (I, — YYYv + YskewY'vand g7 fy = oy (1, — YYY fy + o] 'Y Y fy

g9~ fr = a5 ' (1 = YYY fy + a7 'Yskew (Y fy)
—1 —1 —1
PN o, — 2 o o o
=y fy + —0 5 0 Ythy——]z Yy,
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If £ and 7 are vector fields, (Dgg)n = (o1 — o) (§Y* + Y &Y. Using Proposition 4.1,
we can take the cross term X(&, ) = (a1 — o) (Ent + nEHY, thus:

n+nY'e) +YESD +n'%) — Ent +nEhHY).

K. n =

By the tangent condition, (§Y'n+nY'€) = —(En'+nEHY, hence K (&, n) = 5% F
with F = Y (&t +nte) —2(&'n+n'€)Y, we see Y F is symmetric so skeWthF 0,
therefore

g9~ F = o5 (I, = YYHF = =205 (1, = YYH(E +0'6)Y,

Myg 'K, ) = 22— 2L (1, — YYYEn' + ngYyy. (53)

Using g~ ' 1*T g1 IH~1(Dg D)y = Y (€' +n'€) to evaluate Eq. (3.13), the connec-
tion for two vector fields &, 1 is:

1 _
Ven =Den+ Y (En+0'6) + B G —yYYEnt + gy, (54)

With [Ty = (I, — YY") and let fyy be the ambient Hessian, from Eq. (3.12):

rhess (&, ) = fry(&.m) — TrR(fY{ YE D+ ') + = ” D= o n + ngYy).
(5.5)

By Remark 4.1, rhess;-ls is 1'[gg_1 xtrace(rhessg?n, n), thus

+ Y fEp)E).
(5.6)

A 1. 4 A
rhessi'& = ITy o9 (frvé — SE(/Y +Y'fy) -

We note the term inside I'IY’gg_1 can be modified by any expression sent to zero

by Hy,gg’l. The case g = 1,01 = % correspond to the canonical metric on a
Stiefel manifold, where the connection is given by formula 2.49 of [9], in a slightly
different form, but we could show they are the same by noting YY!(&nt + gty =
Y ('Y Yy +ntYY'€) using the tangent constraint. The case g = 1 = 1 corresponds
to the constant trace metric where we do not need to compute K. This family of metrics
has been studied in [11], where a closed-form geodesic formula is provided. In [20]
we also provide efficient closed-form geodesic formulas similar to those in [9].

6 Quotients of a Stiefel Manifold and Flag Manifolds

Continuing with the setup in the previous section, consider a Stiefel manifold Stk 4,
(we will assume 0 < d < n). The metric induced by the operator g in Eq. (5.1),
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ao Trr 0wy + (a1 — ) Tr o} Y Yo, with Y € Stk g, 01, w2 € Eis preserved if we
replace Y, w1, wy by YU, 01U, w2 U, for U'U = I, or if we define the t-orthogonal
group by Ug 4 := {U € K4\ UtU = 1I;} then this is a group of isometries of
g. Therefore, any subgroup G of Uk 4 acts on Stk 4, by right-multiplication also
preserves the metric, and if G is compact, we can consider the quotient manifold
Stk 4.n/G, identifying Y € Stg 4., with YU for U € G.

If the cost function f on the Stiefel manifold is invariant when applying trans-
formations by a group G, it may be advantageous to consider optimization on a
quotient manifold. The case of the Rayleigh quotient cost function Trg Y*AY for
Y € Stg g4, and A is a positive-definite matrix is well-known. As the cost func-

tion is invariant if we replace ¥ by YU for U € G = Uk 4, we can optimize
over the Grassmann manifolds Stk 4,/Uk 4. When Y € Stk 4, is divided into
two column blocks ¥ = [Y|Y2] of di + d» = d columns, the cost function

fi = Trp Y{ A 1Y) + Trg Y3 A2 Y, for two positive-definite matrices A, Ay € K" is
invariant if we replace Yy, Y2 by Y Uy, YoUs for Uy € Uk 4, Ux € Uk 4,, while
the cost function f, = TrrY fA 1Y1 + Trr Yngth for positive-definite matrices
Ay € K™ B, € K“*% ig invariant if we replace Y| by Y U only, for a generic
B, . In the first case, we can optimize over Stk 4,,/(Uk 4, X Uk 4,) and in the second
case we can optimize over Stk 4.,/ Uk 4,. We will define an optimization framework
for a quotient of Stk 4, by a group G, {Is} C G C Uk 4, where G consists of
q + 1 blocks diagonal blocks, g > 0, with at most one block could be trivial. The
case G = {l;} corresponds to the Stiefel manifold, G = Uk 4 corresponds to the
Grassmann manifold and the intermediate case includes flag manifolds. Background
materials for optimization on flag manifolds are in [21, 28], but the examples just
described and the review below should be sufficient to understand the setup and the
results. We generalize the formula for rhess’? in [28, Proposition 25] to the full family
of metrics in [11] and provide a formula for rhess'!.

