Decentralized Weakly Convex Optimization
over the Stiefel Manifold

Jinxin Wang, Jiang Hu, Shixiang Chen, and Anthony Man-Cho So

Abstract—We focus on a class of non-smooth non-convex
optimization problems over the Stiefel manifold in the decentralized
setting, where a connected network of n agents cooperatively
minimizes a finite-sum objective function with each component
being weakly convex in the ambient Euclidean space. Such
optimization problems, albeit frequently encountered in appli-
cations, are quite challenging due to their non-smoothness and
non-convexity. To tackle them, we propose an iterative method
called the decentralized Riemannian subgradient method (DRSM).
The global convergence to a stationary point and an iteration
complexity of O(c~?log?(¢")) for finding an c-stationary point
are established using a new result we developed concerning the
Lipschitz continuity of a certain manifold proximal mapping,
which could be of independent interest. Besides, when the
problem at hand further possesses a sharpness property, we
show that DRSM with geometrically diminishing stepsizes enjoys
a local linear rate of convergence. Lastly, we conduct numerical
experiments to verify our theoretical findings.

Index Terms—decentralized non-smooth non-convex optimiza-
tion, weak convexity, Stiefel manifold, Riemannian subgradient
method, convergence rate, sharpness

I. INTRODUCTION

Decentralized optimization has gained more and more
attention during the past decades in various fields ranging
from machine learning to control [2]-[7]. The decentralized
network operates differently from a centralized network as it
does not require a central server, offering several advantages.
First, eliminating the server as an intermediate step results in
significant savings in communication resources. With no unified
coordination and configuration of servers, the communication
network among clients becomes more diverse, allowing for
more flexible and efficient communication structures—an essen-
tial advantage over centralized networks. Second, by removing
the central server, the decentralized network eradicates a single
point of failure, potentially increasing the robustness and
reliability of the learning system. Despite these advantages,
the theoretical underpinnings for decentralized optimization
of a non-smooth non-convex function over a manifold remain
largely unexplored, which motivates this research.
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In this paper, we consider the following problem of weakly
convex (thus possibly non-smooth and non-convex) optimiza-
tion over the Stiefel manifold in a decentralized (i.e., multi-
agent) manner:

min f(z) = %Zfz (x) st zeM. (1
i=1

Here, each local component f; : R>*"™ — R (i € [n] =
{1,...,n}) is assumed to be p-weakly convex in the ambient
Euclidean space RY*" (recall that g(-) is p-weakly convex
for some constant p > 0 if g(-) + 4 - ||} is convex) and
M = St(d,r) = {x € R>*" : 2Tz = I} with d > r is the
Stiefel manifold. In the multi-agent setting, there is a connected
undirected communication network represented by the graph
G. Each node of G corresponds to an agent, and the network
of n agents aims to collectively solve (1). The ¢-th agent
holds a local copy z; of the variable x in (1). Let N; be the
neighborhood of 4 including itself. For any ¢ € [n] and j € N,
the equality constraint x; = x; is required. As G is connected,
we have the consensus constraint 1 = x9 = --- = x,,. Then,
an equivalent reformulation of (1) is

min f(x) = %Zfz (x;)
i=1

st. 1 =x9=---=m,, ; € M, Vi€ [n],

@

where the variable ' = (z{,z5,...,2,)) € R™" Tt is
worth noting that various machine learning applications, such
as decentralized robust subspace recovery and decentralized
dictionary learning, can be captured by the formulation (2)
[81-[11].

To obtain the consensual optimal solution to problem (2),
each node of G needs to mix its local decision variable with
its immediate neighbors according to predefined weights. We
introduce a mixing matrix W € R™*" to model the mixing
process, whose (7, j)-th entry W;; > 0 represents the weight
assigned to node j by node i. The following assumption on
W is commonly used in decentralized learning.

Assumption L.1. The mixing matrix W € R™*" s symmetric
and doubly stochastic, i.e., W = wWT, W > 0, and
> jem Wij = 1 for all i € [n]. Moreover, we have W; = 0
if and only if 7 ¢ N;.

An immediate consequence of the Perron-Frobenius theorem
[12] is that the eigenvalues of W lie in (—1,1]. In addition,
the second-largest singular value oo of W satisfies oo € [0, 1).



TABLE I: Comparison with related works. “s.t.” indicates the
feasible region. The associated iteration complexity results are
also presented. The stationarity measure is || grad f(z)||% < e
for the L-smooth case and 5z ||Prs(Z) — Z||3 < € (see Defi-
nition I1.2) for the non-smooth case. DRGTA and DESTINY
have better complexity O(¢~!) due to the use of the gradient
tracking technique.

st fi L-smooth, non-convex Non-smooth, weakly convex
Réxr DGD [15] DPSM [16]
O(e~2?) O(e2log?(e 1))

DRSGD [19] O(e~2?)
DRGTA [19] O(¢~1)
DESTINY [21] O(e~ 1)

DRSM (this paper)

M O(=2log?(=1))

A. Related work

Problem (2), which involves minimizing a weakly convex
function over the Stiefel manifold, can be non-smooth and non-
convex, rendering it quite challenging to solve. If the Stiefel
manifold constraint is absent in problem (2), decentralized
(sub)gradient methods were studied in [2], [13]-[16] and a
distributed dual averaging subgradient method was proposed
in [17], [18]. In recent years, there have been significant
efforts in designing provable decentralized algorithms for
smooth optimization over the Stiefel manifold [19]-[21].
Specifically, the work [19] develops a decentralized version
of the Riemannian gradient method, the work [20] studies a
decentralized power method for solving the distributed principal
component analysis problem, and the work [21] proposes a
decentralized augmented Lagrangian method. The related works
are summarized in Table I. By sharp contrast, the study of
the general decentralized non-smooth non-convex problem (2)
is still in its infancy, and we are not aware of works with
convergence guarantee for it. The work closest to ours is
[22], which defines a new stationarity measure induced by the
proximal mapping of a weakly convex function over the Stiefel
manifold and uses it to establish a convergence guarantee for the
Riemannian subgradient method when solving the centralized
counterpart (1).

B. Our contributions

In this paper, we propose the decentralized Riemannian
subgradient method (DRSM) for solving weakly convex opti-
mization problems over the Stiefel manifold of the form (2). To
the best of our knowledge, this is the first work to establish the
global convergence and iteration complexity of a decentralized
method for solving problem (2); see Theorem IV.5. To obtain
the convergence of DRSM, we note that existing analyses of
decentralized algorithms mostly rely on the Lipschitz continuity
of some mapping, such as the gradient [15], the Riemannian
gradient [19, Lemma 2.4], and the proximal mapping of a
weakly convex function over a convex set [16]. However,
it is far from clear whether the proximal mapping of a
weakly convex function is Lipschitz continuous over the Stiefel
manifold, as its associated optimization problem involves a
non-smooth objective and a non-convex manifold constraint.
One of our key technical contributions is to establish the
single-valuedness and Lipschitz continuity of the said proximal
mapping by utilizing the notion of proximal smoothness from

variational analysis; see Proposition IV.4. We believe that these
results can also be useful in other applications. Furthermore,
when problem (2) possesses a sharpness property (see Defini-
tion V.1), we show that DRSM with geometrically diminishing
stepsizes enjoys a local linear rate of convergence; see Theorem
V.3. We remark that various existing works (see, e.g., [16],
[23]-[25]) use similar regularity conditions, such as the Luo-
Tseng error bound [26] (see also [27]), Kurdyka—}t.ojasiewicz
inequality [28], [29], and sharpness [30], to analyze the
convergence rates of iterative methods for decentralized non-
convex optimization. However, those works focus on problems
with either no constraint or convex constraints, while our work
focuses on problems with a (non-convex) manifold constraint.
Lastly, we conduct numerical experiments to demonstrate the
superior performance of DRSM in different applications.

