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Abstract. It was shown recently by [W. Su, S. Boyd, and E. Candes, J. Mach. Learn. Res., 17 (2016), pp. 1-
43] that Nesterov’s accelerated gradient method for minimizing a smooth convex function f can
be thought of as the time discretization of a second-order ODE and that f(z(t)) converges to its
optimal value at a rate of O(1/t%) along any trajectory x(t) of this ODE. A variational formulation
was introduced in [A. Wibisono, A. Wilson, and M. Jordan, Proc Natl. Acad. Sci. USA, 113 (2016),
pp. E7351-E7358] which allowed for accelerated convergence at a rate of O(1/t?), for arbitrary p > 0,
in normed vector spaces. This framework was exploited in [V. Duruisseaux, J. Schmitt, and M. Leok,
SIAM J. Sci. Comput., 43 (2021), pp. A2949-A2980] using time-adaptive geometric integrators to
design efficient explicit algorithms for symplectic accelerated optimization. In [F. Alimisis, A. Orvi-
eto, G. Bécigneul, and A. Lucchi, Proceedings of the 23rd International AISTATS Conference, 2020,
pp. 1297-1307], a second-order ODE was proposed as the continuous-time limit of a Riemannian
accelerated algorithm, and it was shown that the objective function f(xz(t)) converges to its optimal
value at a rate of O(1/t?) along solutions of this ODE, thereby generalizing the earlier Euclidean
result to the Riemannian manifold setting. In this paper, we show that on Riemannian manifolds,
the convergence rate of f(z(t)) to its optimal value can also be accelerated to an arbitrary conver-
gence rate O(1/t?), by considering a family of time-dependent Bregman Lagrangian and Hamiltonian
systems on Riemannian manifolds. This generalizes the results of Wibisono, Wilson, and Jordan to
Riemannian manifolds and also provides a variational framework for accelerated optimization on
Riemannian manifolds. In particular, we will establish results for objective functions on Riemannian
manifolds that are geodesically convex, weakly quasi-convex, and strongly convex. An approach
based on the time-invariance property of the family of Bregman Lagrangians and Hamiltonians was
used to construct very efficient optimization algorithms by Duruisseaux, Schmitt, and Leok, and
we establish a similar time-invariance property in the Riemannian setting. This lays the founda-
tion for constructing similarly efficient optimization algorithms on Riemannian manifolds, once the
Riemannian analogues of time-adaptive Hamiltonian variational integrators have been developed.
The experience with the numerical discretization of variational accelerated optimization flows on
vector spaces suggests that the combination of time-adaptivity and symplecticity is important for
the efficient, robust, and stable discretization of these variational flows describing accelerated opti-
mization. One expects that a geometric numerical integrator that is time-adaptive, symplectic, and
Riemannian manifold preserving will yield a class of similarly promising optimization algorithms on
manifolds.
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1. Introduction. Efficient optimization has become one of the major concerns in data
analysis. Many machine learning algorithms are designed around the minimization of a loss
function or the maximization of a likelihood function. Due to the ever-growing scale of the
data sets and size of the problems, there has been a lot of focus on first-order optimization
algorithms because of their low cost per iteration. The first gradient descent algorithm was
proposed in [5] by Cauchy to deal with the very large systems of equations he was facing when
trying to simulate orbits of celestial bodies, and many gradient-based optimization methods
have been proposed since Cauchy’s work in 1847.

In 1983, Nesterov’s accelerated gradient method was introduced in [21], and was shown
to converge in O(1/k?) to the minimum of the convex objective function f, improving on the
O(1/k) convergence rate exhibited by the standard gradient descent methods. This O(1/k?)
convergence rate was shown in [22] to be optimal among first-order methods using only infor-
mation about V f at consecutive iterates. This phenomenon in which an algorithm displays
this improved rate of convergence is referred to as acceleration, and other accelerated algo-
rithms have been derived since Nesterov’s algorithm, such as accelerated mirror descent [20]
and accelerated cubic-regularized Newton’s method [23]. More recently, it was shown in [25]
that Nesterov’s accelerated gradient method limits to a second-order ODE, as the time-step
goes to 0, and that the objective function f(x(t)) converges to its optimal value at a rate of
O(1/t?) along the trajectories of this ODE. It was then shown in [27] that in continuous time,
the convergence rate of f(x(t)) can be accelerated to an arbitrary convergence rate O(1/t?) in
normed spaces, by considering flow maps generated by a family of time-dependent Bregman
Lagrangian and Hamiltonian systems which is closed under time rescaling. This variational
framework and the time-invariance property of the family of Bregman Lagrangians were then
exploited in [9] using time-adaptive geometric integrators to design efficient explicit algorithms
for symplectic accelerated optimization. It was observed that a careful use of adaptivity and
symplecticity could result in a significant gain in computational efficiency.

In the past few years, there has been some effort to derive accelerated optimization al-
gorithms in the Riemannian manifold setting [2, 3, 4, 17, 28, 29]. In [3], a second-order
ODE was proposed as the continuous-time limit of a Riemannian accelerated algorithm, and
it was shown that the objective function f(z(t)) converges to its optimal value at a rate of
O(1/t%) along solutions of this ODE, generalizing the Euclidean result obtained in [25] to the
Riemannian manifold setting.

In this paper, we show that in continuous time, the convergence rate of f(x(t)) to its
optimal value can be accelerated to an arbitrary convergence rate O(1/t?) on Riemannian
manifolds, thereby generalizing the results of [27] to the Riemannian setting. This is achieved
by considering a family of time-dependent Bregman Lagrangian and Hamiltonian systems on
Riemannian manifolds. This also provides a variational framework for accelerated optimiza-
tion on Riemannian manifolds, generalizing the normed vector space variational formulation
of accelerated optimization introduced in [27]. We will then illustrate the derived theoretical
convergence rates by integrating the Bregman Euler-Lagrange equations using a simple nu-
merical scheme to solve eigenvalue and distance minimization problems on Riemannian mani-
folds. Finally, we will show that the family of Bregman dynamics on Riemannian manifolds is
closed under time rescaling, and we will draw inspiration from the approach introduced in [9]
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to take advantage of this invariance property via a carefully chosen Poincaré transformation
that will allow for the integration of higher-order Bregman dynamics while benefiting from
the computational efficiency of integrating lower-order Bregman dynamics on Riemannian
manifolds.

2. Definitions and preliminaries. We first introduce the main notions from Riemannian
geometry and Lagrangian and Hamiltonian mechanics that will be used throughout this paper
(see [3, 10, 11, 13, 14, 18] for more details).

2.1. Riemannian geometry.

Definition 2.1. Given a manifold Q, the tangent bundle T'Q and cotangent bundle T*Q
are defined by

TO={(¢q,v)|lge QueTyQ}t and T°Q={(¢g,p)lg€ Q,peTl;O}

Definition 2.2. Suppose we have a Riemannian manifold Q with Riemannian metric
g(,-) = (-,-), represented by the positive-definite symmetric matriz (g;;) in local coordinates.
Then, we define the musical isomorphism ¢° : TQ — T*Q by

g (u)(v) = gp(u,v) Vp € Q and Yu,v € T,Q

and its inverse musical isomorphism ¢f : T7*Q — T'Q. The Riemannian metric g(-,-) = (-,-)
induces a fiber metric g*(-,-) = (-,-) on T*Q by

(u,v) = (g*(u), g*(v)) Vu,veT*Q,

represented by the positive-definite symmetric matriz (g”) in local coordinates, which is the
inverse of the Riemannian metric matriz (gi;).

