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ABSTRACT

K-means clustering is a widely used machine learning method for identifying
patterns in large datasets. Semidefinite programming (SDP) relaxations have
recently been proposed for solving the K -means optimization problem that enjoy
strong statistical optimality guarantees, but the prohibitive cost of implementing
an SDP solver renders these guarantees inaccessible to practical datasets. By
contrast, nonnegative matrix factorization (NMF) is a simple clustering algorithm
that is widely used by machine learning practitioners, but without a solid statistical
underpinning nor rigorous guarantees. In this paper, we describe an NMF-like
algorithm that works by solving a nonnegative low-rank restriction of the SDP
relaxed K-means formulation using a nonconvex Burer—-Monteiro factorization
approach. The resulting algorithm is just as simple and scalable as state-of-the-
art NMF algorithms, while also enjoying the same strong statistical optimality
guarantees as the SDP. In our experiments, we observe that our algorithm achieves
substantially smaller mis-clustering errors compared to the existing state-of-the-art.

1 INTRODUCTION

Clustering remains a common unsupervised learning technique, for which the basic objective is
to assign similar data points to the same group. Given data in the Euclidean space, a widely used
clustering method is K-means clustering, which quantifies “similarity” in terms of distances between
the given data and learned clustering centers, known as centroids (MacQueen, |1967)). In order to
divide the data points X, ..., X, € RP into K groups, K{-means clustering aims to minimize the

following cost function:
n

min

min || X; — 2 1
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where 3}, is the centroid of the k-th cluster for k € [K] := {1,..., K}. It is well-known that exactly
solving problem @) is NP hard in the worst-case (Dasguptal, 2007} |Aloise et al., 2009), so computa-
tionally tractable approximation algorithms and relaxed formulations have been extensively studied
in the literature. Notable examples include Lloyd’s algorithm (Lloyd, [1982), spectral clustering (von
Luxburg, [2007; [Ng et al.l 2001), nonnegative matrix factorization (NMF) (He et al., [2011} |Kuang
et al., 2015; [Wang and Zhang] 2012}, and semidefinite programming (SDP) (Peng and Wei, 2007}
Mixon et al.,|2017; |Royer, 2017; [Fe1 and Chen, |2018};|Giraud and Verzelen, [2018).

Among those popular relaxations, the SDP approach enjoys the strongest statistical guarantees under
the standard Gaussian mixture model in that it achieves an information-theoretic sharp threshold for
the purpose for exact recovery of the true cluster partition (Chen and Yang|, |[2021)). Unfortunately,
the SDP and its strong statistical guarantees remain completely inaccessible to real-world datasets,
owing to the prohibitively high costs of solving the resulting SDP relaxation. Given n data points, the
SDP is a matrix optimization problem, over a dense n X n membership matrix Z, that is constrained
to be both positive semidefinite Z > 0 as well as elementwise nonnegative Z > 0. Even ignoring the
constraints, a basic but fundamental difficulty is the need to store and optimize over the n? individual
elements of the matrix. Even a small dataset with n ~ 1000, such as the banknote authentication
dataset (Dua and Graffl [2017), translates into an SDP with n? ~ 10° optimization variables, which is
right at the very limit of state-of-the-art SDP solvers like SDPNAL+ (Yang et al., 2015)).
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Figure 1: Log-scale trade-off plot of CPU time versus mis-clustering error, under an increasing number of
data points n. Here, BM corresponds to our proposed method, KM corresponds to K-means++ (Arthur and
Vassilvitskii, 2007), SC corresponds to spectral clustering (Ng et al.l 2001), SDP (Peng and Wei, 2007) uses the
SDPNAL+ solver (Yang et al.,[2015), and NMF corresponds to non-negative factorization (Ding et al.| [2005).
We follow the same setting as the first experiment in Section[5] where the theoretically optimal mis-clustering
error decays to zero as n increases to infinity.

On the other hand, NMF remains one of the simplest and practically useful approaches to clustering
due to its scalability (He et al., 2011} Kuang et al., 2015). When the clustering problem at hand
exhibits an appropriate low-dimensional structure, NMF gains significant computational savings
by imposing elementwise nonnegativity over an n X r low-rank factor matrix U > 0, in order
to imply positive semidefiniteness Z > 0 and elementwise nonnegativity Z > 0 over the n X n
membership matrix Z = UUT. While highly scalable, there remains unfortunately very little
statistical underpinning behind NMF-based algorithms.

Our contributions. In this paper, we propose an efficient, large-scale, NMF-like algorithm for the K-
means clustering problem, that meanwhile enjoys the same sharp exact recovery guarantees provided
by SDP relaxations. We are motivated by the fact that the three classical approaches to K-means
clustering, namely spectral clustering, NMF, and SDP, can all be interpreted as techniques for solving
slightly different relaxations of the same underlying K -means mixed integer linear program (MILP);
see our exposition in Section 2] This gives us hope to break the existing computational and statistical
bottleneck by investigating the intersection of these three classical approaches.

At its core, our proposed algorithm is a primal-dual gradient descent-ascent algorithm to optimize
over a nonnegative factor matrix, inside an augmented Lagrangian method (ALM) solution of the SDP.
The resulting iterations closely resemble the projected gradient descent algorithms widely used for
NMF and spectral clustering in the existing literature; in fact, we show that the latter can be recovered
from our algorithm by relaxing suitable constraints. We prove that the new algorithm enjoys local
linear convergence within a primal-dual neighborhood of the SDP solution, which is unique whenever
the centroids satisfy a well-separation condition from (Chen and Yang},2021). In practice, we observe
that the algorithm converges globally at a linear rate. As shown in Figure(I] our algorithm achieves
substantially smaller mis-clustering errors compared to the existing state-of-the-art.

The main novelty of our algorithm is the use of projected gradient descent to solve the difficult primal
update inside the ALM. Indeed, this primal update had been the main critical challenge faced by prior
work; while a similar nonnegative low-rank ALM was previously proposed by Kulis et al.|(2007),
their inability to solve the primal update to high accuracy resulted in a substantial slow-down to the
overall algorithm, which behaved more like an inexact ALM. In contrast, our projected gradient
descent method is able to solve the primal update at a rapid linear rate to machine precision (see
Theorem|T), so our overall algorithm is able to enjoy the rapid primal-dual linear convergence that is
predicted and justified by classical theory for exact ALMs. As shown in Figure|4/in Appendix [B} our
algorithm is the first ALM that can solve the SDP relaxation to arbitrarily high accuracy.

Organization. The rest of the paper is organized as follows. In Section [2] we present some
background on several equivalent and relaxed formulations of the K -means clustering problem. In
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Section[3] we introduce a nonnegative low-rank SDP for solving the Burer—Monteiro formulation
of K -means problem. In Section 4] we establish the linear convergence guarantee for our proposed
primal-dual gradient descent-ascent algorithm in the exact recovery regime. Numerical experiments
are reported in Section[5] Proof details are deferred to the Supplementary Material.

2 BACKGROUND ON K-MEANS AND RELATED COMPUTATIONAL METHODS

Due to the parallelogram law in Euclidean space, the centroid-based formulation of the K -means
clustering problem in (1)) has an equivalent partition-based formulation (cf. Zhuang et al.| (2022)) as

K 1 K
omas (S 2 L= nl}, @)

""" k=1 Rien

where the Euclidean inner product (X;, X;) = X} X represents the similarity between the vectors
X; and X, the clusters (G)4_, form a partition of the data index [n], |G| denotes the cardinality
of G}, and U denotes disjoint union. The objective function in (2)) is the log-likelihood function of the
cluster labels (modulo constant) by profiling out the centroids in (I} as nuisance parameters under
the standard Gaussian mixture model with a common isotropic covariance matrix across all the K
components (Zhuang et al., 2023). Using the one-hot encoding of the partition G1,...,Gg, we
can uniquely associate it (up to label permutation) with a binary assignment matrix H = (h;) €
{0,1}"*K such that h;, = 1ifi € Gy and h;; = 0 otherwise. Then the K-means clustering
problem in (Z) can be written as a mixed-integer linear program (MILP) as follows:

mI}n{<A,HBHT> CH e {0,1}"K H1, = 1n}, 3)

where A = —X7T X is the n x n negative Gram matrix of the data X,x,, = (X1,...,X,), B =
diag(|G1|™1,...,|Gk|™!) is a normalization matrix and the constraint H1; = 1,, with 1,, being
the n-dimensional vector of all ones reflects the row sum constraint of assignment, i.e., each row of
H contains exactly nonzero entry with value one.

It is well-known that the problem in @]) is NP-hard in the worst-case (Dasguptal 2007} Aloise et al.,
2009), so various relaxations for the K -means constraint are formulated in the literature to tractably
approach problem with the same objective function. Popular methods include: (i) spectral
clustering (von Luxburgl 2007; Ng et al., |2001) which only maintains the weakened orthonormal
constraint HTH = [ i for H := HBY/ 2. (ii) nonnegative matrix factorization (NMF) (He et al.,
2011; Kuang et al., |2015) which only enforces the elementwise nonnegativity constraint on H > 0;
(iii) semidefinite programming (SDP) (Peng and Wei, 2007} Royer, 2017} |Giraud and Verzelen, |[2018)
which reparameterizes the assignment matrix H as the positive semidefinite (psd) membership matrix
7 .= HBHT = 0 and additionally preserves the constraints tr(Z) = K, Z1,, = 1,, and Z > 0,
namely we solve

1 M = = >
Znég%{<A,Z> w(Z) = K, Z1, = 1,, Z_o}, @

where S} stands for the convex cone of the n x n real symmetric psd matrices.
Among those popular relaxations, the SDP approach enjoys the strongest statistical guarantees under
the Gaussian mixture model (I3). It is shown by[Chen and Yang| (2021) that the above SDP achieves

an information-theoretic limit for the purpose for exact recovery of the true cluster partition. Precisely,
the sharp threshold on the centroid-separation for phase transition is given by

_ K
0’ = 402 <1 NI R ) log 1 (5)
nlogn

in the sense that for any o > 0 and K = O(log(n)/ loglog(n)), if the minimal centroid-separation
Omin := minj<jzr<x [1t; — pell2 > (1 + «)O, then with high probability solution of (@) is
unique and it perfectly recovers the cluster partition structure; while if © < (1 — «)©, then the
maximum likelihood estimator (and thus any other estimator) fails to exactly recover the cluster

partition. In simpler words, the SDP relaxed K -means optimally solves clustering problem with zero
mis-clustering error as soon as it is possible to do so, i.e., there is no relaxation gap.
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It is important to point out that ©.,;,, — oo is necessarily needed to achieve exact recovery with
high probability. When the centroid-separation diverges, spectral clustering is shown to achieve the
minimax mis-clustering error rate exp(—(1 + o(1))©?2 . /8) under the condition p = 0(nO,y;y,) (or
p = o(n©?2 ) with extra assumptions on singular values of the population matrix E[X]) (Loffler
et al.l[2021])). This result implies that, in the low-dimensional setting, spectral clustering asymptotically

attains the sharp threshold (3) as lim inf,, 8915% > 1. However, it remains unclear how spectral
cluster performs in theory under the high-dimensional regime when n©2, = O(p) because running
K-means on the eigen-embedded data would also depend on the structure of the population singular
values (Han et al.,|2023)). Thus, in practice, spectral clustering is less appealing for high dimensional

data, in view of more robust alternatives such as the SDP relaxation in ().

Despite the K-means clustering problem solved via SDP enjoys statistical optimality, it optimizes
over an n X n dense psd matrix to make it completely inaccessible to practical datasets with
even moderate size of a few thousands data points. By contrast, the NMF approach using a typical
workstation hardware can handle much larger scale datasets as in the documents and images clustering
applications (Cichocki and Phan, |2009; Kim et al.,|2014; Xu et al.,2003). Nonetheless, little is known
in literature about the provable statistical guarantee for a general NMF approach. For the clustering
problem, our goal is to break the computational and statistical bottleneck by simultaneously leverage
the implicit psd structure of the membership matrix and nonnegativity constraint. In Section 3] we
propose a novel NMF-like algorithm that achieves the statistical optimality by solving a nonnegative
low-rank restricted SDP formulation.

