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Abstract

Optimization problems with access to only zeroth-
order information of the objective function on Rie-
mannian manifolds arise in various applications,
spanning from statistical learning to robot learn-
ing. While various zeroth-order algorithms have
been proposed in Euclidean space, they are not
inherently designed to handle the challenging con-
straints imposed by Riemannian manifolds. The
proper adaptation of zeroth-order techniques to
Riemannian manifolds remained unknown until
the pioneering work of (Li et al., 2023a). How-
ever, zeroth-order algorithms are widely observed
to converge slowly and be unstable in practice. To
alleviate these issues, we propose a Riemannian
accelerated zeroth-order algorithm with improved
robustness. Regarding efficiency, our acceler-
ated algorithm has the function query complexity
of O(e~7/4d) for finding an e-approximate first-
order stationary point. By introducing a small per-
turbation, it exhibits a function query complexity
of O(e~7/4d) for seeking a second-order station-
ary point with a high probability, matching state-
of-the-art result in Euclidean space. Moreover, we
further establish the almost sure convergence in
the asymptotic sense through the Stable Manifold
Theorem. Regarding robustness, our algorithm
requires larger smoothing parameters in the order
of O(¢7/84~1/2), improving the existing result by
a factor of O(e%/4).
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1. Introduction

Many machine learning problems frequently encounter sit-
uations where computing function gradients is costly or
even infeasible. For instance, the tasks such as optimal lin-
ear combination prediction (Das et al., 2022) and Bayesian
optimization in robot learning (Jaquier et al., 2018; 2020)
involve objective functions, lacking analytical forms, only
observable through point-wise evaluations. Furthermore, the
design space of interest is also complicated, involving con-
straints such as the unit sphere, probability simplex, and pos-
itive definite matrices. The limited function information and
inherent constraints render these problems challenging to
solve. One potent strategy for dealing with these constraints
is re-expressing them through the lens of Riemannian man-
ifolds (Absil et al., 2009; Boumal, 2023). Mathematically,
we can formulate the problem in consideration as follows:

min  f(z), )
where M represents the Riemannian manifold, and f(-) is
a nonconvex objective function with only zeroth-order infor-
mation (i.e. function value) available. For ease of discussion,
we assume f(-) is lower bounded, i.e. f(z) > fiow for all
x € M. Recently, a pioneering work by Li et al. (2023a)
introduced several Riemannian zeroth-order algorithms to
tackle problem (1), relying solely on the query of function
values. It is well known that the function query complex-
ity is a key to measure the efficiency of the zeroth-order
algorithms, whereas these algorithms only exhibit inferior
complexity to the one in Euclidean space. This raises a
natural question: Is it possible to develop a Riemannian ac-
celerated zeroth-order algorithm with lower function query
complexity?

The development of accelerated algorithms is a prominent
and active topic within both machine learning and optimiza-
tion communities. It traces back to the seminal breakthrough
by Nesterov (1983), which paved the way for subsequent
advancements in acceleration techniques. Since then, nu-
merous fruitful results have emerged in various scenarios,
such as accelerated first-order algorithms (Beck & Teboulle,
2009; Lin et al., 2015; Carmon et al., 2017; 2018; Jin et al.,
2018; Li & Lin, 2022) and accelerated second-order algo-
rithms (Nesterov, 2008; Bubeck et al., 2019; Jiang et al.,
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Table 1. Comparison of zeroth-order algorithms in terms of the ability to handle Riemannian manifolds, value of smoothing parameter,
and function query complexity for nonconvex objective function. The symbol t is used to indicate that this algorithm converges to
e-approximate first-order stationary points; otherwise, it converges to e-approximate second-order stationary points.

Algorithms Riemanian Manifolds = Smoothing parameter ;x  Function query complexity
PAGD (Vlatakis-Gkaragkounis et al., 2019) X @) (f’g ) 10) (6%)

Z0-GD (Bai et al., 2020) X o (di;) o (@)
X el/2 A (d

70-GD-NCF (Zhang et al., 2022) o (d1 ,4) O (4)
ZO-PAGD (Zhang & Gu, 2022) X o (%8) o (5;54)

ZOPGD (Ren et al., 2023) X 16, (eld/z) O (%)

ZO-RGD (Li et al., 2023a) v 0 (%) o (L)
-

RAZGD with Option I (ours) v o (s o (F;i“)
Perturbed RAZGD with Option I (ours) v o(<% o (6;34)

2021). Notably, Zhang & Gu (2022) demonstrated that
zeroth-order algorithms can also benefit from acceleration
and exhibit an improved complexity. Regarding the opti-
mization problem over Riemannian manifolds, there has
also been a growing interest in developing accelerated algo-
rithms (Liu et al., 2017; Zhang & Sra, 2018; Criscitiello &
Boumal, 2022), to name a few. Due to the space limitation,
a detailed discussion is deferred to Appendix A. Despite
significant efforts in designing accelerated algorithms, none
of them is applicable to problem (1).

To design an algorithm in a gradient-free manner, construct-
ing zeroth-order estimators through function value evalua-
tions becomes necessary. The accuracy of this approxima-
tion is tied to the smoothing parameter (see Definition 3.1,
for example). Although the smaller value of the parame-
ter improves the precision, it may also introduce instabil-
ity in practical applications (Lian et al., 2016; Liu et al.,
2018; 2020). Regrettably, integrating acceleration tech-
niques into zeroth-order algorithms (Zhang & Gu, 2022)
requires smaller smoothing parameters compared to the
standard ones (Vlatakis-Gkaragkounis et al., 2019; Zhang
et al., 2022). In response to these challenges, we introduce a
novel Riemannian accelerated zeroth-order algorithm. Sur-
prisingly, while maintaining the same function query com-
plexity, our algorithm allows the use of a larger smoothing
parameter, compared to the Euclidean counterpart (Zhang
& Gu, 2022). This, in turn, ensures the robust and stable
performance of our accelerated zeroth-order algorithm.

Contributions. In this paper, we delve into a comprehen-
sive study of Riemannian zeroth-order optimization. Our
main contributions are given as follows:

* By leveraging the basis of the tangent space, we extend

the classical finite-difference gradient approximation
to Riemannian manifolds (Definition 3.1). Based on
this estimator, we develop a Riemannian accelerated
zeroth-order gradient descent (RAZGD) in Algorithm
1, which alternates between the Riemannian zeroth-
order gradient descent step (Subroutine 1) and the tan-
gent space step (Subroutine 2 and 3).

Under some mild assumptions and by setting the ini-
tial point as zero in the tangent space step (Subrou-
tine 2), we prove that the RAZGD with Option I has
the function query complexity of 0(6_7/ 4d) for find-
ing a Riemannian e-approximate first-order stationary
point, which improves the existing result by a factor of
0(6*1/4) in (Li et al., 2023a). For a fair comparison,
we present selected zeroth-order algorithms in Table 1.

By introducing a small perturbation to the initial point
in the tangent space step (Subroutine 2), the perturbed
RAZGD with Option I seeks a second-order stationary
point with a high probability under O(¢~7/4d) query
complexity guarantee, matching state-of-the-art com-
plexity in Euclidean zeroth-order optimization (Zhang
& Gu, 2022). To get an almost sure convergence re-
sult, we further prove that the RAZGD with Option II
converges to strict Riemannian second-order stationary
points gradually.

Beyond the function query complexity, the perturbed
RAZGD with Option I showcases resilience in choos-
ing the smoothing parameter—an essential factor ensur-
ing the robustness of zeroth-order algorithms. With the
same function query complexity guarantee, we estab-
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lish that the RAZGD only requires the smoothing pa-
rameter ;1 = O(e7/8d~1/?) for seeking e-approximate
second-order stationary points, sharpening the existing
best result O(e'3/3d~1/2) in Zhang & Gu (2022).

2. Preliminaries: Optimization over manifolds

In this section, we present the basic setup and mathematical
tools for optimization over manifolds. For more details,
we refer readers to see (Absil et al., 2009; Boumal, 2023).
Throughout this paper, we use the convention O(-) and Q(+)
to denote lower and upper bounds with a universal con-
stant, respectively. (7)() ignores the polylogarithmic terms.
We use d to denote both the dimension of the Riemannian
manifold M (i.e., dim(M) = d) and the dimension of the
Euclidean space R.

A d-dimensional manifold M is a topological space
where each point has a neighborhood homomorphic to d-
dimensional Euclidean space, as illustrated in Figure 1.
A Riemannian manifold M is a real, smooth manifold
equipped with a Riemannian metric. Each x € M is associ-
ated with a d-dimensional real vector space T, M, referred
to as the tangent space at . The Riemannian metric defines
an inner product (-, -), on the tangent space T, M. The
inner metric induces a corresponding norm || - ||.. We denote
these by (-, -) and ||-|| when there is no confusion for  from
the context. A vector in the tangent space is known as a tan-
gent vector. The set of pairs (x, s;) forx € M, s, € T, M
is called the tangent bundle T M. On the tangent space, we
define B, -(s) = {z € Ty, M : ||z — s||, < r}, represent-
ing the closed ball of radius r centered at s € T, M. Then
we use Uni(B; ,-(s)) to define the uniform distribution over
the ball B, ,.(s).

Figure 1. A 2-dimensional manifold

Given a smooth function f(-), the Riemannian gradient
grad f(x) of f atx € M is the unique vector in T, M that
satisfies D f(z)[s] = (grad f(x),s), forall s € T, M,
where D f(z)[s] is the directional derivative of f at x
along s. The Riemannian metric gives rise to a well-
defined notion of the derivative of vector fields, known
as the Levi—Civita connection V. The Riemannian Hes-

sian of f is the derivative of the gradient vector field:
Hess f(z)[u] = Vugrad f(x), which is a symmetric linear
operator on T, M. For the smooth curve « : [0,1] — M,
the velocity of the curve is defined as %X = +/(t). The
intrinsic acceleration «"” of + is the covariant derivative of
the velocity of 7/: v = %*y’ induced by the Levi—Civita
connection.

We proceed to introduce the e-approximate stationary point
on Riemannian manifolds.

Definition 2.1. For any ¢ > 0, a point x € M
is an e-approximate Riemannian first-order stationary
point (RFOSP) of the smooth function f(-) if it satis-
fies || grad f(x)|| < O(e). Furthermore, if it addition-
ally satisfies Amin (Hess f(x)) > Q(—+/€), then x is an
e-approximate Riemannian second-order stationary point
(RSOSP), where Amin(+) denotes the the smallest eigenvalue
of the symmetric operator.

We also present the definition of strict Riemannian saddle
points and second-order stationary points:

Definition 2.2. A point x € M is a strict Riemannian
saddle point of the smooth function f(-) if it satisfies
grad f(x) = 0 and Apin (Hess f(x)) < 0. Otherwise, it
is a strict Riemannian second-order stationary point when
grad f(x) = 0 and Amin (Hess f(x)) > 0.

To optimize over Riemannian manifolds, a key concept is
the retraction (Figure 2)—a mapping enabling movement
along the manifold from a point x in the direction of a
tangent vector s € T, M. This is formalized as follows:
Definition 2.3. A retraction mapping Retr,,: T, M — M
is a smooth mapping satisfies Retr, (0) = x, where 0 is the
zero vector in T M. Moreover, forx € Mand s € T, M,
let

T,.s = DRetry(s): Ty M — Tretr, (s) M
denote the differential of Retr, at s (a linear operator). The
differential of Retr, at 0, i.e. Tj o, is the identity map.

For instance, we employ Retr,(s) = x + s when M =
R?. On the unit sphere S*~! := {z e R?: ||z|]s =1},
the retraction mapping is typically defined as Retr,(s) =
(@ + s)/llz + s]l2.

.M

Retr,(s) \

M

Figure 2. Retraction
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Following a similar manner in (Criscitiello & Boumal, 2019;
2022), in this paper, our analysis is based on the pullback
function defined as follows.

Definition 2.4. For any x € M, the pullback function fx()
is a composite function of [ and the retraction mapping,
that is

fo = foRetr,: T, M = R.

Specifically, as the differential of Retr,, at 0 is the identity
map, it implies that

Note that the pullback function f(-) is a real function de-
fined on the tangent space T,, M, which is locally homomor-
phic to Euclidean space. With a slight abuse of notation, we
can define the usual gradient and Hessian of f,,(-) as V f,(-)
and V2 f,(-) (mind the overloaded notation of Levi—Civita
connection V), respectively.

