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Abstract

We consider the problem of multiway clus-
tering in the presence of unknown degree
heterogeneity. Such data problems arise
commonly in applications such as recom-
mendation system, neuroimaging, commu-
nity detection, and hypergraph partitions
in social networks. The allowance of de-
gree heterogeneity provides great flexibility
in clustering models, but the extra com-
plexity poses significant challenges in both
statistics and computation. Here, we de-
velop a degree-corrected tensor block model
with estimation accuracy guarantees. We
present the phase transition of clustering
performance based on the notion of an-
gle separability, and we characterize three
signal-to-noise regimes corresponding to dif-
ferent statistical-computational behaviors.
In particular, we demonstrate that an intrin-
sic statistical-to-computational gap emerges
only for tensors of order three or greater.
Further, we develop an efficient polynomial-
time algorithm that provably achieves exact
clustering under mild signal conditions. The
efficacy of our procedure is demonstrated
through both simulations and analyses of
Peru Legislation dataset.

1 INTRODUCTION

Multiway arrays have been widely collected in var-
ious fields including social networks (Anandkumar
et al., 2014), neuroscience (Wang et al., 2017), and
computer science (Koniusz and Cherian, 2016). Ten-
sors effectively represent the multiway data and
serve as the foundation in higher-order data anal-
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ysis. One data example is from multi-tissue multi-
individual gene expression study (Wang et al., 2019;
Hore et al., 2016), where the data tensor consists of
expression measurements indexed by (gene, individ-
ual, tissue) triplets. Another example is hypergraph
network (Ghoshdastidar and Dukkipati, 2017; Ghosh-
dastidar et al., 2017; Ahn et al., 2019; Ke et al., 2019)
in social science. A K-uniform hypergraph can be
naturally represented as an order-K tensor, where
each entry indicates the presence of K-way hyper-
edge among nodes (a.k.a. entities). In both examples,
identifying the similarity among tensor entities is im-
portant for scientific discovery.

We study the problem of multiway clustering based
on a data tensor. The goal of multiway clustering
is to identify a checkerboard structure from a noisy
data tensor. Figure 1 illustrates the noisy tensor and
the underlying checkerboard structures discovered
by multiway clustering methods. In the hypergraph
example, the multiway clustering aims to identify
the underlying block partition of nodes based on
their higher-order connectivities; therefore, we also
refer to the clustering as higher-order clustering. The
most common model for higher-order clustering is
called tensor block model (TBM) (Wang and Zeng,
2019), which extends the usual matrix stochastic
block model (Abbe, 2017) to tensors. Matrix analysis
tools, however, are sub-optimal for higher-order clus-
tering. Developing tensor tools for solving block mod-
els has received increased interest recently (Wang and
Zeng, 2019; Chi et al., 2020; Han et al., 2020).

Classical tensor block model suffers from drawbacks
to model real world data in spite of the popularity.
The key underlying assumption of block model is that
all nodes in the same community are exchangeable;
i.e., the nodes have no individual-specific parame-
ters apart from the community-specific parameters.
However, the exchangeability assumption is often
non-realistic. Each node may contribute to the data
variation by its own multiplicative effect. We call the
unequal node-specific effects the degree heterogeneity.
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Figure 1: Examples for order-3 TBM with and without
degree correction. Both TBM and dTBM have four
communities on each mode, while dTBM allows a richer
structure with degree heterogeneity.

Such degree heterogeneity appears commonly in so-
cial networks. Ignoring the degree heterogeneity may
seriously mislead the clustering results. For example,
regular block model fails to model the member affilia-
tion in Karate Club network (Bickel and Chen, 2009)
without addressing degree heterogeneity.