3  OUR PROPOSAL: K-MEANS VIA NONNEGATIVE LOW-RANK SDP

The Burer—-Monteiro (BM) is a nonconvex approach for solving a SDP problem when its solution
is expected to be low rank (Burer and Monteiro, [2003). Standard SDP problem with only equality
constraints on the psd matrix variable Z € S} can be factorized as Z = UU T where Uisann x r
rectangular matrix with 7 < n. In our SDP relaxed K -means formulation (), the true membership
matrix Z* is a block diagonal matrix containing K blocks, where each block has size ny x nj with
all entries equal to n,;l and ny, = |Gj| is the size of the true cluster Gj.. Thus we can exploit this
low-rank structure and recast the SDP in (@) as a nonconvex optimization problem over U € R"*":
min {<A, Uty |U|% = K, UUT1, = 1,, U > 0}7 ©)
cRm X"
where we replaced the constraint UUT > 0 with the stronger constraint U > 0 that is easier to
enforce (Kulis et al.;|[2007)) as in the NMF setting. Note that the BM reformulation @) can be viewed
as a restriction of the rank-constrained SDP formulation since U > 0 implies Z = UU T >0,
Even though the BM method turns a convex SDP to a nonconvex problem, it leverages the low-rank
structure to achieve substantial computational savings. In addition, the solution U has a natural
statistical interpretation: rows of U can be interpreted as latent positions of n data points when
projected into R”, and thus can be used to conduct other downstream data analyses in reduced
dimensions. Under this latent embedding perspective, formulation (6] can be viewed as a constrained
PCA respecting the clustering structure through constraint ||U||% = K.

The BM formulation (6) also has a close connection to a class of clustering algorithms based on NMF,
which instead solve the following optimization problem

min {||A+UUT\|% : Uzo}. )

UeRnxr

The NMF formulation (7) is advocated in a number of papers (Ding et al 2005} [Kuang et al
2015;Zhu et al.} 2018)) for data clustering in the NMF literature due to its remarkable compuational
scalability, and is equivalent to a simpler version of (6) by dropping the two equality constraints.
Our empirical results in Section [5]and Figure [I] show that keeping these two equality constraints are
beneficial: the resulting method significantly improves the classification accuracy while maintaining
comparable computational scalability. More importantly, we have the theoretical certification that
the resulting method from (6) achieves the information-theoretic limit for exact recovery of the true
cluster labels (see Section [).

We will now derive a simple primal-dual gradient descent-ascent algorithm to solve (6). To begin, note
that we can first turn the nonsmooth inequality constraint U > 0 together with the trace constraint to
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Algorithm 1 Primal-dual algorithm for solving BM formulation (6)) of K -means clustering

Input. Dissimilarity matrix A = — XX T clustering parameter X > 1, rank parameter r > K,
augmentation parameter 3 > 0, step size a > 0.

Output. A second-order locally optimal point U.

Algorithm. Initialize y = 0. Do the following:

1. (Primal descent; Projected GD steps) Recursively run the following until convergence:
U%=U:fort €N,
Uttt = HQ(Ut—OZ VUL'B(Ut,y)) with IIo(V) = \/E'(V)-s-/H(V)-s-HE vV e R™*7,
where Vi Lg(Ut,y) = (24 + 2L -1d+ 1,57 + 710\ Ut and j = y + BUU" 1,, — 1,,).
Upon convergence at iteration count tg, set Upey = U0,

2. (Dual ascent; Augmented Lagrangian step) Update dual variable via
Ynew = Y + B(UnewUrTewln - 1n)

3. (Stopping criterion) If max{||Unew — Ul|F; |UnewUkwln — 1./} falls below some

new
tolerance threshold, then return Uy,ey,. Otherwise, set U <— Upew and y <— Ynew, and repeat

Steps 1 and 2.

a manifold-like subset

Q:={UeR™ . |U||% =K, U >0} (®)
The projection operator to {2 can be easily computed as
VE - (V)4
Mo(V) ;= argmin ||U — V|p = , 9)
veq V) +llr

where (V) = max{V, 0} denotes elementwise positive part of V. Then the BM can be converted to
the equality-constrained problem over (2:
min {<A, vuTyuUT, = 1n}. (10)
UeQ
Using the standard augmented Lagrangian method (Nocedal and Wright, 2006, Chapter 17), we see
that the above (6) is also equivalent to
min {(L Id, + A, UUT) + §||UUT1” 1,2 U071, = 1n}, (11
€

where 8 > 0 is a penalty parameter and L € (0, \) for some proper choice of A motivated from the
optimal dual variable for the trace constraint ||U||% = tr(Z) = K. The augmented Lagrangian for

problem is

Ls(U,y) = (L-1d, + A,UUTY + (y,UUT1, — 1,,) + §||UUT1n — 1,3 (12)
Therefore, we consider the augmented Lagrangian iterations
Unew = arg 11}1618 L:B(Uv y)a Ynew = Y + B(Uneng;wln - 1n)~ (13)

Now, we consider minimizing Lg(U,y) over U, with a fixed 5 and y. Here, we observe that
L3(U,y) is simply a quadratic polynomial over U, and therefore its gradient can be easily derived
as VyLs(U,y) = (2A + 2L -1d + 1,57 + y11)U where g = y + 3(UUT1,, — 1,,). Combining
this with the insight that it is easy to project onto €2, we can perform the following projected gradient
descent iterations

Unew = o(U — aVy Ls(U, y))

until £5(U,y) is minimized. The complete algorithm is summarized in Algorithm |I} whose per
iteration time and space complexity are both O(nr). We point out that the NMF formulation (7)
is a simpler version of our BM formulation (6], a projected gradient descent algorithm for the
solving the former corresponds to the primal decent step of Algorithm [[|with y =0, 5 = 0 and a
simpler projection operator HMXT (V) = (V)4. Upon obtaining the optimal solution U, a rounding
procedure will be applied. More details about the rounding procedure and the choice of tuning
parameters are mentioned in Appendix [A]
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4 THEORETICAL ANALYSIS

In this section, we establish the local linear convergence rate of the BM algorithm (Algorithm [T) for
solving the K -means clustering. We shall work with the standard Gaussian mixture model (GMM)

that assumes the data X1, ..., X,, are generated from the following mechanism: if ¢ € G}, then
Xi = pp + €3, (14)
where G7, ..., G} is a true (unknown) partition of [n] we wish to recover, p1,. .., g € RP are

the cluster centers and €; ~ N (0, I,) are i.i.d. standard Gaussian noises. Let n, = |G}| denote the
size of G and by convention ny = 0. Since in the exactly recovery regime (Assumption A below),
there is no relaxation gap — any global optimum U™ of the BM problem () at » = K corresponds
to the unique global optimum Z* of the SDP problem (6) through the relation Z* = U*U *T it is
sufficient to focus our analysis on the » = K case. We note that the » = K case corresponds to an
exact parameterization of the matrix rank, which is standard in the analysis of algorithms based on
the BM factorization (Ge et al.,[2017;|Chi et al., [2019).

Algorithm[I]is formulated as an exact augmented Lagrangian method, in which the primal subproblem
mingeqo L3(U,y) in Step 1 is solved to sufficiently high accuracy (i.e. machine precision) as to
be viewed as an exact solution for Step ZF_] This contrasts with inexact methods, in which the
primal subproblem over U is only solved to coarse accuracy (i.e. 1-2 digits), usually owing to slow
convergence in Step 1. We will soon prove in this section that projected gradient descent enjoys rapid
linear convergence within a local neighborhood of the primal-dual solution, and it is therefore very
reasonable to run Step 1 until it reaches the numerical floor.

Under exact minimization in Step 1, it is a standard result that the dual multipliers converge at a
linear rate in Step 2 under second-order sufficiency conditions, and that this in turn implies linear
convergence of the primal minimizers in Step 1 towards the true solution. The wording for the
following are taken directly from Proposition 1 and 2 of Bertsekas| (1976), though a more modern
proof without constraint qualification assumptions is given in |[Fernandez and Solodov|(2012). (See
also Bertsekas| (2014} Proposition 2.7)) More details and explanations can be found in Appendix [A]

Proposition 1 (Existence and quality of primal minimizer). Let U* denote a local minimizing
point that satisfies the second-order sufficient conditions for an isolated local minimum with respect
to multipliers y*. Then, there exists a scalar 5* > 0 such that, for every § > B* the augmented
Lagrangian L5(U,y) has a unique minimizing point U (y, 3) within an open ball centered at U*.
Furthermore, there exists some scalar M > 0 such that ||U (y, 8) — U*||p < (M/B)|ly — v*|.

Proposition 2 (Linear convergence of dual multipliers). Under the same assumptions as Proposi-
tion[l) define the sequence

Yrr1 = Uk + BUUL 1, — 1,)  where Uy = U(yi, ) = arg min L5 (U, yr)-
Then, there exists a radius R > 0 such that, if ||[yo — v*|| < R, then yi, — y* converges linearly

. M
limsupw < —.

Propositions[T]and 2]are directly applicable to Algorithm[I]when r = K, because the global minimum
U™ is made isolated by the nonnegativity constraint U > 0. In fact, it is possible to generalize both
results to all » > K, even when the global minimum U™ is no longer isolated, although this would
require further specializing Propositions[I]and 2] to our specific problem. The key insight is that, in
the r > K case, the closest global minimum U™ to the current iterate U continues to satisfy all the
properties satisfied by the isolated global minimum when r» = K. This is essentially the same idea as
(Ge et al., 2017, Definition 6) and (Chi et al., 2019, Lemma 4). Nevertheless, we leave the extension
to the » > K case as future work, and focus on the » = K case in this paper.

In view of Propositions [I]and 2] all of the difficulty that remains is to show that projected GD is
able to solve the primal subproblem ming e £5(U, y) efficiently. Below is our main theorem for
establishing the local linear rate of convergence of the proposed BM solution for KX -means clustering
under the GMM model. In fact, this local linear convergence result holds for all » > K.

"Note that with finite precision arithmetic, any “exact solution” is exact only up to numerical precision. Our
use of “exact” in this context is consistent with the classical literature, e.g., Bertsekas|(1976).
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Assumption A (Exact recovery regime). For notation simplicity, we consider the equal cluster size
case, where the minimal separation O i, := mini<jzr<r ||t — prl2 satisfies Omin > (1 + &)O
for some & > 0, where © is the information-theoretic optimal threshold given in (3)).

In Appendix [D] we provide the theorem (Theorem [9]in Appendix [D.4) for the general case where
the cluster sizes are unbalanced (Assumption 1 in Appendix [D.3). Analogous to the minimal
separation, we define the maximal separation O,y 1= maxi<;jzr<r ||14; — fkl|2. For any block
partition sizes m = (mq,ma, ..., mg) satisfying my, > 1, Y, mi = r, we let Gy, denote the
set of all m-block diagonal matrices with nonnegative entries (see Appendix for a precise
definition). For any within block weights a;, = (ak,1, a2, - - ., g m, ), We also let U>* denote the
associated optimal solution, defined as in Appendix Let a = minge|x) mingep,,j{ar,e}
@ = MaXpe[K] MAX¢e[m,]{ak,¢}> and O, be the orthogonal transformation group on R”.