Let us describe the group G of block-diagonal matrices considered here. Assume
there is a sequence of positive integers d = {dy,---,dy},di >0forl <i <gq,
such that 7 d; < d. Setdy11 = d — Y1, d;, thus dy41 > 0. This sequence
allows a partition of a matrix A € K% 1o (g +1) x (g +1)blocks Aj;;) € K xdj |
1 <i,j < g+ 1. Theright-most or bottom blocks correspond to i or j equalsto g + 1
are empty when d; 1 = 0. Consider the subgroup G = U]K, i =Uka xUkag - X
Uk.q, % {14,,} of Uk 4 of block-diagonal matrices U, with the i-th diagonal block
from the top Uy;;) € Uk g;, 1 <i < g,and Upg41,941] = quH.An element U € UK";
has the form

U =diag(Upnny, -+ » Ugqls L, y) for Ujii) € Uk g, 1 <@ < g

and transforms ¥ = [Yi|---|Y,|Yy41] to [Y1U1]--- Y UylYg41]. When g = 0,
we define d = ¢ and Uy ; = {la}. We will consider the manifold Stk 4,,/G for
G = Uy ;. Thus, when d = @, this quotient is the Stiefel manifold Stk 4, itself,

when d = {d}, it is the Grassmann manifold. When d,; = O i.e. Ziq:l d; = d, the
quotient is called a flag manifold, denoted by Flag(dy, - - - , d;; n, K). In the example
above forqg = 2,ifdy +dy = d, Stk 4.,/ (Uk,4; X Uk, 4,) is a flag manifold (we do not
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have a special name if d 4+ dy < d). Therefore, these quotients could be considered
as intermediate objects between a Stiefel and a Grassmann manifold, as we will soon
see more clearly.

Define the operator symf acting on K*4, sending A € K4 to Agymf such that
(Asymdiiji = 3(Auj) + Ajpif 1 <i#j <g+lori=j=g+1 and
(Asymf)ii] = Apip if 1 < i < gq. Thus, symf preserves the diagonal blocks for
1 <i < g, but symmetrizes the off-diagonal blocks and the g + 1-th diagonal block.
The following illustrates the operation when g = 2 for A = (A;j)) € Kdxd,

2411 Apap+ Al Aps + Ay
Agymi = = | A+ Afy 21‘\1221t Aps) + Ay
Api + Apysy Apar + Az Al + Ay

For the case d = I of the full Stiefel manifold, symf is just sym, and for the case

d= {d} of the Grassmann manifold, symf is the identity map. We show these quotients
share similar Riemannian optimization settings.

Theorem 6.1 With the metric in Eq. (5.1), the horizontal space Hy atY € Stg q4.n of

the quotient St 4., — St]K,d,n/U]K i consists of matrices w € € := K"*? such that

(th)symf =0, 6.1)

or equivalently, Yiw is t-antisymmetric with first q diagonal blocks ((Yta))symf)[l‘i]
vanish for 1 <i < q. For o € & = K", the projection Iy, from & to Hy and the
Riemannian gradient are given by

Mro = o — Y (Y'0)syme, (6.2)
Mg~ fr =y fr + @ —ag HY Y fy — o] 'Y (Y fr)syme. (6.3)

Let Iy = I, — YY'. For two vector fields £, , the horizontal lift of the Levi-Civita
connection and Riemannian Hessians are given by

M3Ven = Den + ¥ (E0)symt + ——L Mo (en' + ngYYY, (6.4)

thess? (&, m) = fyy (€, 1) — TrR(FHY 6 Nsyme + “Oa_o"“ Mo (et +ngHYY),
(6.5)

thessH'& = g™ (fyvE — E0 fydsymt — ——L (Mo fy Y' + Y f IT)€).
(6.6)