The degree-corrected tensor block model (ATBM) has
been proposed recently to account for the degree het-
erogeneity (Ke et al., 2019). The dTBM combines a
higher-order checkerboard structure with degree pa-
rameter 6 = (6(1),...,0(p))? to allow heterogeneity
among p nodes. Figure 1 compares the underlying
structures of TBM and dTBM with the same number
of communities. The dTBM allows varying values
within the same community, thereby allowing a richer
structure. To solve dTBM, we project clustering ob-
jects to a unit sphere and perform iterative clustering
based on angle similarity. We refer to the algorithm
as the spherical clustering; detailed procedures are
in Section 4. The spherical clustering avoids the esti-
mation of nuisance degree heterogeneity. The usage
of angle similarity brings new challenges to the theo-
retical results, and we develop new polar-coordinate
based techniques in the proofs.

Our Contributions. The primary goal of this pa-
per is to provide both statistical and computational
guarantees for dTBM. Our main contributions are
summarized below.

e We develop a general dTBM and establish the
identifiability for the uniqueness of clustering using
the notion of angle separability.

e We present the phase transition of clustering perfor-
mance with respect to three different statistical and
computational behaviors. We characterize, for the
first time, the critical signal-to-noise (SNR) thresh-

olds in dTBMs, revealing the intrinsic distinctions
among (vector) one-dimensional clustering, (matrix)
biclustering, and (tensor) higher-order clustering.
Specific SNR thresholds and algorithm behaviors
are depicted in Figure 2.

e We provide an angle-based algorithm that achieves
exact clustering in polynomial time under mild con-
ditions. Simulation and data studies demonstrate
the outperformance of our algorithm compared with
existing higher-order clustering algorithms.

The last two contributions, to our best knowledge,
are new to the literature of dTBMs.

Related Work. Our work is closely related to but
also distinct from several lines of existing research.
Table 1 summarizes the most relevant models.

Block model. Block models such as stochastic block
model (SBM) and degree-corrected SBM have been
widely used for matrix clustering problems. See the
review paper (Abbe, 2017) and the references therein.
The (non-degree) tensor block model (TBM) is a
higher-order extension of SBM, and its statistical-
computational properties are investigated in recent
literatures (Wang and Zeng, 2019; Han et al., 2020;
Ghoshdastidar et al., 2017). Extending results from
non-degree to degree-corrected model is highly chal-
lenging. Our dTBM parameter space is equipped
with angle-based similarity and nuisance degree pa-
rameters. The extra complexity makes the Cartesian
coordinates based analysis (Han et al., 2020) non-
applicable to our setting. Towards this goal, we have
developed a new polar coordinates based analysis
to control the model complexity. We also develop a
new angle-based iteration algorithm to achieve opti-
mal clustering rates without the need of estimating
nuisance degree parameters.

Degree-corrected block model. The hypergraph degree-
corrected block model (hDCBM) and its variant have
been proposed in the literature (Ke et al., 2019; Yuan
et al., 2018). For this popular model, however, the
optimal statistical-computational rates remain an
open problem. Our main contribution is to provide
a sharp statistical and computational critical phase
transition in dTBM literature. In addition, our al-
gorithm results in a faster exponential error rate, in
contrast to the polynomial rate in Ke et al. (2019).
The original hDCBM (Ke et al., 2019) is designed for
binary observations only, and we extend the model to
both continuous and binary observations. We believe
our results are novel and helpful to the community.
See Figure 2 for overview of our results.

Global-to-local algorithm strategy. Our methods gen-
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Figure 2: SNR thresholds for statistical and computational limits in order-K dTBM with dimension (p, ...
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,p) and

K > 2. The SNR gap between statistical possibility and computational efficiency exists only for tensors with K > 3.

Gao et al. (2018) Han et al. (2020) Ghoshdastidar et al. (2017) Ke et al. (2019) Ours
Allow tensors of arbitrary order X Vv N N Vv
Allow degree heterogeneity V4 X Vv v v
Singular-value gap-free clustering Vv X X
Misclustering rate (for order K*) - exp(—p/?) p! p? exp(—p"/?)