Theorem 1 (Local convergence of projected gradient descent). Suppose y* is the optimum
dual for the SDP problem (see Assumption 2 in Appendix|[D.3) and Assumption A holds. Assume
p = 0(y/nlogn), Omax < COmnin, for some C > 0, and there exists some block partition sizes m
and an associated optimal solution U®* satisfying a < ca, ¢ > 0. We denote the initialization of the
algorithm as U, and let U denote the unique (whose existence is also guaranteed) stationary point

of the projected gradient descent updating formula under dual value i close to y*, i.e. U satisfies
U =Tlo(U — aVyLs(U,§)).
If |7 — y*|| < 0 for some § > 0, and the initialization discrepancy A° = UY — U®* satisfies
1A% () loo <O(K//nr) and [|A%|p < O(r~"°K~>®min{l, K~*°03,,/logn)}),

then it holds with probability at least 1 — cyn™ that, forany t > I = O(K?),

U' € Gm and inf (U -UQr <y inf (U -TQll,
QEOUQEGm QEO,;UQEGM

where y = 1 — O(K~5), provided that 3 = O(02 . /K?), L = 0(n©2. /K) in (12) and step size

min

v is chosen such that a=' = O(K?n©?2; ). ¢1 and cy are some constants.

Proof sketches. The proof strategy is to divide the convergence of the projected gradient descent for
solving the primal subproblem into two phases. In phase one, we show that after at most [ iterations,
the iterates will become block diagonal, that is, falls into set G, provided that the initialization
is close to certain optimum point with some block diagonal form in G,,,. We then show that once
the iterate becomes m-block diagonal, the algorithm enters phase two, where the iterate remains
m-block diagonal. Moreover, the projected gradient descent attains a linear convergence rate, since
the objective function L( -, §) is restricted strongly convex at U within Gy,. More precisely, there

exists some B > 0, such that for any U € Gy,, we have
(VELU,9)[A],A) > B A}, for A =UQE —U,
where Qu = argming ., .7oeg,, IU — UQ|| 7. More details can be found in Appendix@

Implications of the theorem: According to Theorem [1} if we choose L = O(n©2, /K), 8 =
002, /K?)and a~! = O(K?n©?2, ), then phase one will last at most I = O(K3) iterations; and
after entering phase two, the contraction rate of the projected gradient descentis y = 1 — O(K ~6).
These choices make the iteration complexity of the projected GD for solving the primal subproblem
of order O(K°) (modulo logarithmic factors), and the overall time complexity of the primal-dual
algorithm becomes of order O(K%nr). In addition, given that the stationary point U satisfies
|U]loe = O(v/K/n) and ||U||r = O(VK), the initialization condition only demands a constant
relative error with respect to n, making it a reasonable requirement. For example, under mild
conditions, rapid K -means algorithms like Lloyd’s algorithm (Lloyd, 1982} |Lu and Zhou}|2016)) can
be employed to construct an initialization that meets this condition with high probability. ]

5 NUMERICAL EXPERIMENTS

We present numerical results to assess the effectiveness of the proposed BM method. We first conduct
two simulation experiments using GMM to evaluate the convergence and compare the performance
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Figure 2: Log-scale plots with errorbars of mis-clustering error (left most) and time cost (in the middle) as
sample size n increases and the convergence of BM over iterations (right most). The first two plots are partial
due to huge space (time) complexity for SC (SDP) when sample size is large.

of BM with other methods. Then, we perform a comparison using two real datasets. One of the
competing methods in our comparison is clustering based on solving the NMF formulation (7).
Specifically, we employ the projected gradient descent algorithm, which is a simplified version of
Algorithm[T]discussed in Section[3] to implement this method. We adopt random initialization and
set the same r for both NMF and BM to ensure a fair comparison. Finally, we conduct further
experiments on three datasets in UCIL.

Performance for BM for GMM. Our goal is to compare the statistical performance and time
complexity of BM, NMF, the SDPNAL+ solver (Yang et al.,2015) for solving SDP, spectral clustering
(SC), and K-means++ (KM) under Gaussian mixture models (GMM). In our setting, we choose
cluster numbers K = 4 and place the centers of Gaussian distributions at the vertices of a simplex

such that 2, = '7@2 with v = 0.64, where © is the sharp threshold defined in Equation (5). The
sample size ranges from n = 400 to n = 57, 600, the dimension is p = 20, and we set the rank of the
BM relaxation to be = 2. The results are summarized in the first two plots of Figure 2} with each
case repeated 50 times. From the first plot, we observe that the mis-clustering error of SDP and BM
coincides; the error remains stable and decreases as the sample size n increases. However, NMF, KM,
and SC exhibit large variance and are far from achieving exact recovery. The second plot indicates
that SDP and SC have super-linear time complexity, while the log-scale curves of our BM approach,
KM, and NMF are nearly parallel, indicating that they all achieve linear time complexity. In particular,
SDP becomes time-consuming when n is larger than 2000; when n = 40, 000, the space complexity
issue makes SC infeasible. Further comparisons of statistical performance and time complexity with
increasing dimension p or varying number of clusters K can be found in Appendix

Linear convergence of BM. To analyze the convergence of Algorithm[I] we maintain the same
setting as described earlier. However, we now fix n = 1000 and consider minimum distance

between centers ©2, = 7@2 with v = 1.44. We explore three cases: r = K, r = 2K, and
r = 20K, and set the number of iterations for Step 1 (primal update) to be 100. The convergence
of our BM approach is shown in the third plot of Figure [2| with each result based on 30 replicates.

We measure the relative difference of U compared to optimal solution U* using the Frobenius

Mis-clustering error for different methods 08 Mis-clustering error for different methods
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Figure 3: Boxplots of mis-clustering error (with means) for CyTOF dataset (on the left) and CIFAR-10 (on the
right) among five different methods. The plots are partial due to huge space (time) complexity for SC (SDP)
when sample size is large.
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norm |[UUT — U*(U*)T||p/||U*(U*)T|| . From the third plot, we observe that our BM approach
achieves linear convergence in this setting. The curves for r = K, r = 2K, and r = 20K overlap
closely, indicating that the choice of r does not significantly affect the convergence rate. Additional
experiment for the comparison of the convergence rate between our algorithm (based on projected
GD) and the conventional algorithm (which lifts all constraints into the Lagrangian function) can be
found in Appendix [B]

CyTOF dataset. This mass cytometry (CyTOF) dataset consists of protein expression levels for
N = 265,627 cells with p = 32 protein markers. The dataset contains 14 clusters or gated cell
populations. In our experiment, we select the labeled data for individual H;. From these labeled
data, we uniformly sample n data points from K = 4 unbalanced clusters, specifically clusters 2, 7,
8, and 9, which together contain a total of 46, 258 samples. The results are presented in Figure
where we conduct all methods for 100 replicates for each value of n. We consider three cases: case 1
corresponds to n = 1800, case 2 corresponds to n = 20, 000, and case 3 corresponds to n = 46, 258.
From the plot, we observe that BM and SDP remain stable, while KM, SC exhibit significant variance,
and NMF produces many outliers. In case 1, the mis-clustering error of BM is comparable to that
of SDP, indicating that the performance of BM can be as good as SDP. However, when n is on the
order of 1000, the time complexity of SDP becomes dramatically high, which is at least O(n3-%).
Additionally, when n = 46, 258, the space complexity of at least O(n?) becomes an issue for SC.

CIFAR-10 dataset. We conduct a comparison of all methods on the CIFAR-10 dataset, which
comprises 60,000 colored images of size 32 x 32 x 3, divided into 10 clusters. Firstly, we apply the
Inception v3 model with default settings and perform PCA to reduce the dimensionality to p = 50.
The test set consists of 10,000 samples with 10 clusters. In our experiment, we focus on four clusters
("bird", "deer", "ship", and "truck") with K = 4. We consider two cases: Case 1 involves random
sub-sampling with n = 1800 to compare BM with SDP, and Case 2 uses n = 4000. The results are
displayed in the second plot of Figure 3] based on 100 replicates. Similar to the previous experiment,
we observe that BM and SDP exhibit similar behavior and achieve superior and more consistent
performance compared to KM, SC, and NMF. SC and NMF display significant variance, while KM
produces many outliers.

UCI datasets. To empirically illustrate the advantages and robustness of our method against the
GMM assumption, we conduct further experiments on three datasets in UCI: Msplice, Heart and
DNA. The results of misclustering errors (with standard deviation) are summarized in Table
where we randomly sample n = 1000 (n = 300 for Heart dataset) many data points for total 10
replicates. From the table we can observe the superior behavior of BM (our algorithm) and SDP over
the rest competitors. DNA; (DNA») stands for the results of DNA dataset after perturbation with
t-distribution (skewed normal distribution) random noise. In both experiments, each data point x; is
perturbed with x; + 0.2¢;. In the first experiment (DNA ), the injected noise ¢; is i.i.d. random vector
with i.i.d. entries following t-distribution with 5 degree of freedom, which has much heavier tail than
the normal. In the other experiment (DNA,), the injected noise follows a skewed normal distribution
with variance 1 and skewness 0.2. From the table we can observe that the performance of all methods
for DNA; and DNA, got impacted comparing to DNA; but BM performs better around all cases,
which is comparable with the original SDP as expected. Moreover, from the QQ-plots of Figure [5|in
Appendix [B] the GMMs assumption is also clearly violated for the Heart dataset; however, we can
still observe the superior behavior of BM (our algorithm) and SDP over the rest competitors.

Table 1: Misclustering error (SD) for clustering three datasets in UCIL: Msplice, Heart and DNA. We
randomly sample n = 1000 (n = 300 for Heart) many data points for total 10 replicates. DNA;
(DNA) stands for the perturbation with t-distribution (skewed normal distribution) random noise.

NMF KM BM e SDP

Msplice 0372 (0.073) 0.283 (0.112) 0.161 (0.034) 0.478 (0.015) 0.194 (0.091)
Heart  0.470 (0.024) 0.348 (0.057) 0.230 (0.014) 0.483 (0.003) 0.248 (0.007)
DNA  0.449 (0.063) 0.294 (0.082) 0.188 (0.020) 0.466 (0.011)  0.196 (0.022)
DNA; 0.416(0.048) 0.337(0.084) 0.243(0.055) 0.464 (0.009) 0.263 (0.044)
DNA,  0.435(0.061) 0.268 (0.035) 0.235(0.031) 0.465 (0.012)  0.252 (0.040)
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SUPPLEMENTARY MATERIAL

This supplementary material contains additional details of the algorithm and propositions, more
experimental results, a discussion and the proof of the main theoretical results (Theorem|[I]) in the

paper.

A ADDITIONAL DETAILS OF THE ALGORITHM AND PROPOSITIONS

Choices of tuning parameters and rounding procedure for Algorithm (I} In practice, we start with
small step size o = 1075 and increase o until v = 1073, Similarly, we start with small augmentation
term 3 = 1 and increase /3 until 3 = 103. The second experiment shows that the choice of  does
not significantly affect the convergence rate. In practice, we found that r = K will result in many
local minima for small separation. Therefore, we slightly increase r and choose » = 2K for all
applications, which turns out to provide desirable statistical performance that is comparable or slightly
better than SDP.

After getting the second-order locally optimal point U in Algorithm [T (BM), a rounding procedure
is applied, where we extract first K eigen vectors of U as columns of new matrix V' and then use
K-means to cluster the rows of V' to get the final assignments. The same rounding procedure is
applied to the results from both SDP and NMF.

Additional explanations to the propositions. Proposition[I]indicates that if U* is the local minimum
of problem (@) that satisfies constraint qualification assumptions (Assumption (S) inBertsekas|(1976)),
then we can get unique minimizing point around U* of augmented Lagrangian Lg(U, y) for any
y provided that we have large augmented coefficient 5. A more modern proof without constraint
qualification assumptions is given in[Ferndndez and Solodov| (2012). Proposition [2] indicates that
the dual variable v, in Algorithm [I]will converge to y* at exponential rate locally provided that Uy,
solves ming Lg(U, yx). Therefore, Algorithm can achieve local exponential rate provided that we
can solve the local min of Lg(U, y) for y ~ y* with exponential rate, which is proved by Theorem

B ADDITIONAL EXPERIMENTAL RESULTS

Comparison of different ways to solve BM. We conduct an experiment under the same settings as
described in Section[3]s “Linear convergence of BM" except that here we consider a smaller scale
with n = 300 and p = 4. We aimed to compare the convergence rate towards the optimum per
dual update between our algorithm (based on projected GD) and the conventional algorithm (which
lifts all constraints into the Lagrangian function). As seen in Figure 4] our algorithm successfully
converges to the SDP solution, whereas the conventional algorithm’s convergence halts at a specific
step. Furthermore, the average time required to compute the minimum of the augmented Lagrangian
(as denoted by in the main paper) is 0.002 seconds for our algorithm. In contrast, the conventional
algorithm takes an average of 8 seconds, even when employing the state-of-the-art limited memory
BFGS method.