II. PRELIMINARIES
A. Notation

We use ® to denote the Kronecker product. Given a vector
x, we use ||x||2 and ||z||; to denote its Euclidean norm and ¢;-
norm, respectively. Given a matrix x, we use ||z||r to denote its
Frobenius norm and ||| With 27 == (2] ,25,...,7,}) €
R4 t0 denote the norm max;c(,) ||z;i|lp. We denote by 1,
and I, the n-dimensional all-one vector and r X r identity
matrix, respectively. Given a symmetric matrix ) € R™*", we
use \2(Q) and A, (Q) to denote its second-largest eigenvalue
and smallest eigenvalue, respectively. For a nonempty closed
set X, we use dist(z, X) = infycx ||x — y||r to denote the
distance between a point  and X

B. Subdifferential of a weakly convex function

For any ¢ € [n], since f; is p-weakly convex, there exists
a convex function g; : R¥™ — R such that f;(z) = gi(x) —
£]|x||% for any x € R**". Similar to the convex case, we can
define the (Euclidean) subdifferential df; of f; as df;(x) =
dgi(x) — px, Vr € R4*". Since weakly convex functions are
subdifferentially regular [31, Propositions 4.4 and 4.5] (see
[32] for an overview), according to the result in [33, Theorem
5.1], the Riemannian subdifferential Or f; of f; on the Stiefel
manifold M is given by O f;(x) = P, m(0fi(x)), Ya € M,
where T, M is the tangent space to M at x and Pr_r(y) =
Yy — %;L(y—'—x + 2 Ty) is the orthogonal projection of y € RI*"
onto T, M.

The following Riemannian subgradient inequality is useful
for establishing convergence results of subgradient-type meth-
ods for weakly convex minimization over the Stiefel manifold.

Fact II.1 (Riemannian subgradient inequality [22]). For any
bounded open convex set U that contains M, there exists a
constant L > 0 such that for each i € [n], the function f; is
L-Lipschitz continuous on U and satisfies

Fily) > fiw) + (Vriw)y — ) — L3 E y — ali
for any x,y € M and @sz(x) € Or fi(x).

An immediate consequence of the Riemannian subgradient
inequality is that | Vg fi(z)|lr < L for all i € [n]; see [34,
Theorem 9.13].



C. Stationarity measure

Since the feasible set of problem (2) is non-convex, even if
the points x1,...,x, lie on M, their Euclidean average Z :=
% >, x; need not lie on M. Thus, to measure the consensus
error, we appeal to the notion of induced arithmetic mean
(IAM) on the Stiefel manifold [35]. The IAM of the points
T1,..., T, € M is defined as T € argmingc gy iy Iy —
3(;l||F Note that Z is the orthogonal projection Paq(&) of &
onto M, which may not be unique. To measure the degree of
stationarity of & := 1,, ®z for problem (2), we utilize manifold
analogs of the Moreau envelope and proximal mapping, which
are defined as

Sa(@) = min {(y) + 55y
Sp(x) = argmin { f(y) +
yeEM

e M,
reM

—CL‘H%},

3)
axlly —=l&}

for A > 0, respectively. Following the discussion in [22, Section
4.1], for any x € M and Pys(x) € #y¢(x), the first-order
optimality conditions of (3) imply that
. 1
dist(0, Or f(Prf(x))) < X||PTP>\f(1)M(P)\f($) —z)||F

3 )
XHPAf(x) — z|F.

IN

In particular, if }||Pys(z) — z||p is small, then we see
from (4) that = is a near-stationary point of problem (1),
as dist(0,Or f(Pxy(z))) is small and x is close to Pyy(z).
Therefore, we may use || Pys(z) —z||r as an approximate sta-
tionarity measure of z." This leads to the following definition;
cf. [19, Definition 2.2].

Definition IL2 (e-stationarity). We say that ' =

(] ,29,...,2,) € R™*" js an e-stationary point of problem
(2) if the following two conditions hold:

(i) (e-consensus) L 3" | ||z; — z|% < e

(ii) (e-near-stationarity) 55 || Pxy(Z) — Z||3 < e.

The following property of the orthogonal projector Py will
be useful in our subsequent analysis.

Fact I11.3. [37, Lemma 2] For x € M and y € R¥", we
have ||z — Pr(y)lle < 2[|lz — yllp.

D. Consensus on the Stiefel manifold

The consensus problem over the Stiefel manifold M is
to minimize the weighted squared distance among all local
variables, which can be formulated as

min ¢'(@) = £ 37 3 W,

=1 5=1

st. ;€ M, Vi€ |[n].

Wijllzi — 5%

(C-St)

Here, W denotes the ¢-th power of the doubly stochastic matrix
W with t > 1 being a multi-step consensus parameter. To
tackle problem (C-St), the work [38] proposes the Riemannian
gradient method DRCS, which performs the following update

'We refer the reader to [36, pp. 209-210] for a related discussion in the
context of Euclidean weakly convex optimization.

in the k-th (k =0,1,..
local variable:

.) iteration for the ¢-th (i = 1,...,n)

= Ra, , (—agrad o} (zy))

E xj,

T k+1

=Ry | @Pr,,  m (DRCS)

Here, grad ¢! () € R?*" denotes the Riemannian gradient of
o' with respect to x; evaluated at the iterate @, and R, , (-)
is a retraction operator on M at z; j (see [39, Chapter 4.1]
for a detailed treatment of retractions). For concreteness and
simplicity, we shall take R, to be the polar decomposition-
based retraction

TM2E-R(E) =@+ +ETE) 2 eM (5

in what follows. It can be shown that given any = € M, the
retraction R, in (5) satisfies

IR (€)

IN

(6)
N

—ylle < o+~ yll,
1
(o + &)l < Sl€l

N

for any £ € T, M and y € M.? These properties will be used
repeatedly in our subsequent analysis.

Although problem (C-St) is non-convex, it is proven in [41],
[42] that DRCS with random initialization will converge almost
surely to a consensus solution when d > r + 2. Moreover, it
is shown in [38] that DRCS converges Q-linearly in a local
region. Specifically, define

N:ZNl ﬁNQ, Nl = {w: ||$_j||%§n6%}’ (8)
No={z:||x - Z|rc <02},

where 61,6, satisfy §; < ﬁ(& and 6y < g;. We have the

following local linear convergence result.

Fact I1.4 (Linear convergence of DRCS; cf. [38, Theorem 4,
Part 1]). Suppose that Assumption 1.1 holds, the stepsize o
satisfies 0 < o < @ == min{u%, 1}, and the consensus step t
satisfies t > ﬂoggz(ﬁ)], where v € (0,1), ® = 2 — 03, and
Ly = 1=\, (W?") € (0,2]. Then, the sequence of iterates {xy }
generated by (DRCS) achieves consensus at a linear rate if
the initialization satisfies o € N, where N is defined in (8).
Specifically, we have xy, € N and ||xp11—Tp11||r < ptll@r—
&y ||r for all k > 0, where &, == 1, @ (Pm(2 0 zi))s
pr = +/1 —22(1 —v)ays, pe = 1 — Xa(W?P), and v = (1 —
4r62)(1— L)y >t > 152

Remark IL5. If v = 1/2, then o < @ and p; = /1 — ay <
1. In addition, using multi-step consensus (i.e., a larger t) would
result in a lower p; due to the effect of W, thus accelerating
the convergence of the method.