Proof First we note that symf is a self-adjoint operator, as both the identity opera-
tor on the first ¢ diagonal blocks and symmetrize operator on the remaining blocks
are self-adjoint. The orbit of ¥ € Sti 4,, under the action of Uy, 5 is YU 5, thus
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the vertical space consists of matrices of the form Y D with D is block-diagonal, t-
skewsymmetric and Dy+1),(g+1)] = 0. Since g¥ D = «1Y D, a horizontal vector w
satisfies skew((Y'w) = 0 and Trg (0'Y D) = 0. This shows the first q diagonal blocks
of Y'w are zero, hence (Yta))symf =0.

For the projection, we proceed like the Stiefel case, with the map Jw = (¥ t(,())symf,
mapping £ to & = {A € K| Ap;j) = Aljplsi#j<q+lori=j=q+1}
Since symf is self-adjoint, A = YAgymt = YA for A € &. From here we get
Jg'1Ha = al_lA and Eq. (6.2) follows. Equation 6.3 is a substitution of g’lfy to
Eq. (6.2), noting (Yt(g_lfy))symf = (xl_l(thY)symf, using the eigen decomposition
of g.

For the Levi-Civita connection, we use Eq. (3.10). For two horizontal vector fields
&, n, Delly)n = _é(Ytn)symf - Y(gtn)symf = _Y(%-t’?)symf and [Ty = Iyl
where IT is the Stiefel projection Eq. (5.2), hence ITxg~ 'K (&, n) = ITg~'K (&, ) —
Y(YUTg—'K (g, 1))symf - The last term vanishes from Eq. (5.3), and we have Eq. (6.4).

Equation (6.5) follows from Eq. (3.12). We derive Eq. (6.6) from remark 4.1 and
self-adjointness of symf, expanding Trg fy Y (£'0)sym to

Tre(Y ) E N symt = TrR(Y fy)syme (€)' = Trr £V fy)symen".

7 Positive-Definite Matrices

Consider the manifold SH‘E , of t-symmetric positive-definite matrices in K"*". In

our approach, we take & = K"*" with its Frobenius inner product. The metric g is
(£,9n)e = Tr(EY~1ny~1), with the metric operator g : n +— Y~ 'nY~! for two
vector fields &, n. The full tangent bundle H = TSHZ , 1s identified fiber-wise with the

nullspace of the operatorJ : n > Jn =n — nt, with & = Skew¢ k . By item 5 in
Proposition 4.2, we have Jta = 2a where a is a t-antisymmetric matrix. From here
Jg~'J'a = 4YaY and (write IT for I1y):

—1 yt 4—1 71 L tyy—1 1 t
MM =n-g FAg Ty In=n=2Y(CY"(n—n)Y )Y =_-(n+n)
= symyn.
Thus, the Riemannian gradient is Hg_lfy = %Y(fy + f},)Y. Next, we compute
(D¢9)n = Dgjy constamt (Y'Y 71 = =Y~ 1gy~lyy = — y=Iny =16y 7!, where we

keep n constant in the derivative, as we evaluate D¢ g as an operator-valued function.
From here, (D,9)§ = (D:g)n. We note for three vector fields &, n, &

Trr(Y &Y Iny = + v Iny ey ThE = Trr so(v ' py ley !
+yley~lyyh.
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Thus, we can take X(&, ) = =Y Ipy~ley—! —y-ley—lyy—"1and

1 - _ _ _ _ _
T n) = =g My — Y (¥ ytey '+ yley gy Ty,

| _
Ven =Dg = S(EY "+ 0¥ 1E). (7.1)
Hence, the Riemannian Hessian bilinear form rhess’? (&,n)is

A 1 ~ ~ 1 ~ ~
frr@&m+3 TrR((EY ~'n+nY 7'8) fy)=fry (&, N+ Tre((freY '+Y 71 fy)n).