Table 1: Comparison between previous methods with our method. *We list the result for order-K tensors with K > 3

and general number of communities r = O(1).

eralize the recent global-to-local strategy for matrix
learning (Gao et al., 2018; Chi et al., 2019; Yun
and Proutiere, 2016) to tensors (Han et al., 2020;
Ahn et al., 2018; Kim et al., 2018). Despite the
conceptual similarity, we address several fundamen-
tal challenges associated with this non-convex, non-
continuous problem. We show the insufficiency of the
conventional tensor HOSVD (De Lathauwer et al.,
2000), and we develop a weighted higher-order initial-
ization that relaxes the singular-value gap separation
condition. Furthermore, our local iteration leverages
the angle-based clustering in order to avoid explicit es-
timation of degree heterogeneity. Our bounds reveal
the interesting interplay between the computational
and statistical errors. We show that our final esti-
mate provably achieves the exact clustering within
only polynomial-time complexity.

Notation. We use lower-case letters (e.g., a,b)
for scalars, lower-case boldface letters (e.g., a,8)
for vectors, upper-case boldface letters (e.g., X, Y)
for matrices, and calligraphy letters (e.g., X,)) fo

tensors of order three or greater. We use 1, to
denote a vector of length p with all entries to be
1. We use | - | for the cardinality of a set and
1{-} for the indicator function. For an integer
p € N4, we use the shorthand [p] = {1,2,...,p}.
For a length-p vector a, we use a(i) € R to denote
the i-th entry of a, and use a; to denote the sub-
vector by restricting the indices in the set I C [p].
We use |la| = /Y, a?(i) to denote the fy-norm,
llall; = >, |ai| to denote the ¢; norm of a. For two
vector a,b of the same dimension, we denote the
angle between a, b by cos (a,b) = (a,b) /|lal ||b],
where (a,b) is the inner product of two vectors
and cos (a,b) € [-1,1]. We make the convention
that cos (a,b) = cos (a”,b”). Let Y € RPr*xpx
be an order-K (pi, ..., px )-dimensional tensor. We
use Y(i1,...,ix) to denote the (i1,...,ix)-th en-
try of . The multilinear multiplication of a tensor

S € R > XK hy matrices My, € RPF*"r results in
an order-d (p1, ..., pk)-dimensional tensor X

/Y:S><]_]\41><~-~><K]\4K7

where the entries of X’ are defined by X (i1, ...,ix) =
2y S Jk )M (in, 1) - - Mk (ik, i)
For a matrix Y, we use Y;. (respectively, Y.;) to
denote the i-th row (respectively, i-th column) of
the matrix. Similarly, for an order-3 tensor, we use
Y..; to denote the i-th matrix slide of the tensor.
We use Ave(:) to denote the operation of taking
averages across elements and Matg(-) to denote
the unfolding operation that reshapes the tensor
along mode k into a matrix. For a symmetric
tensor Y € RP*"*P  we omit the subscript and
use Mat(y) € RP*P“ " to denote the unfolding.
For two sequences {a,},{b,}, we denote a, < b,
or ap = O(bp) if limpocap/b, < ¢ for some
constant ¢ > 0, a, = 0( p) if limy_, o0 a,/b, = 0, and
ap = Q(by) if both b, < a, and a, < by,. Throughout
the paper, we use the terms “community” and

“clusters” exchangeably.