2The inequality (6) follows from [22, Lemma 1]. It is shown in [40, Appendix
E.1] that the inequality | R+ (&) — (x + &)|lr < [|£]|% holds for any « € M
and € € T, M satisfying ||€||p < 1. The proof therein overlooks the fact that
one has Ry (€) — (@ + )2 = (I + € €)1/2 — L2 for all @ € M
and £ € T M, from which the sharper inequality (7) follows.



III. DECENTRALIZED RIEMANNIAN SUBGRADIENT
METHOD

Since problem (2) involves a consensus constraint and a
set of manifold constraints on the local variables, a natural
approach to tackling it is to first perform one step of the
update (DRCS) to move a local variable towards consensus
and then take a Riemannian subgradient step to make progress
on minimizing the corresponding local objective over the Stiefel
manifold. This leads to our proposed DRSM, which performs
the following update in the k-th (kK = 0,1, ...) iteration for the
i-th (i = 1,...,n) local variable:

Ti,k+1

=Ra. . | @Pr,, .M > Whain | = BeVr filwik)
i=1
(DRSM)

Here, Vi fi(z; 1) is a Riemannian subgradient of f; at x; j;
« and [y are stepsizes to be determined shortly; and ¢ > 1 is
a multi-step consensus parameter. We summarize our proposed
method in Algorithm 1.

Algorithm 1 Decentralized Riemannian Subgradient Method
(DRSM) for Problem (2)
1: Input: 5 € N (with 1,0 = - -+ = Tp,o if sharpness (see
Definition V.1) holds).
2: Set t > [loggg(ﬁ)]; a € (0,a], where & is given in
Fact 11.4.

3: for k =0,1,... {each node i € [n] in parallel} do

4:  if sharpness holds then

5: Set B = O(y*) according to the conditions in
Lemma V.2.

6: else

7: Set B = O(1/Vk) according to the conditions in
Proposition IV.1 and Corollary IV.3.

8: end if

9:  Perform the update (DRSM).

10: end for

In the next section, we shall present different interpretations
of DRSM and demonstrate how they facilitate the convergence
analysis of the method.

IV. CONVERGENCE ANALYSIS OF DRSM

Based on Definition 1.2 and the structure of the up-
date (DRSM), we divide our convergence analysis of DRSM
into two parts. First, we establish the rate at which DRSM
achieves consensus. Then, we establish the iteration complexity
of DRSM for finding an e-near-stationary point of problem (1).

A. Bounding the consensus error

From the point of view of achieving consensus, it is
instructive to treat the update (DRSM) as a noisy version
of the consensus step (DRCS), where the “noise” is given by
the Riemannian subgradient step — S,V f; (x;,%)- One then
expects that the rate at which DRSM achieves consensus
will also depend on the rate at which the stepsizes {fj}

decay to zero; see [43] for a similar discussion in the case
of noisy gradient descent. The following result formalizes
the above observation. It extends Fact 1.4 to the setting of
noisy consensus steps, which appears to be new and can be of
independent interest.

Proposition IV.1 (Consensus error). Suppose that Assumption
L1 holds. Suppose further that the stepsizes { Sy} in Algorithm 1
satisfy 0 < B < min{l_Lpt&,%—‘SLl , where 61 > 0 and
pt € (0,1) are given in (8) and Fact 1.4, respectively. If
xo € N, then the sequence of iterates {x}} generated by
Algorithm 1 satisfies x, € N and

k
[2rs1 = Brsalle < pf o — Bollp+vnL > pf B (9)
=0

Sfor all k > 0.

Proof. We first prove that ¢y € N for all k& > 0 by induction.
The base case, i.e., £g € N, holds by definition. Suppose that
x € N. We compute
. , (a) o n o
lzrir = Berallp < llene — ellp =Y ik — Zell
i=1
O ¢ ¢ c — 2
< Y llwik — agrad oi(ar) — BuVrfi(zin) — Zklf
i=1
n 1/2 2
© t — 2
< Do llwin — agradgf(ay) — Zellz | + Brv/nL

i=1

(@ i 5 ()
< (peller — &xllp + Brv/nL)” < ndy,

where (a) follows from the definition of TAM; (b) is due
to (DRSM) and (6); (c) comes from the inequality

" 1/2 " 1/2 " 1/2
(Z ”ui“l‘Uz’”%‘) < (ZVMH%) +<Z ||Ui||%> ;
=1 =1 =1

which holds for all u;,v; € R*", i € [n], as well as the
bound ||V fi(zi k)| < L (see the remark after Fact I1.1); (d)
follows from the derivation of [38, Eq. (VIII.17)] and the fact
that o < 1/%; (e) is due to the inductive hypothesis x; € N
and the fact that 35, < lzpt 81. This shows that x; 1 € M.

Next, we verify that ;1 € N>. Similar to the derivation
of the inequalities in (10), for each i € [n], we have

(10)

Zik+1 — Thrillp < Tikr1 — Tellp + 12k — Trtallp

B ad _ _
< H%k — agrad pf(x) — kaF +—+ 12k — Zrtllp

)
Y

where the last inequality follows from the fact that
Brll VR filwip) [ < BiL and fi < S5

Now, using &5, = + >/, ; and
grad ¢} ()
n 1 n
.
=z -y Wha;— 3% Y Wi —ay) (2 — ),
=1 =1

(12)



we compute

|k — agrad pf(zr) — T4,

(a) . - n 1
<1 - )b+ aldr — Tilp + ||y <W;j - n) Tj )
j=1 F

n
(0%

+ 5 |22 Wi (i — k)" (@i — 2k

=1 P

®) 2 = t 1 2

<(1—a)dy + 2000+ a || > (W), - — ) wjk|| + 2003
j=1 F

©

< (1 . %) 83 + 2002/ + 2062, (13)

where (a) follows from the fact that o € (0,1], zir € M
and the inductive hypothesis z; € N>; (b) follows from [38,
Lemma 2], the fact that x;, € N7, and the bound

n
> Wiillzin —zjklF
j=1
n
<2 WY (lwik — Zwlf + ok — Zellz) < 463;
j=1

(c) follows from [38, Lemma 9]. On the other hand, by [38,
Lemma 10], we have

1 . .
12k = Zhtallp < 7555 18k = Zrsalp. (14)
1
We compute
«a n
2k — Trsrlle < |2k — -~ ngad Qi (k) — Trt
i=1 F

> srad (@)

(07
+ —
n
i=1

F
@ 1 (1 ¢ = 2
< = §||04 grad ¢; (zr) + B Vr fi(zik)|lg + BeL

n -
=1

Z grad ! (zy,)

=1

(0%
+ —
n

F

(b) ol
< 40785 + BRIP4 B+ — [l — @il

©)
< 40263 + BEL? + BL + ad? Ly, (15)

where (a) is due to (DRSM), (7), and the bound
|WR fi(zik)|lp < L; (b) follows from the inductive hypothesis
x, € N5 and [38, Lemma 8]; (c) is due to the fact that
T € Nl.

Putting (11)—(15) together and using the fact that 5, <
05‘—‘21, 5 < ﬁ(&, 62 < g5 Lt < 2, we conclude that
|75 k41 — Zrg1llp < d2 for all @ € [n]. This shows that
i1 € Na. Together with xx, 1 € N7, we conclude that
x,11 € N, which completes the inductive step.