Comparision of computational complexity w.r.t. K. Here we want to compare the time complexity
of BM, NMF, the SDPNAL+ solver (Yang et al., [2015)) for solving SDP, spectral clustering (SC),
and K-means++ (KM) under Gaussian mixture models (GMM) when the number of cluster K is
moderate in practice. Under the same setting as our second experiment ("Performance for BM for
GMM") in Section@ except that now we consider fixed sample size n = 1000, dimension p = 50,
and different number of clusters K = 5, 10, 20, 40, 50. SC is not considered as it would fail for large
K in our experiments. The results are summarized in the first plot of Figure [6] where we can observe
that the log-scale curve of BM is nearly parallel to the log-scale curve of KM and NMF, indicating
that the growth of CPU time cost for BM with respect to K is reasonable (nearly O (X)) and would
not achieve the loose upper bound O(K®) derived from the analysis. The curve of computational time
cost for SDP is relative stable for different K since the dominant term of computational complexity
for SDP is the sample size n, which is of as large as order O(n35).

Performance of BM under different p. Our goal is to compare the statistical performance and
time complexity of BM, NMF, the SDPNAL+ solver (Yang et al.,[2015) for solving SDP, and K-
means++ (KM) with increasing dimension p. Here we consider the same setting as our second
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Figure 4: Log-scale plots of the convergence of BM algorithms over iterations per dual update. Left:
the low-rank BM algorithm where the Lagrangian function contains all constraints and the minimum
of augmented Lagrangian function is solved based on limited memory BFGS. Right: Our algorithm
where the minimum of augmented Lagrangian function is solved based on projected GD.
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Figure 5: QQ-plots for Heart dataset. First (second) row corresponds to three random selected
covariates for the first (second) cluster in Heart dataset.

experiment "Performance for BM for GMM" in Section [5]except that now we consider fixed sample
size n = 2500. The dimension ranges from p = 125 to p = 1000. SC is not considered as it
would fail for high dimensional cases in our experiments. The results are summarized in Table 2]
and the second plot of Figure 2] with each case repeated 10 times. From Table 2] we observe that
the mis-clustering errors for both SDP and BM coincide and stay optimal when the dimension p
increases, while K -means++ has large variance and NMF would fail when the dimension is as large
as p = 1000. The second plot in Figure 2] shows that the log-scale curve for BM is nearly parallel to
the log-scale curves for both KM and NMF. This indicates the same order of CUP time cost with
respect to the dimension p for BM, KM and NMF, which are nearly of order O(p). Similar to the
case when K changes, the curve of computational time cost for SDP is relative stable for different p
since the dominant term of computational complexity for SDP is the sample size n.
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Figure 6: Log-scale plots with errorbars of computational cost with increasing number of clusters K
(left) and computational cost with increasing dimension p (right). BM corresponds to our proposed
method, KM corresponds to K-means++, SC corresponds to spectral clustering, SDP uses the
SDPNAL+ solver, and NMF corresponds to non-negative factorization.

Table 2: Mis-clustering error (SD) vs dimension p for different methods.

p 125 250 500 1000
SDP _ 0.0018 (0.0008) 0.0024 (0.0010) _0.0037 (0.0005) _ 0.0024 (0.0009)
BM  0.0018 (0.0008) 0.0024 (0.0010) 0.0037 (0.0005) 0.0024 (0.0009)
KM  0.0754 (0.1647) 0.0721 (0.1556) 0.0634 (0.1332)  0.1244 (0.1688)
NMF  0.0728 (0.1594)  0.0026 (0.0010)  0.0037 (0.0007)  0.7496 (0)

C DISCUSSION

One limitation of our derivation in Theorem [I|is the separation assumption. Theorem |l|is based
on the fact that the optimum solutions of SDP and BM coincide, where the separation assumption
serves as the sufficient condition. In practice, we can observe linear convergence of BM for small
separation as well. Therefore, we anticipate similar derivation of convergence analysis for weak
separation assumption, which will be our future research. On the other hand, in practice, if we
apply our algorithm to the datasets where the separations (signal-to-noise ratio) are very small, our
algorithm would fail to provide informative clustering results, similar issues occur for both SDP and
NME. We expect that this problem can be solved if different rounding procedures are applied. In
other words, for the small separation cases where the solutions to BM, SDP and NMF are no longer
represent exact membership assignments, it would be important to consider and compare different
rounding processes to extract informative membership assignments.

D PROOF OF THEOREM [I]

In this section, we prove the theorem for the general case with explicit constants, which extends
Theorem [I] from the equal cluster size case to the unequal cluster size case (Theorem [9). The
section is organized as follows. First, we will introduce the notations that will be used in the
proof (Appendix [D.T)). Then, we characterize the optimum feasible solutions of the BM algorithm
(Theorem 2] in Appendix [D.2). Next, we present the convergence results at the optimum dual
y = y* (Appendix [D.3). After that, we extend the proof of convergence at the optimum dual to
y ~ y* (Appendix . The proofs of all technical lemmas are placed in the end of the section

(Appendix [D.3).
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D.1 NOTATIONS

We shall work with the standard Gaussian mixture model (GMM) that assumes the data X4, ..., X,
are generated from the following mechanism: if ¢ € Gy, then

Xi = + €4, (15)
where G1, ..., Gk is a true (unknown) partition of [n] we wish to recover, 1, ..., ux € RP are the

cluster centers and €; ~ N(0, I,) are i.i.d. standard Gaussian noises. Let n, = |G| denote the size
of Gi. Let Z* = U*(U*)T, where

1
0 —1,, - 0 0 0
U = Vi T € R (16)
: : g : 0o :
0 0 TllK 1,, 0 --- 0
Define the minimum of cluster size n := minge(x){ns}, the maximum of cluster size
n o= maxpeg){nk} and m = mingy TQL:j_ZZL Define the minimal separation O,

ming<j£e<r ||4; — fk]|2, and the maximal separation Omax = maxi<;zr<k ||ft; — trll2. For

any block partition sizes m = (my, mo, ..., mg) satisfying my, > 1, >, ms, = r, we define the set

Fm as consisting of all (orthogonal transformation) matrices ) such that U = U* (@) has the form
al,llnl,...7a1,m11nl 0 0

0 ag)llnz,.. -7a2,m21n2 0
)

O 0 aK,l]-nK7~-~7aK,mK1nK

for some ), a3 ; = n—lk,Vk‘ € [K], Y, mi = r. We will call any matrix U whose sparsity/nonzero
pattern coincides with (up to column permutations) as an m-block diagonal matrix. Let Gy,
denote the set of all m-block diagonal matrices with nonnegative entries. Note that ) exists for any
U of the form since UUT = (U*)(U*)T. We denote the set of all such Q as F,. Now we denote
ap = (ak’h k.2, - - 7ak,mk) and U®* as . Define a = mink}l{ak,l}, a = maxk’l{ak,l}. For
any matrix A € R"*", we use Ag(a) to denote the matrix of the same size as the restriction of A
onto the support S(a) of U**, that is, [Ag(a)]ij = A if [U**]i; # 0 and [Ag(a)]i; = 0 otherwise;
and let Ag(a)c = A — Ag(a)- Let O, be the orthogonal transformation group on R".
Let I1, be the projection map on to the set . i.e.,
v=Iqu) <= v e, |v—ul| <|a—ul,vVie Q.
Let C(f2) to be the convex hull of 2. Recall that Q := {U € R"*" : ||U||% = K,U > 0}. Then
C(Q) ={U e R™*" : |U||% < K,U > 0}. We define
V=Ig(W), W=U-aVf{U), a>0.
In particular, we define IT; (U) to be the positive part of U. Let U° be the initialization. Fort € N,
we define U* recursively by
Ut =TIo(U' — aVyLs(U',y)).
Denote Q, Qt € Fyy, as
Q = argming - [|U — UQllr, Q' = argminéemeUt —U*Q||r, Yt € N.

D.2 CHARACTERIZATION OF GLOBAL OPTIMA OF BM PROBLEM

Theorem 2 (Feasible solutions). For any U € R™*" such that UUT = Z* and U > 0, U must take
the following block form (up to column permutations), due to the nonnegative constraint U > 0:

al,llnl,...7a1,m11nl 0 0
0 ag,llnz,...,ag)mzlnz 0
U= ) ) . . , (18)
0 0 aKylan,...,aK,mKlnk
for some block partition sizes m = (my, ma, ..., mg) satisfying my, > 1, Ek my, = r and within
block weights aj, = (ak,1, k.2, - - -, Qk,m,, ) Satisfying ap ¢ >0, >, ail = ifor all k € [K].
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Proof. Recall

ﬁlm 1 0 0 0 0
. 0 5 Lns 0 0 0
: 0o :
0 0 \/%1,”{ 0 -~ 0
Then for any Q = [g1, - .., ¢r] € O, the orthogonal transformation group on R", we have
U:.=UQ" = 1 | ! 17 !

\/7—1% ) a\/T—KqK nx

U is feasible hence U*QT > 0 = ¢; > 0,Vi. Note that (g;,¢;) = 1, (q;,q;) = 0,Vi # j, then U
must have the form (T8) (up to column permutations). |

In the rest of the proof, we first show the convergence of projected gradient descent at y* as
Theorem [3| below, and then extend the theorem to a general dual variable g in a neighborhood of y*

in Appendix[D.4]
D.3 PROOF OF LINEAR CONVERGENCE WITH y = y*

We list below the assumption on the minimal separation for the general unequal cluster size case.
This is a generalized version of Assumption A, where cluster sizes are equal:

Assumption 1 (Assumptions for Theorem II.1 in (Chen and Yang, 2021)). If there exist constants
Cy € (0,1), C5 > 0 such that

(1 — 01)2 Dlﬂ 012 D2 4(1 + C3)2
1 >y L - (O3 —"-= >0 T T8
‘N=TTor T Ea ok "t a2
2 40%(142Cs) (1-C1)* p
Q2. >0, =2 =)y D3R, |1
mm = e (1-C1)? + + 1+ Cs mlogn+ 3 o8

with

R o_ (1—Cy)? \/plognJrlogn
" (1+Cy)logn n n )’

annl

P Here D1, Dy, D3 are universal constants.

where n := minge[x){nk} and m = ming

This assumption requires the minimum squared separation ©2 ;  to be of order O(logn). Recall that

min

we use 7 := maxge[g]{nx}, and ©2 .. to denote the maximum squared separation.

Assumption 1 will reduce to Assumption A in the main paper when the cluster size are equal. This

is due to the fact that for any & > 0, we can find C; and Cj s.t. 81%%2 < (1 + &). Moreover,

m = n/K in this case.

Assumption 2 (The optimum dual y*). Choose (A, y*, B) to be the dual variables of the SDP defined
by equations (20), (21), (22) and (25) in (Chen and Yang, 2021)). In particular, A = p + %m@fmn,
B >0, Bg,.c, =0, Yk € [K], and y* equals c in (Chen and Yang, [2021).

Theorem 3 (Convergence of projected gradient descent at y*). Suppose Assumption 1 & 2 hold.
Consider the projected gradient descent updating formula at the dual y*:

U =Ho (U™ —aVyLs (U1 y"), teZy.