3. Riemannian Accelerated Zeroth-order
Gradient Descent Algorithm

3.1. Review of Riemannian gradient descent algorithm

We begin with an ideal situation in which the gradient infor-
mation is feasible, and consequently the simplest Rieman-
nian gradient descent (Boumal et al., 2019)

Zi41 = Retrg, (—me grad f(ay)), t =0,1,....

is applicable to problem (1). For the nonconvex objective
function, the basic idea behind the convergence analysis of
Riemannian gradient descent revolves around a two-case
discussion based on the magnitude of the gradient at the
current iterate. If the norm of Riemannian gradient satis-
fies || grad f(z;)| > €(e), Riemannian gradient descent
is shown to result in a decrease in the function value of
O(€?%). On the other hand, if the gradient norm is below this
threshold, the current point is already an e-approximate Rie-
mannian first-order stationary point. Thus, the Riemannian
gradient descent algorithm requires at most O(e~2) steps to
find a first-order stationary point.

3.2. The algorithm design

Inspired by the Riemannian gradient descent algorithm, we
employ an unconventional strategy, aiming for a more ag-
gressive function value decrease at each update—a crucial
element in designing a faster Riemannian algorithm. Given
the inaccessibility of the Riemannian gradient, we carefully
examine the value of the zeroth-order estimator. When the
Riemannian zeroth-order estimator at the current iterate
x4 exceeds 2 (y/e)—deviating from the standard value of

Q (e)—we choose to proceed with the Riemannian zeroth-
order gradient descent step (Subroutine 1), resulting in the
function value decrease of O(¢).

For the iterate x; with a small Riemannian zeroth-order
estimator, we choose the tangent space step (Subroutine 2),
which involves the accelerated zeroth-order gradient descent
update in the tangent space T',, M, as depicted in Figure
3. In the tangent space step, we set a similar termination
criterion as (Li & Lin, 2022), ensuring that the tangent space
step either results in the function value decrease of O(e%/2)
or returns a stationary point. Therefore, after a single update
from x; to x;11, the function value takes a decrease at
least O(¢3/2), which is larger compared to the standard
case. Combining all these components, we introduce the
Riemannian accelerated zeroth-order gradient descent in
Algorithm 1. By always selecting Option I, it achieves lower
query complexity in the non-asymptotic analysis. Moreover,
with a slightly modified tangent space step (Subroutine 3),
the RAZGD with Option II almost surely avoids strict saddle
points asymptotically.

th M Multiple Updates

Figure 3. Tangent space step

Algorithm 1 Riemannian Accelerated Zeroth-order
Gradient Descent Algorithm (RAZGD)
1: input: parameters 7, 0, B, K and r
2: initialize: xo € M, t =0
3: fort=0,1,---
4:  Compute estimator g, (0; 1)
50 if [|gx, (0; ) || > 1B then
6 Zi+1 = RZGDS(z¢,m, g2, (05 1))
7. else
8
9

,00 do

Option I: x; 1 = TSS(x¢,n,0, B, K, )
Option II: 2;; = TSSA (24,7, 0, B)
10:  endif

11: end for

As demonstrated in both tangent space steps, multiple
zeroth-order updates are performed in the tangent space.
To ensure the well-definiteness of the tangent space step,
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Subroutine 1 Riemannian Zeroth-order Gradient Descent
Step (RZGDS)

1: input: z, 7, and g, (0; )

2: if 7|92 (0; 1) || < b then

3:  Return Retr, (—ng.(0; 1))

4: else

5:  Compute a € (0, 1) such that an||g.(0; u)|| = b
6:  Return Retr,(—ang.(0; 1))

7: end if

Subroutine 2 Tangent Space Step (TSS)
1: input: x,n, 0, B, K and r

. initialize: s;! = s¥ = ¢ ~ Uni(B,
: while £ < K do
yr = sh+ (1= 0)(sk -

2 +(0)), k=0
3

4

5. Compute estimator g, (y*; 1)

6

7

8

9

sz ')

syt = yh — nga(yi )
k=k+1
if kY5,

Return Retr, (

10:  endif

11: end while

12: Ko = argminngngK_lnsﬁH — sk

13: Y3 = Zogt Lo Un

14: Return Retr, (y%)

|3+ — si||* > B? then

sk and break

we define the zeroth-order estimator for every pair (z, s;)
in the tangent bundle T M, where s, is the point in the
tangent space T, M. In the algorithm and its subroutines,
the notation g, (s,; p) represents the zeroth-order estimator
for the gradient of the pullback function V f,(s,) at the
pair (x, s;;) € T M, incorporating a smoothing parameter
. The formal definition is shown as follows, which gener-
alizes the classic finite difference gradient approximation in
Euclidean space (Scheinberg, 2022).

Definition 3.1. Given a smoothing parameter pn > 0 and a
point © € M, the Riemannian coordinate-wise zeroth-order
estimator at the point s, € T, M is defined as

d A
f Sz + Mez fac(sw
o (S0 1 Z o

— [1e;)

iy
where {e1,ea,...,eq} is the basis of the tangent space

T, M.

For compactness, the approximation error of the Rieman-
nian coordinate zeroth-order estimator is deferred to Ap-
pendix D.

Subroutine 3 Tangent Space Step Asymptotic (TSSA)
1: input: x, n, 6 and B

2: initialize: s;! = s = 0, k = 0, and constant 3 < 1,
or 61@ =1- k+2

3: while ij:o |3t —si||2 < B? do

4 yp=shH(1-0)(sh -5

5. Compute estimator g, (y*; 1)

6: syt =y —ng.(yy; )

7. k=k+1

8 p=pPporp=Lrp)

9: end while

10: Ko = argmin| x J<k<K llsi = sl

* 1
11y, = mzlg:o Yy
12: Return Retr, (y%)

4. Convergence Analysis
4.1. Mild assumptions

We start with the following assumptions on the Rieman-
nian manifold and objective function, which will be used
throughout our analysis. Due to the space limit, we have left
a discussion of these assumptions in Appendix B. Firstly,
generalizing from the Euclidean case, we assume the Lips-
chitz continuity of the gradient and Hessian of the pullback
function fw() However, it is worth noting that Lipschitz
continuity holds only locally due to the nonlinear structure
of Riemannian manifolds (Criscitiello & Boumal, 2022).

Assumption 4.1. There exists constants b > 0 and [ > 0
and p > 0 such that for all x € M and s,t € B, ,(0), the
pullback function f,(-) satisfies

IV fuls) =

Assumption 4.2. There exists constants b > 0 and p > 0
such that for all x € M and and s,t € B, ;,(0), the pullback
Sunction f,(-) satisfies

IV fa(s) -

V@I < s — -

VL)l < plls — -

The next assumption requires that the retraction is well-
behaved.

Assumption 4.3. Forany x € M and s € T, M satisfying
Is|| < b, the singular value of the operator T, ; in Defi-
nition 2.3 is bounded, that is, there exists max, Omin > 0
such that

Omin S Umin(Tx,s) S Umax(Tw,s) S Omax-

Furthermore, there exists T > 0 such that the initial accel-
eration of the the curve v, s(t) = Retr,(ts) with ||s]| = 1
is bounded by 7 : || ,(0)|| < 7.
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4.2. Non-asymptotic convergence

In this subsection, we aim to find e-approximate station-
ary points, which is achieved by always choosing Option
Iin RAZGD. Our theoretical findings yield different con-
vergence results based on the choice of the initial point &
in the tangent space step 2. When setting & to zero, the
RAZGD converges to a first-order Riemannian stationary
point. Introducing a small perturbation to &, the perturbed
RAZGD seeks a second-order Riemannian stationary point
with high probability. The results are presented below, and
the associated proofs are deferred to Appendix E.

Theorem 4.1. Suppose that Assumption 4.1, 4.2 and 4.3
hold. Set the parameters in Algorithm 1 as follows

1 B 1 [e 0 p%ei oK p%
77—@7 _8\/;, - 1 , T =V, _46 .

N

For any xy € M and sufficiently small € > 0, choose | =
O (;11—7;) in Lines 3 of Algorithm 1, and un = O (%)
in Line 5 of Subroutine 2. Then Algorithm 1 with Option I
outputs an e-approximate first-order stationary point. The

total number of function value evaluations is no more than
- Jlow d
O((f(x0)7fl ) )
€12

Theorem 4.2. Suppose that Assumption 4.1, 4.2 and 4.3
hold. Set the parameters in Algorithm I as follows

1 p i d
=0 |log— | >1
4l X (Og 5e> ="
5
w1 [e  _oB
82\ p 6K
For any xy € M and sufficiently small ¢ > 0, choose

=0 %) -0 (—/i in Lines 3 of Algorithm 1,

7
4

)
. 5/8 7/8 ~ 7/8 .
and p = mln{@ (df/4xz) ,O (XEJ\/E)} =0 (E\/E) in
Line 5 of Subroutine 2. Then perturbed Algorithm I with
Option I outputs an e-approximate second-order stationary

point with a probability of at least 1 — §. The total number
of function value evaluations is no more than

0 ((f(@”O)61 fiow)d log® (i)) '

In dealing with the unavailability of the first-order informa-
tion, we carefully choose the smoothing parameter x4 in the
construction of its zeroth-order estimators. On the one hand,
a small value of y reduces the approximation error, yielding
a sufficient decrease in the function value. On the other
hand, an excessively small y can cause practical instability.
Consequently, a trade-off arises in selecting the smoothing
parameter, requiring a careful balance between maintaining

the decrease in the function value and ensuring practical
robustness. In our proofs, we frequently use Young’s in-
equality to guarantee this balance, leading to a better choice
of the smoothing parameter compared to the corresponding
choice in the Euclidean counterpart (Zhang & Gu, 2022).

Remark 4.1. For the special case of M = R and
Retr,(s) = x + s, Theorem 4.2 reveals that the func-
tion query complexity of perturbed RAZGD with Option
I matches the state-of-the-art result in Euclidean space
(Zhang & Gu, 2022). However, to attain the lower function
query complexity, the accelerated zeroth-order algorithms
in Zhang & Gu (2022) demand the smoothing parameter
p = O(e'3/8d=1/2). In contrast, our perturbed RAZGD
relaxes this requirement to . = O(¢"/3d=1/?), providing a
more robust selection guarantee.

Why smoothing parameter  is important? Compared
to first-order algorithms, the notable distinction of zeroth-
order algorithms lies in the necessity to construct zeroth-
order estimates through function value evaluations. Among
these zeroth-order estimates, the smoothing parameter plays
a crucial role as an indicator. The efficiency of zeroth-order
algorithms is measured by the total number of function value
evaluations, while the value of the smoothing parameter de-
termines its robustness. Generally, a smaller smoothing
parameter improves the approximation quality of the zeroth-
order estimator, see Lemma D.1, for example. Nevertheless,
in practical systems, an excessively small p might induce the
dominance of system noise in function differences, causing
the failure to represent the function differential (Lian et al.,
2016; Liu et al., 2018; 2020; Nguyen & Balasubramanian,
2023). Therefore, maintaining a relatively large smoothing
parameter is paramount to the robustness of zeroth-order
algorithms. In the realm of randomized zeroth-order estima-
tors, Ren et al. (2023) improved the value of the smoothing
parameter from O(e3d~?) in (Bai et al., 2020) to a more effi-
cient choice O(e'/2d~") for finding second-order stationary
points in Euclidean space. When dealing with Riemannian
manifolds, Wang et al. (2021) demonstrated that choosing
random vectors uniformly from the unit sphere enables a
less restrictive smoothing parameter. The selection of the
smoothing parameter can be improved from O(e(d+3)~%/2)
to O(ed—3/?) for seeking Riemannian first-order stationary
points.

4.3. Asymptotic convergence

Now we turn to investigate the asymptotic convergence of
Algorithm 1, which can be proven to avoid Riemannian
strict saddle points almost surely by employing Option II,
i.e. tangent space step asymptotic. In contrast to Subrou-
tine 2, where the smoothing parameter maintains the same
value during the update, in Subroutine 3, we initialize the
smoothing parameter p with an appropriate constant value,
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and then make p gradually decay by multiplying it with the
contraction parameter (3. Previous results have established
non-asymptotic convergence to e-approximate second-order
stationary points, indicating that, with high probability, Al-
gorithm 1 with Option I will output a point satisfying the
specified threshold. However, there is a gap between high
probability and probability 1 for convergencing to second-
order stationary points. We close this gap by providing the
following result asserting that the set of initial points that
can be iterated to Riemannian saddle points has measure
(the volume induced by Riemannian metric) zero.