(7.2)
Usiilg a symmetricA version of remark 4.1, rhess}-lg = Hgg_lsymt(fyyg +
%(fy.‘;:Y_l + Y‘léfy)). We get the following formula, as in [8]:
rhess}]é = Ysym,(fyy&)Y + sym(Esym (fy)Y). (7.3)

8 A Family of Metrics for the Manifold of Positive-Semidefinite
Matrices of Fixed Rank

In [7], the authors defined a family of metrics on the manifold SH—E, n of positive-
semidefinite matrices of size n and rank p for the case K = R. Each such matrix will
have the form Y PY' with ¥ € Stk ., (Y'Y = I,) and P is positive-definite of size
p X p, up to the equivalent relation (Y, P) ~ (YU, UtPU) for a matrix U € Uk p,
(that means U € KP*P and UU' = »). So the manifold Sﬂz, o could be identified

with the quotient space (Stg p n X SH‘E p) /UK, p of the product of the Stiefel manifold

Stg, p,» and the manifold of positive-definite matrices SH‘E pover the t-orthogonal group

Uk, p. (The paper actually uses R = P to parametrize the space.) From our point
of view, the ambient space is £ = K"*? x KP*?_ and the tangent space is identified
with the image of the operator N from K""~P)%P x Sym g , t0 & Ny : (B, D)
(Y1 B, D), where the matrix (YY) ) is t-orthogonal. On the tangent space, [7] uses the
metric Tr(BBY +k Tr(DP~1DP~1) fora positive number k. The action of the group
gives us the vertical vectors (Yq, Pq — qP) for a t-antisymmetric matrix q such that
q+q' = 0. In the paper, the image of N transverses but not orthogonal to the vertical
vectors, and no second-order method is provided. We modify this approach, using
a Riemannian quotient metric to provide a second-order method. In the following,
the projection to the horizontal space is denoted by ITy. The horizontal lift of the
Levi-Civita connection (denote by VH) is [Ty V.

Theorem 8.1 Let M = Stg ,, % SHEP C & = K" x KP*P be an embedded
ambient space of M. Identifying the manifold Si o of positive-semidefinite matrices
with B = (Stg, p,.n X S£,p)/UKvP’ where the pair S = (Y, P) represents the matrix
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YPY' with Y € Stg, p.n, P € Sﬂz » and the action of U € Uk, sends (Y, P) to
(YU, U'PU). The self-adjoint metric operator

9(S)(wy, wp) = glwy, wp) = (@wy + (a1 — @)Y Y'wp, BP 'wpP™h) (8.1)

forw = (wy, wp) € € =K"PxKP*P defines the innerproductTrR(aow§/a)y+(a1—
oto)a)}YYta)y + Bwp P lwp P’l) on &, which induces a metric on Stg p , X Sﬂz »

+
K,p,n*

bundle TSHJg’p,n lifts to the subbundle H C T (Stg, p.n X SE&,I,) horizontal to the group
action, where a vector n = (ny, np) € £ is a horizontal tangent vector at S = (Y, P)
if and only if it satisfies:

invariant under the action of Uk ,, and induces a quotient metric on S Its tangent

arY'ny + Bnp P~ —BPInp = 0. (8.2)

Hs = Hy,p) could be identified as the range of the one-to-one operator N(S) from
En = KO=Pxp Symy , to & mapping (B, D) € & to:

N(S)(B, D) = (Ny(B, D),Np(B, D)) := (BY(P~'D — DP™ ")+ Y. B, 1 D),
(8.3)

where Y| is orthogonal complement matrix to Y, (Y|Y 1) € Uk ,. The projection of
w = (wy, wp) € £ =K"*? x KP*P 1o the horizontal space Hy py is given by

My (S)(wy, wp) = (BY(P™'D—DP™") + wy — YY'wy, D)
with D = D(P)w := L(P)"'sym,(wp + Y'wy P — PY'wy) (8.4)
where L(P)X = (a1 —2B)X + B(PXP~' + P7'XP).

The operator L(P) could be inverted by Proposition 8.1. The Riemannian Hessian
could be evaluated by Eq. (3.11), and the lift of the Levi-Civita connection is given by

Vi == My Ven = Den — (DeITw)n + Mrg ™ 'K(E, ), (8.5)
for horizontal lifts € = (v, &p), n = (ny, np) of tangent vectors 0fS£p’n with
K n)y = = (Y (1yéy + Eyny) = 2nv €} + Evni) ).
K& mp =2 e P lep P 4 PP p ), (8.6)

(Dg M) = (DgITy)w)y, a1 D),
(De My)w)y = Bey(P'D—DP~ Y + gy (P~'D - DP!
+DP 'ep P! — PTlEp PTID) — &y Y 4 YE 0y,
with D := (D¢D)w = L(P)~{sym(é}wy P — PESwy + Y'wyép — EpYiwy)
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—BEpDP '+ P7'Dgp — PDP ep P! — P lEp PTIDP)). (8.7)

Thus, the Hessian could be evaluated at O (np?)-complexity, by operator composition
using Eq. (3.11). Note that (D¢ IT3;)n could be further simplified if n = (ny, np) isa
horizontal tangent vector, as D = all np in that case.