If there exists some block partition sizes m and an associated optimal solution U®* with some within
block weights a, = (ak.1,ak2, - -, ak,m,) satisfying @ < ca, ¢ > 0, such that the initialization
discrepancy A° = U° — U>* satisfies

Cian C3
AO elloo < - == d AO <
18s@<lloe < Jrgz =0 and IA7lr < e s v er )
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, {n an®, (L= anOn/K \f}
- min 4§ —, — , (L —77)ayn o,
n’ rn?ad(L+nB +n02,,) " Onav/Klogn + p + log® n) 7

annl

where m = ming 27, n = min{ny}, Omax = maxi<jzp<r |1 — pxll2, and I = (4a) "t (p+
2

2
Cym©2, )71, If we take B = SL%mn [ = p 4 Cl(imi“ (m an’ ) in (I2) and choose step

min Jn 16rnZas ~ 8rn2ad
size o = %, then it holds with probability at least 1 — n~C5 that for any t > I,
U'€Gm and inf U™ U~ <~ inf |U'-U*
moand inf | Qlr <7 jint U= U°Qlr,
202 2
where v =1 — % and Cq, . ..,Cg are universal constants.

In scenarios where the dimension p is moderate (p = O(y/nlogn)) and the cluster sizes are equal,
the parameters and initialization criteria can be simplified to the expression presented in Theorem|I]
once we substitute p = O(y/nlogn) and i = n = n/K. The proof of Theorem [3|consists of four
parts (Appendix [D.3.1][D.3.2][D.3.3and [D.3.4). First we will prove some key propositions which are
derived from the theoretical analysis of K-means SDP (Chen and Yang, 2021) in Appendix[D.3.1]
and some important properties of the BM formulation of the SDP in Appendix Then we will
analyze the behavior of convergence in two phases. For the Phase 1 (D.3.3)), we will prove a constant
speed convergence (Theorem [)) of the algorithm until it reaches to the same block form as the
optimum point, where we call it Phase 2. We then show that the algorithm converges exponentially
quickly to the optimum solution in Phase 2 (Theorem 5| which combined with Phase 1 result leads
to the overall convergence of Projected-GD (Theorem [3)). The proof of all intermediate lemmas are
placed in Appendix [D.5]

D.3.1 PROPERTIES FOR SDP

First we list our main assumptions and propositions from (Chen and Yang| 2021)) below. We will
assume Assumption 1 and Assumption 2 to hold throughout the rest of the proof. Recall that
Assumption 1 (general version of Assumption A for the case of unbalanced cluster sizes) requires the
minimal separation ©,;, to be larger than certain threshold (with order O(y/log n)). The minimal
separation can be interpreted as the signal-to-noise ratio of the clustering problem. Under such
an assumption, the solution of SDP can achieve exact recovery under Gaussian mixture models
(GMM) (Chen and Yang|, 2021).

The following propositions are derived from the original SDP problem (Chen and Yang| [2021), which
characterize the bounds for eigenvalues of the matrices related to the dual construction of the original
SDP (Proposition [3| 4] and Corollary [T)) that will be used mainly to describe the smoothness of
augmented Lagrangian function (ALF) (LemmalI)) and Hessian of the ALF (Lemma[5). Proposition
[3 will be used for characterizing the behavior of the gradient of ALF in Phase 1 at some optimum
point (Lemma[2] and Lemma 3]

Proposition 3. For any v € R", define S(v) := vT Av, T := span{1g, : k € [K|}*, which is the
orthogonal complement of the linear subspace of R" spanned by the vectors 1g,,...,1q,. Then
Lemma VI.1 (Chen and Yangl |2021) implies

IP’( rmaHXH 1|S(v)\ > (Vn+p+ \/%)2> <e ', Vt>0.
vel'k, ||v]||=

Proof. Refer to the argument after Lemma IV.1 in (Chen and Yang, 2021) (right below equation (26)
in (Chen and Yang| 2021))) The exact formula is showed right above Lemma IV.2 in (Chen and Yang]|
2021).

Proposition 4 (Theorem IL.1 in (Chen and Yang} 2021)). Define
W, := Md + %(y*lz; +1,4)) =B+ A
If Assumption 1 and 2 hold, then with high probability the following equation holds:
[Wllop < X+ Cao(n + /mplogn), W, = 0, W,1g, = 0,Vk € [K]

for some constant Cy > 0. Furthermore, SDP achieves exact recovery with high probability at least
1 — DyK?n=%, for some constant D.
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Proof. Wy, = 0, W,1¢, = 0,Vk € [K| and SDP achieves exact recovery have been shown from the
proof of Theorem II.1 in (Chen and Yang, 2021). From the argument after Lemma IV.1 in (Chen
and Yang, 2021) we have the upper bound v W,,v < A||v||> — T'(v). Then from the bound of |T'(v)]
(Lemma IV.2 in (Chen and Yang, [2021))) we have

[Wallop < A+ Co(n + /mplogn),

for some constant C'y > 0 with high probability. ]

Proposition 5. Recall the minimal separation Oy, := mini<j2r<k I i — pi||2, and the maximal
separation O,y = Maxi<jzk<i ||j — txll2. If Assumption 1 and 2 hold, then we have Vj €
le k 7& la (kvl) € [K}Q’

Dia(5) = [2A+ L.(y")" +y* 1)) e a0 1n]) € [C1n00,, 107, ],

with probability at least 1 — 12n=%. In particular, B;j < 2/C102,,., Vi, j € [n].

max?

Proof. From equation (19) (21) (26) in (Chen and Yang, |2021)), we know that
Dyi(j) = [Bay,ailndlj = C1 /204l — pxl| > C1/2n0;,

In particular, cgk’l) in (Chen and Yang, 2021) is defined to be [Bg, ¢,1n,]; and B;;
Dy1(3)Dii(i)/ 3 eq, Dri(d), Vi € G, j € Gy (refer to the paragraph right below (22) in (Chen
and Yang,2021)). On the other hand, from (21) in (Chen and Yang} 2021) we know

n; + ng

Dya(j) = — o

ng — =
A 5 (1K = X117 = 1% = XG1%),

where X}, = n,;l Y ic ¢, Xi is the empirical mean of points in cluster k. From the proof of Lemma
IV.1in (Chen and Yang, [2021)), recall X; = 1, + €; and denote € = p; — f1, we can write

Xk — X507 = 11X = X511> = 10+ &5 —&xll® — lle; — &> < 10+ & — &l
Hence n n
. k > o k _ _
Dya(j) < 7(|\Xk: - X511 = I1X - X517 < 7H9+ & — &%

Then we can get the high dimensional upper bound n||@||2 for Dy, ;(j) by bounding the Gaussian
vectors €; using the same way as the proof of Lemma IV.1 in (Chen and Yang| 2021). Thus,
Dyea(j) < |0 < 207

and B; j = Dii(7)Dik(i)/ 3 je, Dra(d) < 2/Crmillm — pll < 2/C103,,- u

Corollary 1. Let w € R"™, S to be the set of non-zero positions for w. If S C Gy, for some k € [K],
then
“2\||w|]? < (24 +y* 1T + 1,,(y)7, wwT) < 2Cy(n + /mplogn))||wl?.

Furthermore, for general w € R"™,

—2\[|wl® < (24 +y" 17 + 1n(y") ", ww™) < 2(Ca(n + mplogn) +1/C107,,) v,
for some constant C1, Cs.
Proof. From Proposition ] we have

1
W, := Ad + i(y*lz +1,(y")") —B+A=0.

Hence )
<§(y* 13; + 1n(y*)T) + A, wa> > (B — \d, wa>.

Recall B > 0, Bg, g, =0, Vk € [K], then we have S C G, = (B, ww?) = 0. Thus,

2A+ (y* 13 + 1a(y") ), ww™) = —2MJw]?.
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On the other hand,

1
(GO L+ 1)) + A ww’) = (W, + B = Ald, ww”)

< Wallopllwl* = Alfwl|?

< Co(n+ /mplogn)|wl|%.
Since |[W,|lop < 2C2(n + vmplogn) from Proposition@ Furthermore, if S € Gy, Vk € [K],
then

1
<§(y*1TTL + 1, (y)7) + A, ww?) = (W, + B — M\ld, ww?)

< Cy(n+ v/mplogn)|w|? + 1/2 max Bj;|[w|*.
i
By P iti
y Proposition 3] 5, < 2/01@fnax, vi.j e bl

where universal constant C; € (0, 1), © . is the maximum of separation. Thus,

1
(51 +1a(y")") + A ww’) < (Ca(n + Vmplogn) +1/C105,.) [w]*.

D.3.2 THE BM FORMULATION AND SOME PROPERTIES

Before diving into the proofs of Phases 1 and 2, let us recall the Augmented Lagrangian Function
(ALF) to which we would apply Projected Gradient Descent (PGD), and present two lemmas for
characterizing the smoothness of ALF and the properties of the projection operator.

Consider the y = y* defined Assumption 2. Recall the ALF is given by
FU) = L(U,y) = (L -1y + A, UUT) + (5, UUT L, = 1) + §||UUT1n = Lalf,  (19)
where L € (0, A), 8 > 0. Then we can get the gradient of f as

ViU)=(2A+2L-ld+y1X + 1,47\ U + s, (UU1, —1,)" + (UUT1, —1,)17|U.

A direct implication from Proposition[]is [V f(U*Q))]s = —2(A — L)[U*Q]s, YQ € F, where
[U]s stands for the matrix that keeps positive entries of U*@Q and set the non-positive ones to zero.
This is due to the fact that W,,1¢, = 0,Vk € [K] and W,, = Ald + £ (y*11 +1,,(y*)") — B+ A.
Recall that Q, Q! € Fy, are defined to be

Q = argmingx |U - U*Q|r, Q" = argming, - [|U* = U*Q||r, Vt > 0.
Now we will consider the smoothness of the ALF. Here we consider two cases of U: the first case is
for general U in thefeasible set 2; the second case is for the U that has the same block form as some
optimum point U*@Q). As we will see, the bound of Lipschitz constant of the later one will be smaller.
Recall that Q := {U € R™" : |U||% = K,U > 0}.
Lemma 1 (Smoothness condition). If |U — U*Q|r < 1, for some Q € Fy, then

IVf(U) = VU Q)r < Ri|lU = U*Ql|r,

where Ry = 2C3(n + /mplogn) + 2L + 12n8 if U € Gm; R1 = 2C3(n + v/mplogn) +
2/C102,  +2L+12np, for some constant Cy, Co and general U € ), where ©2, s the maximum

max max

squared separation.

The next lemma shows that locally, the projection of PGD is equivalent to the projection to a convex
set, and therefore is a local contraction map.

A—L)VE . Here R{ =

Lemma 2 (Local projection to the ball). Denote €. := SRR 20— L) VEno? ] =

2C5(n + v/mplogn) + 2L +2/C10% . + 12np3. Then
lU-U"Q|llr <e. = (VF(U),U)<—-(A=L)K/2<0.
Furthermore, if o > 0,
(U = aVfOU))E > K, Ho(U —aVf(U)) =) (U - aVf({U))
for some constant C1, Cs.
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D.3.3 LINEAR CONVERGENCE NEAR OPTIMAL POINT (PHASE 1)

Here we will prove the convergence of U* to the block form in Phase 2 (Theorem , which will be
implied by Lemma [3|and Lemma] The first lemma shows that after at most I iterations, the iterate
will become the block form and fall into set Gy,,, which then enters the phase two. The second lemma
controls the distance to the optimum within Phase 1, which will help us set appropriate neighborhood
of initialization to ensure the convergence of Phase 1.