Theorem 4.3. Suppose that Assumption 4.1, 4.2 and 4.3
hold. For any xo € M and sufficiently small € > 0, set

6 1 piet —2),
< p< = f= < mi 1
e-ox "= [ P

where \, is the negative eigenvalue of Hessian at saddle
points with the greatest magnitude. Choose the smooth-
ing parameter | with a reasonable constant magnitude
in both Line 4 of Algorithm 1 and during the initializa-
tion of Subroutine 3. Choose constant 3 < 1 or a se-

quence By = (1 — k%& , and the rest parameters follow

the choices of Theorem 4.1. Then Algorithm 1 with Op-
tion Il avoids strict Riemannian saddle points almost surely.
Furthermore, this implies that the Algorithm 1 with Option
Il asymptotically converges to a strict Riemannian second-
order stationary point.

Remark 4.2. In the tangent space step TSSA, the smooth-
ing parameter |1 decreases in exponential rate, which makes
the zeroth-order method almost identical to a first-order
method. Despite this setting being convenient for theoreti-
cal analysis, the rapid decaying of smoothing parameters
makes the algorithm less attractive from the zeroth-order
optimization perspective. To reduce the rate of decaying
of the smoothing parameter, we propose an alternating ap-
proach with a time-varying contracting factor, i.e., multi-

. 1 . .
plying by a factor of (1 — m) It is obvious that the rate

of decaying of the smoothing parameter in TSSA stage is
Pkt+1 = m u, which is much slower than the exponen-

tial decaying given by ji1 = (* . Fortunately, the asymp-

totic avoidance of saddle points holds with B, = 1 — %H

5. Numerical Experiments

In this section, we conduct experiments to demonstrate the
robustness and efficiency of RAZGD. Specifically, we im-
plement the tangent space step (Subroutine 2) due to its
non-asymptotic complexity guarantee. All experiments
are performed on a computer with a 24-core Intel Core
19-13900HX processor.

5.1. Improved robustness

To verify the robust performance, we consider the following
quartic function (Lucchi et al., 2021; Zhang & Gu, 2022)
on Euclidean space R%:

d d
1 d
flz,22,. . 2a,y) = Z;ﬁ—y;xrkiyz
which has a strict saddle point at 79 = (0,...,0)" and two
global minima at (1,...,1)" and (—1,...,—1)T.

In this experiment, we test Algorithm 1 with perturbation
in the tangent space step (Perturbed-RAZGD) along with
two Euclidean accelerated zeroth-order algorithms, ZO-
Perturbed-AGD, and ZO-Perturbed-AGD-ANCEF in (Zhang
& Gu, 2022). We choose the retraction as Retr, (s) = z +s.
The basic parameters for all three algorithms follow respec-
tive theorems. The smoothing parameter 4 is set to 0.01 for
each algorithm, and notably, we run an additional choice
of 1w = 0.3 for our algorithm. The initial point is set as the
saddle point zy. Due to the inherent randomness in these
algorithms, each algorithm is executed 10 times and we
report the averaged function value versus the averaged num-
ber of function queries in Figure 4. Figure 4 demonstrates
that the variance of our algorithm (indicated by the width
of the shadow) is smaller than the other two with the same
smoothing parameter ;¢ = 0.01. Furthermore, our algorithm
still convergences even with a larger smoothing parameter
1 = 0.3. The two aspects visually showcase the robustness
of our accelerated zeroth-order algorithm.

5.2. Lower function queries

In this part, we assess the acceleration effectiveness of the
non-perturbed RAZGD with Option I by comparing it with
Riemannian zeroth-order gradient descent (RZGD) and Eu-
clidean projected zeroth-order gradient descent (PZGD).
The corresponding pseudocodes are left in Appendix G.

We first consider the simplex constrained least-square prob-
lem (Li et al., 2023c)

min || Az — b||3

stz e AT

where A"l = {z € R? : Zle x; = landz > 0},
A € R™*4 and b € R™. Since the positive orthant is
a Riemannian manifold with the Shahshahani metric, the
simplex has a natural submanifold structure (Shahshahani,
1979). For any point x in the interior of A?~!, the tangent
space is the hyperplane passing through 0 and parallel to
re Al ie T,A ! ={scRe: ijl s; =0}. We
use the exponential map on the Shahshahani manifold as the
retraction (Feng et al., 2022). A detailed discussion of Rie-
mannian geometry of the simplex is deferred to Appendix
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Figure 4. Performance of different zeroth-order accelerated algorithms to minimize the quartic function with growing dimensions.

Confidence intervals show mini-max intervals over ten runs.

H. In the experiment, the feature matrix A is drawn from
a standard Gaussian distribution, and the label vector b is
generated using the expression A{ + u. Here, ¢ and p are
randomly sampled from a Gaussian distribution, with the
additional constraint that the sum of all elements equals 1
for ¢. For PZGD, we apply the projection in (Chen & Ye,
2011). The results are reported in Figure 5, showing that
RAZGD requires lower function queries.

10° [=—pPzGD

=== RZGD
10°

0.5 1 15 2 0 0.5 1 15 2
# of Function Query <10° # of function query <105

(a) m=200,d=20 (b) m=300,d=30
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0

Figure 5. Performance on linear least-squares over the unit simplex
with different problem sizes.
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Figure 6. Performance on empirical hypervolume under the sphere
manifold with different categories and dimensions.

To further demonstrate the efficiency, we consider a real-
world application: the optimal linear combination of con-
tinuous predictors in the context of a binary classification

problem (Das et al., 2022). For multi-category responses,
the optimal predictor combination can be obtained by maxi-
mization of the empirical hypervolume under the manifold,
with the following form

max

f(z)

d
s.t. fo =1,z € RY,
i1

where the objective function f(-) takes no analytic form.
We test algorithms on both two disease categories and
three disease categories, and results are shown in Figure
6. For the unit sphere S?~!, the tangent space is defined
as T, S¥ ! = {s € R : Z?zl zjs; = 0}. In the ex-
periment, the process of biomarker data generation is con-
sistent with (Das et al., 2022). The retraction is chosen as
Retr,(s) = (x + s)/||z + $||2. For PZGD, we use z/||z||2
as the projection to the unit sphere. It is worth mention-
ing that in practical scenarios, the lower function queries
lead to less running time. Thus, RAZGD reaches the tar-
get accuracy within 30 seconds in both cases, while PZGD
needs more than 300 seconds to achieve the same accu-
racy, indicating the effective performance of our accelerated
algorithm.

6. Conclusions

In the paper, we introduce a Riemannian accelerated zeroth-
order gradient descent based on the deterministic coordinate-
wise zeroth-order estimator. Our accelerated algorithm at-
tains the best-known function query complexity for achiev-
ing both e-approximate first-order and second-order station-
ary points respectively. Notably, it allows a larger smoothing
parameter and thus demonstrates better robustness. Further-
more, we also establish the asymptotic convergence behav-
ior with probability 1. Experimental results are presented,
verifying the superior performance in terms of both function
query complexity and robustness.
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A. Further Related work

Zeroth-order optimization on Riemannian manifolds. Riemannian zeroth-order algorithms typically involve two
key steps: constructing Riemannian zeroth-order estimators and applying them with standard optimization algorithms,
such as Riemannian gradient descent. Through noisy evaluations of the objective function, Li et al. (2023a) studied the
randomized zeroth-order estimators for the Riemannian gradient and Hessian, extending the Gaussian smoothing technique
(Nesterov & Spokoiny, 2017; Balasubramanian & Ghadimi, 2022) onto the Riemannian manifold. Subsequently, Wang
et al. (2021) proposed an alternative zeroth-order gradient estimator based on the Greene—Wu convolution over Riemannian
manifolds, demonstrating superior approximation quality compared to the approach by Li et al. (2023a). When it comes
to the Riemannian Hessian, Wang (2023) introduced a novel Riemannian zeroth-order estimator that relies solely on
constant function evaluations. Turning to Riemannian zeroth-order algorithms, Fan et al. (2021) first proposed a Riemannian
meta-optimization method that learns a gradient-free optimizer without theoretical guarantees. Li et al. (2023a) studied
several zeroth-order algorithms for stochastic Riemannian optimization, presenting the first complexity results. Subsequently,
they improved sample complexities by introducing zeroth-order Riemannian averaging stochastic approximation algorithms
in (Li et al., 2023b). Moreover, Maass et al. (2022) studied the exploration of zeroth-order algorithms in the context of
Riemannian online learning.

Acceleration on Riemannian manifolds. The main challenge in Riemannian optimization arises from the nonlinear
structure of Riemannian manifolds, and two powerful techniques have been developed. The first involves leveraging
trigonometric comparison inequalities (Zhang & Sra, 2016; Alimisis et al., 2021), while the second utilizes the tangent space
step (Criscitiello & Boumal, 2019; 2022). In cases where the objective function is geodesically convex (Bishop & O’Neill,
1969; Bridson & Haefliger, 2013), a recent line of work (Liu et al., 2017; Zhang & Sra, 2018; Lin et al., 2020; Alimisis
etal., 2021; Jin & Sra, 2022; Kim & Yang, 2022) focused on generalizing Nesterov’s accelerated update to Riemannian
optimization, mirroring the well-known convergence result of accelerated gradient descent on Euclidean convex optimization.
Moreover, outside the geodesic convexity, Criscitiello & Boumal (2022) established the extension of Euclidean nonconvex
acceleration techniques (Jin et al., 2018; Carmon et al., 2018) to Riemannian manifolds, improving the convergence rate
compared to Riemannian gradient descent (Boumal et al., 2019; Criscitiello & Boumal, 2019).

B. Discussion of Assumptions

In the paper, the Lipschitz-type continuity of the pullback function follows from previous works (Boumal et al., 2019;
Agarwal et al., 2021; Criscitiello & Boumal, 2019; 2022), and a detailed comparison of the parallel transport based Lipschitz
continuity, such as
lgrad f(z) — Iy grad f(y)|| < O(dm(z,y))

is provided in the textbook (Boumal, 2023), where I'y : Ty M — T, M denotes parallel transport from y to z along any
minimizing geodesic, and d 4 (x, y) is the Riemannian distance. Since our interest is developing Riemannian zeroth-order
algorithms, the Hessian Lipschitz continuity in Assumption 4.2 is stronger compared to those in (Criscitiello & Boumal,
2019) and (Criscitiello & Boumal, 2022). Whereas in the special case where M = R? and Retr,(s) = z + s, both
Assumptions 4.1 and 4.2 reduce to the standard Lipschitz continuity in Euclidean space.

For the well-behaved retraction mapping (Assumption 4.3), when the sectional curvature and the covariant derivative of the
Riemann curvature endomorphism are both bounded, exponential mapping ensures it holds (Theorem 2.7 in (Criscitiello &
Boumal, 2022)). For more details, readers can refer to (Agarwal et al., 2021; Criscitiello & Boumal, 2022; Boumal, 2023).

C. Auxiliary Lemmas

We first list the concept of the adjoint of a linear operator, which is essential in bridging the differential and Hessian of a
function on a manifold and their counterparts obtained by interplay with retraction map.

Definition C.1. Ler E and E’ be two Euclidean spaces, with inner products (, ), and {, )y respectively. Let A : E — E’ be
a linear operator. The adjoint of A is a linear operator A* : E' — E defined by this property:

Vue E,veE, (Au),v)y = (u, A*(v))q.
In particular, if A maps E to E equipped with an inner product (,) and
Yu,v € B, (A(u),v) = (u, A(v)),
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this is, if A = A*, we say A is self-adjoint.

Several useful lemmas and inequalities are presented below.

Lemma C.1 (Lemma 2.5 in (Criscitiello & Boumal, 2022)). For f : M — R twice continuously differentiable, v € M and
s € To M, with T ; denoting the adjoint of T} s,

Vfo(s) =15 grad f (Retro(s)),  VZfu(s) = T; , Hess f (Retry(s)) Tp,s + Wi,
where T, ; si the differential of Retr,, at s (a linear operator):
Ty,s = DRetry(s) : To M — Tretr, (s) M,
and Wy is a self-adjoint linear operator on T, M defined through polarization by

(Wils], 8) = (grad f (Retrs(s)) , 72,4(0))

with v}, ((0) € Tretr, ()M the intrinsic acceleration on M of ¥(1) = Retry(s + 75) at 7 = 0.