Proof We have Trg(ai1n%Yq+ B(n% P~ (Pq—qP)P~")) = 0 for a tangent vector
(ny, np) and a t-antisymmetric matrix q from the horizontal condition. Using Propo-

sition 4.1 this means skew¢ (o n}Y + ,BP_lng, — ﬂnﬁ,P‘l) = 0. Using the fact that

n', = np and 77§,Y is t-antisymmetric, we have Eq. (8.2).

It is clear that N(B, D) satisfies this equation and is one-to-one: if N(B, D) = 0
then immediately D = 0, and B = 0 since Yi Y, = I.Itis onto the tangent space by
a dimension count. The adjoint N* = (N%, N%,) has two components corresponding
to the B and D factors. By Proposition 4.2 we have

NYwy, wp)p = Y| oy,
N oy, wp)p = sym(ajwp + BP~'Y'oy — BY'wy P7H,
Nig(wy, wp)p = apY| oy,
N'g(wy, wp)p = a1 Bsym (P lop P~ + P71¥ oy — Yoy P,
(N'gN(B, D))p = aoB,
(N'gN(B, D))p = a1 Bsym (P~ (e; D) P~
+ Py BY P 'D—-DP ') +Y,B)
—v'@yP'D-—DP H+v, B)PT
= Bsym(a; P"'DP' + P 2D — P 'DP!
—BP'DP '+ BDP7?)
=P (a1 —28)D + BPDP' + P 'DP)P!
=P~ 'L(P)DP".

Hence

(N'gN)"'(B, D) = (¢ ' B, (1 ) "' L(P)""(PDP)),
(N'gN)~'N'g(wy, wp)
= (Y!wy, D).

The projection formula Eq. (8.4) is just N(N'gN)~!Ntg. The formulas for K follow
from the corresponding Stiefel and positive-definite manifold formulas. For Dg T,
we take directional derivative of Eq. (8.4) using standard matrix calculus, the only
difficulty is D= (DeD)w. We evaluate it by evaluating Dg (L(P)D)w as

(a1 —2B) (D + BPDP~ ' + P7'DP) + BEpDP~ + P 'Dtp)
—B(PDP 'epP~' + P 'ep P DP)
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= symy(¢ywy P — P&yoy + Yiwyép — EpY'wy)

by differentiating the equation for D. From here, we get the equation for D. O
To solve for D and D, we need an extension of the symmetric Lyapunov equation:

Proposition 8.1 Let P € Symy g , be an t-symmetric matrix having the eigenvalue
decomposition P = U AU with eigenvalues (A; )l | and UU' = I. Let the set of
coefficients (Cst)—k<s,i<k be such that M;; := Zj_k ,t{ tk_ k CytA A is not zero for

all pairs (A;, Aj) of eigenvalues of P, then the equation

s=k,t=k
Z caP°XP' =B (8.8)
s=—k,t=—k

has the following unique solution that could be computed at O(p>) complexity:
X = U{(U'BU)/M}U* (8.9)

with M = (Mij)ﬁ.zf’;::f and | denotes the by-entry division. In particular, for a
positive-definite matrix P and positive scalars («, B), the equation

(@ —=28)X+BP'XP+PXP =B
has a unique solution with M;; = o + ,B(Ai_lAj + AiA;l —-2).

Proof We follow the idea of [5, 6] but use the eigenvalue decomposition in place of
the Schur decomposition. Substitute P = U AU* to Eq. (8.8) and multiply U* and U
on the left-hand and right-hand sides of that equation, we get

Z cq AAUXU A" = U'BU,

which is equivalent to (UtXU)ijMij = (UtBU)ij or U'XU = (U'BU)/M, and we
have Eq. (8.9). If « and B are positive then 1 + ,B(AflAj + AZ-A;1 —2) > 0 by the
AG M-inequality. The eigenvalue decomposition has O (p?) cost. O