To obtain (9), it suffices to unroll (10). O]

Remark IV.2. Similar to Fact 11.4, a key claim in Proposi-
tion IV.] is that the iterates generated by Algorithm 1 stay

within the neighborhood N defined in (8) when the multi-step
consensus parameter t satisfies t > [log,, ( ﬁﬂ While it
is possible to set t = 1 so as to reduce the communication
cost, the result in [38, Theorem 4, Part 2] and the inequality
pl(z) < Lz — 2|} from the proof of [38, Lemma 8]
suggest that the iterates will have to stay within a neighborhood
that is different from N and has size O(+\/u1/L1). Similar
to the bound on the stepsizes {B} in Proposition 1V.1, in
order to achieve this, we need to take By, = O( 1_Lp1 Vi/Lh)
for k > 0. Since p1 = /1-2(1—v)ayy = 1 — O(u1)
by [38, Theorem 4, Part 2], we have By, = O(‘2+/p1/L1) for
all k > 0. For sparse graphs such as cycles, the quantity
pi/p1/L1 can be as small as O(1/n3) (see, e.g., [44,
Example 1.5]), which results in small stepsizes {0} and thus a
high iteration complexity. To avoid overly restrictive conditions
on the stepsizes {By} in our theoretical analysis, we therefore
choose to focus on the setting where the multi-step consensus
parameter t is sufficiently large.

By combining Proposition IV.1 and [16, Lemma I1.4], we
have the following corollary.

Corollary IV.3. Suppose that the stepsizes {fi} are posi-
tive and non-increasing, and they satisfy > po, Bk = 00,

limy oo B = 0, and limy_ o Bg;:l = 1. Then, we have

|z, — @k||r = O(i‘ﬁLp/j’“)for all k> 0.

B. Bounding the approximate near-stationarity measure

Let us now turn to study the complexity of DRSM for
finding an approximate near-stationary point of problem (1).
In view of the work [16], which considers the problem of
minimizing a weakly convex function in finite-sum form over
a closed convex set and establishes the iteration complexity of
a distributed subgradient method for finding an approximate
near-stationary point of such a problem, a natural idea is to
adapt the analysis therein to develop an iteration complexity
result for DRSM. One key ingredient of the analysis in [16] is
the Lipschitz continuity of the proximal mapping associated
with the problem at hand (see [16, Lemma II.8]), which is
not hard to establish due to the convexity of the constraint
set. However, given that the proximal map ., associated
with problem (1) involves a non-convex manifold constraint in
its definition (see (3)), it is not clear whether %y is single-
valued, let alone being Lipschitz continuous. In what follows,
we give a definite answer to this question using the notion of
proximal smoothness [45] in variational analysis. Our result
(Proposition 1V.4) is new and may have further applications
in the study of decentralized non-smooth optimization over a
manifold.

To begin, we note that despite the non-convexity of the Stiefel
manifold M, it is a classical result that whenever = € R4%"
satisfies dist(z, M) < 1, the projection Pp((z) of = onto
M is uniquely defined; see, e.g., [46, Proposition 7]. In the
terminology of [45], the Stiefel manifold M is a 1-proximally
smooth set. A useful consequence of this is that M satisfies
the uniform normal inequality; see, e.g., [47, Section 2.2]
Specifically, let N, M = {y € R>" : (y,2) = 0,Vz €



T, M} be the normal space to M at x. Then, for any z,y € M
and v € N, M, we have

i3
oy~ < DIy, (16)
With the above preparation, we now establish the single-
valuedness and Lipschitz continuity of the proximal mapping
Ay defined in (3). This result is essential in obtaining the
convergence guarantee of DRSM.

Proposition IV.4. Let f : R™" — R be a p-weakly convex
Sfunction. Suppose that f is L-Lipschitz continuous on some
bounded open convex set U containing M. Then, for any
Ae (0 ,p+3L) the proxzmal mapping sy defined in (3) is

single-valued and -Lipschitz continuous on M.

XTI
Proof. We first show that .5 s () is a singleton for all x € M
when \ € (0, ﬁ) By the p-weak convexity of f and the
uniform normal inequality (16), for any y,z € M, v € 9f(2),
and w € N, M, we have

F©) = £() + 0,y = 2) = Sy — 21}
> )+ p+ wlr

2y — =[.

Let € M be given and z € .#)s(x) be arbitrary. From the
first-order optimality condition associated with % ¢(x), we
have z — z = A(v + w) for some v € Jf(z) and w € N, M.
In addition, since f is L-Lipschitz continuous on U, for any
zZ € M with ||z — Z||p > 2AL, we have

£+ g5 le 213 > Fa)- el > £(a).

It follows that /) f(x) C {2/ € M : ||z’ —33||F < 2AL}, which
implies that ||z — z||p < 2AL. Moreover, by [34, Theorem
9.13], we have ||v||g < L. Thus, we obtain

(v+w,y—2z)— 17

Ljjz— zHF+

r—z
fulle < ol + 2528 <50 g
In particular, replacing v + w with =
identity (x — 2,y — 2) = gllo— 2l + 5]y — 2I* — 5ll= - y|?
give
1 2
F) + 55 lly — =l
1 Al —p—-3L
> f(2) + gy llz —allf + ———— Iy —2lIf

for all y € M. Since A € (0, +3L) we conclude that ()
is a singleton. In what follows we denote the element in
Sy(@) by Pay().

Next, given any z,y € M, let u = Pyy(z) and v = Pys(y).
By the first-order optimality conditions associated with u, v
and the fact that N, M, N, M are linear subspaces, we have

r—u=AVf(u)+ux, y—v=AVf(w)+ox (19)

for some V f(u) € df(u), Vf(v) € df(v), ux € NyM, and
uN € N, M. It follows that

(@ —yu—v) — lu—vlf

:)\<@f(u)—@f(v),u—v>+(uN—vN,u—v>

Judle + lfoxle (20)

> —Aplfu —offp — T

||F7

where the inequality is due to the p-weak convexity of f and the
uniform normal inequality (16). Using (19) and the argument
for establishing (18), we get

lun]le < ||z — ullp + AL < 3AL.

Similarly, we have ||ux||g < 3AL. Therefore, if A € (0
then by (20), we obtain

1
7@)’

lz = ylle - llu = vllp = lu—=vl§ > (=Ap = 3AL)|Ju — v]§.

Upon rearranging, we conclude that Py is

1
| ) : 1—)\(p+3L&]_
Lipschitz continuous on M.

With Proposition IV.4 at our disposal, we are ready to
establish the iteration complexity of DRSM for finding an
e-near-stationary point of problem (1).

Theorem IV.5 (Iteration complexity). Suppose that the condi-
tions in Proposition 1V.1 and Corollary 1V.3 are satisfied. Let
{xi} be the sequence of iterates generated by Algorithm 1.
Then, for any A € (0, min{ and K > 0, the

750 3 )
following hold: g 3

(i) There exists a sequence {ay} such that aj = (’)((EZ’%Q)
for k>0 and
min ||z — Pag (@) |E

ke{0,1,....K}
A(Aten) - mig ) + 52 (o0 2E))
(3x —(p+ 1)) Zf:o Br

where fx(xo) =+ 3" | fa(wio). )
(ii) If >y B7 < 0o, then there exists a constant f € R
such that lim fy(x;r) = lim fa(ZTg) = fr for all
k—o0 k—oc0
i€ [n)].