Definition 2.3. The Riemannian gradient gradf(q) € 7,9 at a point ¢ € Q of a smooth
function f: Q — R is the tangent vector at q such that

(gradf(q),u)=df (9)u  Vu € T,Q,

where df is the differential of f.

Definition 2.4. A vector field on a Riemannian manifold Q is a map X : @ — TO such
that X (q) € T,Q for all ¢ € Q. The set of all vector fields on Q is denoted X (Q). The integral
curve at ¢ of X € X(Q) is the smooth curve ¢ on Q such that ¢(0) = q and ' (t) = X (c(t)).

Definition 2.5. A geodesic in a Riemannian manifold Q is a parametrized curve vy : [0,1] —
Q which is of minimal local length. It can be thought of as a curve having zero “acceleration”
or constant “speed,” that is, as a generalization of the notion of straight line from Euclidean
spaces to Riemannian manifolds. Given two points q,q € Q, a vector inT,Q can be transported
to T5Q along a geodesic vy by an operation F(fy)g : T4Q — T5Q called parallel transport along
v. We will simply write FZ to denote the parallel transport along some geodesic connecting the
two points q,q € Q, and given A € X(Q), we will denote by T'(A) the parallel transport along
integral curves of A. Note that parallel transport preserves inner products: given a geodesic -y
from qe Q to G e Q,

9q(u,v) = g4 (F(’y)gu, F(’y)gv) Vu,v € T, Q.
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Definition 2.6. Given X,Y € X(Q), the covariant derivative VxY € X(Q) of Y along X

VxY(q) = lim FW)v(h)Y(Vh(h)) —Y(q)

18

)

where v is the unique integral curve of X such that v(0) = q for any q € Q.
Definition 2.7. A function f : Q@ — R is called L-smooth if for any two points ¢, € Q
and geodesic vy connecting them,
|gradf(q) — T(7)3gradf(q)|| < L length().
Definition 2.8. The Riemannian exponential map Exp, : T,Q — Q at ¢ € Q is defined by

Exp,(v) = 7(1),

where 7y, is the unique geodesic in Q such that v,(0) = q and ~,,(0) = v for any v € T,Q.
Exp, is a diffeomorphism in some neighborhood U C Ty Q containing 0, so we can define
its inverse map, the Riemannian logarithm map Log,, : Exp,(U) — T, Q.

Definition 2.9. Given a Riemannian manifold Q with sectional curvature bounded below by
Kin, and an upper bound D for the diameter of the considered domain, define

(2.1) ‘= V=KminD coth (V=FKuinD)  if Kmin <0,
| 1 Zf Kmin > 0.

Note that ¢ > 1 since x cothx > 1 for all real values of x.

2.2. Convexity in Riemannian manifolds.

Definition 2.10. A subset A of a Riemannian manifold Q is called geodesically uniquely
convex if every two points of A are connected by a unique geodesic in A. A function f: Q — R
is called geodesically convex if for any two points q,G € Q and geodesic v connecting them,

fO@®) <A =t)f(g) +tf(@)  viel0,1].

Note that if f is a smooth geodesically convex function on a geodesically uniquely convex subset
A of a Riemannian manifold, then

f(@) = f(q) = (gradf(q), Logs(q)) Vg, € A.

A function f: A — R is called geodesically A\-weakly quasi-convex with respect to g € Q for
some X € (0,1] if
A(f(g) — f(@)) > (gradf(q), Logz(q)) Vg € A.

A function f: A — R is called geodesically p-strongly convex for some p > 0 if
flg) — f(@) > (gratdf(ti),Logq(q))Jr%\ILogq(q)ll2 Vq,q € A.

A local minimum of a geodesically convex or weakly quasi-convex function is also a global
minimum, and a geodesically strongly convexr function has either no minimum or a unique
global minimum. Also note that a geodesically convex function is A-weakly quasi-convex with
A=1
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2.3. Lagrangian and Hamiltonian mechanics. Given a n-dimensional Riemannian man-
ifold Q with local coordinates (¢',...,q"), a Lagrangian is a function L : TQ x R — R. The
corresponding action integral S is defined to be the functional

T
(2.2) S(q) = /0 L(q, q,t)dt

over the space of smooth curves ¢ : [0,7] — Q. Hamilton’s variational principle states that
0S = 0, where the variation S is induced by an infinitesimal variation dq of the trajectory ¢
that vanishes at the endpoints. Hamilton’s variational principle can be shown to be equivalent
to the Fuler—Lagrange equations

d (0L OL
2. — | == | = = f =1,...,n.
(2.3) o (8@’“) o or k N 1)

The Legendre transform FL : TQ — T*Q of L is defined fiberwise by FL : (¢%, %) — (¢*, p;),
where p; = qui € T*Q is the conjugate momentum of ¢'. We can then define the associated
Hamiltonian H : T*Q — R by

j=1

__ 0oL
Pi—afqi

We can also define a Hamiltonian variational principle on the Hamiltonian side in momentum
phase space

T n ‘
j=1

where the variation is induced by an infinitesimal variation dq of the trajectory ¢ that vanishes
at the endpoints. This is equivalent to Hamilton’s equations, given by

OH . OH

W(p,q), " = —(p,q) fork=1,...,n,

2. = —
(2.6) Dk O

which can also be shown to be equivalent to the Euler—Lagrange equations (2.3).
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3. Variational formulation and convergence rates.

3.1. Inspiration. A variational framework was introduced in [27] for accelerated optimiza-
tion on normed vector spaces. Given a convex, continuously differentiable function h : X — R
on a normed vector space X such that ||[Vh(z)|| — oo as ||z|| — oo, its corresponding Bregman
divergence is defined by

(3.1) Dy(z,y) = h(y) — h(z) = (Vh(z),y — z).
The Bregman Lagrangian and Hamiltonian are then defined to be

Lopn(z,0,1) =t [Dh (:c + e My, a;) — eﬁtf(a:)} ,
(3.2)
Hop(z,mt) = XN [Dh* (Vh(z) + e r, Vh(z)) + eﬁtf(:p)} ,

which are scalar-valued functions of position = € X, velocity v € R% or momentum r € R?,
and time ¢t. Here, h* : X* — R denotes the Legendre transform (or convex dual function)
of h, defined by h*(w) = sup,cy [(w, z)—h(z)]. The Bregman Lagrangian and Hamiltonian
family is parametrized by smooth functions of time, oy = «(t), By = B(t), v+ = v(t), which are
said to satisfy the ideal scaling conditions if

(3.3) By < e and A = e,
If the ideal scaling conditions are satisfied, then by Theorem 1.1 in [27],
(3-4) F(z(t)) = f(2*) < O(e™™).

Another very important property of this family of Bregman Lagrangians is its closure under
time dilation, proven in Theorem 1.2 of [27].

Theorem 3.1. If x(t) satisfies the Euler—Lagrange equations corresponding to the Bregman
Lagrangian L ., then the reparametrized curve y(t) = x(7(t)) satisfies the Euler—Lagrange
equations corresponding to the modified Bregman Lagrangian 5&,57'? where &y = () +log 7(t),
B = Bry, and Yy = V(). Furthermore «, B, satisfy the ideal scaling conditions (3.3) if and
only if &, 3,7 do.

We will now extend these results to the Riemannian manifold setting. Throughout this
paper, we will make the following assumptions on the function f : @ — R to be minimized
and on the ambient Riemannian manifold Q, which are standard assumptions in Riemannian
optimization [3, 4, 28, 29].