Horizontal lifts of geodesics on S+ o are geodesics on Stk ,, X SJr K. p: Recall a
complete manifold has geodesics that extend indefinitely along any direction. Under
this quotient metric, S]K is a complete Riemannian manifold, as both factors above
are. The metric in [27] is complete while the metric in [13] is not. If (ny, np) is
a horizontal tangent vector at S = (Y, P), a horizontal geodesic y with y(0) =

S, y(0) = (ny, np) is of the form (Y (t), P2 exp(t P~'/2np P~1/2) P1/2), with Y (1)
is the geodesic of the metric in Sect. 5, described in [11, 20].
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9 Implementation and Data Availability

We developed a Python package based on Pymanopt and Manopt [8, 26] implementing
the manifolds with metrics considered in this paper, for both the real and complex cases
in the package [18]. To reuse the optimization code in [8, 26], our NullRangeManifold
class implements templates of the methods egrad2rgrad and ehess2rhess based on the
formulas in Propositions 3.2 and 3.3 and Theorem 3.1. For a new manifold, the user
needs to implement the constraint operator J, its transpose and derivative, the metric
operator g, its inverse, derivative, and the third Christoffel term &, as well as a method
tosolve J g~ ! J* (defaulted to use a conjugate-gradient solver otherwise). A retraction is
also required. NullRangeManifold automatically provides the projection, Riemannian
gradient, and Hessian derived in this paper. Besides the numerical implementation, we
also include notebooks showing symbolic derivations of the formulas, and numerical
tests, including geodesics in most cases.

We also implement real and complex Stiefel manifolds and positive-semidefinite
manifolds with metric parameters. For each manifold, we provide a manifold class
to support optimization problems. For flag manifolds, [18] contains a larger class
of metric, the results in Sect. 6) is implemented separately in [19], the numerical
result is shown here. For testing, we numerically verify the projection satisfying the
nullspace condition, metric compatibility, and torsion-freeness of the connection. As
the manifolds considered here are constructed from Stiefel or positive-definite matrix
manifolds, we use their typical retractions. Since we focus on methodology in this
paper, we will not discuss formal numerical experiments. However, we have tested
each manifold with a quadratic cost problem including matrices with one size of
1000 dimensions with a Trust-Region solver, ([26], [1, section 7.2.2], summarized in
Algorithm 1). Here, an approximate solution is sufficient in step 3 with n € T\, M,
this step is the inner iteration versus the outer iteration in step 2; ||y, and ()¢ denote
norm/inner product at xi; a terminal condition is imposed).

For flag manifolds, we optimize the function f(Y) = Trr((Y A YtA)2) over matri-
ces Y € Str 4.,. Here, A is a positive-definite matrix, d < n are two positive integers,
d=(d,---dy)is apartition of d with 0_, d; = d, A = diag(\1 1y, -+, Ag1ld,)
for positive numbers Ap - --A4. This cost function is invariant under the action of

UR’ ;- thus could be considered as a function on the flag manifold Stg 4,, /UR’ g The

Euclidean gradient is 4(AY A)Y*(AY A), and the Euclidean Hessian is computed by
routine matrix calculus. For testing, we consider d = 60, d= (30, 20, 10), n = 1000
and use a trust-region solver. In this case, there is no noticeable variation in time
when different values of « are used, typically a few seconds on a free colab engine
in the notebook colab/SimpleFlag.ipynb in [19]. Convergence is achieved after typi-
cally 16 trust-region iterations, with small alpha requiring more outer iterations. The
convergence is superlinear as seen in Fig. 1.

For another test of the Riemannian optimization framework, we consider a nonlinear
weighted PCA (principal component analysis) problem, which could be solved by
optimizing over the positive-semidefinite matrix manifold. Given a symmetric matrix
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Algorithm 1 Riemannian Trust-Region minimizing a function f on a manifold M

1: Input: xo € M; Parameters: A > 0, Ag, p’; Require a retraction R

2:fork=0,1,2--- do

3: Solve ny < la‘rgmi;x (i () = f () + (rgrad f (), m + 3 (thess oo, ks
Nlx =A%

S o) = f (RO mie) .