Lemma 3 (One-step shrinkage towards block form). Denote A = U — U*, where U®* is defind
as (I7). Choose (L, 8) such that:
2()\ — L) Clan®2

< < == min.
n shs 12rn2a3

Suppose ||A||p < €., where €. is defined in Lemma Assume

Cran©? . . 3
||AS(a)C||oo < %7 ||A||F < min {617 4a\/ﬁ} ) (20)
where €1 :=
Clw@?ﬂin CHw(_)?nin Clw(a?nin

64K (Omaxy/2K logn 4+ Cs(p+log?n)) | 96Bran *96Sra’ny/n [

Then we have

2
Ui,y —aVfU)ir <[Ulir — a%,w €Gsk—1) <7 <sk, l#k.
Furthermore,
2
V]i.r <max{[U}ir — a%, 0},Vie Gi,s(k—1) <7 <sk, | #k.

where V. =Tlg(W), W = U — aV f(U), for some constant C1, Cs. Consequently, after at most
I = ﬁ iterations, Ut will enter Phase 2, i.e., U’ € G, if for every step t, U? meets the above
conditions (20).

The next lemma calculates the upper bound of the Inflation of ||U — U*Q||r after Projected-GD.
This will be used when we have the assumptions of neighborhood for the initialization of Phase 2.
Then we can trace the assumptions back to the initialization of Phase 1 as we know the inflation rate
at each step of Phase 1.

Lemma 4 (Inflation of distance to U>* for Phase 1). If |U — U*Q||r < €., then
IV =U"|p <nllU - U>"||p,

where ) = 1+ aRy, Ry = 2Co(n + /mplogn) +2/C102,. + 2L + 12np, for some constant
C1, Cs.

Now, we will establish our condition on the initialization, given our knowledge of the inflation of
|| At|| p for each step ¢ in Phase 1. This is summarized in the following theorem.

Theorem 4 (Convergence of Phase 1). Recall that A = p+Sm©2,, | m = miny4 5:_’;’:1’1 Define

U" to be the initialization of BM method and define At := Ut —U®*. Let I = 1/(4a)),n = 1+aRy,
where Ry = 2Cy(n+ v/mplogn) + 2L +2/C102 .+ 12n. Suppose I is an integer and a < ca,
Sor some constant ¢ > 0. If we choose (L, B) in such that:

2()\ — L) < Cle)?mn

n — 12rn2a3 -’
Then with probability at least 1 — Cyn=%%, we have U € Gp,, |Ut — U*||p < €., Vt < I,
provided that

C1an©? . 1 3
0 1878 min 0 .
18l < CZe 200 < min {1, SavE).
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Here €1 :=

Cle)Q C1w@2 Olw®2

min min min

64K (Omaxy/2K logn 4+ C5(p +log?n)) "\l 96Bran ’968ra’*ny/n

B A= LIVK
" 2[(1+ VE)Ry + 2\ — L)VK + nr -an©2,,]

C4,Cy, C3, Cy, C5 are some constants.

€c

Proof. This can be implied from Lemma E],and Lemmaf] by assuming the neighborhood requirement
in Lemmamultiplied by the factor 1/5! for the neighborhood of the initialization || A°|| . Note
that if we know the total step of Phase 1, which is I, then we only need to assume ||A°||z <
,711 min {ec, €1, %g\/ﬁ} , if we want ||At]|p < min {ec,el, %Q\/ﬁ} Ve <T. |

D.3.4 LINEAR CONVERGENCE NEAR OPTIMAL POINT (PHASE 2)

Here our goal is to prove the linear convergence of Phase 2 when U € Gy, (Theorem[5). The main idea
is to show the local strongly convexity at optimal points (Lemma|[5) followed by standard argument
of linear convergence (Lemma @ Moreover, we also need to ensure that the iterations continue in
block form during Phase 2 (Lemma/7).

Lemma 5 (Local strong convexity). When U € Gy, if we define A .= UQT — U*, then
(V2F(U)[A] A) > BllA]3

where f = min{2[L — (v/n + /p + v2logn)?],—2(\ — L) + fBn} > 0, provided that L €
(Vn+/p++v2logn)?, X), B> 2(A—L)/n. Furthermore, for every U satisfying |U—U*||p < €,

we have ~
(VEFO)[ALA) = B2 Al
]

where €, = 365m "

After establishing the local strong convexity, we can prove the linear (exponential) convergence of
the algorithm through a standard analysis for PGD as below.

Lemma 6 (Local exponential convergence). When U € G, if we define A := UQT — U*, then
there exists v € (0,1),e > 0, s.t.,

[V =U*Qllr <AIU-U"Q|F,
where ~

Q= argminge r, U —-U"Q|F,

provided that U — U*Q||r < €, where ¢ = min{e., €;}. Recall that €. is defined in Lemma

€s Is defined in Lemma In particular, if we we choose the step size a < 3 /(2R3), where
Ry = 2C5(n + v/mplogn) + 2L + 12n0, for some constant Cy. Then the contraction factor would

bey? = (1 —af/2).

The convergence for Phase 2 has not yet been proved since the above lemma only demonstrates the
convergence of PGD once U? has reached Phase 2. However, the subsequent update U**! might not
remain in Phase 2. The following lemma ensures that U* stays in Phase 2, provided that the initial
point U? in Phase 2 is located within some neighborhood of an optimum point.

Lemma 7 (Iterations remain staying in Phase 2). Suppose Lemma E] holds and U° € Gy,. Let
€ := min {61, %g\/ﬂ} . Then we have

Ut € G, Vt > 1,

where
Ut = (U — oV f(UY), Yt > 1,

as long as ||[U® — U**||p < min{(1 — v)/2¢, €}, where recall that ¢ = min{e., € }.
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Now, we can ensure the the overall exponential convergence in Phase 2 by combining above lemmas.
Theorem 5 (Linear convergence in Phase 2). Suppose U O € Gm. Let the step size: a <

2(2C2(n+ mplfgn)+2L+12nﬂ 2’ B - mln{Q[ (\/,ﬁ + \/I3 + v 210g n)2]’ _2(/\ - L) + /Bﬂ}

Then with probability at least 1 — Cyn~C3 we have
[T = U Q™ [p <AHIU' = U*Q'|IF, VE,
given |UY —U°QO||r < e, ||U° — U
ezmin{ 8 , ()\_L)\/? }, €0 ::1_’ymin{61,Sa\/ﬁ}7
366n" 2[VK Ry + 2(A — L)VK +n©2,,_] 2 4

for some constant Cs, Cs, Cy.

< €o, wherefyz = (1 - 055/2),

Proof. This can be implied from Lemma[6]and Lemma (7] Lemma[6]indicates linear convergence if
the former step is in Phase 2. Lemma [7] guarantees that every step of Projected-GD will stay in Phase
2. Therefore we only need to combine the conditions for both lemmas. |

Combining Phase 1 and Phase 2 (Theorem @] and Theorem [5) and lifting the assumptlons of initial-
ization for Phase 2 to the initialization of Phase 1 (by multiplying the factor 1/n’), we obtain the
following theorem. This theorem represents a stronger version of Theorem [3] presented at the begin-
ning of Appendix [D.3] This theorem is stronger in the sense that we can get the exact relationships
between parameters. However, the presentation of the theorem would sacrifice the conciseness of the
statement. Hence we present the simpler version as Theorem 3] at the beginning of Appendix

Theorem 6 (Local linear rate of convergence). Recall A! := Ut — Ua* Suppose a < ca,c>0.
Let I = (4a\)™Y, n =1+ aRy, Ry = 2C3(n+ /mplogn) + 2L + 2/C’1 fax + 12np. Choose
(L, B) such that:

2(A—=1) Cran®?
/21 < < min
> (Vnt Vbt ogn)* n - ps 12rn2as ’
and the step size a < 2(202(n+\/mp1<§jg,'n)+2L+12n,8)27 B = min{2[L — (Vn + VP +

V2Togn)?|, —2(\ — L) + Bn}. Then with probability at least 1 — Cyn~%3, we have that for any
t>1,
U' € Gm, and U U Q" |r <A|U* = U*Q|r,

provided that
Cran®©? . 1 . 1—7v 1—73
18l < 55500 200 < minfe, 270, 25 v
2 _ 3 i B A=L)VE —
where v* = (1 — af3/2), e = rnm{%ﬂn7 SRR 200 L)\F+n0§m]} , €] i=
. Cran©2; Cian®?,  Cran©?,.
min

64K (Omaxv2K logn + Cs(p + log?n)) "\ 96fran ~968ra*n/n

C4,Cy, C3, Cy, C5 are some constants.

D.4 PROOF OF LINEAR CONVERGENCE WITH y ~ y*

The following theorem extends the results of Theorem [3|from dual variable y = y* to any value in a
neighborhood of the optimum dual y*, which completes the primal-dual local convergence analysis
by demonstrating that the primal subproblem mingcq £3(U, y) can be efficiently solved around the
optimum.

Theorem [I| (Convergence of projected gradient descent). Suppose y* is the optimum dual for the
SDP problem (Assumption 2 in Appendix and Assumption A hold. Assume p = O(nlogn),
Omax < COpi, for some C' > 0, and there exists some block partition sizes m and an associated
optimal solution U** with some within block weights a; = (ak.1,ak2,-- -,k m,) satisfying
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a < ca, c > 0and ¢ = mingex] Mingepm, | {ar,¢} and @ = max, ek maxeem,{ar,c}. We denote
the initialization of the algorithm as U?; let U denote the unique (whose existence is also guaranteed)
stationary point of the projected gradient descent updating formula under dual value y close to y*,
i.e. U satisfies B ~ ~

U= HQ (U — aVUEﬁ(U, Z:l))

If || — y*|| < 6 for some § > 0, and the initialization discrepancy A? = UY — U®* satisfies

||A%(a)c|\oo <O(K/vnr) and ||A°||p <O(r "PK~%®min{l, K~*%02%,,/logn)}),

then it holds with probability at least 1 — c;n =2 that, for any t > I = O(K?),

Ut €Gm and inf (U —UQlp <~ inf Ut —UQ|F,
QRQeOUQEGM QEO,;UQEGm

where v = 1 — O(K ~%), provided that 8 = O(©2. /K3), L = O(n©?2. /K) in (12) and step size

min min
« is chosen such that ™! = O(K?n©?2, ). c; and ¢, are some constants.

Proof sketches. The proof slightly modifies that of Theorem 3] where we divide the convergence of
the projected gradient descent for solving the primal subproblem into two phases. In phase one, we
demonstrate that, for the same reason as in the previous proof, the iterate will become block diagonal
Gm after at most I iterations. In phase two, due to the strong convexity of £( -, §) around any U
within Gy, the projected gradient descent will achieve a linear convergence rate. Here, the strong
convexity is implied by the strong convexity of £( -, y*) at U* within G,,, and the continuity of the
Hessian (with respect to U) of the Augmented Lagrangian function £(U, y) with respect to U and y.
Precise statements regarding the two phases are provided below. |

By employing the same argument used for Phase 1 and Phase 2 regarding convergence at the optimum
dual y* (as per Theorem [ and [3)), we derive the following analogues for .

Theorem 7 (Convergence of Phase 1). Recall that A = p+S2m@2.  m = ming 20 Define

4 min? ne+n;’
UY to be the initialization of BM method and define A' := Ut — U**. Let I = 1/(4a)), n =
1 + aRy, where Ry = 2Co(n + v/mplogn) + 2L + 2/C102 .+ 12n3. Suppose I is an integer
and a < ca, ¢ > 0. If we choose (L, B) in such that:

2(\— L) Cran®2,
< < —  Imin
n =B=< 12rn2a3 ’

then with probability at least 1 — Cyn~3 (the high probability argument comes from Assumption 1),
we have U € Gp,; ||[UY — U*||p < €., Vt < I, provided that

2
Cr1an©;;

1 3
oo A% R < min{ec,eha n} lly* =gl <9,
32X nl v

A elloe <
|| S(a) || = 4

for some small § > 0, where €1 :=

C1an®3,;, C1an®3;, Cian®3,;,
64K (Omaxv/2ZK logn 4 Cs(p + log?n))’ 968ran ' 968rain/n [’

_ AN—L)WWK
"~ 2[(1+VE)R, +2(A— L)WK + /nr - an©z2,,.]’