Lemma C.2 (Mechanism in (Li & Lin, 2022)). For the tangent space step (Subroutine 2), denote K to be the iteration
number when the “if condition” on Line 7 triggers, i.e.

k-1
K= mkin k kz [sitt —si|> > B?
=0

Then for each k = 0,1,--- | IC — 1, it holds that

HS; - Sg” < B7
lyy — 2]l < 2B.

When the if condition” does not trigger, for all k = 0,1, --- | K, it holds that

Is5 — s2ll < B,
lyz — sall < 2B.
Lemma C.3 (Young’s inequality). If a > 0 and b > 0 are nonnegative real numbers and if p > 1 and q > 1 are real

numbers such that % + % =1, then
a? bl
ab < — + —.
p q
Equality holds if and only if a? = b%. Specifically, for any € > 0, it holds that

b < a? +5b2
a — 4 —.
— 2e 2

Lemma C.4 (Minkowski’s inequality). Given z1,...,z, € Randyi,...,y, € R, for any p > 0, it holds that

1 1
(Z |z + yk|p> < (Z $k|p> + (Z |ykp>
k=1 k=1 k=1

D. Approximation Error of the Estimator

1
P

Lemma D.1. Suppose that Assumption 4.1 and 4.2 holds For any smoothing parameter 1 € (0,b) and (x,s,) € T M
satisfying ||sz|| € Bz p—,(0), the Riemannian coordinate-wise zeroth-order estimator in Definition 3.1 satisfies

‘ . {lu\/E qu\/ﬁ}
< min 5 .

6
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Proof. First note that

fx(sx + Nei) - fx(Sﬂc ﬂez) - 2,U<vf:c(5x) >

= fw<5m+ﬂei) _fm(sw) _N<v fm(sw)+/~‘<vfz(3w) e;)
(e - )~ (e o
<lp?,
where the last inequality holds due to the Lipschitz continuity of V fx () in Assumption 4.1. Consequently, we have
92 (s03.10) = V £(5)|
d 3 d
_ fm(Sgc‘i‘M@i)—fx(Sw—M@i) ) 7 N,
= ; 2 e; ;wa(sm), €i)e;
d ~ ~ ~
5 Z (fx(sw + pei) = fo(se — pei) = 20V fu(sz), ei)) €
i=1
1 ¢ . R 2
AL D (Felse + pe0) = Falsw — ped) = 2u{V fols2), )
i=1
dizpt
_luvd
=
Note that it also holds that
Sz+F‘62) _fz(sér_;“ei)_2:u<vf (52), €i)
) 2
= (Fulor 100 = o) = T ulsa) i) = - (P2l )enen) )
(s = ) = Fals2) 4 0V Ealo). ) = (P ol
and thus the same argument in (2) gives
A ~ ~ p 3
fx(sx + Nei) - fx(sac - Nei) - 2/,6<fo($$), €i> < T
Similarly, we establish
. 1 pi? puVd
) — < — 7)) =
G (85 1) vfx(s)H =2 d( 3 ) 6
Therefore, we can conclude
: v p2va
gw(sw;/‘)_vfw(sm) n{MvaIUG }
O

lu\f pu 2Vd

For simplicity, we use E(x) = min { } to represent the upper bound of approximation error of the Riemannian

coordinate-wise zeroth-order estimator. ThlS notatlon is widely used throughout the non-asymptotic convergence analysis.
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E. Proofs of Non-asymptotic Convergence Analysis
In the following non-asymptotic analysis, the magnitudes of parameters in RAZGD (Algorithm 1) are set as:

n:4%7B:(§(e%),9:O<e%),rzO(e),Kz@(e_%) 3)

E.1. Riemannian zeroth-order gradient descent step

For the iterate x; with a relatively large zeroth-order estimator, i.e. ||gz,(0; )| > IB, we show that the Riemannian
zeroth-order gradient descent step (Subroutine 1) results in the function value decrease of O(B?).

Lemma E.1. Suppose that Assumption 4.1 and 4.2 hold. Under the parameter setting (3), choose a reasonably small
such that E(p) < 2 in Algorithm 1. Then, for the iterate ; satisfying ||gs, (0; )| > LB, we have:

F(esn) < f(ar) — min {lfj i}

b

Proof. First, consider the scenario where ||g., (0; p)|| < 7

continuity holds. Based on Assumption 4.1, we have

f(ze1)
=f(Retrs, (—ngz, (0; 1))

=for (=192, (03 1))

R R 2
<For(0) = 09 2,0, 92,03 1)) + "l 0: )

; thus, 1g,, (0; 1) € By, »(0), ensuring that local Lipschitz

. R In2
=F(2) = % (I Fre O + llga, 0 11 = 1V £, 0) = g2, (05 )I12) + -l (05 )12

n n
<f(w) - B (1= 1) |1ga, (0; w)|I* + §E(N)2~
Substituting 7 = 4, E(u) < 2 and ||g,, (0; p)|| > LB gives that

2
f(@iv1) < flae) — %

For the extremely large estimator ||g,, (0; ¢)|] > 2, similarly, it holds that

b

n
f(ze41)

= f, (—an gz, (05 1))

R . 2
<Fur(0) = (¥ fu, (0, g (0; ) +

a’n?
2

g, (0: 12) 2

N " l 2,2
=F(@e) = G (19 F2, O + g2, (0 1)1 = 1V £, (0) = g2, (0 )12 + =5 g, (05 )]

Alb? b2
<flw) = S+ SB) + 5 (S2)
<f(zy) — 1b?, (5b)

where we use «| ; =2 =Line n 2 o~ ’°B? b2
9z, (05 )| and n = 7; in (5a), and (5b) holds because o < 1 and E(u)* < < *5-. Therefore,
we conclude

f(@ig1) < f(xy) — min {lngbz} .

15
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E.2. Tangent space step: function value decrease

In this subsection, we establish that the tangent space step results in the function value decrease for the case when the ”if
condition” (Line 8 of Subroutine 2) triggers. According to Lemma C.2, we know that when the “’if condition” triggers, for
eachk =0,1,...,K -1, s% €B,,,(0) and y% € B,, ;(0). The following lemma states that s, stays within the ball
B,,.»(0) as well, and thus, the local Lipschitz continuity holds for all iterates in the tangent space step.

Lemma E.2. Suppose that Assumption 4.1 and 4.2 hold. Under the parameter setting (3), choose a reasonably small p such
that E(u) < % holds in Algorithm 1. Then, for the tangent space step at iterate x,, when “if condition” triggers, we have:

IV fo(yh )| < 41B, and ||}, — 52, || < 4B.

Proof. By the mechanism of Algorithm 1, we know that the zeroth-order estimator g, (0; i) satisfies ||g,, (0; )| < IB.
Recall 9, = & ~ Uni (B, (0)), we have

IV Fe (s
IV 2 (52,) = V far (O] + V. F2, (0) = g, (03 )| + Il g, (03 )|
<l & +E(u) + 1B
<2IB,

where the last inequality uses ||¢;|| = 7 = O(e) < £. Therefore, we could upper bound |V fo, (yX=1)|| as

IV fo I S IV o W Y) = Ve (S0 + IV (001 < Ul = 82,1l + 2B < 4LB.
Since s, =yl — nge, (v, "5 1), it follows that

[En
<l =l A+ = S0,
<nllga, (yi, s )l + 2B
<l g, (b5 1) = V o Wb+ 0V o, (5711 + 2B
<nE(u) +7- 4B + 2B
<4B

)

where the last inequality holds due to that n = ; and E(u) < % O

To establish the function value decrease in the tangent space step, we mimic the proof strategy in (Li & Lin, 2022). First
note that V2 f,., (s?) is self-adjoint, there exists a basis of eigenvectors {u; }?:1 satisfying

vgfxt (Sg)uj = Ajuy,

where A1, - - -, Aq are associated eigenvalues. Based on the basis {u; };-121 and local coordinate {e; ?:1 of tangent space
T,, M, we introduce the following notations for any given s, V fs, (-) € Ty, M:

Sz = <3wmuj>v Say,j = <5wuej>7 J=1-.d,

6fot() = <vf$t(')7uj>’ vjfit() = <Vfa;t('),€j>, j = 17 >d'

16
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Therefore, it holds that
d d
Szy = Z gfﬂtyjuj - Z Sz.,j€j>
Jj=1 Jj=1
d d
szl =D 18a0s> = D lsznsl,
j=1 j=1
d
For () =D Vifu, (s = Vifa,(Dej,

”fibt H2 Z‘V f:bt Z'V fiEt

Lemma E.3. Suppose that Assumption 4.1 and 4.2 hold. Under the parameter setting (3), choose a reasonably small i such
that E(p) < % in Algorithm 1. Then, for the tangent space step at iterate x., when the “if condition” triggers, we have

R R 32083 &
For(5) < fau(s2,) + 2=+ 3 by (85, ),

J=1

where
h](z) = <ijmt(82t),2 — ggt,j> + 3(2 — §gt,j)2’ ] = ]_, .. ,d.

are one-dimensional quadratic functions.

Proof. From the Hessian Lipschitz continuity (Assumption 4.2), we have
f Tt (Sglvct )

. 1 - P
<o (59,) + (Var(52,): 5%, = 50,) + 5(V2fo, (s2,)(s5, — 52,), 8%, —52,) + gllsﬁ —sa,I°

2
. 1 . 32pB3
gfll?t (89: ) <vf$t( Szy )7 ft - Sgt> + §<v2f1t (Sgt)(sft - Sgt), Sft - Sgt> + /; ) (83)
A 3208 K- ) ) Ao .
=fr (0, + =5 + D AVifa(50,), 55, 5 — 50,50 + 5 — 50,,)° (8b)
j=1
A 32083 &
=feu(52,) + =5+ D_hil55,),
j=1

where (8a) comes from Lemma E.2, and (8b) holds because {u; };-l: , forms a standard basis of the tangent space T, M. [

The above lemma indicates that it is sufficient to analyze the behavior of one-dimensional quadratic functions h; (3~ Sy, J),
j=1,...,d. Recall the k-th update in the tangent space step at iterate x:
ko gk ko _ gk
Yz, = Sz, (1_9)( Sz, — S, 1)7
Syt = Ys, = N9z, Yz, 10)-
It equivalents as
~k ok <k k-1
Yy, :Sxtj+(1_0)(sxtaj _Sﬂit’j)’ 9
~k+1_~ Vh(~k ) gk ( )
S»Lr \J ymf \J -n J ymt,j Ti,50

where

gft J <g$t (y:rtvu) > - Vh (yzt j) gfl’t ](yzt7u) Vh](g]:;t,j)

17
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forall j =1,.---,d. As Li & Lin (2022) pointed out, the k-th update in the tangent space step can be viewed as applying
inexact accelerated gradient descent to h;(-) with the error th ;- The following lemma describes the error that could be

controlled.

Lemma E.4. Suppose that Assumption 4.1 and 4.2 hold. Under the parameter setting (3), choose a reasonably small
such that E(u) < Z—B in Algorithm 1. Then, for the tangent space step at iterate x,, the error E ; inupdate (9) satisfies

Z\ o1 , and Z| EF P <2E(n)* +8p°B*, Vk > 1.

Proof. Forany j =1,--- ,d, since ymt = sY , it holds that

Ea,j = Gn, ,j(ymt; 1) = Vhi(§9, ;) = Gue W2, 1) = Vife, (43,)-
Summing over j gives

d

Z ﬂit,j Z Igﬂ?tﬁ ywt’ @ fa:t (ygt)|2

:Hgivt (y:rt 5 /J“) - vfllft (ygt)”Q
<E(u)*.

For any k > 1, by the definition of £F, ;, it follows

Z|g t]|2 Z|gm’tj yxtnu’) th(ggt,j)P
j=1

d

<2 i, (W 1) = Vifa, (U5,) |2+2Z\V For (k) = Vhy (G, )12

Jj=1 j=1

For the first term, we have
> Geei W 1) = Vi fa WED 1 = N, (Wl 1) = Vo, (U517 < B(p)*.