<

)

Proof. The crux of the proof is to show that the average Moreau
envelopes fa(xy) = 1 3" | fa(zik) for k > 0 satisfy the
approximate descent 1nequa11ty

(wr) < —cBill Tk — Pry (i) 7 + O5F)

for each k£ > 0, where ¢ > 0 is some constant. To begin, recall
from the definitions of the Moreau envelope and the proximal
mapping in (3) that

fk(fﬂk—&-l)

In@ikg1) < f(Pay(wig))

Observe that

1
+ */\HPAf(fi,k) — % gyl 21

[ Pag(zik) — it |1

2 Jloas — agrad ¢! (@) — BuVr @) - Pyl
= |legrad }(@x) + BV fi(2ik)|Ip

+ 2(Prf(wik) — ik, o grad o (xr))

+ 2(Pf(2ik) — ik, B VR fi(Tin))

+ i — Pay(zip) |3

(b) ~
< llagrad l(@i) + B VR fi(zix)|lF
+ 20 (Px(w; 1) — @ik, grad ! (zy,))



125, <fi<PAf<xi,k>> i)

p+L
+ 22 s - Prstainl)

+ ||zik — Prg(zip) |3

(22)

where (a) is due to (DRSM) and (6); (b) follows from
the Riemannian subgradient inequality in Fact II.1. Since

M@ir) = f(Pap(@in)) + gxllzie — Pap(zig)|E by defi-
nition, we see from (21) and (22) that

fA(iCkH)

< Fa@n) + 5oy Z e grad o (@) + Bi ¥ r fi (i) |2

1
4+ — .

5 20 ;<P)\f(xi,k) — ik, grad @} (z))

+L
LP

[ETR PAf(fi,k)”%) (23)

We now bound the terms in (23) separately.

First, since x; € N for all k > 0 by Proposition IV.1, using
the argument in the proof of [38, Lemma 8] and the fact that
IVrfi(zir)llr < L, we have

Z | grad ¢l (zx) + BV fi(wir)|
=1

< 20% L3y — i ||B + 20822 (24)

Next, we consider

20[2<PAf Tik fzi,k,gradwﬁ(wk»
i=1
Z Pyj (%) — Ty, grad g; (x))

+ 2042 <§3k — Tkt P/\f(xi,k) — PAf(a’:k),grad @f(wk»

=1
(a)
:B;c)
F
+ az 1Zk — @ik + Pag(xin) — Pay (@) |7
=1
+a Y |lgrad gl (zx)|E
=1

(b) .
< davrL||zy — @xlp + 2a(1 + L) |2k — 24|}

+aLi|zy — @elf, (25)

where (a) follows from the inequality ||Pxf(Zx) — Zxllr <
2,/r; (b) is due to [38, Lemma 8] and Proposition 1V.4, with
7 1

L = T-A(p+3L)"
Continuing, we have

fi(Pap(zin)) — fi(zik)

= fi(Pap(zik)) — fi(Pag(@k)) + filPap(@n)) —
+ fi(Zk) — fi(wik)

< L||Pap(win) — Pap(Z)lle + fi(Pap (k) —
+ Lz — Zk||lw

< L(L + V)||zi g — @xllr + fi(Pay(z)) —

fi(Zr)
fi(Zk)

fi(Zr)
and

ik — Pay(aig)||7
= ||lzik — T + Tk — Poyp (k) + Pap(Tr) — Prg(@in) |7
< 2||Z — Pap(@0) % +4(1 + L?) |2 — Zn |7
It follows that

203, Z (fi(PAf(xi,k)) — fi(zix)

+L
LP

ok — PAf<xi,k>||%)

< 2B L(L+1)Y |lwix — Tulle

=1
+4Bk(p+ L)L+ L) > [lwik — Zllf
=1
+ 208y, (f(Pas(21)) — f (1)
+ (p+ L)||Zx — Prp(zn)|). (26)
By definition of Pyf(Zy), since A < m, we have
F(Prp(Zr) = f(@x) + (0 + L) |k — Prp(Z2) I3
1
= f(Pag(@r)) + 53 l1Par(@n) — Zll% — f(Zk)
1 _ _
+ (o2 g5 o= Pl
1
< (b2 g5) b - Pl &a
Thus, combining (23)—(27), we obtain
A(@isr) — Frlz)
2L2 /6 + L
capt B PO L) 1 bl 09)
A A
with
a =5 <2a2L2 +day/rL, + 2a(1 + L2)) [P
1 )
- ﬂ (aL? + 4B+ L)(1 + 12)) |, — 243

+—L L+1) an—xkllp

Since >0, ||@ik — ZTk|lr < V- ||xk — Tk ||lF, we have ay, =
0(% -L2B%/(1 — pi)?) by Corollary 1V.3. Rearranging the
terms in (28) yields
Bi(zx — (p+ L))
A

< falme) —

| Z — Py (Zk) |17
2712

F(@rsr) +an + (29)



Summing (29) over £ =0,1,...,
(2x (p +1))

K gives

Zﬂk”xk = Pay (@)%

< e 50+ 3 (o4 22),

which establishes the result in (i).
Since f is continuous on R%*" and M is compact, we see

that f is bounded below on M and f is continuous on M.
By Corollary 1V.3, we have ||x; ; — Zx|lp — O for all i € [n].

It follows that |fx(z; k) — fa(Zk)| — O for all ¢ € [n] and

[Fa(@e) = (@) = ‘i > Alin) = fa(@e)
i=1

1 n
< = ik) — T 0.
= ; |fa(@in) — fa(@e)| —
Furthermore, using (28) and the fact that \ < m, we have

(@) — ;TEHAI}I @) < faler) — ;Iellj\f/lt @) +0(B7).

If EZO:O B,% < 00, then the result in (ii) follows from [48,

Chapter 2.2.1, Lemma 2]. [
By combining Corollary IV.3 and Theorem IV.5(i), we obtain

the following theorem, which is the main result of this section.

Theorem 1V.6.
Theorem 1V.5, let B}, =

Under the setting of Proposition IV.] and

we have
1||:c 2% = O <1> Wk € [K]
k kllF (l—pt)2k ) )
1 log K
min —||Zr — Py¢ (T O —
min Szl — Pr@lp = 0 (=)

In particular, the iteration complexity of DRSM for finding
an e-stationary point of problem (1) (i.e., achieving both
e-consensus and e-near-stationarity; see Definition 11.2) is

O ((1—pr)~*e21og®((1 = p) "2 71)).

Remark IV.7. It is worth noting that our complexity guarantee
in Theorem IV.5 depends on the second-largest singular value
oo of W through the value of py; see Fact 11.4. As noted
in [19, Appendix B], if we let v = 1/2 and if o« = 1 is
admissible, then py = \/(1 + o})/2, which is worse than the
corresponding rate p; = o in the Euclidean case. Nevertheless,
it is shown in [19, Appendix B] that by restricting xo in a
smaller neighborhood than N (see (8) for the definition), we
have p; = b asymptotically when o = 1.

V. LoCAL LINEAR CONVERGENCE UNDER SHARPNESS

In the earlier work [22], Li et al. showed that when
problem (1) possesses a sharpness property, certain centralized
Riemannian subgradient-type methods for solving it enjoy a
local linear rate of convergence, provided that they are properly
initialized and use geometrically diminishing stepsizes. This
motivates us to ask whether a similar convergence result can
be established for the decentralized Riemannian subgradient

O(1/V'k) for k > 0. Then, for K > 1,

method DRSM. In this section, we show that the answer is
affirmative. We remark that our result, which establishes the
fast convergence of a decentralized method when applied to
a non-smooth manifold optimization problem possessing a
sharpness property, is the first of its kind in the literature on
decentralized non-convex optimization; cf. [16], [25], [38].

Let us begin by introducing the notion of sharpness we use
in our subsequent development.

Definition V.1 (Sharpness; cf. [16, Definition II.2]). Given a
function h : R¥" — R, we say that the problem minge a4 h(x)
possesses the sharpness property at the point x* € M if there
exist constants k, B > 0 such that for every x € Up = {z €
M ||z — z*|lr < B}, we have

h(z) — h(z*) > kllx — z"||p.