C4,Cy, C3, Cy, C5 are some constants.

€c :

Theorem 8 (Linear convergence of Phase 2). Suppose U° € Gy, then there exists a unique U,
such that it is the stationary point of the projected gradient descent updating formula for any dual y
close to y*, that is,

U =1q(U - aVyLs(U,7)).

Furthermore, we define

Qt = argminQeOr;UQegm ||Ut - UQHF, Vit Z 0.
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. - . : 3
If lly* — gl < 0, for some § > 0; the step size v < TGV T NE AR TR B = min{2[L —
(Vn+ b+ v2logn)?], —2(X — L) + Bn}, then with probability at least 1 — Cyn~%, we have

[T =~ TQ"™ |p <AIU* ~ UQl|r, V&,

given |U° —U°Q0||p < e, |U° — U2*||p < €, where v = (1 — a3/2),

€ = min B (A~ L)\/? € = 1_7fymim {61 3a\/ﬁ}
360n" 2[VK Ry +2(A - L)VK +n02,,] |’ 2 N

for some constant Cy, C3, Cy.

Proof sketches. Lemmalindicates that (V2f(U*)[A], A) > B||A|%, for some § > 0, where
A=U-V, VYU,V € Gy, Thisis due to the fact that A = U -V = (U fV U*Q)+U*Q, (U—-
V — U*Q) € Gm. Hence under the condition of the local projection lemma (Lemma we have

o (U — aV f(U)) — (U — aV £(U))]|?

< (U = aVFU) = (U —aVIU)?

<|U=V|?=2a(Vf(U) = VF(V),U = V) +®||VF(U) = V(V)|?
< U -V - aB/2U-V|?

=(1—-aB/2)U-V|*.

Therefore the map U — Ilo(U — aV f(U)) is a (strict) contraction map. Hence there exists a unique

stationary point U within G,,, by the contraction mapping theorem. The rest of proof is the same as
the proof of linear convergence in Phase 2 at optimum dual y* (Theorem 5). |

If we combine Phase 1 and Phase 2 together (Theorem [7]and Theorem 8)) and lift the assumptions of
initialization for Phase 2 to the initialization of Phase 1 (by multiplying the factor 1/n'), we will get
the following theorem, which is a stronger version of Theorem [I]in the sense that we do not require
moderate p = O(y/nlogn) and the constraint on the maximal separation O, < COpyin. What
is more, we can get the exact relationships between parameters from this theorem. However, the
presentation of the theorem would sacrifice the conciseness of the statement. Hence we present the
simpler version as Theorem|I]in the main paper.

Theorem 9 (Local convergence of projected gradient descent). Recall A* := Ut — U*. Suppose
Assumption 1 and 2 hold, and assume ||j — y*|| < & for some 6 > 0. Let I = (4a)\)~t, n =
1+ aRy, Ry =2Cy(n+ /mplogn) + 2L +2/C102,.. + 12n8. Choose (L, 8) such that:

A L) Clan@
V21 < inin
> (Vi Vbt ogn)* n sfs 12rn2a3 ’
and the step size a < 2(202(n+\/mplfgn)+2L+12nﬂ)27 B = min{2[L — (Vn + VP +

V2Tlogn)?],—2(A — L) + Bn}. Ifa < ca, ¢ > 0, then with probability at least 1 — Cyn~3,
we have that for any t > I,

U' € G and U = UQ™|[p <AIIU" —UQ"|F,

provided that
C1an©? 1 . 11—y 1-—~v3
0 min 0
18l < 55500 200 < minfe, 27 e, 252 v
2 _ 3 o B A-L)VE ._
where v* = (1 — af3/2), e = mm{%ﬁn, SVER 20 VR o7 ] } , €1 1=
min Olan@mm Clw@?nin Clanemm
64K (Omaxy/2K logn 4+ C5(p +log?n)) "\l 96Bran ’968ra’ny/n

C4,Cy, Cs, Cy, C5 are some constants.
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D.5 PROOF OF LEMMAS

Lemma [T] (Smoothness condition).
If |U — U*QHF < 1, for some Q € Fp, then

IVF(U) = VFU*Q)|r < Ri||U - U*Q|lF,

where Ry = 2C3(n + vmplogn) + 2L + 12n8 if U € Gum; R1 = 2C3(n + /mplogn) +
2/C102  +2L+12nf, for some constant C, Co and general U € , where ©2_ _ is the maximum

max max

squared separation.

Proof. By definition we have V f(U) — Vf(U*Q) =
(2A42L1d+y1 741, yT (U -U*Q)+ 1, 1T (0UT-U*Q(U*Q) D) +(UUT-U*Q(U*Q)T)1,1T|U.
Note that

1Ullop < 1T = U*Qlop + U Qlop

<|U =U*Qllr +IU*Qllop
<1+1
=2

Hence
IOUT = U QU Q)" 13Ulr < [(UUT = U* QU Q)" ) lopl|Ulop | 1417 ||
<2|UU -U"Q)" + (U -U"Q)U*Q)" |
<6n||U - U*Qlr.
From Corollary[T|we have for U € ,

IVF(U) = VU Q)r

< ([QA+ 1] + 1,y")llr + 2D)[I(U = U*Q)lr + 281|(UUT = U*QU*Q)") loplU lop 11017 |
< (2C3(n + /mplogn) +2/C1 03, +2L)|U = U*Q||r + 1208|U = U*Q||r

< (2C5(n+ v/mplogn) +2/C102,,. + 2L +12n8)||U — U*Q|| .

For U € G,

IVF(U) = VFU*Q)llF

< (1A+ 91} + 1)l r +20) (U = U*Q) |l r + 281(UUT = U*QU*Q) ") lopl U lopll1n 17 || £
< (2Ca(n + v/mplogn) + 2L)|U = U*Q||r + 1208||U — U*Q||r

< (2Co(n + /mplogn) + 2L + 12nB)||U — U*Q||r.

A-D)\VEK _
VKR 12(A—L)VK1n©Z,_]" Here R, =

Lemma [2| (Local contraction to the ball). Denote €. :=
2C5(n + v/plogn) + 2L +2/C102 ., + 12n3. Then
[U-U"Qllr <ec = (VI(U),U) <—-(A-L)K/2<0.
Furthermore, if o > 0,
I (U = aV f(U))|[F: > K, ToU —aVf(U)) =@ (U —aVFU)),
for some constant C, Cs.

Proof. Let [U] g to be the matrix that keeps positive entries of U and set the nonpositive ones to zero,
i.e.,
VIU) = [VIU)]s + [V(U)]se.
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Note that
IV F@Nlsllr = | =200 = DU sl = 200 = LVE, (VF(U*Q).U*Q) = —2(A — L)K.
From Proposition[5] we have

[INZ(Z)I N T
Then by Lemma [T we have

(VAU U) = (VU Q),U"Q) = (VI(U) =V (U"Q),U) + (VI(U"Q),U = U"Q)

< |Vf(U) - Vf(U*Q>||FHU||F+||Vf<U QU -U"Q|r
= |VAU) = VLU QNrUlr + |VFU)QIrIU - U*Q|lr
< [VER; +2(\ = L)VK + 102, IU - U*Ql|r.

Finally we have

(VHU),U) < —(A— L)K <0,

given e, < [\ﬁRﬁé?A Lz)\\ﬁFJrne? 5 Here Ry = 2Cs(n++/plogn)+2L+2/C102 . +12np.

Note the fact

Ho(U) = Ugur (i) T4 (U)), ) (U) = Hg.r () (I (U)),

where 11, (U) stands for the projection of U on to the space of matrices with positive entries,

S"=1(v/K) stands for the sphere with radius /K, B"" (v/K) stands for the ball with radius v/K .
Thus we only need to show that

L (U = aV f(U))|} = K.
Define U; ; = a[Vf(U)]i S, if [U—aVf(U)]i; > 0. And U; ; = U, j otherwise. Then we have
—U=1,(U-U) =T (U - aVf(U)).
Moreover, if [U — aV f(U )] <0, then

Hence

which implies that
L (U = oV O)E = U = UlI% > UII% = K
|

Lemma 3| (One-step shrinkage towards block form). Denote A = U — U®*, where U®* is defind
as (17). Choose (L, 3) such that:

2N -L) Cran©2
< _
n = 12rn2a3

Suppose || Al < €., where €. is defined in Lemmal[2} Assume

Cl an@

min s 3
A5l < 200 AL < minfa, Sava). @

where €1 :=

in Cran®2; Cian®?, Cian®Z..
64K (Omaxv2Klogn + Cs(p + log? n)) 968ran ' 96prain/n [’

Then we have

[U)ir — [V FO)ir < [Ulir — Cl“f’;@mm VieGyslk—1) <7 <sk, | £k
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Furthermore,

2
Chan®;;

V]i,r <max{[U};r —«a S L0LVieGrs(k—1) <7 <sk, | #k.

where V = To(W), W = U — aV f(U), for some constant C, C5. Consequently, after at most
I = ﬁ iterations, U? will enter Phase 2, i.e.,U! € G,, if for every step t, U! meets the above
conditions (ZI).

Proof. Without loss of generality and for notation simplicity, we assume m; = -+ = myg = s =
r/K,ag1 = = af,m, = ak, Vk. By definition we have

VfU)=(2A+2L-1d+y1F +1,47YU + g1, (vU1, —1,)T + (0UT1, —1,)1T|U.

Now suppose A = U — U>* A =[dy,...d,]. Then Vi € Gy, | # 1.
ViU))i1 =2L-(d1): + eZT(QA + ylz + lnyT)aLllGl + ezT(ZA + yl?; + lnyT)dl.
From Proposition 5| we know
el 2A+y1r +1,y")a111a, = a1.1D1,(i) > Cray 1002,

The goal of the rest of the proof is to show that el (24 + y1Z + 1,,y7)a; 11¢, is the dominant term
in [V f(U)];,1; the rest of the terms can be absorbed given that U is located within some neighborhood
of the optimum point U?*. From calculation we have

[Vf(O))ix =2L- (d1)i + e QA+ y1] + 1y ar1le, + €] 2A+yl] +1,y")dy
+ Bel 1, (U1, — 1) + (UUTL, —1,)1 a1 116, + 11
=2L - (dy); +a11D1,(i) +ef A +y1T + 1,97)dy
+ Bel (U1, —1,)T + (UUT1, —1,)1 a1 11¢, + 1,

where

r = Bel[1,(UUT1, —1,)T +(UUT1, —1,)1%]d;.

Further orthogonally decompose d, = >, =1 -1q, + w-,forz,, € R, 7=1,...,r, w, € Fﬁ.
Then we have

el (2A +y1T +1,y")d;, = Z Tp 1 Dga(i) +ef (2A +y12 + 1,97 )wy
k
> w11 D1(d) — 2\ @1+ ef A+ y1l + 1,7 wy,

since 1 >0, Vk # 1, Dy = —2An;. Recall X = [X4,..., X,,], X; =¢€; + w, Vi € G;. Then
from high dimensional bound of Gaussian distributions we have

2
T 24+ 917 + 1oy D)t | = 2[Awn) — 3 n—klkaGk,kaGk|

k

= 22[(#1—Mk)+(5i_ék)]T Z &j(wi);
k

JEGK

< 2K (Omax /2K log n + C5(p + log® n)) [Jws [,

28



Published as a conference paper at ICLR 2024

with probability > 1 — Cy/n, for some constant Cy, Cs > 0. On the other hand,
Bel [1,(UUTL, —1,)" + (UUTL, — 1,)1]]Ja11¢,
= Bare] [Ly 15 (U)AT + AU)T) + (U)AT + AU)T)1a17]16,
= Ba 15U AT + AU 1g, +niel (U*AT + AU*)T)1,,]

= Bar Y17 ld? + d, () )16, +niel (2d? + dp (u2))1,]
T=1
K sg

S
= Ba1[()y ng Z agdt1g,) + aing Z 174,
g=1 T=s(g—1)+1 =1
sl sg

K
+nq Z QIIZdT + nl(z Ng Z Qg (dT)'L)]

T=s(l—-1)+1 g=1 T=s5(9—1)+1

> Bai2rainiv/n(—||Al|lF) + rnaay/n(—|| Al F)
sl

+n(any(dy)i +ang Y (dr)i))]

T=s(l—-1)+1
> Baya[3raniv/n(—||AllF) + a1n?(dy); — anynyral.