For the second term, since V2 f,, (s9)uj = A\juj, Vj, we have

d
Z |<vfwt (yazt) - vfwt (Sgt) - V2f$t (Sg)(yit - Sgt)’ uJ>‘2

j=

=1V fa (y,) = Vi (52,) = V2 for (80) (0, — s2,)IP

—_

2
p
< llyz, =580

S4PZB47

(11a)

(11b)

where (11a) is due to the Lipschitz continuity of V2 fxt (+), and (11b) follows from the Fact (C.2). Combining all the above

inequalities completes the proof.

18
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Now we proceed to analyze the value of 2?21 j (§xt j) We split it into the following two cases:

0 0
Sy = {j;)\j Z—} and Sy := {j:)\j <—}.
n n

Lemma E.5. Suppose that Assumption 4.1 and 4.2 hold. Under the parameter setting (3), choose a reasonably small 1 such
that E(p) < % in Algorithm 1. Then, for the tangent space step at iterate x, when the “if condition” triggers, we have:

. . ankC 161K p? B4
> i) Z Z 357 — 8, ° + TE(M)Q g

JEST jGSl k=0

The following proof follows the proof of Lemma 3.2 in (Li & Lin, 2022). We only list the sketch for simplicity.

Proof. Forany k=0,1,--- ,K —1andj € Sy, as h;(-) is a one-dimensional quadratic function
hy(3515) = hy(35, ;)
=(Vh;(3;, ;). 85 ; — 85, ) + I}'Zf} 8ol
=(Vh;(55,,;) = Vhi (G5, 3) 555 = Sa) + (Vhy(0z,,5), 505 — 55,5) + |~§zi; Sl
=Aj <§§z g yrm’ Sfcjjl tht,j> - 1<N§jjl o gim Si?t 30 ~:l§t+11 §§t71> rijjl ~fbm|2

k1l sk >_1<§k+1 g gkl gk oy gk g+l gk >+7J|~k+1 k2

_)\J< Zt,J yfﬂh]’ sﬂ%] sxt»j Tt,] ymf»]’ 8901 2J Tt,] Z¢,50 Ju 2J Sz »J Tt,] Tt,)
Aj ka1~ 2 ~ 2 _ gkt _ gk 2 ko gkl gk
:?“s;t,] - yz:,,j| | zf,j yfct,j| | zt J zf,j ) <£x,,]a Ti,] Sxf,j>
1
Py 2, <k ~E 12 |gktl  ~ 2 _ gkt _ gk 2
+ 7J| iCt i mt,j| %“ Te,j m,,j| |S£, g y:cf,j| | 377: Jj z,,j )
)‘ <k ~ <k <k
(|ij:]1 - yzz,,j|2 |s:l/‘f g yz,,j| ) | atf,J|2 + 7|81;‘:]1 Szt,j 2
]. ~k ~k ~ ~k ~k
+27"7(|51'f7] 7y1f,] ‘Sljjjl 7yl‘f,j|2 | Q:j:jl Z:f7j 2))

. Lo -k - <k - 2 k -
where the last inequality is due to — (&5, ;, Ijjl — 5k Y < |EF I3 =5k LI < BEE P+ |Swj_]1 sk 12 by
applying Young’s inequality. Since [ > \; > — n 9 holds, it follows

(_i+ﬁ)|§k+1_~k ‘2 ( 2l+ |~k+1_~k 2
21 9 /N%zej Yz, 51 = weg Yzl =Y
)\
|8517t:,7 o yl’t»]|2 - 7|s$t g yﬂ?t’J|2
Combing the above inequalities implies that
k1 sk
h] (Szjj) hj(sl’uj)

Lok ~ko 12 k1 _ gk 2 21 2 gl gk 24 0k ~k 2
S%Oswtd - ywt;j' - |51t7] SIt,jl ) + ?l 93t7]| + 7| Sz, wt;]' %|S$t7]‘ o y$t7j|
_(1_9)2‘~k _ zk—1 2_( 1 )| sk+1 ~k 2 | | 9(1_9)2|~k sk— 1|2
- o @i T Suyj 77 Szej T Swe,j T4, m we,j  Swe,g
_(1+9)(1_9)2 ~k ~k: 1|2 ( 1 )‘ sk+1 ~k |2 | |
- 2n wi T Szyg 277 Szij T Swej z,g 1

To proceed, we define the potential function

(1+9)(1_9)2|~k “k—12

ko _ g3 =k
lzt,y hJ(Smt,j)+ 277 we,j — Sweglo
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and it gives

lk-‘,—l k ]

Tty] Tt,]
<f(i,£,W)|~k+l = |2 |
- 277 877 277 Tt,] Siyj rt,]

360 G+l _ g

2
S 877| Tt,] ttJ'

| ek

Ttv]

Summing over k = 0,1,--- ;K — 1 and j € &1, and using sgt = s;tl, we conclude

Zh ﬂit]

JES1

< Z 5

JESI

72 Z lﬁj_}ilft] Jrlgt]

jES1 k=0
_ § : § : k+1 k
Ti,] 96f7]
JEST k=0
K—1
«izzw1~ﬁ"zz»w
— 8 Tt,] Tt,] Tt,]

9 _
N JEST k=0 JEST k=0

30 _ . Ankc 160K p*B*

S - o Z | k+1 mt j|2 9 E(lu’)2 + 9 ’

where the last inequality is due to Lemma (E.4). O

Lemma E.6. Suppose that Assumption 4.1 and 4.2 hold. Under the parameter setting (3), choose a reasonably small p such
that E(p) < % in Algorithm 1. Then, for the tangent space step at iterate x., when the “if condition” triggers, we have:

N _ K KBz nKE(u)? 4nkp?B*
IUICPELDY SRk e,sl” + IKE(0)® + 2B + =5 + =+ = —
JESs ]632 k=0
Proof. Letuv,, j = 59 ; — )\i@] fu (s2,), the one-dimensional quadratic function h;(-) can be rewritten as

Consequently, forany k =0,1,--- , — 1 and j € S5, we have

hj(gk“) — h;(5; 4)

Tty] Zt,]

IN’“+1 — g, 4% = | S0g = Vaogl?

W?@WMﬁg%%rm> 1o
é—%@ﬁ—%K+A®ﬂ o3 = )
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Recall the update in (9), it holds that

g+l _ sk
ﬂ?t \J - Sth
~k k 5k
:yl’t \J - WVhJ (yl”t j) gfL’tJ It’j
~ ~k—
(L= 0)(35, 5 — 5a,5) — VDG, ;) — 0€5,
-k ~k k
:(1 - 9)(S:ct,j - sxt,]l') 77)‘ (yrf JJ vj) - nga:t,j
ke e ~k ~k—1 k
:(1 - 9)(Szt,j - Szt,gl') 77)‘ ( Sz, 7 = Uz ,j + (1 - 9)(szt,j - S:ct,j)) - ngzt,]
Substituting the above equality into the term (3 k*} 8k 8k =g, ) gives
“k+1 =k =k
<Sl’j:j T Sz4,jrSweg T ’Uﬁt,j>
~ k-1 ~
:(1 - 0)<$];t,j - Szt,]l’7 SI;tj - Uﬁft,]> 77>‘ |3xf g Uz 2 (18)
<k k-1 <k <k
777>‘j(1 - 0)<smf,,j - 81t7]1’ Sxe.d Uﬂﬂt,j> - 77<€9]c€,,,j3 Sxeg T v$t7j> .
&
We first provide a lower bound for the term & in (18):
~ k—1 ~ ~
= A (1= 0) (35, ;= 85,5+ 8n, 5 — Verg) = MER, j» Sayj — Vaes)
nA;(1—0) ~k ~k—1 ~k ~k—1 E =k
:%(‘Sxt i Sayg ‘2 + |rU331,7j - Sxt,j|2 - |Sa:t7j - Uﬂcmj|2) <€31'f,_7’ 4,7 U%t1j>
n\(1=0) & §h—1)2 2 n 2, A (1+0) 2
Z#(‘Swt,j 8 iI°+ |5k, = Veeglt) + (11 0) wt,J| #‘Swt,j — Uz, j (19a)
_77)\ ( ) k-1

n k|2

2 2
\j vl + s |EF
| zt,] l‘f j| +77 |szt N - t,jl + 2)\](1 + 0) T¢,]

b

where (19a) holds because \; < 0 and —(&F ;3%  —uv,, ;) > m| gl +

2 )\ (1+9) |§
Young’s inequality. Plugging the above inequality back into (18) gives

2
2, — Vz,j|° due to the

ck+1 =~k ~k )
<S€Et;j T Sy Sy T ’U@’t»]>

& k=1 zk ULY ( 9) “k—1)2 n ko2
>(1 = 0)(85,.5 = 520> S0g — Vaes) + g |82 — 5y EPYED
=(1=O)(35, 5 = 5o 55y — S5g) + (1= 0><§’;t,j SoedrSecs — Vo)

Ll S T S Y
92 Te,j a:tj 2>\j(1+9) Tt,]
ULy - 5 b1 gk 2
=4 A= 018, = 5P+ (=0 =805~ ves) + 531 gy el
>(1-0)(3, ;- s’;j,é’;%va*' rusl™
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where the last inequality comes from (1 + %)(1 —-0)>(1- %l)(l —6) = (1—%)(1—6) > 0. Hence, it implies that

sk ~k =k
< 1jrjl Sy, 5w,y T Vg j>
~k ~k ~k n
2(1 — 9)<S:Et,] Smhjlwszfjl - Uzt’j> + — 2)\ | oo, 2
J
k
k(3 5 g k
2(1_9) <S;7t1j _sgt,jasgt,j _vmt] Z t| f]|2
t=1
" k
:(1 N 9)’“77(—th(§2“]) got J’gwt \J Ul'tvj> + i Z(l )k 2S| T J|2 (203)
J =

k
=1 ) (A (v = 82, 5) = 2, 5250, 5 — Vi) + 3 (L= O IEL, I

J t=1
" k
== (=0 0o, 5 — 30,52+ (L= O (L, 5o vm, g — T2, ) + 5 D_(1=0)" 1€, 42
J t=1
0 k
2(1—9)k77<52tj7’l)513t,j ymt,j EZ k t‘ tg|2 (20b)
t=1

L)

where (20a) follows from the update in (9), and (20b) is implied by A; < 0. Recall v, ; — ggh i= —%@j fzt (sgt ), and
thus the term & can be lower bounded as follows:

MED, 2 Vaeg — Uny i)
= (0 Vi (52,))
- T,g0 YIS T\ "wy

Aj
n

<ggt j’ggf j> )\ <5mf j’gmt J(yzf’ﬂ» (213)
] J
n 1 - -
/\7<‘€gt J’ggt ]> /\7<52t J’S;rt,J ygt1j> (21b)

3

S 2 1 2, B2 51 2
— 21
)\ |8 t7.7| +2)\ng lt»]| 2)\ Im] yl’t]| ) ( C)

where (21a) is due to £9, g = G, (W0, 1) — th(gjgt’j) and th(gjgt’j) = @jfx,,( s9,), (21b) follows from 5% j =
yzh = g (ywt, ), and (21c) holds because A; < 0 and Young’s inequality. Putting all the above inequalities together

gives

Tt,] Tt,]
0 1 n u
k+1 _ ~k 2 2 ~0 k t 2
<- 277‘8mt ,J Sz, ]| (1 - ) < | zt7]| + 233 a:t,j| | Sze.j ywt,] > 5 ; | a:t,j|
k
0 . _ 1 B3 N i
37277‘55:}7 :Ef]|2+”7| 1]‘2 2B | f]|2+7| x,] yrt,j|2+§z k t| f]|2
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Summing over j € S; implies that

D hiE) = (L, )

JES:
k+1 = 2
<-— 2772‘”‘” P 0> lEl 1P+
JESs JES2 J€$2
32 0 2,7 a k t 2
Z'It] ym’uj' +§Z(1_ Z| tJ|
JES, t=1 JES2
i N L Ew?
= - Z E I;:jral z”|2+77E< ) 2B3
]652 2
% k
gz 2E(u)? + 8p°BY) (22a)
. . E(n)?®  B:  nE(n)?  4np*B!
k+1 _2 E 2
j;‘xuj zt,j| +7 (/J') + QB% + 2 + 0 + 0 ’
2

where we apply s, |51, 5 — 09, ;1> <|lsk, —v2,|I> < B? and the result of Lemma E.4 in (22a). Finally, we conclude

Z h It:]

JES:
—ZZ% Fei ) = (5, )+ (32, )
jeSZk 0
K—-1 7
0 & . K KBz nKE(u)? 4nKp*B*
<— — =, 1P+ nKE(p)? E(p)? :
< 277];;0%7] Sl +KE()? + 5 B(n)’ + ==+ T+ =
S ke

Corollary E.1. Suppose that Assumption 4.1 and 4.2 hold. Under the parameter setting (3), choose a reasonably small
such that E(p) < % in Algorithm 1. Then, for the tangent space step at iterate x;, when the “if condition” triggers, we

have:

X A 30 B2 K KB: 5nKE(p)?  20nKp*BY  32pB3
Ky < 0y — KE(u)? + —E(p)? )

Proof. Putting Lemma E.5 and Lemma E.6 together, we obtain

d
Zhﬂ -’JUta]

Jj=1

A= K
Z 555 — 8% |1° + nKE(p)® +

KB:  5pKE(n)?  20nKp*B*
~E(p)? + 5+ 9() + 5

3
2

3932 K KBz  5pKE(u)?  20nKp:B*
< - E(n)? E(n)?
ST K + nKE(p) +QB% (w)*+ 5 + 7 + 2
30 B2 K KB?* S5nKE(u)? 20nKp?B*
< KB+ B e 9(”) + ===
2

combining with Lemma E.3 completes the proof.
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E.3. Tangent space step: small Riemannian gradient

For the scenario that the “if condition” does not trigger in the tangent space step, we establish that the tangent space step
outputs a satisfactory point with a small Riemannian gradient.