Assumption 3.2. Solutions of the differential equations derived in this paper remain
inside a geodesically uniquely convex subset A of a complete Riemannian manifold Q (i.e.,
any two points in Q can be connected by a geodesic) such that diam(A) is bounded above
by some constant D, that the sectional curvature is bounded from below by K, on A, and
that Ezp, is well-defined for any ¢ € A and its inverse Log, is well-defined and differentiable
on A for any g € A. Furthermore, f is bounded below and geodesically L-smooth, and all its
minima are inside A.
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3.2. Convex and weakly quasi-convex cases. Suppose that f : Q@ — R is a given geodesi-
cally A\-weakly quasi-convex function and that Assumption 3.2 holds true. Since a geodesically
convex function is A-weakly quasi-convex with A = 1, the following treatment also applies
to the case where f is geodesically convex. We define a family of Bregman Lagrangians
Lopgr:TQ xR — R parametrized by smooth functions of time «, 3,y by

1 - .
(3.5) Lo (X, V,t) = 56)\ 1(%—0@(‘/7 V)_eat+,8t+/\ IC%f(X)

and the corresponding Bregman Hamiltonians Hy g, : 7%Q x R — R are given by

1 - _
(3_6) Ha,ﬂﬁ(X’ R,t) = ieaﬁA 1C’Yt<<R7 R» + eat+ﬁt+)\ 1<%f(X),

where X € Q denotes position on the manifold Q, V is the velocity vector field, R is the
momentum covector field, ¢ is the time variable, and ¢ is given by (2.1). This family of
functions is a generalization of the Bregman Lagrangians and Hamiltonians introduced in [27]
for the convex continuously differentiable function h(z) = %(a:, x). Throughout this paper, we

will assume that the parameter functions «, 3, satisfy the ideal scaling conditions (3.3).

Theorem 3.3. The Bregman FEuler—Lagrange equation corresponding to the Bregman La-
grangian L g~ 5 given by

(3.7) VX + (A71¢e™ — é4) X + 2 Prgradf(X) = 0.

Proof. See Appendix A.1. |

Theorem 3.4. Suppose that f : Q — R is a geodesically A-weakly quasi-convex function
and that Assumption 3.2 is satisfied. Then, any solution X (t) to the Bregman Euler—Lagrange
equation (3.7) converges to a minimizer x* of f with rate

26Po (f(xo) — f(z* 0 )2
38 | - pe) < 22D HCRoe WO _ o,

Proof. See Appendix B. |

A p > 0 parametrized subfamily of Bregman Lagrangians and Hamiltonians that is of
particular practical interest is given by the choice of parameter functions

(3.9) ‘at =logp — logt, By = plogt + log C, v = plogt,

where C > 0 is a constant. This yields the p-Bregman Lagrangian and Hamiltonian given by

t>\71CP+1 1
(310) ﬁp(X, V, t) — T(‘/, V)—Cpt(/\ (‘l’l)pflf()()7

Copyright © by STAM. Unauthorized reproduction of this article is prohibited.



Downloaded 06/02/22 to 137.110.40.98 . Redistribution subject to SIAM license or copyright; see https.//epubs.siam.org/terms-privacy

656 VALENTIN DURUISSEAUX AND MELVIN LEOK

p -1 —
(3.11) Hp(X, B t) = s (B R) o+ Cptt O (),

and the corresponding p-Bregman Euler-Lagrange equations are given by

. )
(3.12) VX + @T—;X + Cp*tP~2gradf(X) = 0.

Theorem 3.5. Suppose that f : @ — R is a geodesically weakly quasi-convex function and
that Assumption 3.2 is satisfied. Then, the p-Bregman Euler—Lagrange equation (3.12) has a
solution, and any solution X (t) converges to a minimizer x* of f with rate

FX(@®) - f@) <00/) ]

Proof. See Appendix C.1 for the existence of a solution to the p-Bregman Euler-Lagrange
equations. The O(1/t?) convergence rate follows directly from Theorem 3.4. [ ]

Note that this theorem reduces to Theorem 5 from [3] when p =2 and C' = 1/4.

Remark 3.6. To construct this variational framework for accelerated optimization, we first
constructed candidate p-equations with the desired O(1/tP) convergence rates and then de-
signed Lagrangians whose p-Bregman Euler—Lagrange equations matched the candidate p-
equations, by inspection. We then used a similar approach to extend these results to the
general «, 3,7 case presented here.

Remark 3.7. In our generalization of the Bregman Lagrangian and Hamiltonian to Rie-
mannian manifolds, we have specialized to the case where h(z) = 1||z||? because its Hessian
V2h(x) is the identity matrix, which significantly simplifies the Euler-Lagrange equations and
the analysis. In addition, it avoids the complication of making intrinsic sense of terms like
X + eV in the vector space Bregman Lagrangians and Hamiltonians, which requires the
use of Riemannian geodesics and exponentials since X € Q while V € Tx Q.

3.3. Strongly convex case. Suppose f : Q — R is a geodesically p-strongly convex
function and that Assumption 3.2 is satisfied. With ¢ given by (2.1), let

(3.13) n=Q2+VQ¢E

We define the corresponding Lagrangian £°¢ : TQ x R — R by

LV V)= F(X),

(3.14) £5C(X,V,t) = %

and the corresponding Hamiltonian % : T*Q x R — R is given by

(3.15) HSC (X, R,t) = %({R, R) + " f(X).
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Theorem 3.8. The Euler-Lagrange equation corresponding to the Lagrangian £5€ is given

by

(3.16) Vi X +nX + gradf(X) = 0.

Proof. The derivation of the Euler-Lagrange equation is presented in Appendix A.2. MW

Theorem 3.9. Suppose f: Q — R is a geodesically p-strongly convex function, and suppose
that Assumption 3.2 is satisfied. Then, the Euler—Lagrange equation (3.16) has a solution,
and any solution X (t) converges to a minimizer x* of f with rate

3.17 X0 — iy < PIE0sa (@I +2(f(z0) - f(z"))
(3.17) F(X(@) = f(a") < .

Proof. See Appendix C.2 for the existence of a solution to the Euler-Lagrange equa-
tion (3.16) and Theorem 7 from [3] for the convergence rate. [ ]

4. Numerical experiments. The p-Bregman Euler-Lagrange equation (3.12) can be
rewritten as the first-order system

Cp+ A
At

for the geodesically A-weakly quasi-convex case, and the Euler-Lagrange equation (3.16) cor-
responding to the Lagrangian £5¢ can be rewritten as the first-order system

(4.1) X =V, VyV =— V — Cp*tP~2gradf(X)

(4.2) X =1V, VyV =— <\;Z + ﬂ) VAV — gradf(X)

for the p-strongly convex case. As in [3], we can adapt a semi-implicit Euler scheme (explicit
Fuler update for the velocity V' followed by an update for position X based on the updated
value of V') to the Riemannian setting to obtain the following algorithm.

Algorithm 4.1 Semi-implicit Euler integration of the p-Bregman Euler-Lagrange equations
Input: A function f: Q — R. Constants C,h,p > 0. Xg € Q. Vp € Tx,Q.

while convergence criterion is not met do

if f is p-geodesically strongly convexr then

‘ bkel—h(%qt\/(‘)\/ﬁ, 1
else if f is A-weakly quasi-convexr then

| be 1= B2 o CpP(kh)P2
Version I: ay < b Vi —hcggradf(Xy) Version II: ay, < by Vi —hepgradf (EXpXk (hkak))

X
| Xit1 < Expy, (hag), Vigr < Ty ay,

Version I of Algorithm 4.1 corresponds to the usual update for the semi-implicit Euler
scheme, while Version II is inspired by the reformulation of Nesterov’s method from [26]
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that uses a corrected gradient V f(Xj + hbiVj) instead of the traditional gradient V f(X).
Note that the semi-implicit Riemannian Nesterov’s accelerated gradient (SIRNAG) method
presented as Algorithm 1 in [3] corresponds to the special case where p = 2 and C' = 1/4.