We call the point x* a weak sharp minimum of h over M.

A consequence of Definition V.1 is that if 2* is a weak sharp
minimum of A over M in Upg, then there cannot be another
weak sharp minimum z’ # x* of h over M in Ug. In other
words, the weak sharp minima of h over M are isolated. This
should be contrasted with the sharpness property introduced
in [22, Definition 1], which allows a function to possess non-
isolated weak sharp minima over M. We consider the more
restrictive sharpness property in Definition V.1 because it is
already non-trivial to establish the local linear convergence
of DRSM under such a property. It is worth noting that the
work [16] uses essentially the same sharpness property (see [16,
Definition I1.2]) to establish the local linear convergence of a
distributed projected subgradient method (DPSM) for weakly
convex minimization over a closed convex set in an Euclidean
space. It remains open whether one can establish the local
linear convergence of DPSM or DRSM under the more general
sharpness property in [22, Definition 1].

Next, to facilitate the convergence analysis of DRSM, we
present the following result, which provides an estimate of the
rate at which DRSM achieves consensus when geometrically
diminishing stepsizes are used.

Lemma V.2. Suppose that Assumption 1.1 holds. Suppose
further that the stepsizes {Bi} in Algorithm 1 take the form
Br = poy* for k >0, where the pammeters o and vy satisfy
0 < po < mln{1 p'él,o“sl} and p} < v < 1 for some
§ € (0,1), and the parameters 61 > 0 and p; € (0,1) are
given in (8) and Fact 11.4, respectively. If o € N, then the
sequence of iterates {xy} generated by Algorithm 1 satisfies
[z — & ||p = O(VnLBx/¥(1 — 75 71)) for all k > 0.

Proof. The condltlon po < min{1725y, Cu;1} implies that
Br < "‘51} for all k > 0 Hence, the condition
on [ in Proposmon 1V.1 is satisfied. It follows from (9) that

|lXr+1 — Trrille

< pt g *-’BOHFJF\/»LZP ge!

=0

k k—1
_ nL
< A" @o — ®o|lr + MO\{ (Z (:/t) ) oA

=0



(30)

_ nL
< <||a:0 — Follp + /M1>> N

v =3~
0

With the above setup, we are ready to state and prove the
main result of this section.

Theorem V.3 (Local linear convergence under sharpness).

Suppose that problem (1) possesses the sharpness property
at the point ©* € M (see Definition V.1). Consider the setting
of Lemma V.2. Let xj = (x],,...,x,) ) be the initial point
of DRSM and T" > 3 be a constant. Suppose that x satisfies

9 2
Z||Izox*||p<m1n{<pf[/> 732}7 (31a)

(31b)

|20 — Zollr =0

(in particular, xo € N'). Furthermore, define

Xn: [zio —a*[|z | B
) )
=1 n F

€g ‘= min { max
(32a)
=2(L+ K+ aLL)L, b:=220\r+a?*r)L;L?,
(32b)
2Ke
=5 O _(p+L)e (32¢)

(recall that L; € (0,2] is given in Fact 11.4) and suppose that

(1 —pr)eo

2 /nL

€0 q

26— (p+L)eo” 12 + et

fo < min

(33)

Then, there exists a constant § > 0 such that for v = pf, the
sequence of iterates {xy} generated by Algorithm 1 satisfies

n

Y llwik — 2" < negy®*, (34a)
=1
|z — 2*[|3 <T2%e3y?%, Vi€ [n].  (34b)

In particular, for each i € [n], the sequence {x; 1} converges
linearly to the weak sharp minimum x*.

Proof. We prove the inequalities in (34) by induction on k£ > 0.

When k£ = 0, we need to show that

D llzio = 2" < neg and ||lzio — 2" |f <
i=1

I2e, Vi€ [n].

Since 1,0 = -+ - = X0 by (31b) and I" > 3 by assumption, it
suffices to show that ||z1 o—2*||% < e3. Consider the following
two cases.

i If \/% S N0 — 27| < (fyp. which implies that

2
||£C1,0 — 1‘*”% < W’ then ey = mln{ (p+L)F’ 1"}
by (32a). From condition (31a), we have ||z1 0 — z*[|% <
2
%. It follows that

2 [ B® K 2
lz1,0 — 2*||f < mm{FZ, (p+L)2FQ} = eg.

i) If \/% Sy o — a2 > e then by (3la)
and (32a), we have

ep = min

1 « B
n Z lzi0 — 2% (%, T
=1

1 n
=\ 7 D llwso = ¥l = llero — o l3-
=1

It follows from the above results that the inequalities in (34)
hold when k = 0.

Now, suppose that the inequalities in (34) hold for some k >
0. For the inductive step, we first consider the inequality (34a).
Similar to the derivation of (10), we have

n

> ik — 2|7

=1
() & -
< Y lwik — agrad oi(xh) — BV fi(wik) — 2°||
i=1
(b)
< D llwin — agrad gi(aex) — 2*|§ + Sinl?
i=1
-2y <5L'i,k — agrad g (@) — =*, Bk@Rfi(xi,k)> ;

i=1
(35)

where (a) follows from (DRSM) and (6); (b) follows from the
bound H@Rfl(xzk)ﬂp < L (see the remark after Fact 11.1).

To bound the first term on the right-hand side of (35),
we make use of the properties of the consensus prob-
lem (C-St). Specifically, recalling (12) and denoting D; ;, =
S Wik — z; k)" (Tik — xj k), We compute

n
D llzik — agrad pl(@y) — 2|7

i=1
2
n
:Z (1—&$Zk+az $]k+ zszzk
i=1 P
2
n
< (1—awzk+a2 Tk —
=1 F

3

+ < l—a z7k+az ijTik — I*,Oéxz‘,kDi,k>

=1
2 n

@ 2
+ 7 L IDul?

n

(1-a) Zuxmx*nﬁazz

1=1 j=1

—|—0¢Z l—aa:,k—i—ozz i %5k
+ 3 1Dl
i=1

| A\

il — 2 |F

Nk Dikllw
F



where the last inequality follows from the convexity of || - ||,
the double stochasticity of W (as W is doubly stochastic by
Assumption I.1), and the Cauchy—Schwarz inequality. Observe
that we have
2.2

i=1 j=1

n
Willajp — a* || = Z 2k — =*||F
j=1
by the double stochasticity of W¢;
(1—o¢xzk—|—az i Tik —

F

< (A =a)|lzikllr + Oéz Willzjnlle + % e < 2V7
j=1
by the triangle inequality, the double stochasticity of W¢, and
the fact that z; 5, x* € M for i € [n];
|2k Diklle < IDiklle <Y Wil — k7 < 4r
j=1
by the double stochasticity of W* and the fact that ik €M
for i € [n]; and
Y IDiklle < 2Le|@y, — 4l (36)
i=1
by following the argument in the proof of [38, Lemma §].
Putting the above together, we obtain the bound

n
> llzik — agrad (@) — |7
i=1

n n n

< S fzig — 212 + 20y S 1Dsslle + 02 S [ Diglle
=1 i=1 i=1
n

< Sl — 22+ 220/F + %) Lillay — @xll3. 37)

i=1
For the third term on the right-hand side of (35), we bound

2 Z <—$¢,k + agrad ¢k (xy) + z*, 5k@72fz($zk)>

< 2084 En: <33*

i=1

— Tk, @Rfi(xi,k)>

+208 Y || grad o) (p) ||k - ||V fi(wir) ¢
=1
< 2ﬂkz fl

z) + fi(zr) = fi(zig))