Lemma E.7. Suppose that Assumption 4.1, 4.2 and 4.3 hold. Under the parameter setting (3), choose a reasonably small u
such that E(p) < % in Algorithm 1.Then, for the tangent space step at iterate x, when the “if condition” does not trigger,

we have:

2v2B  20B 1
\/; + ==+ (2E(pn)* + 8p°B*)?).

1
- (2pB?
(2pB* + K

Omin K n

lgrad f(z¢ 1)l <

Proof. According to Subroutine 2, when the “if condition” does not trigger, the tangent space step outputs z;4; =
Retry, (3, ), and thus, it holds that:

grad f(we41) = grad f(Retra, (y7,)) = (T7, o ) 7'V o, (47,)-

Therefore, it is sufficient to upper bound the term ||V f,,, (yx,)ll- By applying Minkowski’s inequality, we have

N
Nl
™

Nl=

d
= Y IVifa W3 = Vifa, (s2) = X (@5, 5 — Far )

j=1
IV foae (02,) = V forr (2,) = V2 Fr (s2) (w2, — 0]

<llyz, — 2|17 (24a)
<2pB?, (24b)

where (24a) is due to the Lipschitz continuity of V2 fmt (+) and the (24b) comes from the following result

Ko
1

92, ~ 0,0 < e 3 Ik, — o2, < 2B
0 k=0

Nl=

For the term (Z?Zl [Vh;(gs, ;) \2) ,note that 5, ; = -ty SR, gk, ;and Vh;(-) is a one-dimensional linear function,

it equivalents as

4 3 LK 2\ 2 . 4 | Ko 2\ 3
~ % 2 _ ~k — (5k
ST I Dol (VL= S I Rt S
j=1 j=1 k= 7j=1 k=0
Recall the update (9), we have
NV hy(F5, ;) = 55 = U,y 08,
_ ck+1 sk <k k-1 k
= 8005~ 8uy — (L= 0)(8z, 5 — 82, 5) + 0z, 5
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Consequently, it holds that

Z IVh; (373, 5)]

d 2\ 3
ptorad PO R R +n2
< 1 d Ko+l =Ko |? ’ 4 d Ko ~0 |? ' 1 & k %
S+ ; Szej Szeyj +m ; 524, 75'pfj‘ + Ko+ 1 ; kZOSW
3
- Ry \Ry (R Wy | o) ol s
0 0 n Ko+1 \iZio
S]?n szt — ||+297§+(2E( )2+ 8p2 B (25b)

where (25a) holds because ‘Zk 0 ER gl < (Ko +1) Z o |lEE e

Lemma C.2 and E.4. Recall the definition of K, we obtain

2, and (25b) follows from the Ko +1 > £, 6 < 1,

s = sk |)
1 lK—l
< E+1 k|2
<K H;m skt = bl
k+1 _ 2
K/QJ Zus S5,
2B2
SR

Therefore, combining all the above inequalities gives that

| grad f(zep1)|
2v2B 2B

1
* 1 2 9 4y 3
<ITZ, ;) - (20B7 + & R + (2E(p)? + 8p2B*)?)
1 2V2B  20B 1
< . (2pB2 D) 24)2
= Oumin (2pB~ + K2 Kn Jr( (m ) + 8p ) ),
where the last inequality comes from Assumption 4.3. O

E.4. Proof of Theorem 4.1

Theorem E.1 (Theorem 4.1 restated). Suppose that Assumption 4.1, 4.2 and 4.3 hold. Set the parameters in Algorithm 1 as

follows
1 1 Je p%ei p%
n:,B:\/7,<9= ,r=0, K=—. (26)
P

l 46i
For any xg € M and sufficiently small € > 0, choose yn = O (di/i) in Lines 3 of Algorithm 1, and i = O (d1/4) in Line

5 of Subroutine 2. Then Algorithm 1 with Option I outputs an e-approximate first-order stationary point. The total number
of function value evaluations is no more than
O <(f($()) _7 flow)d) )
€4
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Proof. Given an iterate x4, in the large estimator scenario where || g, (0; i)|| > B, we choose u = O (f;%), combining
this with Lemma D.1 results in E() < O (1/€). Consequently, Lemma E.1 yields:

B2 le
_ < —mi — 2L — .
f(@ig1) = fae) < mlﬂ{ 16 ,1b } 1024,

For the small estimator scenario where ||g., (0; 11)|| < IB, the Algorithm 1 switches to Subroutine 2, i.e. the tangent space
step. Note that r = 0, it implies

F@e) = fu,(s2,)-
Moreover, we choose ;1 = O (f;%) in Subroutine 2, resulting in E(u) < O (65/ *). Thus, when the “if condition” triggers,
from Corollary E.1, we have

f(@e1) — flat)
:fmt (Sff) - ffﬁt (ng)

36 B2 K KB3 SnKE(u)?  20nKp?B*  32pB®
< — KE(u)? E(u)?
3
€2 K SnKE(u)?
< - KE(p)? E(p)? + =220
< 24\/;,“7 (1) + .53 ()" + ——
3
<- 2;2/5 +0 (ﬁ) +0 (6%> +0(e2)
4
32p
When the “if condition” does not trigger, Lemma E.7 tells
| grad f(ze41)|l
1 2V2B  20B 1
< (2 B2 a= 2k 2 2B4 2
Sl C L < el Kn+( (n)* +8p°B)?)
1 2V2B  20B
< - (2pB? == +4pB? 28
<, — @B+ Ky Ty TP (28a)
<O(e), (28b)

where (28a) holds because E(1)? < O (€°/2) and 8p?B* = O (€?), and (28b) comes from the parameter setting (26).
Therefore, at each iteration ¢, once ||g,, (0; )|| > IB holds or the “if condition” does not trigger in the tangent space step,
we observe the following function value decrease:

< . le 6% e%
f(%:-&-l)‘f(%) < —Imin M’?)T\/ﬁ __32\/?
Otherwise, if the "if condition” does not trigger, ;1 is already an e-approximate first-order stationary point. As the tangent

space step requires at most K = O (e_l/ 4) iterations, and each iterate needs 2d function value evaluations to construct the
zeroth-order estimator, the total number of function value evaluations must be less than

o (o) ),

7
€4

E.5. Proof of Theorem 4.2

Theorem E.2 (Theorem 4.2 restated). Suppose that Assumption 4.1, 4.2 and 4.3 hold. Set the parameters in Algorithm 1 as

follows

1 d 1 € p%e% 0B Xp%

= — =0(log—)>1, B=—,/—, 0= =—, K= . 29
77 4l7 X ( Og 66) - ’ 8X2 \/;7 l I r ( )
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1/4

For any vy € M and sufficiently small ¢ > 0, choose . = O ((;/TX) =0 (d1/4> in Lines 3 of Algorithm 1, and

/4 = min {O (dffii;) ,O (;377\//88)} =0 (6\7//;) in Line 5 of Subroutine 2. Then perturbed Algorithm I with Option I

outputs an e-approximate second-order stationary point with a probability of at least 1 — §. The total number of function

value evaluations is no more than
— flow)d d
o () el (),
€4 de

Proof. By a similar argument, for the scenario ||g,, (0; pt)|| > [B at iterate z;, we have

1B, le
_ < —min{ — = —Tsia
J(wepr) = flay) < mm{ 16 ,1b } 1024x4p

For the tangent space step at iterate x;, we start with a perturbed point in T,, M, that is s2 = & ~ Uni(B,, (0)), it

follows
r2

F@) = fu,(52,) = f2,(0) = fu, (&) < (Vo (&), —&) + f||£t||2 <r Vel + T

Recall we choose 1 = O ( FIvE ) in Line 3 of Algorithm 1, and thus E(u) < % holds. Consequently, the term ||V fzt Ell
can be upper bounded as

; ; ; ; 3lB
IV for €l < IV far (&) = Vo, (O] + 1V 2 (0) = g (05 ) + 192, (03 )l < - 1€l + Ep) + 1B < I+ —=.
Substituting r = 22 = O (e) gives
5 3ir  3lrB _ ~ 0 B> 0B
- Oy< = < 2 <
f(zt) ffﬂt,(smt)— 9 + _0(6 )+167’]K = 87]K’

combining with the choice of u < O ( D712 ) in Line 5 of Subroutine 2 leads to

f(@ig1) — fwe)
=fur () = fur (89,) + fur (&) — f(=1)

B2 K KB 5nKE(p)? 20nKp*B* 32pB3
< - KE(p)? E(u)?
S i PIREWTH BT e e e+
3
€2 K SnKE(u)?
- E(u)? E(y)? + 22
96X5\/ﬁ+n (1) + 51 () + 7

3 2 3 62
- 0( >+0(X >+0(><7>
e
192x5,/p’

when the “if condition” triggers. Therefore, in the case of the function value decrease, we have

l6 6% 6%
f(@e41) = flae) < —min { 1024x%p’ 192x5\//3} 192x°\/p .

Similarly, since the tangent space step requires at most K = (’)( ) iterations and each iterate needs 2d function value
evaluations to construct the zeroth-order estimator, the total number of function value evaluations does not exceed

o)

_flow)d 6 d
T (5)):
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For the scenario that the “if condition” does not trigger in the tangent space step at iterate x;, from the proof of Theorem 4.1,
it holds that
lgrad f(z41)] < O(e).

To achieve the e-approximate second-order stationary points, it remains to analyze the value of A, (Hess f(z41)). Suppose
Amin (V2 fz,(0)) > —./pe, then it holds that

\Y
>
g
=
<
i~}
el
=]
|
>
g
=
—
<
[N~}
;’s)
=
8 %
"i_/
>
g
=
—
<
i)
§h>
=
~
-

ZAmin VQ A:J:t 0)) — 2PB — pr (313.)
N
where (31a) follows from ||y} — % || < 2B and ||s? || = [|&]| < 7. From Lemma C.1, we have

V2f:ct(y;,,) = T;t,y;t HESSJc(551f+1)T:m,y;;t + Wy;tv

and it implies that

)\min (HGSS f(xtJrl))
i (T2, Hess f(e1) T, ) (322)
> o :
)‘maX(th,y;t Ta:t,y;t )
Amin (V2fot (y;t) - Wy;,)
> . g (32b)
O max
)\min (Vwat (y;t)) + )\min <_Wy;‘,t)
> : (32¢)
O max
2 25
Oax O maxPmin
4./pe
- o-r2nax

where (32a) is due to the Ostrowski’s Theorem (Ostrowski, 1961), (32b) comes from Assumption 4.3, (32c) uses Wely’s
inequality (Horn & Johnson, 2012), and (32d) comes from the following inequality

25T

a Wy S0y 82,) < |72 o (0 ad f(Ret * < :
éthTxtIIlM),(\|éwt\|:1< yrtsmm5m> — H’Yact,szt( )””gr f( th(yact))” — Umine

HWy;t

Consider the case Apin (V2 f, (0)) < —,/Pé€, we define the following stuck region in the tangent space step at iterate x;:

{szt € By, (0) : {s*, <, satisfies 0 = s, and K 325" |[sk+1 — sk || < BQ}, if Amin (V23, (0)) < — /€,

stuck __
X = .
B, otherwise.