The first problem we have investigated is the problem presented in [3] of minimizing
the (strongly convex) distance function f(z) = 3d(x,q)? for a given point ¢, on a subset of
chosen finite diameter of the hyperbolic plane H?, which is a manifold with constant negative
curvature K = —1.

The second problem we have investigated is Rayleigh quotient optimization. Eigenvectors
corresponding to the largest eigenvalue of a symmetric n x n matrix A maximize the Rayleigh
quotient {T—Af over R™. Thus, a unit eigenvector v* corresponding to the largest eigenvalue of
the matrix A is a minimizer of the function f(v) = —v' Av, over the unit sphere Q = S*~!,
which can be thought of as a Riemannian submanifold with constant positive curvature K =
1 of R™ endowed with the Riemannian metric inherited from the Euclidean inner product
go(u,w) = u'w. More information concerning the geometry of S*~!, such as its tangent
bundle, its orthogonal projection, and exponential map can be found in [1]. Solving the
Rayleigh quotient optimization problem efficiently is challenging when the given symmetric
matrix A is ill-conditioned and high-dimensional. Note that an efficient algorithm that solves
the above minimization problem can also be used to find eigenvectors corresponding to the
smallest eigenvalue of A by using the fact that the eigenvalues of A are the negative of the
eigenvalues of —A.

Experiments carried out in [3] showed that SIRNAG (the convex p = 2 Algorithm 4.1)
and the strongly convex Algorithm 4.1 were of comparable efficiency or more efficient than
the standard Riemannian gradient descent method, depending on the properties of the objec-
tive function and on the geometry of the Riemannian manifold. We have conducted further
numerical experiments to investigate how the simple discretization of higher-order p = 6
Bregman dynamics compared to its p = 2 counterpart and to see whether it matches the
O(k™P) convergence rate. The numerical results obtained for the distance minimization and
Rayleigh minimization problems are illustrated in Figure 4.1, where all the algorithms were
implemented with the same fixed time-step. We can see that the p = 6 algorithms outperform
their p = 2 counterparts and that the efficiency improvement is very important. Furthermore,
both versions of the p = 6 Algorithm 4.1 exhibit a faster convergence rate than O(k=%). While
Version I of Algorithm 4.1 exhibits polynomial rates of O(k~1%%) and O(k~?) on the objective
functions considered, Version II of Algorithm 4.1 exhibits a much faster exponential rate of
convergence on both examples.

Figure 4.2 displays the evolution of the rates of convergence of Version I of the convex
Algorithm 4.1 as the value of the parameter p is increased from p = 4 to p = 16 for the distance
minimization and Rayleigh minimization problems. We can clearly see an improvement in the
convergence rates as the value of p increases, and for each value of p the algorithm achieves a
faster rate of convergence than O(k™P).

Note, however, that an increase in the value of p in Algorithm 4.1, which corresponds
to an increase in the order of the Bregman dynamics integrated, requires a decrease in the
time-step, in agreement with intuitive expectations. This time-step decrease requirement is
especially important due to the polynomially growing h(kh)P~2 coefficient multiplying the
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Figure 4.1. Comparison of the rates of convergence of the p-strongly convex (SC) Algorithm 4.1 and convex
Algorithms 4.1 with different values of p and with the two versions of the update corresponding to the traditional
and corrected gradients. Note that all the algorithms were implemented with the same time-step h.

gradient of f in the updates of the algorithm. Such a decrease in the time-step does not re-
ally affect the convergence rate, but the transition between the initialization and convergence
phases takes longer. As a consequence, by using larger time-steps, the algorithm correspond-
ing to a smaller value of p might achieve a desired convergence criterion with fewer iterations
than the algorithm corresponding to a larger value of p, despite having a slower convergence
rate. Similar issues arise when discretizing the continuous Euler-Lagrange flow associated
with accelerated optimization on vector spaces, and in that situation, it was observed that
time-adaptive symplectic integrators based on Hamiltonian variational integrators resulted in
dramatically improved robustness and stability. As such, it will be natural to explore general-
izations of time-adaptive symplectic integrators based on Hamiltonian variational integrators
applied to Poincaré transformed Hamiltonians, which respect the Riemannian manifold struc-
ture in order to yield more robust and stable numerical discretizations of the flows we have
studied in this paper in order to construct accelerated optimization algorithms on Riemann-
ian manifolds. We will lay the foundation for such time-adaptive symplectic integrators in
section 5.

Finally, Figure 4.3 shows that the discretization empirically converges to the solution of
the ODE as the time-step h goes to 0. Note that although all the discretizations follow the
ODE trajectory closely, smaller time-steps result in a larger number of iterations, especially to
transition from the initialization plateau to the convergence phase (around time ¢ = 4 in the
example presented in Figure 4.3). A theoretical shadowing result bounding the error between
the discrete-time Riemannian gradient descent and its continuous-time limiting ODE was ob-
tained in [3] thanks to the uniform contraction property of the dynamical system associated
with Riemannian gradient descent. It would be desirable to obtain similar shadowing results
in the future for discretizations of the class of ODEs considered in this paper, perhaps drawing
inspiration from [30]. However, such a result might be very difficult to obtain because momen-
tum methods lack contraction, are nondescending, and are highly oscillatory [3, 24]. While
it is hoped that the continuous analysis in this paper will eventually guide the convergence
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Figure 4.2. FEwvolution of the rates of convergence of Version 1 of the convex Algorithm 4.1 with different
values of p. Note that all the algorithms were implemented with the same time-step h.

analysis of discrete-time algorithms, this does not appear to be a straightforward exercise,
as one would first need to reconcile the arbitrarily fast O(1/tP) rate of convergence of the
continuous-time trajectories with Nesterov’s barrier theorem of O(1/k?) for discrete-time al-
gorithms. Even on normed vector spaces, obtaining theoretical guarantees was a challenging
task, achieved in [30] in the special case where p > 2 under additional assumptions on the
objective function and on its derivatives. Generalizing these results to the general family
of a, B, Bregman Lagrangians on Riemannian manifolds would be much more challenging
since the notions of derivatives become more complicated and since all the usual vector space
operations and objects have to be replaced by their Riemannian generalization which involve
geodesics, parallel transport, Riemannian exponentials, and Riemannian logarithms.

5. Time invariance and Poincaré transformation. Let f : @ — R be a given A-weakly
quasi-convex function, and suppose Assumption 3.2 is satisfied. In section 3, we formulated a
variational framework for the minimization of f, via Bregman Lagrangians and Hamiltonians.
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Figure 4.3. Discretization errors (top graph) and convergence rates (bottom graphs) of Version 1 of the
p =5 convex Algorithm 4.1 with different values of h for the distance minimization problem. The true solution
of the differential equation was approzimated by the same algorithm with a very small time-step h = 107°.

We now extend Theorem 3.1 to Riemannian manifolds.

Theorem 5.1. Suppose that Assumption 3.2 is satisfied and that the curve X (t) satisfies
the Riemannian Bregman Euler—Lagrange equation (3.7) corresponding to Lng~. Then the
reparametrized curve X (7(t)) satisfies the Bregman Euler—Lagrange equation (3.7) correspond-
ing to the modified Riemannian Bregman Lagrangian £d,[§,'~y where &t = a;q + log7(t),

Bt = Brw), and ¢ = Yy Furthermore, «, B, satisfy the ideal scaling conditions (3.3)
if and only if 64,5’,? do.