4 Calculate py <« Frag O )=ty (1)
5. if px < § then
6: Apy1 < %Ak;
7 else if pp > % and |ng| = Ay then
8: Agq1 < minQAg, A);
9:  else
10: Ak41 < A
11:  endif
12:  if p; > p’ then
13: Xk+1 < R, np);
14:  else
15: Xk41 < Xk
16:  endif > Terminal condition is verified after this step
17: end for
# iterations vs alpha # logl0 of gradient vs iterations
4
24 1
2 -4
22 1 0 -
v
= —
=] - _2 |
20 e
" = 4
w18 1 =)
2 ¢ |
16 T o B _8 4
14 - —-10 1
T T T T T
0.5 10 5 10 15
alpha_l/alpha 0 iteration

Fig. 1 Optimization on flag manifold Flag(30, 20, 10; 1000, R) using a trust-region solver. Left, number
of total iterations versus o« = & /. Right, log;( of gradient for a =1

A € Symg  , and a weight vector W € IR", take the cost function to be
T 4i Ty_ 2 T T 2y T
Tr(A—YPY )diag(W)(A—-YPY )=Tr Wy(A"—AYPY —YPY A+YP“Y")

of a positive-semidefinite matrix S = YPYT ¢ SJr ,withY € Stg p», P € SJr p
Here, W, denotes the diagonal matrix diag(W). When W has identical weight A
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Weighted PCA using Positive-semidefinite manifold optimization

6 1 5
44
2 5 b
g P
— o
(1]
£ 01 S
a g 3
=] o
o -2 - -
ot e
5] w
v} o
(&)
E —4 u 2
+
s g
S 61 C
g %1
— _8 -
_]_O .
O -
0 20 40 0 20 40
iteration iteration

Fig. 2 Weighted PCA using Positive-semidefinite manifold optimization with a trust-region solver. Left,
log( of distance to the optimal value. Right, quadratic cost by iteration

W4 = M1, expanding the cost function, we need to minimize Tr P2-2TrYTAYPin
Y and P, which implies P = YT AY. Thus, the problem is optimizing — Tr(YTAY)?
over the Stiefel manifold (actually over the Grassmann manifold as the function is
invariant when Y is multiplied on the right by an orthogonal matrix), which could
be considered as a quadratic PCA problem. When W has nonidentical weights, we
optimize over the positive-semidefinite manifold, with a trust-region solver.

The cost function from M = Stg ; ,, xSﬁ’p extends to £ = R"*P x RP*P_ and

is denoted by f(Y, P). For a horizontal tangent vector & = (§y, &p) at (Y, P) e M

(De f)(Y, P) = Tr Wa(—A&y PYT — AYEpYT — AY PE]
—EyPYTA —YEpYTA — YPESA + £y P2YT
+Y(EpP + PEp)YT + Y P2E]).
We have Tr Wy(—A&y PYT — AYPE] — &y PYTA — YPEJA) = —2Tr(AW, +
WyA)Y PE], Tt Wy (Ey P2YT + Y P2€]) = 2 Tr W, Y P2£] and similar equalities for
&p give us

gradf = (—4symp(AWy)Y P +2W,Y P2, —2sym;(Y' Wy(AY — Y P))).
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The ambient Hessian hess f (&) follows from a directional derivative calculation

hess f (&) = —4symp(AWy)(Ey P + Yép) + 2Wyéy P2+ 2W Y (5p P + PEp),
—2symy (&) Wa(AY — Y P))

—2symy (YW, (Aky — &y P — Y&p))).

The Riemannian gradient is computed as I'IH,gg’1 grad f , with ITy g is given by Eq.
(8.4), the Riemannian Hessian is computed from Eq. (3.11) and Theorem 8.1.

In our experiment (implemented in the notebook colab/WeightedPCA.ipynb in
[18]), we take n = 1000, p = 50, with A and W generated randomly. To find the
optimum § =Y PYT, we optimize with «gp = oy = 1, with 8 is 0.1 for the first 20
iterations, B = 10 for the next 20 and 8 = 30 for the remaining iterations. This choice
of B comes from our limited experiments, we find varying B has a strong effect on
the speed of convergence, and updating 8 as such gives better convergence rates than
a static 8. Philosophically, the small starting 8 could be thought of as focusing first
on aligning the subspace. The convergence graph is summarized in Fig.2. We hope to
revisit the topic with a more systematic study in future works.

10 Conclusion

In this paper, we have proposed a framework to compute the Riemannian gradient,
Levi-Civita connection, and the Riemannian Hessian effectively when the constraints,
the symmetry of the problem, and the metrics are given analytically and have applied
the framework to several manifolds important in applications. We look to apply the
results in this paper to several problems in optimization, machine learning and com-
putational statistics. We hope the research community will find the method useful in
future works.
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