From Lemma E.8, we know that the probability of sgt =& € Xft“k satisfies Pr {gt IS thmd‘} < §. Therefore, once
the ’if condition’ does not trigger in the tangent space step, with a probability of at least 1 — 4, x;41 is an e-approximate
second-order stationary point. O

Lemma E.8. Suppose that Assumption 4.1, 4.2 and 4.3 hold. Under the parameter settings in Theorem 4.2, let vy = %.

In cases where Amin(v2fwt (0)) < —/p€, given 50 5" € By, r(0) with sx'0 — sg? = rov;, where vy is the minimum

Tt? Tt
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eigen-direction 0fV2flt( 0), choose = O (Xi:/gg) =0 ({/5) such that E(u) < %. By running the tangent space
110

. respectively we have

K—1 ) K—1 )
maX{K Z Hs;kt"'l — sfiH , K Z Hsgf"'l — sng } > B2,
k=0

k=0

step starting at s, and sy

that is, at least one of the iterates triggers the ”if condition”.

The proof of this lemma follows from Lemma 18 in (Jin et al., 2018) and Lemma B.2 in (Li & Lin, 2022), and thus we list
the sketch. The details can be found in (Li & Lin, 2022) and (Jin et al., 2018)

Proof. For any point s, € T,, M, we introduce the notation e, (s5,; ) := V fz, (S2,) — g, (Sz,; i), and thus, the update
in tangent space step at iterate x; can be rewritten as

Ui, = 55, (1= 0)(s5, — 53, )

suit =y, — 0V o, (05 + new, (U5, ).
Denoting w% := s’f — s!/*_ from the above update, we obtain
Wit {20 =1V (e (0) —(1=0)I —nV2fe,(0)] | wh,
wh I 0 wh—1

-n

)

[(2 —0)Ak whk — (1= 0)AF wht + e, (y)/F; 1) — eq, (U u)}
0

where Ak = fol (VQf (Tylk + (1 — 7)y%) — V2 f,, (O)) dr. For simplicity, let

W [(2 —O)(I =V, (0) —(L=0)(I — V2], <o>>]

I 0
and gb’;t =(2- H)A’;tw’;t —(1— G)Afit Lt e, (y;’r’f, ") — eq, (yxt ; i), we further have
k+1 k k 0 k r
\ w \4
[ | = A ,f_'*l] = V’} =457 [ ] -y AT ] : (33)
Wy, W 0 Wy, —o0 0
To proceed, we prove this lemma by contradiction. Assume that none of the iterates s/, s7, ..., s/ and s0, V1, ... sIE
trigger the “if condition”, which implies that
lsi; = sl < B llyg; — sill <2B, k=1,.... K,
||s”’“ SO <B, |yt — sl <2B, k=1,...,K.
Combining with the fact that ||
1AL, 11 < pmax {[ly;: |, Hy”k\l} < pmax {[lyg — i ||+ llsq Il lver — szl + szl } < 3pB.

Consequently, the term [|¢¥ || can be upper bounded as
g I < 2 A%, 1w, |+ 1AL W] + 2B (k) < 6pB([[w, || + Wi l) + 2E(x).

From the update (33), we see

x

wkt =[I O]A’;t

o e fi]

Et
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Next, we set up an induction on & to show:

0
I OZAkl'r' $t] Wg’t‘|‘
W:L’t

It is easy to check the base case holds for k£ = 0 since E(u) = % < 2npBry. Then, assume that for all iterations less
than or equal to k, the induction assumption holds. We have

[I 0)AF

1
-2

k w?, | k—1— k| We
[wh || =1 o]A th nlI OZA “lf <2 oAk W,O,t ,
and it further implies that
k koW k-1 | W ko|We
los || <1208 (11 opak, |V i oAl Yol | )+ 2B(0) < 24pB |17 0145, [T |4 2E(),
0
where the last inequality is due to the monotonicity of ||[/ O}A’;t ¥t 11| in k (Lemma 33 in (Jin et al., 2018)). For the
case k + 1, we have '
k T
I 0]y Ak-r|Te
ul ];0 : o]
~ I
=) | [
r=0 0
k T 0
T [ e [y
r=0 T
—nZ|a (24pBlal, — V. |ro + 2E(u)) (34a)
k
<26anZ|ak "ay, — by, |ro (34b)
r=0
<26anZ< +k+1> laktt — b+, (34c)
2 k1 Wg
<2mpBK (- + K ) ||[I 0]A* '
0 b wl,
wo
[ 0JAE™ | ol (34d)
th
where we define [af,  —bE ] =1 O]Aﬁt min and
N .:[(2—9)(1—nAmin<v2fmt<o>>> —<1—e><f—nxmm<v2fm<o>>>]
T¢,min I 0 .

Then, we apply the same argument in the proof of Lemma B.2 in (Li & Lin, 2022) to the inequality (34a), (34b) comes from

lak, — 0L, | > g 5 (Lemma 38 in (Jin et al., 2018)) and E( ) < ”BGTO , and (34c¢) uses Lemma 31 in (Jin et al., 2018). From

the parameter settlngs we have 26npBK ( + K ) 5 in (34d) Therefore the introduction is established, which yields
0 K

th] = 0K _pE| > bro <1+ 9) > 5B,

wo,

Iws, ||>* [ 04,

2 4
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where we use Lemma 33 in (Jin et al., 2018), nAmin (V2 /s, (0))) < —6% and K > 2 log 29(25. However, for the term || wX ||,
it also holds that
Iwa | < llsiy = si Il + llsie, — s200 + 115" — 827 < 4B,

Tt Tt
"o 11 nK

which leads to a contradiction. Therefore, at least one of the iterates s'0 , s} s'K and "0, 51 sy, trigger the “if

X Pxr ) Omy Ty Pxy )
condition”.

O

F. Proofs of Non-asymptotic Convergence Analysis

In this section, we prove that non-perturbed RAZGD with Option II converges to second-order stationary points asymptoti-
cally. It follows from that the tangent space step TSS locally avoids saddle points. To prove the local saddle avoidance, it
is helpful to use the augmentation method to extend the update rule in the tangent space to a dynamical system of s**1
and w"**! that only depend on s* and w*, i.e., regard y* as an intermediate variable. Despite we are interested in the
zeroth-order method, the stability analysis of the zeroth-order algorithm heavily depends on the structure of its first-order
counterpart. Therefore, we start with the analysis of the first-order tangent space step, which provides the second-order
convergence immediately.

F.1. First-order tangent space step

We use the augmentation method to re-write the tangent space step in the following way,

y* ="+ (1-0)(s" —wh) (35)
s = 4P —ng(y*; n) (36)

where g(y; i) is the zeroth order approximation of the gradient V f(y) with smoothing parameter ;. We will not emphasize
that g is performed at the point x at this stage, just to reduce the complexity of notations. The three steps of the updating
rule can be denoted by three mappings that consist of the mapping of the algorithm that updates s, w* to s*1 w*+1. We
denote

Fi(s,w)=s+(1—-0)(s —w)
Fy(y) =y —ng(y; p)
F5(s) = s,
and then the algorithm can be written compactly as
U(s,w) = (Fy o Fi(s, w), F3(s))

which is a mapping from T, M x T,. M onto itself. The fixed point of the first order accelerated (s*, w*) is necessarily a
point such that s* = w* and the gradient

V") = Vf(s"+ (1 =0)(s" —w")) = 0.
*).

We will investigate the local structure of the zeroth order variant at the point (s*, w*). The differential D (s*, w*) equals to

DF5 0 DF;(s*,w*)

Dyls™ywt) = DFy(s*)

(38)
As an immediate result and important argument bridging first-order and zeroth-order accelerated gradient descent in the
tangent space, we first prove that the first-order tangent space step avoids saddle points. The following classic result of the
stable manifold theorem will be used to complete the proof for the first-order method.

Theorem F.1 ((Shub, 1987)). Let p be a fixed point for the C" local diffeomorphism h : U — R™ where U C R" is an
open neighborhood of p in R™ and r > 1. Let E° & E° @ E™ be the invariant splitting of R™ into generalized eigenspaces
of Dh(p) corresponding to eigenvalues of absolute value less than one, equal to one, and greater than one. To the Dh(p)
invariant subspace E° @ E° there is an associated local h invariant embedded disc W'9¢ which is the graph of a C" function
r: E*® E° — E* and ball B around p such that: h(W'¢) N B C W, If h"(x) € B foralln > 0, then x € W'
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Lemma F.1. Suppose that 0 is a strict saddle point of the pullback function in the tangent space, then the measure of the
local initial points that converge to 0 is zero.

Proof. The structure of 1/ gives the expression of its differential. Since

DFyo DFy = (I =V f(y*))((2 = 0)I,—(1 - 6)I) (39)
= (=0T —nV?f(y")),—(1 =) —nV*f(y))) (40)
and
DF3 = (I7 O)a

we have that

D5 ") = [ 2= =0V f() —~(1 =6 —nV>f(y") ] '

I 0

Note that D1 is similar to

-0 —nH) —(1-0)I-nH)
1 0

provided V2 f(y*) is diagonalizable where H is the diagonal matrix consisting of eigenvalues of V2 f(y*). We can abuse
the notation by

det(Dy — M) = det ([ @-9u ;"H) —AM -0 9_);_ ni) D (41)
— det (((2 —0)(I = nH) — AT) + (1 — 6)(I — nH) (&1)) (=A)" 42)
=det (=\N(2-60)I —nH)—- X))+ (1-0)(I —nH)) 43)
= det (AT = X2 = 0)(I — nH) + (1 — 0)(I — nH)) (44)

Since all matrices involved above are all diagonal, the determinant is nothing but the product of the following polynomials
fori € [n]:

A= (2=0)(1 = )X+ (1 —0)(1 —n\).

Suppose \; is a negative eigenvalue (existence is guaranteed by assuming y* is a saddle point), the eigenvalue of D) must
contain the following one

y - =00 =)+ V(2020 —nAi)? —4(1 - 6)(1 — 1))
5 :

Since we can choose 6 and 7 so that

which guarantees that
2-0)(1—nN) > 2,

thus A > 1 (unstable fixed point). The step 7 can be arbitrarily small (so that ¢ is a diffeomorphism) by taking 6 as small as
possible. Applying the center-stable manifold theorem F.1, we complete the proof.

O
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F.2. Zeroth-order tangent space step with constant contraction

In this subsection, we show the asymptotic convergence for the zeroth-order tangent space step with constant contracting
parameter 3. The zeroth order tangent space step can be extended with the smoothing parameter to a new mapping (s, w, ()
with a contraction factor /3 as follows,

Y(s,w, ) = (Y(s,w, ), B) (45)

where 1 (s, w, ) considers the smoothing parameter as a proper variable such that ) is a mapping defined on T, M x T,, M x
R — T, M x T, M. Note that the zeroth order approximation g(y; 1) may not provide a fixed point of the gradient descent,
in order to asymptotically output a fixed point the gradient descent, it is necessary to contract the smoothing parameter so
that the zeroth order approximation algorithm has the same set of fixed points as the gradient descent. Motivated by the
zeroth order approximation scheme of (Flokas et al., 2019). The tangent space mapping requires a contracting smoothing
parameter Su for the whole tangent space step TSSA. Another observation on the tangent space step TSSA from the
asymptotic perspective, is the condition in the while loop. Since the asymptotic convergence empirically works well and
is more convenient in the parameter settings, there is no need to use finite step K in TSS mapping, but the condition
k Z?:o Hsfjl — s7||? > B? suffices to control the process of the while loop. The next lemma shows that the TSSA step is
almost impossible to converge to a saddle point.

Lemma F.2. Consider mapping 1/; is defined as (45). The set of initial condition in the tangent space that converges to
saddle point, i.e., 0 in this setting, has measure zero.