Proof. See Appendix D. |
As a special case, we have the following theorem.

Theorem 5.2. Suppose that f : Q@ — R is a geodesically A-weakly quasi-convex function and
that Assumption 3.2 is satisfied. Suppose X (t) satisfies the p-Bregman Euler—Lagrange equa-
tion (3.12). Then, the reparametrized curve X (t?/?) satisfies the p-Bregman Euler-Lagrange
equation (3.12).

Thus, the entire subfamily of Bregman trajectories indexed by the parameter p can be
obtained by speeding up or slowing down along the Bregman curve in spacetime corresponding
to any specific value of p. Inspired by the computational efficiency of the approach introduced
in [9], it is natural to attempt to exploit the time-rescaling property of the Bregman dy-
namics together with a carefully chosen Poincaré transformation to transform the p-Bregman
Hamiltonian into an autonomous version of the p-Bregman Hamiltonian in extended phase
space, where p < p. This would allow us to integrate the higher-order p-Bregman dynamics
while benefiting from the computational efficiency of integrating the lower-order p-Bregman
dynamics. Explicitly, the time rescaling 7(t) = t?/? is associated to the monitor function

dt P

(5.1) = gpsplt) = Etl—zﬁ/zo
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and generates a Poincaré transformed Hamiltonian
(5.2) Hpsp(X, R) = gpsp(X") (Hp (X, R) + R)

in the extended space 0=90x R, where
X = {X] and 1t — m.

We will make the conventional choice X! = ¢ with conjugate momentum R’ and R!(0) =
—H,(X(0), R(0),0) = —Hp, which is chosen so that H,_5(X, R) = 0 along all integral curves
through (X (0), R(0)). The time ¢ shall be referred to as the physical time, while 7 will be
referred to as the fictive time. The corresponding Hamiltonian equations of motion in the

extended phase space are then given by

. e . oA,

5.3 X = B2 R—= _ZItrop

(5.3) 5%

Now, suppose (X(7), R(7)) are solutions to these extended equations of motion, and let
(x(t),r(t)) solve Hamilton’s equations for the original Hamiltonian 7,. Then

Hpp(X (1), R(7)) = Hpsp(X(0), R(0)) = 0.
Thus, the components (X (7), R(7)) in the original phase space of (X (7), R(7)) satisfy
Hp(X(7),R(7),7) = —R'(7),  Hp(X(0),R(0),0) = —R'(0) = Hy(x(0),(0),0).

Therefore, (X (7),R(7)) and (x(t),r(t)) both satisfy Hamilton’s equations for the original
Hamiltonian H, with the same initial values, so they must be the same.

As a consequence, instead of integrating the p-Bregman Hamiltonian system (3.11), we
can focus on the Poincaré transformed Hamiltonian ﬂpﬁf, in extended phase space given by
(5.2), with H,, and g, given by (3.11) and (5.1), that is,

(5.4)

2 2
(X P) — P Cp AT+ 1)p—B/p D srt\1—p/p pt
Ryl X B) = oo (R ) + (1) F00) + B o,

The resulting integrator has constant time-step in fictive time 7 but variable time-step in
physical time ¢. In our prior work on discretizations of variational formulations of acceler-
ated optimization on normed spaces [9], we performed a very careful computational study
of how time-adaptivity and symplecticity of the numerical scheme improve the performance
of the resulting numerical optimization algorithm. In particular, we observed that time-
adaptive Hamiltonian variational discretizations, which are automatically symplectic, with
adaptive time-steps informed by the time invariance of the family of p-Bregman Lagrangians
and Hamiltonians yielded the most robust and computationally efficient numerical optimiza-
tion algorithms, outperforming fixed-time-step symplectic discretizations, adaptive-time-step
nonsymplectic discretizations, and Nesterov’s accelerated gradient algorithm which is neither
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time-adaptive nor symplectic. As such, it would be desirable to generalize the time-adaptive
Hamiltonian variational integrator framework to Riemannian manifolds and apply it to the
variational formulation of accelerated optimization on Riemannian manifolds.

Note that the variational framework for accelerated optimization presented in section 3 has
also been exploited successfully in the special case of Lie groups in subsequent papers [8, 15],
using two different formulations of time-adaptive symplectic Lagrangian integration, with very
promising numerical results. Another important case involves Riemannian submanifolds that
are embedded in a Riemannian linear manifold and are realized as the level set of a submersion.
The characterization of the submanifold as the level set of a submersion, together with the
linear space structure of the embedding space, and the variational characterization of the
dynamics naturally lends itself to the use of the Lagrange multiplier theorem, which allows
one to use Hamiltonian variational integrators defined on the embedding space by including a
Lagrange multiplier term involving the submersion in the Lagrangian or Hamiltonian [6]. This
is analogous to the derivation of the SHAKE and RATTLE methods as variational integrators
for constrained systems (see, for example, section 3.5 of [19]). Another practical method can
be obtained by projecting the updates of Hamiltonian variational integrators defined on the
embedding space onto the constraint manifold [7]. The numerical results in these subsequent
papers [6, 7] suggest that the time-adaptive Hamiltonian approach can be very competitive
when numerically solving optimization problems on Riemannian manifolds.

6. Conclusion. We have shown that on Riemannian manifolds, the convergence rate in
continuous time of a geodesically convex or weakly quasi-convex function f(x(t)) to its optimal
value can be accelerated to an arbitrary convergence rate, which extended the results of [27]
from normed vector spaces to Riemannian manifolds. This rate of convergence is achieved
along solutions of the Euler-Lagrange and Hamilton’s equations corresponding to a family of
time-dependent Bregman Lagrangian and Hamiltonian systems on Riemannian manifolds. As
was demonstrated in the normed vector space setting, such families of Bregman Lagrangians
and Hamiltonians can be used to construct practical, robust, and computationally efficient
numerical optimization algorithms that outperform Nesterov’s accelerated gradient method
by considering geometric structure-preserving discretizations of the continuous-time flows.

Numerical experiments implementing a simple discretization of the p-Bregman Euler—
Lagrange equations applied to a distance minimization and Rayleigh minimization problems
confirmed that the higher-order algorithms outperform significantly their lower-order counter-
parts and the corresponding O(1/kP) convergence rates. Numerical results also showed that
using a corrected gradient in the update instead of the traditional gradient, as was done in
[26], improved the theoretically predicted polynomial convergence rate to an exponential rate
of convergence in practice. While higher values of p result in faster rates of convergence, they
usually require smaller time-steps and also appear to be more prone to stability issues under
numerical discretization, which can cause the numerical optimization algorithm to diverge,
but we anticipate that symplectic discretizations will address these stability issues.

Finally, in analogy to what was done in [27] for normed vector spaces, we proved that the
family of time-dependent Bregman Lagrangian and Hamiltonians on Riemannian manifolds
is closed under time rescaling. Inspired by the computational efficiency of the approach in-
troduced in [9], we can then exploit this invariance property via a carefully chosen Poincaré
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transformation that will allow us to integrate higher-order p-Bregman dynamics while bene-
fiting from the computational efficiency of integrating a lower-order p-Bregman Hamiltonian
system.

It was observed in our prior computational experiments in the normed vector space case [9]
that geometric discretizations which respect the time-rescaling invariance and symplecticity
of the Bregman Lagrangian and Hamiltonian flows were substantially less prone to stabil-
ity issues and were therefore more robust, reliable, and computationally efficient. As such,
it is natural to develop time-adaptive Hamiltonian variational integrators for the Bregman
Hamiltonian introduced in this paper describing accelerated optimization on Riemannian
manifolds.