Similarly we can show that |r1| < Bra(3n%a® + n||A||%). Hence
[Vf(U)]Z,l Z 2L - (dl)’L + (a171 + I171)D17l(i) — 2)\HASL

— 2K (Omax V2K log n + Cs(p + log® n) ) [|w |
+ 6@171[3r&n1\/ﬁ(—|\A||F) + a171n%(d1)i — Emlnlra] —+ 7

(oo}

Cran©? .
> (2L + Baf ;n?)(dr)i + %7
provided that A :
x1,1 > —3/4a,
Cran®©? .
[As(a)elloc < ?T =ef, 1Al < e
Here ¢; :=
. Clw@%ﬂin Clw@?ﬂin Cl%g?ﬂin
min

64K (Omaxyv2K logn + Cs(p + log?n)) "\ 966ran ~968ra*n/n

It is also sufficient to assume

. 3
[Bstarlle < e 1810 < min{er, Savi).

The (L, B) pair need to satisfy:

2(A—1) Cran©2.
N L < ——— _mun.
n =8< 12rn2a3
Thus,
C1an®©?2,
[U)ia — o[VFO))ia < [U)ia — a%,w € G l#1.

From Lemmawe know that |W|| = |[U — aVf(U)| > VK. Hence Vi € G, s(k —1) < 7 <
sk, 1 # k,

\/I? Cl%G?ﬂin
(——_min

V]i1 = WH-&-([U]i,l —a[Vf(U)lia) <max{[U];, — 5 0}.
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o2
Note that the initialization U needs to satisfy |AG,.[loc < % from the above argument,

where AY = U9 — U2*. Then it takes at most I total steps for U to converge to the block form Gp,,
where ) )
Cian®©z Ciran®©=
—_— min —_— min — 1 4 .
o min) /(o e 1 /(4a))

1=(

Lemma {d| (Inflation of distance to U** for Phase 1). If [|[U — U*Q||r < €., then
IV =U*r <nllU = U**|F,

where n = 1 + aRy, Ry = 2C3(n + /mplogn) +2/C102 . + 2L + 12n3, for some constant
C1,Cs.

Proof. Suppose ||U — U*Q||p < €, then from Lemma[2] we have

[V =U*r = [HaU - aVf{U)) - HoU" = aV f(U*)|r
= [He)(U = aVf({U)) =) (Us" —aVF(U*))|r
<U = aVfU)) = (U —aV(U*))|r
<A +ak)|U—-U"|p,
where Ry = 2C3(n + /mplogn) +2/C102,,. + 2L + 12np. [ ]

Lemma [5|(Local strong convexity).
If U € G, define A := UQT — U*, then

(V2F(U)IALA) > BlA|E,

where § = min{2[L — (vn + VP + V2logn)?], —2(A — L) + Bn} > 0, provided that L €
(Vn+ P+ +2logn)?, \), B> 2(X — L)/n. Furthermore, VU s.t. |[U — U*||r < €5, we have

(V2FU)[A],A) = B/21|A]7,

where ¢, = %ﬁn.

Proof. U € G, Q € Fn = U = Wy + Ws, with

d1711n1,...7d1751n1 O 0
0 do1ly,,...,dasly, - 0
W= : : . : ’
0 0 dKﬂl]_nK,...,dK“g]_nK
Wil,..., Wi 0 0
0 W2 1,...,W25 0
WQ = . . . . )
0 0 o WK1, WK

for some dy, ; € R, wi; € R™, (W, 1,,) =0,Vk € [K],i € [s]. Note that

o

a1,1dp . a1,610, 0
N 0 ag,llnz,...,alslnz 0
U Q = . . . . )
0 0 dK,l]-nKa"'aéK,s]-nK

for some ay; € R,k € [K],i € [s]. Recall

Q= argminéemeU - U*QHF,
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then there exist ¢, > 0,k € [K], s.t.
dk,i = dek,i; Vk € [K],Z € [S]

Hence W1QT = [W}|O,,x(r— k)], where

o1, 0 0
c2
Wll = ! \/n721n2 0
0 0 1,
And Wo,QT = [W3|W2], where
W1 0 0
0 Wo 0
Wy = ) s
0 0 Wi

for some w, € R™ k € [K]. And every column of W3 belongs to the space I'xc := span{lg, :
k € [K]}*, which is the orthogonal complement of the linear subspace of R™ spanned by the vectors
1G17 ceey 1GK' i.e.,

vt - U = Wi + W) - UrWi.
Denote Ay = Wi + W3 — U*, Ay = W3, A = [A1|As]. First we will show that

1AL (U*) L0 + U AT Ll 2> )| At 7

Denote
1
vt 0 0 di 0 0
0 L1, 0 0 dy 0
Uik - 2' ’ 9 Al = . Y
1 . d
0 0 = Lo 0 0 K

a
AU+ 0T, = | 2

di

where
dy = /nrdy, + \/%lnklzkdk.
Note that
il > 3, (VT + J}TMT) Idyl2 > 2

Hence

JAUD) L + UF AT L = 3 [ldilP?
k

> mi 2,
> Hlkln{nk}zk: |||

31



Published as a conference paper at ICLR 2024

By calculating the Hessian at U™ we get

(V2F(UNIA]LA) = 2(L-1d, + A) + y1F + 1,47, AAT) + B|A(UN T, + U*ATL,||%
= (2(L-1d, + A) +y17 + 1,97, A, AT
(2(L-1d, + A) +y17 + Ly", AL AT) + B AL(UT) 1, + U AT L, |7
2((L-1d, + A), Ao ATY 4 (2(L - 1d,, + A) + 1T + 1,97, A1 AT)
+BIAL (U 1, + U AT 1[5
> 2[L — (Vi + b+ v/2logn)?][| Aoll% + Ral| A7 + Bnl A%
> min{2[L — (vn+ b+ /2logn)?], Ry + Bn}||All%

+

with probability > 1—1/n, where (4, Ay ALY > —(y/n+/p++/2]ogn)?| As||% by Pr0p051t10nl
Ry = —2(A—L) by Proposmonl 1} In particular, by choosing L € ((v/n+,/p++/2logn)?, ), 8 >
—Rs/n, we have ﬁ > 0. Recall the Hessian of f at U* and U

(V2F(UMIALA) = (2(L - 1dy + A) +yLy + Lay" AAT) + BAU) L, + U AT L, [,

(VF(U)[A],A) = 2(L - 1d, + A) + y17 + 1,97, AAT) + BAU) L, + UATL, |3
+B(1,15 (UUT — (U (UH)T) + (UUT — (U)(U)")1a1,, AAT).
Then we have
(V2F(U)[A], A) = (V2F(U)[A], A)]
<BIAWU) 1, + UATL,|F — AU 1, + U*ATL,|1F)
+ 8115 (UUT = (UH)(UT) + (UUT — (U (U))1,17, AAT)]
< BA2n||U - U*||F +6n|U - U"||F)
— 188n||U — U* .

Hence
<V2f(U)[A],A> > B/2|AlE,
provided that ||U — U*||r < 36ﬂn [ |

Lemma 6] (Local exponential convergence).
If U € G, define A := UQT — U*, Then 3y € (0,1),¢e > 0, s.t.,
IV =U"Qllr <AU-U"Q|r,
where
Q= argminée]_-mHU —U*Q|F,

provided that ||[U — U*Q||r < €, where ¢ = min{e,, €5}. Recall that €. is defined in Lemma
H

¢, is defined in Lemma |5l In particular, if we we choose the step size a < j /(2R%),, where
Ry = 2C5(n + v/mplogn) + 2L + 12n[ for some constant Cs. Then the contraction factor would

be 12 = (1 — af3/2).
Proof. By Lemma 2 we have
Ho(U —aVf(U)) =lco) (U —aVf({U)),

where C(2) stands for the convex hall of Q. It is known that

M (v) = e (u)]] < flv —ul,
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for any convex set C. Note YQ € Fm, U*Qisa stationary point for IIo. Then we have
IV = UQlf = |Ha(U — aVf(U)) ~e(U*Q — aVf(U*Q))|%

= ey (U — aVf(U)) =) (U*Q — aV f(U*Q))|F
< (U = aVf(U)) = (U*Q — aVF(UQ))|E
= [(UQT —aVF(UQT)) — (U* = aVF(U")F
= lUQT = U™|E + o?|VF(UQT)) = V(U )E
—20(VF(UQT) = Vf(U"),UQT —U"),

since VA(UQ) = VAU)Q, YVQ € Opxr,U € Ry, Note that |[UQT — U*||Z = ||U —

UQl%, [VFUQT) — V(UM))|r < R||UQT — U*||F, for some constant Rg, so we only
need to analyze the last term. And by MVT we have

1
<Vf(UQT)—Vf(U*),UQT—U*>:/ (VAU +7(UQT -UNUQT -U*, UQT —U*)dr.
0
Notice |[UQT — U*||r < €, from Lemma[5|we have V7 € (0,1),
(V2I(U* +7(UQT = U")[A], A) = 5/2]| A7
Hence
(VIUQT) -V f(U),UQ" - U")
1
— [P+ QT - U )UQ” - U UQT - Utyar
0
> B/2|UQT — U*|I%.
Then we have
IV =UQl% = lUQT = U*||% + o®|IVFUQT)) = VF(UM)IE
—22(Vf(UQT) = Vf(U"),UQT —U")
<UQT = U*|[3 + R3?|UQT — U*||% — 2a8/2|UQT — U™ |3
< (1-aB/2)|UQT —U*|%
=?|U - U* Q%
by choosing o < 3/(2R3),7* = (1 — a3/2). ]

Lemmal (Iterations remain staying in Phase 2). Suppose Lemma|§|holds and U° € Gp,. Denote
€ := min {61, 4af} we have
U' € Gm, Vt > 1,

where

Ut = (U — oV f(UY), ¥t > 1,
given |[UY — U2*||r < min{(1 — v)/2€, €}, recall € = min{e, €5 }.

Proof. From the convergence of Phase 1 (Theorem ' we know Ut! ¢ G, if U? € G, and
|Ut — r < & Thus from definition we know U! € G,. Recall that we define Q' € Fy, as

Q' = argmingr_[|U* — U*Q||p.

Define €y := (1 —)/2 - € Note that U° € Gp,, ||[U® —
the previous lemma (Lemmal6) we have

10" =0 Q°r < AU’ -~ U*Q°llF
Note U*Q" is the projection of U° on to Fy, that located on a sphere, which implies that
1U*Q° = U™"||p < 2|U° = U>|F,

(1 —7)/2 €€}, then from
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given [|U° — U2*||p < 1/2||U%*||p. Thus,
U = U |p < U =U*Q°lr + |U*Q° —U™*||p
<AU° =U* Q| +2|IU° = U
<A = U +2|U° = U ||

< veo + 2¢€g
<e

Then we will finish the proof by induction. Suppose U' € Gp,, | U1 — Ua*||p <& VI < t, we
are going to show that U'*! € G,,,. By assumption we only need to show | U? — U2*||r < € From
Lemmal 6] we have

U= U*Q'r < U =U*Q"Hr <AIUT —U* Q" |p <6, VI<H.

Hence

U = U= < U = U Q' r + IUQ" = U Q" Hlp + - + |UQ" = U"||

t
<2 U -UQ Y| +2|U° = U p
=0

t
<2) AU - U p
=0

<E
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