2 MODEL FORMULATION

2.1 Degree-corrected Tensor Block
Model

Suppose we have an order-K data tensor ) €
RP**P_ For ease of notation, we focus on symmetric
tensors in this section. Assume there exist r > 2 dis-
joint communities among the p nodes. We represent
the community assignment by a function z: [p| — [r],
where z(i) = a for i-th node that belongs to the
a-th community. Then, 27 (a) = {i € [p]: 2(i) = a}
denotes the set of nodes that belong to the a-th com-
munity, and |z7!(a)| denotes the number of nodes
in the a-th community. Let 8 = (6(1),...,0(p))T
denote the degree heterogeneity for p nodes. We con-
sider the order-K dTBM (Ke et al., 2019),

ZK)) H 9¢k+£(’i1, -
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where § € R™ %" is an order-K tensor collect-
ing the block means among communities, and £ €
RP*XP s a mnoise tensor consisting of indepen-
dent zero-mean sub-Gaussian entries with variance
bounded by 2. The unknown parameters are z, S,
and 6. The dTBM can be equivalently written in a
compact form of tensor-matrix product:

EY=8%x10M Xg---xXg OM, (1)

where ® = diag(6(1),...,60(p)) € RP*P is a diagonal
matrix, M € {0,1}’*" is the membership matrix
associated with community assignment z such that
M(i,j) = 1{z(i) = j}. By definition, each row
of M has one copy of 1’s and 0’s elsewhere. Note
that the discrete nature of M renders our model (1)
more challenging than Tucker decomposition. We
call a tensor ) an r-block tensor with degree 6 if
Y admits (1). We are particularly interested in
high-dimensional regime where p grows whereas r =
O(1). The extension to general asymmetrical dTBM
is obtained via replacing (M,®) in (1) by mode-
specific parameters (M}, ) for every mode k € [K].
Here, we give two special cases of dTBM.

Example 1 (Gaussian TBM). Let 6(i) = 1 for all
i € [p] and € be a noise tensor with i.i.d. N(0,0?)
entries. Our dTBM reduces to a non-degree Gaus-
sian TBM (Wang and Zeng, 2019; Han et al., 2020),
which is widely used in previous clustering algo-
rithms (Wang and Zeng, 2019; Chi et al., 2020).

Example 2 (Binary dTBM). Consider a K-uniform
hypergraph H = (V, E), where V = [p] collects the
nodes with r disjoint communities and E collects all
the K-way hyperedges. Let J € {0, 1}P*"*P denote
the adjacency tensor, where the entries encode the
presence or absence of hyperdeges among p nodes.
Specifically, let Y(i1,...,ix) = 1 if (i1,...,ix) € E,
otherwise, Y(i1,...,ix) = 0, for all (i1,...,ix) €
[p]¥. The equation (1) models EY with degree het-
erogeneity and subgaussianity parameter o2 = 1/4.

2.2 Identifiability under Angle Gap

The goal of clustering is to estimate the partition
function z from model (1). For ease of notation, we
focus on symmetric tensors; the extension to non-
symmetric tensors are similar. We use P to denote
the following parameter space for (z, S, 0),

P = {(z,s,e): 0 € R” fora € m,% <z Ya)| < ?

¢5 < [Mat(S)er]| < s, 8,10y, = |z*1<a>\}, @)

where ¢; > 0’s are universal constants. We briefly
describe the rationale of the constraints in (2). First

T4

the entrywise positivity constraint on @ € RY is
imposed to avoid sign ambiguity between entries in
0.-1(4) and S. This constraint allows the trigonomet-
ric cos to describe the angle similarity in the Assump-
tion 1 below and Sub-algorithm 2 in Section 4. Note
that the positivity constraint can be achieved without
sacrificing model flexibility, by using a slightly larger
dimension of S in the factorization (1); see Supple-
ment A.1. Second, recall that the quantity |z~!(a)|
denotes the number of nodes in a-th community. The
constants cj,cy in the |z71(a)| bound assume the
roughly balanced size across r communities. Third,
the constants cs,cq in the magnitude of Mat(S)s,.
requires no purely zero slide in S, so the core tensor
S is not trivially reduced to a lower rank. Lastly, the
¢y normalization [|6,-1(4)[|1 = |27 (a)| is imposed to
avoid the scalar ambiguity between 6.-1(,) and S.
This constraint, again, incurs no restriction to model
flexibility but makes our presentation cleaner. See
Supplement A.2 for the parameter space comparison
with previous work (Gao et al., 2018; Han et al., 2020;
Ke et al., 2019).