Developing an intrinsic extension of Hamiltonian variational integrators to manifolds will
require some additional work, since the current approach involves Type II/Type III gener-
ating functions H; (qksPr+1), Hy (Pk, qks1), which depend on the position at one boundary
point and the momentum at the other boundary point. However, this does not make intrinsic
sense on a manifold, since one needs the base point in order to specify the corresponding
cotangent space, and one should ideally consider a Hamiltonian variational integrator con-
struction based on discrete Dirac mechanics [16], which would yield a generating function
E;(Qk,Qk_A'_l,karl), E; (qr, pk» qr+1) that depends on the position at both boundary points
and the momentum at one of the boundary points. This approach can be viewed as a dis-
cretization of the generalized energy E(q,v,p) = (p,v)—L(q,v), in contrast to the Hamiltonian
H(q,p) = extyo(p,v)=L(g,v) = (p,v)=L(g,v)|,_oL.

However, a more practical method relies on the fact that we have a Riemannian manifold,
which is endowed with a Riemannian exponential and Riemannian logarithm that can be used
to construct an extension of Hamiltonian variational integrators using geodesic normal coor-
dinates. For many important matrix manifolds, one can replace the Riemannian exponential
in the geodesic normal coordinates by a retraction [1], which is often constructed using matrix
factorizations.

We anticipate that applying an appropriate generalization of Hamiltonian variational in-
tegrators to the Bregman Hamiltonians introduced in this paper will yield a novel class of
robust and efficient accelerated optimization algorithms on Riemannian manifolds. The vari-
ational framework for accelerated optimization presented in section 3 has also been exploited
successfully in the special case of Lie groups in subsequent papers [8, 15], using two different
formulations of time-adaptive symplectic Lagrangian integration, with very promising nu-
merical results which illustrate that our framework can be very competitive for optimization
problems of interest on Lie groups and more generally on Riemannian manifolds. As men-
tioned at the end of section 5, another important case involves Riemannian submanifolds that
are embedded in a Riemannian linear manifold and are realized as the level set of a submersion.
In [6], we studied how holonomic constraints can be incorporated into variational integrators
to constrain the updates of the numerical optimization algorithm to the Riemannian manifold
of interest, and in [7], the manifold constraints were enforced via projections. The numerical
results in these two subsequent papers suggest that the time-adaptive Hamiltonian approach
introduced in this paper can be the basis for competitive numerical optimization algorithms
on Riemannian manifolds.

Copyright © by STAM. Unauthorized reproduction of this article is prohibited.



Downloaded 06/02/22 to 137.110.40.98 . Redistribution subject to SIAM license or copyright; see https.//epubs.siam.org/terms-privacy

RIEMANNIAN VARIATIONAL ACCELERATED OPTIMIZATION 665

It would be desirable in future work to analyze the resulting discrete-time algorithms and
rigorously establish their rates of convergence. Although theoretical shadowing results have
already been derived for certain discrete optimization algorithms on Riemannian manifolds,
such a result might be very difficult to obtain for the momentum-based algorithms presented
in this paper because momentum methods lack contraction and are nondescending and highly
oscillatory [3, 24]. It might also be possible to generalize the theoretical guarantees obtained
laboriously on normed vector spaces in [30], but this would be an even more challenging
task since the usual vector space operations and objects have to be replaced by their more
convoluted Riemannian generalizations. In addition, we would like to better understand how
to reconcile the arbitrarily high rate of convergence one expects from the continuous-time
analysis with Nesterov’s barrier theorem on the rate of convergence of discrete-time algorithms.

Appendix A. Derivation of the Euler-Lagrange equations.

A.1. Convex and weakly quasi-convex cases.

Theorem A.1. The Euler—Lagrange equation corresponding to the Lagrangian
1 - —
[:a,ﬁ:’Y(X? V. t) = §€>\ lc'ytiat(V, V>—eat+/8t+/\ IC’th(X)
is given by

Vo X 4+ (A 1¢e™ — dy) X + 2 PPrgradf(X) = 0.

Proof. Consider a path on the manifold Q described in coordinates by

(@(0),8(1)) = (¢ (0) .-, 4" (1), 01 (1), .., 0"(1))

Then, with (-, )= szzl gijdz'dx?, the Bregman Lagrangian £, g, can be written as

Loy (2(0),(0),1) = 26490700 S gl ()07 (1) — e o).
ij=1

For k=1,...n,

di <8£a,fm (z(t), &(t), t))

t ovk

=t nmen 2 gik(x(t))%(t) et §° ?q’?(x(t))vi(t)vj(t)

+ (AT — e TS g () (8),
=1

n

(@(t)(0,1) = 5" Y D (el (1) — e 13 S,

0Lq8
OqF

4,j=1

Multiplying both terms by eo‘f*rlc'yt, the Euler-Lagrange equations (2.3) for the Bregman
Lagrangian L, g, are given, for k =1,...,n, by
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0= Zgik(w(t))dvz(t) + ) %g;»j (@) (07 (1) + (A1 — ) D gz ()’ (1)

=1

agi' i j at taf
()0 ()0 (1) + 220 qu(w(t))-

Rearranging terms and multiplying by the matrix (¢%/) which is the inverse of (g;;), we get,
for k =1,...n, the equation

k n
—— @)+ > TE@@) () () | + (A1 — dy) v (1) + €2 (gradf(z(t)))* = 0,
i,j=1

where Ff“‘j are the Christoffel symbols given by Ffj =i kl[%ijf + gil; - %gxif |, which gives

the desired Euler-Lagrange equation once we use the ideal scaling equation 44 = e®*. |

A.2. Strongly convex case.
Theorem A.2. The Euler-Lagrange equation corresponding to the Lagrangian £5€ is given
by
Vi X +nX + gradf(X) =

Proof. Consider a path on the manifold Q described in coordinates by

(@(t), 2(t)) = (¢ (t), ..., q" (&), 0 (), ..., 0" (1))

Then, with (-, )= 223:1 gijdz'dz?, the Lagrangian £5¢ can be written as

e”t -
£ (z(t), 2( Z gl] (t) - eﬂtf(x(t)).
1,j=1
For k=1,...n,
dt (avk (2(t), (1), ) N e”tzgm " Z S W I D)
,j=1
+ el Z gik(x(£))v" (1)
oLsc . ﬁgz of
¥ (z(t), & = Z ()0 () (t) — G”taq (z(2)).
4,j= 1
If we multiply both terms by e~ the Euler-Lagrange equations (2.3) for the Lagrangian
£5¢ are given, for k=1,...,n, by
= dv o ; . n ;
0= Zgik(x(t))ﬁ(t) + Z aqj( (60" ()07 (8) + 1 Y gan(w())0"(¢)
=1 3,j=1 =1

1 - 8 ij i . 8
3 JZ::I 8Zk (@(t))v" () (t) + &;;(w(t)).
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Rearranging terms and multiplying by the matrix (¢%/) which is the inverse of (g;;), we get,
for kK =1,...n, the equation

Uk n . .
W0+ 30 T @@ (1) | +m () + (aradie() =0
i,j=1

where Ffj are the Christoffel symbols given by I‘fj =130 gkl[%ijil + gilj - %g;{ |, which gives

the desired Euler-Lagrange equation. |
Appendix B. Proof of the convergence rates.
The proofs of the convergence rates of solutions to the Bregman Euler-Lagrange equations
are inspired by those of Theorems 5 and 6 from [3] and make use of Lemmas 2 and 12 therein.