+ ,Bk(p + L) Z ||33i,k' — 33*||% + QOé,Bk\/ﬁLLtH.’Ek — Cik:”F
i=1
() & B -
<Y @BkLlwik — Zlle + B(p + L)|wik — 27|7)
i=1

- 2mBu(f(a®) — F(@)) + 20B/TLL |y — T,
(38)

where (a) follows from the Riemannian subgradient inequality
in Fact II.1, the bound ||V fi(z;x)|lr < L, and [38, Lemma

8]; (b) follows from the L-Lipschitz continuity of f; on M
for i € [n] (see Fact I.1). Since z* is a weak sharp minimum
of f over M and

(@)
1z — 2*[F < 4ll&k — 2*[|F

4 n
<=3l -l
=1

©) ok o 2 (9 o
< 4y*Fey < 4dej < BT,

where (a) comes from Fact I1.3; (b) follows from the inductive
hypothesis (34a); (c) is due to (32a) and the assumption that
I' > 3, we have

f(@e) = f(27) = Kllzk — z*|p. 39)
Upon substituting (37)—(39) into (35), we obtain
n
Z i kg1 — 23
< Z 1+ Br(p+ L) wiw — 2™l + 28k Ll zik — Tullr)

Bl = 2 + 220 + 0t Ll — 5l
+ 2aBpv/nLLi||xy — Z1|lF + ﬂinLZ

n

< Y (4 Blp+ L))llwip — |7
i=1
n
+ 28 Y (=hllzik — 2"l + (L + K)|@in — Zullr)

i=1
+2(2a/7 + &%) Ly ||y — T4 |3

+ 2afkv/nLL; || — Ti||r + BEnL>. (40)

Here, we use n||z; — z*[|p > Y iy ([|win — 2*||r — ||@in —
Z||F) to obtain the second inequality. Since () < g for all
k > 0, let us derive an upper bound on

n
z:l

From (31a) and (32a), we have 2k —

L+ po(p + L)) |wi e — 2*||F — 2Bkslwik — 2*||r) -
(p+L)eg > 0. Since pp <
e 2Bkk _ 2K L k
2!{*(/)2%)60 by (33), we get THa0(p+L) 1+ué((;+L) €07
Thus, by invoking [16, Lemma A.1] (taking a = egy*, b =

W&L)’ ¢ =T therein) and the inductive hypothesis (34),
we obtain
- 2
5 (lois =l - i =l )
Pt (1+ po(p+ L))

_ (Ut polp+ L))nedy** — 22 By regy”
- (1+po(p+ L))

Combining the bounds (40) and (41) with the consensus error
bound (30) yields

n
Y lwips =27l
i=1

2n
< (14 po(p + L))negy — ?Bweovk

+ QBk\/E(L + n)Hmk — iI_ZkHF
+ 2(2a/7 + &%) Ly ||y, — Tp |3

(41)



+ 2aBuv/nLL; | @y, — &||F + finL?

2. 2k

2n
< (14 po(p+ L))negy® — = rpoeor™

r
nL

+ 2(L + K + aLL)v/nuy* (M) o4

(1 —~571)

I \2
to/1 > V2 L2 2y,

2(20{\/7j + oﬂr)Lt (fy(l - ,73*1>

It follows that

n
S sk — 272
negy*

2(L+k+aLlLl)L | 2(2ayr+a’r)L;L? 12
q y(1—1/0-1) + Y2 (1—A1/0-1)2 + 2
<1l-—=p+ 3 Hos
€0 €o

where ¢ is defined in (32¢). Since eg < To+D) +L by (32a), we
have ¢ > 0. Note that v € (0,1), and if the condltlon

2(L+k+aLL:)L i 2(2ay/T+a’r) L L? iy
_~1/6—1 2(1_~1/6—1)2
7221_@%M0+ y(1—y ) ;2(17 ) M(Q)7
0 0 42)

holds, then we readily obtain

n
3 lzigers — [ < nedy?*HD,
=1

which would then complete the inductive step for the inequal-

ity (34a). To prove (42), observe that since p} = v < 1 and
0 < p? — ps < 1, it suffices to prove

a+b 5 L7,
1—*M0+7M + oy, (43)
(P — pe)2ed e

where a and b are defined in (32b). Towards that end, let

6 € (0,1) be such that
pf—ptzlgpt. (44)
Then, since pg < W by (33), we obtain
2
1- %NO + (pfa——;tb)%%ug L% /~L0
<1—uo+<L2+M>“‘%<1 (45)
(1—pe)?) €f

By taking a sufficiently small 6 € (0,1), we obtain (43).

Next, we perform the inductive step for the inequality (34b).
Using Fact 11.3 and (34a), we have [Zpy1 — x|z <
IS ik — 2|3 < 4edy*F 2. It follows that

Zik+1 — 2" lp < ||Zik+1 — Trralle + [|Trr1 — 2|k

(a) nL )
2 (gofl_l)mw

)’Yk+1 (%) Feo’}/k+1

where (a) comes from (30); (b) is due to v = pf and (44); (c¢)
is due to (33) and the assumption that I' > 3. This completes
the proof. O

Remark V.4. While the structure of the proof of Theorem V.3
is similar to that of [16, Theorem II1.4], the two proofs employ
rather different techniques to bound the term ||z; 41 —x*||% for
i € [n] and k > 0 in the inductive step. For DPSM proposed
in [16], the consensus component in the update x; 1 is
given by v;j, = Z?Zl ijxj’k (see [16, Eq. (I1.7)]), which
is linear in x1 ,...,Tn k. As such, one can bound the term
@i k1 — x*||E without much difficulty. By contrast, for our
proposed DRSM, the consensus component in the update x; j,1
involves the term Pr,  m(3_; i= \Wihzjr) (see (DRSM)),
which in general is nonlmear in xlrk, ooy Xy k. Thus, we
introduce two new ingredients, namely, properties of the
consensus problem (C-St) and the Riemannian subgradient
inequality in Fact (IL.1), to bound the term |z; ;11
see (35) and the derivations that follow.

Remark V.5. The inequalities (43)-(45) in the proof of
Theorem V.3 reveal that the linear rate factor v needs to

satisfy the lower bounds v > % and
2 q 5 4latb) N(QJ
SRR PR Y
3 1-m?) a

As such, it can take a value that is bounded away from I.

VI

In this section, we compare the performance of our proposed
DRSM with its centralized counterpart in [22] (which we
refer to as CRSM) by applying them to the dual principal
component pursuit (DPCP) and orthogonal dictionary learning
(ODL) problems. Throughout the experiments, we consider
three different choices of the network topology: A complete
graph, a ring graph, and an Erdos—Rényi (ER) random graph
whose edges are generated independently with probability 0.3.

NUMERICAL EXPERIMENTS

A. Dual principal component pursuit

A fundamental problem in data science is robust subspace
recovery (see, e.g., [49] for an overview). In a typical setting
of the problem, one is given some measurements Y e Rixm
of the form Y = [Y O]I', where the columns of Y € R¥*™1
form inlier points spanning a (d — r)-dimensional subspace
S, the columns of O € R?*™2 form outlier points with no
linear structure, and I" € R™*™ is a permutation (note that
m = mq + me), all of which are unknown. The goal is to
recover the subspace S (or equivalently, S*). One approach
to addressing this goal is to solve the following decentralized
DPCP formulation:

min

Tgn [ 1 &
E; len yz,j i2 (46)

meR’ndXT
st. 1y =z =---=2x, €St(d,r).
Here, z" = (z{,25,...,2,)), m=nx N, and §; ; € R? is

the j-th column vector of the data in the ¢-th local node for
i€ [n]and j € [N].