We now provide the identifiability conditions for our
model before estimation procedures. When r = 1,
the decomposition (1) is always unique (up to cluster
label permutation) in P, because dTBM is equivalent
to the rank-1 tensor family under this case. When
r > 2, the Tucker rank of signal tensor E)Y in (1) is
bounded by, but not necessarily equal to, the number
of blocks r (Wang and Zeng, 2019). Therefore, one
can not apply the classical identifiability conditions
for low-rank tensors to dTBM. Here, we introduce a
key separation condition on the core tensor.

Assumption 1 (Angle gap). Let S = Mat(S). As-
sume the minimal gap between normalized rows of
S is bounded away from zero; i.e., for r > 2,

Sa: Sb:

A —_
1Sa:Al 1Skl

H > 0. (3)

min ‘= min
a#be(r]

We make the convention A, = 1 for r = 1. Equiva-
lently, (3) says that none of the two rows in S are par-
allel; i.e., maxqpefr) €08 (Sa:, Sp:) = 1-AZ. /2 <1.
The quantity A, characterizes the non-redundancy
among clusters measured by angle separation. De-
nominators involved in definition (3) are well posed
because of the lower bound on || S,.| in (2). The
following theorem shows that the angle separation
is sufficient and necessary for the identifiability of
dTBM.

Theorem 1 (Model identifiability). Consider the
dTBM with r» > 2. The parameterization (1) is



unique in P up to cluster label permutations, if and
only if Assumption 1 holds.

The identifiability guarantee for the dTBM is more
appealing than classical Tucker model. In the Tucker
model, the factor matrix M is identifiable only up to
orthogonal rotations. In contrast, our model does not
suffer from rotational invariance. This property ben-
efits the interpretation of dTBM in practice.

3 THEORETICAL LIMITS

In this section, we study the statistical and compu-
tational limits of dTBM. We propose signal-to-noise
ratio (SNR),

SNR := A?nin/a-2 = p’Y’ (4)

with varying v € R that quantifies different regimes
of interest. We call v the signal exponent. Intuitively,
a larger SNR, or equivalently a larger «y, benefits the
clustering in the presence of noise. With quantifica-
tion (4), consider following parameter space,

P(y) = PN{S satisfies SNR condition (4) with v}. (5)

The 1-block dTBM does not belong to the space
P(vy) when v < 0 by Assumption 1. Our goal is to
characterize the clustering accuracy with respect to
v. Let Z and z be the estimated and true clustering

functions in family (2). Define the misclustering error
by

where 7 : [r] — [r] is a permutation of cluster labels, o
denotes the composition operation, and II denotes the
collection of all possible permutations. The infinitum
over all permutations accounts for the ambiguity in
cluster label permutation.

In Sections 3.1 and 3.2, we provide the lower bounds
of £(2,z) for general Gaussian dTBMs (1) with-
out symmetric assumptions. For general (asymmet-
ric) Gaussian dTBMs, we assume Gaussian noise
Elir, ... iK) R N(0,0%), and we extend the pa-
rameter space (2) to allow K clustering functions
(2k)ke[k], one for each mode. For notational simplic-
ity, we still use z and P(~) for this general (asymmet-
ric) model. All lower bounds should be interpreted
as the worst-case results across K modes.

3.1 Statistical Critical Values

The statistical limit means the minimal SNR required
for solving dTBMs with unlimited computational cost.
Our following result shows the minimax lower bound
of SNR for exact recovery in dTBM.