Lemma B.1. Given a Riemannian manifold Q with sectional curvature bounded above by
Kax and below by Kin, with ¢ given by (2.1), and such that

I if Kmax >0,
diam(Q) < q VHmax '
0 if Kmax S 07

we have that . .
(V xLogx (p), —X)< ¢[| X%

Lemma B.2. Given a point q¢ and a smooth curve X(t) on a Riemannian manifold Q,

d .
JpILogx ) (@)]I* = 2(Logx()(q), V xLogx 1) (q))= 2(Logx 1 (q), =X (t)).

Theorem B.3. Suppose f : O — R is a A-weakly quasi-conver function, and suppose that
Assumption 3.2 is satisfied. Then, any solution X (t) of the Bregman Euler—Lagrange equation

VXX + (A_lg'eo‘t — Cu) X + 2o tPrgradf(X) = 0
with X (0) = z¢ and X (0) = 0 converges to a minimizer =* of f with rate

o o 2R (f(@o) — 1(2) + Cl[Logy, (@)
FX®) - £ < e .

Proof. Let
2
E(0) = X2 (£(3X) = £a") + 3¢ = DlLogx (e + 3 e X - Loz (a)

Then, using Lemma B.2,

Et) = Nie (F(X) = f(a*)) + A2e (gradf(X), X)+(¢ — 1)(Logx (), = X)
+ (Ae X — Logy (z*), —dede X + )\e_atVXX — VLogx ("))
= N6 (f(X) = f(a*)) + Ne™ (gradf(X), X)+(¢ — 1)(Logx (2*), —X)
(

+ (A" X — Logy (%), \e ™ (—th + VXX> — ViLogx(z7)).
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Now, from the Bregman Fuler-Lagrange equation,
—u X + Vi X = A1 X — 2 Prgradf(X).
Thus,
E(t) = NGre™ (F(X) = f(a")) + A% (gradf(X), X)+(¢ — 1){Logx (z7), —X)
+ (Ae™™X — Logy (2%), —¢X — Ae™Prgradf(X) — V ¢ Logy (z*))
= Nfie® (F(X) = f(2")) + Xe(gradf(X), X)+(C = 1)(Logx (27), =X) =A¢e™ (X, X)
— MNP X, gradf(X))—Ae (X, V yLogy (z*))+((Logx (z*), X)
+ AP (Log x (%), gradf(X))+{Logx (¢*), V x Logx ().
Canceling the (gradf(X), X) and (Logy (z*), —X) terms out using Lemma B.2, we get
E(t) = NBee™ (F(X) = () + Ae* T (Logx (¢¥), gradf(X))
— Aem "X, X)=Ae (X, V yLogx(z¥))
= e |BA(F(X) = [(") + e (Logx (a"), gradf(X))]
= AeT (¢, X)+{X, Vg Togy (+)]
Now, since f is geodesically A\-weakly quasi-convex, we have that
A(f(X) = f(z7)) + (Logx (z%), gradf(X))< 0,

so the ideal scaling equation 3; < e™ implies that
AT [ B (F(X) = f(@")) + e (Log (a), gradf(X))| < 0.
Moreover, Lemma B.1 yields [{(X,XH—(X,VXLogX(x*))} >0, so
—de [C(X,X)—i—(X,VXLogX(w*))} <0.
Therefore, £(t) < 0, and so

N2 (F(X) = f(2")) < A% (F(X) = f(2")) + %(C — 1)|[Logx («")|*

2

1 .
+ 5 )\e_atX — LOgX(x*)

* 1 *
= E(t) < £(0) = A2 (f(x0) — f(2*)) + 3¢ l1Logg, ()%,
which gives the desired rate of convergence

o 2226 ((ag) — f(2*)) + [Logy, ()]
JX(0) — f(a*) < e :
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Appendix C. Proof of existence theorems.

C.1. Convex and weakly quasi-convex cases.

Theorem C.1. Suppose Assumption 3.2 is satisfied, and let C,p > 0 and v > 1 be given
constants. Then the differential equation

VX + %X + OtP2gradf(X) = 0

has a global solution X : [0, 00) — Q under the initial conditions X (0) = z¢ € Q and X (0) = 0.

Proof. The proof is similar to that of Lemma 3 in [3], which extended Theorem 1 in [25]
to the Riemannian setting. We first define a family of smoothed equations for which we then
show existence of a solution for all time. After choosing an equicontinuous and uniformly
bounded subfamily of smoothed solutions, we use the Arzela—Ascoli theorem on the complete
Riemannian manifold Q@ to obtain a subsequence converging uniformly and argue that the
limit of this subsequence solves the original problem. When p = 2, we recover the simpler
case considered in Lemma 3 of [3], so we assume p # 2 in this proof. Consider the following
families of smoothed equations for § > 0:

. : b2 B ‘

Vi X+ —p) ((5,t)X + C(max (0,¢))P “gradf(X) =0 if p<2,
T v . p—2 .

VX + ——Y ((5,t)X + CtP~gradf(X) =0 if p>2.

Exp and Log are defined globally on @ by Assumption 3.2, so we can choose geodesically
normal coordinates ¢ = v ~! around xy defined globally on Q and put ¢ = ¢ o X. Using
the smoothness of f and letting u = ¢ gives a system of first-order ODEs defining a local
representation for a vector field in 7'Q, and section IV.3 of [13] guarantees that the smoothed
ODE has a unique solution Xj locally around 0. Actually, X exists on [0,00). Indeed, by
contradiction, let [0,7") be the maximal interval of existence of Xs for some finite 7 > 0.
Using

%f(X(s(t)) = (gradf(Xs), Xé)

gives

d §2-r S PT L §2-r 4 . vyl=P . )

%f(Xa) = —T<VX5X5,X5)—T(X5,X6)= _Y%”Xéw - 1X5)% ifd>t p<2,
d 2P Lo utrTP oL 2P d . vt2TP

—f(X5) = ——(Vy X5, Xs)——— (X5, X5)= ———— || X5]|* — Xs|*if 2
dtf( 6) C <VX5 57 6) 06 ( 5) 5) 20 dt” 5” 06 H 6” 1 5 > t? p > )
d 2P Lo vttt

o1 (Xe) = ==V, X6, Xs)— (Xs, Xs)

002-p)—1

_ii2_p.271—p'2.
20 dt (t HX5||) 20(27]9) t ||X§H if § < t.
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Let 6 = %. Integrating and using the Cauchy—Schwarz inequality for the p < 2 case

gives

T ) T
/ /(max (6,0)7 | X5 | dt = / VTR X5 dt + / V|| Xl dt
0 0 )

52»

< \/ L pta0) -t )+ 25 (02 - nt 16012

. \/ TR e S) + g (PO - a0 <o

0 te[0,T)
since f is bounded below by Assumption 3.2. If § > T, then vV§-PXj is integrable on [0,7).
If 6 < T, then the integrals on [0,7") and [0, d) are finite, so the integral on [§,T) must also
be finite, and thus v#!=PX; is integrable on [5,T). Now, || faT Xsdt|| < faT | Xs||dt < oo for
a = 0,0 implies that lim; 7 X;(t) exists. Since Q is complete by Assumption 3.2, the limit
is in Q, contradicting the maximality of [0,7"). The p > 2 case is similar: the integrand is
replaced by \/t2P(max (0,t))~1|| X5, and the integral on [§,T') remains unchanged while the
integral on [0, ) can be bounded by the same expression using ¢ < 4. Thus, in both cases, we
can find a solution X : [0,00) — Q to the smooth initial-value ODE and its corresponding

solution Xy : [0, 00) — R™ in local coordinates.
Now define

Ms(t) = sup M.