Proof. The differential of ¢) can be computed in the following way,
~ Dgp Dy D
pi_ | P Dwv D |

0 0 B

Recall that in the zeroth order approximation, v is a mapping consisting of the approximated gradient g(y; ), which is
different from the first order method. The differential of g(y; 1) gives the differential of ¢ and v, so we compute Dg(y; /1)
concretely, since O is the only fixed point for the ;1 component, we need to compute the Taylor expansion at (y*, 0) where y*
is the fixed point of the first order counterpart of the algorithm. Thus, we have D; ,,%(y*, 0) coincide with the differential
computed in the first order method, and D¢ is (—D,.g(y; it),0) ", where

dg1 (y;1) A (w)
ou Op I
Dyg(y; ) = : = : : (46)
994 (y;1) 2 (flytped)=f(y)
ou op W

Since the block matrix [D;1), D,,] computed at (y*,0) is the same as that has been computed in the first order method,
anq we have shown that the determinant of the block matrix is not zero, therefore, we are ready to obtain the determinant of
D1 at the fixed point (y*, 0). It is obvious that

det (D&(s*,w*, 0)) — det (Dy(s*,w*,0)) - 8
and
det (Dz/?(s*, w*,0) — )\I) = det (DY (s*, w*,0) — M) (B — A).

Based on the spectral analysis of the first order tangent step, we conclude that the escaping direction the zeroth order
approximation tangent space step is provided by the unstable direction of the first order method. In the end, applying the
stable manifold theorem (Shub, 1987), we conclude that the set of initial points that converge to saddle point in the asymptotic
variant of tangent space step is of measure zero since these initial points belong to a lower dimensional manifold. O

F.3. Zeroth-order tangent space step with time-varying contraction

We next prove the asymptotic saddle avoidance of the tangent space step TSSA when the smoothing parameter reduces in a
slower rate, which is more practical from a zeroth-order perspective.
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Lemma F.3. Suppose TSSA is executed with the update rule on the smoothing parameter |1 given by

1
=1-—
Hk+1 ( 2 2) Mk

, then the probability of TSSA converging to a saddle point is zero.

Proof. The dynamical system augmented by p is the following,

y* ="+ (1 - 0)(s" —w") (47)
s =k — ng(y*; ) (48)
whth = (49)

1
Prt1 = (1 — m)ﬂk (50

which is an augmentation with the smoothing parameter 1 Following the previous arguments, we can write the mapping on
the parameters (s, w, u) as follows,

(s, w, p) = (¢(S»w7u), (1 - ler2> u>

and the differential of 1/; is

1
0 0 1-35

D%:le Dyt Dyt ]

Since the zeroth order method with contraction factor converges to stationary points of the corresponding first-order method,
we can investigate the same Taylor expansion and differential of the algorithm expanded at the stationary point, especially at
saddle point. The eigenvalues of the operator D1)(s*,w*,0) can be analyzed by the characteristic polynomial

g 1
det (Di/}k(s*7w*,0) - AI) = det (Dy(s*, w*,0) — A (1 - A) '

Note that except for the eigenvalue 1 — %-5-2’ all the other eigenvalues are the same as the case whose the contraction

parameter is a constant /3. Therefore, there is an (2d + 1) x (2d + 1) invertible matrix C}, for each k such that

P, ]
Qk

where the eigenvalues \p, ..., As of P have magnitude less than 1, and the eigenvalues Ag41, ..., Aog+1 of the matrix Qy
have magnitude greater than 1 (guaranteed by the property of a saddle point). Since the algorithm now is time dependent,
i.e., the update rule v, contains a time dependent term 1 — k%ﬂ and thus the Jordan block is also time dependent, the time
independent argument that directly follows the stable manifold theorem is not valid in this time dependent setting. To show
the same result as what holds for constant contraction case, we need to investigate the structure of the dynamical system in
detail. Denote A(m,n) the successive product of the nth till the mth matrices, i.e., A(m,n) = A,, - ... - A,,. With the help

of this notation, we can express the product

Ak = Ck_lD’(Ek(S*,w*,O)Ck =

P,,...P, P(m,n
A(m,n) = = (m,n) .
Qm---Qn Q(m,n)
Recall that the dynamical system induced by the tangent space step is
ght1
wht | = (s®, Wk, ).
Hi+1
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Assuming that the saddle point is (s*,w*,0) = (0,0,0), and the above dynamical system has the following expression
obtained from the Taylor expansion around (0, 0, 0),

k+1 k

S S
WEtL | = Di(0,0,0) | wb |+ (st wh, )
Hk+1 Hk

where & (-, -, -) is the remainder of v,. Starting from the initial condition (s°, w?, yi0), the dynamical system can be
represented by

P(k,0) k
o0y | T ; Q(k,i+1)

where z, is the dynamical system topologically conjugated to (s*,w", uy,). Splitting 2 and &;(z;) into contracting and
expanding components according to P(k,0) and Q(k, 0), i.e., this decomposition is actually based on the magnitudes of the
eigenvalues of Dz/;k which is determined by the Hessian of the objective function f at saddle points. Further information of
the Jordan matrix P, and Qj can be inferred. The expanding matrix ) contains only constant eigenvalues with magnitude
greater than 1. The contracting matrix P contains constant eigenvalues and one eigenvalue that is exactly 1 — %4'2 The
stable-unstable decomposition of z; can be further refined into stable with constant eigenvalues less than 1, stable with
eigenvalue 1 — T}M’ and unstable with constant eigenvalues greater than 1. Specifically, we decompose zj, into

P(k,i+1)
Zk4+1 =

&i(2i),

+
2

2k = Z;: )

2y
and &;(z;) into

& (2)

§i(zi) = 0

& (2i)
where the remainder with respect to zj, is zero because the update rule of y is a linear function. Based on this decomposition,
we can refine the formulation of the dynamical system of z, in the following way,

k
5 =P(k,0)zf + > Plk.i+1)& (z)

1=0
1
et = (1 - /<;+2) o
k
G = Q(k,0)25 + > Qi+ 1)&; (2:)
1=0

where we still use P as the Jordan block of stable component without distinguishing from the one containing 1 — %ﬁ

Letting k — oo, we have formally the unstable component z; of the initial condition z; satisfying

oo
Zy = — Z Q(’L -1, O)_lfiil(z"i*l)’
i=1
and then the updated term zj4; can be written as

_ M —
Pl = 21 B 21 D Zppg

k k
_ <P(k,o)z0+ +3 Pk,i+ 1)51*(21-)) ® (1 - k}ﬂ) 2 (Q(k,o)zo‘ +3 " QUk,i + 1)5;@))

=0 =0
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where the last summand can be further written as

- Z QU+ 1+i,k+1)7"6 i (Zhg14a)-
i=0

The update rule can be understood as an operator acting on the space of bounded sequences converging to zero. Since
P(k,0) and Q(k, 0) are matrices only involving constant eigenvalues, there exists constants K1, K5 < 1 such that

|P(m,n)|ls < K"~ (51)
1Q(m,n) " 2 < K3* " (52)

The Lyapunov-Perron argument (Panageas et al., 2019) asserts that there exists a small neighborhood around the saddle
point, such that 7" is an contraction map on the space of sequences converging to zero, and consequently, the initial point
that can be carried to the saddle point (the zero) by the algorithm must lie on a lower dimensional manifold. To make this
point precise, we investigate the norm of the difference of two sequences 7" acting on. Let u = {uy, }nen and v = {vy, }nen,

(Tu —Tv)g+1 = (Tw)k+1 — (T0) k41 (53)
k
= (Q(k, 0)(ug —ve) + Y Pti+ )& (u) — & (w))) (54)
=0
1
© 30z M0 W) (55)
® <— D QU+ 1+ k4 1) (G (urgrg) — f;g_+1+i(vk+1+i))> (56)
=0

where the coefficient of the middle component comes from the product

sers -1 ()

Let d(u,v) be the metric defined by the supremum norm of the sequence {u; — v; };en. Since it has been proven by (Feng
et al., 2022) that T is a contracting map without the component of - (ufy — vk'), i.e., there exists a constant K < 1 such

3(k+2)
that
d(Tu, Tv) < Kd(u,v),
and m < % < 1, it guarantees a new constant K’ < 1, so that T acting on the space of the considered sequence with

p-component is an contracting map. Thus, the existence and uniqueness of the stable manifold in a neighborhood of the
saddle point follow from the existence and uniqueness of the fixed point of T'. So the probability of the initial condition
lying on such lower dimensional manifold so that the iterates converge to saddle point is zeor. O

Now we are able to finalize the proof of Theorem 4.3.

proof of Theorem 4.3. It has been established that the probability of TSSA staying in a neighborhood of a saddle point is
zero, for any TSSA stage.

k—1
Pr JL“;okZOHsﬁlfngsB? —0
]:

and then the probability for the iterations to stay in a neighborhood of a second-order stationary point is 1. Since the
zeroth-order acceleration with contracting parameter 5 < 1 converges to stationary point, it follows that the probability for
TSSA output a second-order stationary point is 1. Together with the above Lemma F.3 for the case when the contracting
parameter decreases in a slower manner (which slows the decreasing of smoothing parameter p in the TSSA stage), we
complete the proof of the theorem.

O
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G. Implementation of RZGD and PZGD

For Riemannian zeroth-order gradient descent (RZGD)), it iteratively utilizes the Riemannian zeroth-order gradient descent
step (Subroutine 1) until convergence. In the case of Euclidean projected zeroth-order gradient descent (PZGD), we first
compute the Euclidean zeroth-order estimator (denoted by gg(+)), take a Euclidean zeroth-order gradient descent step, and
then project onto the Riemannian manifold. The pseudocodes of both algorithms are presented below.

Algorithm 2 Riemannian Zeroth-order Gradient Descent ~ Algorithm 3 Euclidean Projected Zeroth-order Gradient
Algorithm (RZGD) Descent Algorithm (PZGD)

1: input: parameters 7, and B 1: input: parameters 7,
2: initialize: zo € M, t =0 2: initialize: zo € M, t =0
3: fort=0,1,--- ,00do 3: fort=0,1,--- ,00do
4:  Compute estimator g, (0; 1) 4:  Compute Euclidean estimator gg (z+)
5. if||g, (0; pw)|| > (B then 50 @iy1 = projy (@ — mye(ze))
6: 2411 = RZGDS (24,1, 92, (0; 1)) 6: end for
7:  else
8 Terminate with x;
9: endif
10: end for

For completeness, we establish the function query complexity of RZGD, which serves as a benchmark for demonstrating the
acceleration achieved by our RAZGD.

Theorem G.1. Suppose that Assumptions 4.1, 4.2 and 4.3 hold. Set parameters in Algorithm 2 as follows

For any x¢ € M and sufficiently small € > 0, choose . = O (dl%) in Line 4 of Algorithm 2. Then Algorithm 2 outputs an

e-approximate first-order stationary point. The total number of function value evaluations is no more than

o ((ten) - fm)t).

€

Proof. Recall the approximation error of the Riemannian coordinate-wise zeroth-order estimator (Lemma D.1), it holds that

B
2

192, (05 1) = V f2, (0] <

> o

by setting = O ( d\l//i > For the scenario where ||g,, (0; it)|| > B holds, Lemma E.1 gives

2 2
f(@ep) = fla) < —min{lf,lbz} = —@,

Otherwise, we have

lerad f(zo)| = IV fu, (O)I] < llg, (0; 1) = V fu, (O)] + g, (05 )| < %6’

where the first equality holds as T, o is identity. Therefore, as computing the zeroth-order estimator once requires 2d
function value evaluations, the total number of function value evaluations must be less than

o ((JC(OUO)E—2 flow)d> .
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H. Riemannian Geometry of the Simplex

The Riemannian geometry of the positive orthant R‘i = {x:x; > 0forall i € [d]} was studied by researchers from mathe-
matical biology and evolutionary game theory (Shahshahani, 1979; Mertikopoulos & Sandholm, 2018). For completeness,
this section provides missing details of calculation based on the Riemannian geometry of positive orthant and simplex in the
experiment. Formally the positive orthant is R% is endowed with a Riemannian metric whose metric matrix {g;;(x)} is

diagonal with g;;(z) = f—l where |z| = ijl xj,ie.,
||
o 0
g(x) = :
||
0 e

Ri is a single chart manifold with a non-Euclidean structure. To compute the pullback function fm = f o Retr, on the unit
simplex, we introduce the exponential map on the Shahshahani manifold as the retraction. Given a point z € A?~! and a
vector s € T, A%~ the exponential map is

T
_ r1e°t xg e’? d
Exp,(s) = (Z] e Zj:z:jesf> € R%
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