We generate the measurements Y with d = 100 and r = 10
by following the approach in [22]. Specifically, we generate a
subspace S of dimension (d — r) in a d-dimensional ambient
space uniformly at random. Then, we generate m; = 1500



inliers uniformly at random from the unit sphere in S and
mg = 3500 outliers uniformly at random from the unit sphere
in R?. After that, we randomly allocate those m columns to
n = 10 local nodes, so that each node has N = 500 columns.
Lastly, we generate a point 21,9 € St(d,r) uniformly at random
(see, e.g., [50, Theorem 2.2.1] for how this can be done) and
use &y = 1, ® x1 0 to initialize DRSM.

Problem (46) has a (weakly) convex objective function and
possesses the sharpness property in [22, Definition 1] with
high probability under suitable conditions; see [22, Proposition
4]. In our experiments, we take the underlying subspace
St as the column space of a matrix ziu. € St(d,r). We
measure the performance of a point « € St(d,r)™ by both
the objective gap f(&) — fmin (see Figures 1(a)—(c)) and the
distance between its IAM and the subspace S+ given by
dist(z, S*) = mingesi(rr) |ZQ — Zirue | (see Figures 1(d)-
(f)). Here, we define f,;;, as the smallest objective value
attained among all algorithms, graph or consensus settings,
and runs used to produce the results in the corresponding
subfigure. In other words, each of Figures 1(a)-(c) can have
a different f.,;, value. For ease of comparison, we plot the
objective gap on a logarithmic scale.

First, we solve the DPCP problem (46) by both DRSM and
CRSM with polynomially diminishing stepsizes. In epoch k >
0, we set the stepsize for both algorithms to 3 = 20/vk + 1.
We set ¢ = 1 and o = 1 for the multi-step consensus in
DRSM. We demonstrate the sublinear convergence of DRSM
and CRSM in Figure 1(a). Observe that DRSM converges faster
on the complete graph than on the ring and ER graphs. Such a
phenomenon is consistent with the iteration complexity results
in Theorem IV.5. To further illustrate the role of the multi-
step consensus parameter without using the sharpness-based
geometrically diminishing stepsizes, in Figures 1(b) and 1(c),
we report the convergence performance of DRSM on the ER
graph with £ = 1,5, and 20 in terms of epochs and wall-clock
time taken, respectively. The choice of ¢ = 20 is based on the
computed threshold [log,. (1/(2y/n))| = 16 for the selected
ER graph, ensuring that the condition ¢ > [log,, (1/(2y/n))]
is satisfied. As seen from Figures 1(b) and 1(c), using a larger
value of ¢ leads to a faster decrease in the objective gap
over epochs but also requires more wall-clock time, which
is expected due to the additional communication per epoch.

Next, we solve the DPCP problem (46) by both DRSM and
CRSM with geometrically diminishing stepsizes. In epoch k >
0, we set the stepsize for both algorithms to 3, = 50 x 0.98F.
Again, we set t = 1 and o = 1 for the multi-step consensus in
DRSM. The results are shown in Figure 1(d). From the figure,
we see that DRSM converges linearly on all three graphs, which
is in line with our theoretical analysis in Theorem V.3. In
Figures 1(e) and 1(f), we present the convergence performance
of DRSM with geometrically diminishing stepsizes and varying
t in terms of epochs and wall-clock time taken, respectively.
DRSM achieves a faster decrease in the distance over epochs
when ¢ = 5 or 20 than when ¢t = 1. However, in terms of
wall-clock time, the choice of ¢ = 1 can be more efficient
because each epoch requires less communication.

B. Orthogonal dictionary learning

The ODL problem entails finding a suitable compact repre-
sentation of some observed data Y € R%*™. Assuming that
the observation Y can be approximated by Y = AS, where
A € St(d, d) represents the underlying orthogonal dictionary
to be estimated and each column of S € R4*™ jg sparse, one
approach to recovering the entire dictionary A is to solve the
following decentralized ODL formulation (cf. [51], [52]):

n N
. 1 1 .
L S@ =0 2 | g Ll el )
st. 1 =mx9=---=2x, €St(d,d).
Here, z" = (z{,25,...,2,)), m=nx N, and y; ; € R? is

the j-th column vector of the data in the ¢-th local node for
i €[n]and j € [N].

We generate the underlying orthogonal dictionary A €
St(d, d) with d = 30 randomly and observe m = 1650 ~ 10 x
d*® instances by Y = AS, where each element of the sparse
matrix S is generated by the Bernoulli-Gaussian distribution
with parameter 0.3. Then, we randomly allocate these m
columns of Y to n = 10 local nodes, so that each node has
N = 165 columns. Lastly, we generate a point =1 ¢ € St(d, d)
uniformly at random and set &y = 1,,®x o to initialize DRSM.
We measure the performance of a point « € St(d, d)™ by both
the objective gap f(&) — fmin (see Figures 2(a)—(c)) and the
error metric err(Z, A) = Z?:l | max;eq |[Z] A];|— 1|, where
Z; is the i-th column of Z for ¢ € [d] (see Figures 2(d)—(f)). As
before, we define fi,;, as the smallest objective value attained
among all algorithms, graph or consensus settings, and runs
used to produce the results in the corresponding subfigure.
Moreover, we plot the objective gap on a logarithmic scale.

We first solve the ODL problem (47) by both DRSM and
CRSM with polynomially diminishing stepsizes. In epoch k& >
0, we set the stepsize for both algorithms to 8 = 0.5/vk + 1.
Figure 2(a) shows the sublinear convergence of DRSM on all
three graphs. Similar to the numerical results for the DPCP
problem, we see that DRSM converges faster on the complete
graph than on the ring and ER graphs. Figures 2(b) and 2(c)
further show the effect of ¢ = 1,5, and 20 under polynomially
diminishing stepsizes on the ER graph, where ¢ = 20 is chosen
because it exceeds the computed threshold of 16 for this ER
graph. Again, using a larger value of ¢ leads to a faster decrease
in the objective gap over epochs, but the improvement is
partly offset by the wall-clock time taken due to the additional
communication per epoch.

Next, we solve the ODL problem (47) by both DRSM
and CRSM with geometrically diminishing stepsizes of the
form B = poy"* for k > 0. As shown in Theorem V.3,
a smaller v can be used for DRSM on graphs with better
connectivity. Hence, we set ;19 = 3, v = 0.965 for the complete
graph; po = 3, v = 0.97 for the ring and ER graphs. For
CRSM, we set pg = 3, v = 0.95. The results are shown in
Figure 2(d), from which we observe the linear convergence of
both DRSM and CRSM. We also present the performance of
DRSM with geometrically diminishing stepsizes and varying ¢
in Figures 2(e) and 2(f). It can be observed that DRSM with
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t = 5 or 20 makes faster initial progress than DRSM with
t = 1, but they behave similarly in later epochs. In terms of
wall-clock time, the higher communication costs associated
with the settings ¢ = 5 and ¢ = 20 can make the setting ¢ = 1
more competitive.

VII. CONCLUDING REMARKS

In this paper, we considered weakly convex (thus possibly
non-smooth and non-convex) optimization problems over the
Stiefel manifold and introduced a notion of stationarity for
these problems in the decentralized setting. We then proposed
the decentralized Riemannian subgradient method (DRSM) for
solving these problems and established its global convergence
to a stationary point and iteration complexity for finding an
approximate stationary point. Furthermore, we showed that
DRSM enjoys a local linear convergence rate if the problem
at hand possesses the sharpness property. One future direction
is to investigate how to provably alleviate the communication
complexity of DRSM, as it currently requires multiple rounds
of communication per iteration. Another future direction is to
extend the results in this work to weakly convex optimization
over other embedded manifolds.
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