u€(0,t] u
When 0 < ¢t <4, the smoothed ODE can be written as
v%caﬁ)z—cwﬁgmw&m%ﬁp<z v&caﬁ)z—cwﬂgmmgk%ﬁp>z

Thus, we can use Lemma 4 in [3] to get for p > 2 that
t
Fi’;g(t)X(g(t) = —e_ét/o (ng(u)gradf(Xg(u)) — I‘ﬁ&(u)r(x&)i?(u)gradf(xo)) CuP~2esdu,
¢
- e_gt/ C’up_QI‘g)”g(u)F(X(;)fo“(“)gradf(mo)e%“du.
0

From the Lipschitz assumption on f, we have that

“1x
Es(s)]
S

eradf(X5(u)) — TX3 gradf(zo)|| < L / 1X5(s)l|ds = L / ds < %LME(U)UZ.
0 0

Thus, since parallel transport preserves inner products,

1X5(8)]
t

—2t ot
g(;CLMﬂ®$+%Mﬂgm&@mm>6; /)&%m
0

< (;CLM(;((S)&”+C<5pngadf(a:0)H) %(1 et < %CLM(;(é)(Sp—i—C’(Spngadf(xo)H.
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D=

Taking the supremum over 0 < ¢t < ¢ and rearranging gives for § < oy = (&) that

2067 ||gradf(zo) |
M;s(6) <
sO) < =5 " GLor
The case p < 2 is done exactly in the same way except that we do not need to bound uP~?2
by 6P~2 in the integrals since the t?~2 term in the differential equation is already replaced by
oP—2,
_ (2(vtptl)\d

Note that when 0 < dp and 6 < t < tyy = (=5 —)?, the smoothed ODE can be

rewritten as

d v _ v+p—2
= (t X5t )) = Ot 2gradf(X;).

Therefore, we can use Lemma 4 in [3] once again to obtain

t
r§§§f;tvxa(t)—5vx5(5): /0 (rﬁig;?)gradf(xg(u))_r§6ggr(x(;)gg&(u)gradf(xo)) Cu P 2dy

/C’ vp=2pXs(9) 1o (X(;);?(“)gradf(mo)du.

Xs(u)
Using the fact that parallel transport preserves inner products and dividing by t'*! give
IXs@)l _ HXa c .
" < tv+1 tv+1 M YuUTPdu - proes |lgradf(zo)|| i u P2y,
sutt 205p radf(z CL C(tvtr=1 — gutr=l
< - ||g ( 0)” M(;(t)tp + ( - )ngadf(xo)H,
ot 2—-CLéP 2 +p+1) (v+p—1)tvt
and since this upper bound is an increasing function of ¢, we have for any ¢’ € (§,t) that
|Xs()]| _ 206 grad(wo)| L =2
< Ms(t)tPh + — df .
¥ = 2_CLor 301 p 1 1) O + o leradi(zo)]

Taking the supremum over all ¢’ € (0,¢) gives for § < dpy and § < t < tpy,

1 2C6P Cctr—2
M;s(t) < ( ) |lgradf(zo)]|.

+
= CL _ _
1- m 2—-CL» wv+4+p-1

Now consider the family of functions

F={Xs:[0.T] > Rls =275,n = 0,1,... },

=

. By definition of Ms, we have for ¢ € [0,7] and ¢ € (0, 5)

1
where T' = (U?;l) " and 6 = (5)
that
CTP—2 b ) .

) and  d(X;(t), X5(0)) S/ ([ X5 (u)[[du < ]| Xs]| < T X5s]|.
v+p—1 0

Thus, F is equicontinuous and uniformly bounded, and the Riemannian manifold Q is com-
plete by Assumption 3.2, so by the Arzela—Ascoli theorem (Theorem 17 in [12]), F contains a
subsequence that converges uniformly on [0, 7] to some function X*. The same argument as
in part 5 of the proof of Lemma 3 of [3] shows that X* is a solution to the original initial-value
ODE on [0, 7] which can then be extended to get a global solution on [0, c0). [ ]

| Xs|| < TM5(T) < 20T (S +
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C.2. Strongly convex case.

Theorem C.2. Suppose that Assumption 3.2 is satisfied and that n > 0 is a given constant.
Then, the differential equation

Vi X +nX + gradf(X) = 0

has a global solution X : [0, 00) — Q under the initial conditions X (0) = z¢ € Q and X (0) = 0.

Proof. Exp and Log are defined globally on Q by Assumption 3.2, so we can choose
geodesically normal coordinates ¢ = ¢~ around zy defined globally on Q and put ¢ = ¢o X.
As in [3], using the smoothness of f and letting u = ¢ gives a system of first-order ODEs which
defines a local representation for a vector field in 7°Q, and results from section IV.3 of [13]
guarantee that the initial-value differential equation has a unique solution locally around 0. It
remains to show that this solution actually exists on [0,00). Towards contradiction, suppose
[0,T) is the maximal interval of existence of the solution X for some finite 7' > 0. Then,

1d

LI (W) = (gradi(X), X)= ~(V X, X)=C{X, X)= =3 IX|? — CI X2

Rearranging, integrating both sides and using the Cauchy—Schwarz inequality gives

te[0,T

T , T (. ey
JREE \/T(f(a:o) ~int f) + 5 (1K = nt 1K@ <.

since f is bounded from below by Assumption 3.2. Therefore, lim; ,7 X (t) exists, and since
Q is complete, the limit is in Q, contradicting the maximality of [0,7"). This completes the
proof. |

Appendix D. Proof of invariance theorem.

Theorem D.1. Suppose that Assumption 3.2 is satisfied and that the curve X (t) satisfies
the Riemannian Bregman Euler-Lagrange equation (3.7) corresponding to Lo pg~. Then the
reparametrized curve X (7(t)) satisfies the Bregman Euler—Lagrange equation (3.7) correspond-
ing to the modified Riemannian Bregman Lagrangian [’d,ﬁfy where &y = arq) + log7(t),
B = Br(t), and & = V7). Furthermore a, 8,7 satisfy the ideal scaling conditions (3.3) if
and only if d,B,ﬁ do.

Proof. Let Y (t) = X(7(t)). Then
V() =t OX (1) and Vg V() = HOX () + POV g0 X (7(0):

Inverting these relations gives

X(0) = o570 and Vi X0) = ViV 0 - 70

The Bregman Euler-Lagrange equation (3.7) at time 7(¢) is given by

Vi en X (T(8) + (A0 = Giry) X (7 (1) + 0 0 gradf(X (7(1))) = 0.
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Substituting the expressions for X (7(t)), X (r(t)) and VX(T(t))X(T(t)) in terms of Y(t) and
its derivatives, and multiplying by 72(t), we get

vy(t)Y (t) — LY () + (A0 — b)) T(R)Y () + 72(t)e* 0 gradf(Y (¢)) = 0.

Substituting the expressions for «, 8, in terms of &, 8,7 yields

- 7(t) ¢ 1, 1o 1 ( 200+
c Y (8)——=Y (¢ AN (e — — HTPtgradf(Y (t)) = 0.
Vi - Hp v+ (A et - i [0+ grad(Y (1)
This gives the Bregman Euler-Lagrange equation (3.7) corresponding to £ G

VY )+ (Alge&t — T,(lt)éz(t)> Y (t) + 20+ Prgradf(V (t)) = 0. .

The fact that the parameters «, 3,7 satisfy the ideal scaling conditions (3.3) if and only
if the parameters @, 3,7 do is established in the proof of Theorem 1.2 of [27].
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