Theorem 2 (Statistical lower bound). Consider gen-
eral Gaussian dTBMs under the parameter space
P(v) with K > 1. Assume r < p'/3. If the signal ex-
ponent satisfies 7 < —(K — 1), then, every estimator
éstat obeys

sup E [pl(Zstat, 2)] > 1.
(2,8,0)€P(7v)

Theorem 2 demonstrates the impossibility of exact
recovery of the assignment when v < —(K — 1) in
the high-dimensional regime p — oo for fixed r. The
proof is information-theoretical, and therefore the
results apply to all statistical estimators, including
but not limited to, maximum likelihood estimation
(MLE) (Wang and Zeng, 2019) and trace maximiza-
tion (Ghoshdastidar and Dukkipati, 2017). As we
will show in Section 4, the SNR threshold —(K —1) is
also a minimax upper bound, because MLE achieves
exact recovery when v > —(K — 1). Hence, the
boundary vstat := —(K — 1) is the critical value for
statistical performance of dTBM.

3.2 Computational Critical Values

The computational limit means the minimal SNR
required for exactly recovery with polynomial-time
computational cost. An important ingredient to es-
tablish the computational limits is the hypergraphic
planted clique (HPC) conjecture (Zhang and Xia,
2018; Brennan and Bresler, 2020). The HPC conjec-
ture indicates the impossibility of fully recovering the
planted cliques with polynomial-time algorithm when
the clique size is less than the number of vertices in
the hypergraph. The formal statement of HPC de-
tection conjecture is provided in Supplement C.4.
Under the HPC conjecture, we establish the SNR
lower bound that is necessary for any polynomial-time
estimator to achieve exact clustering.

Theorem 3 (Computational lower bound). Con-
sider general Gaussian dTBMs under the parameter
space P(v) with K > 2. Assume HPC conjecture
holds. If the signal exponent v < —K/2, then, every
polynomial-time estimator Zeomp obeys

lim inf sup
P70 (2,8,0)€P(v)

E [pl(Zcomp, 2)] > 1.
Theorem 3 indicates the impossibility of exact recov-
ery by polynomial-time algorithms when v < —K /2.
Therefore, Yeomp := —K/2 is the critical value for
computational performance of dTBM. In Section 4,
we will show the condition v > —K/2 suffices for
our proposed polynomial-time estimator. Thus,
Yeomp ‘= —K/2 is the critical value for computa-
tional performance of dTBM.



Remark 1 (Statistical-computational gaps). Now,
we have established the phase transition of exact clus-
tering under order-K dTBM by combing Theorems 2
and 3. Figure 2 summarizes our results of critical
SNRs when K > 2. Particularly, dTBM reduces to
matrix degree-corrected model when K = 2, and
the statistical and computational bounds show the
same critical value. When K = 1, dTBM reduces
to the degree-corrected sub-Gaussian mixture model
(GMM). Earlier work (Lu and Zhou, 2016) implies
that polynomial-time algorithms are able to achieve
the statistical minimax lower bound in GMM. Hence,
the statistical-to-computational gap emerges only for
higher-order tensors with K > 3, which reveals the
intrinsic distinctions among (vector) one-dimensional
clustering, (matrix) biclustering, and (tensor) higher-
order clustering. We also find that the extra com-
plexity from 6 does not render the estimation of z
qualitatively harder; see comparison of our phase
transition with non-degree TBM (Han et al., 2020).

4 ALGORITHM

In this section, we present an efficient polynomial-
time clustering algorithm under mild SNR. The pro-
cedure takes a global-to-local approach. See Figure 3
for illustration. The global step finds the basin of at-
traction with polynomial miclustering error, whereas
the local iterations improve the initial clustering to
exact recovery. Both steps are critical to obtain a
satisfactory algorithm output.

‘ N e “. x ground truth

! \ 1 N . .
=X .« X ) - basinofattraction

\ i A + a weighted higher-order

! o ee . .
- X ) oot initialization
\ i ) — angle-based iteration
N -

Figure 3: Tllustration of our global-to-local algorithm.
4.1 Initialization

We start with weighted higher-order clustering algo-
rithm as initialization. We take an order-3 symmetric
tensor as illustration for insight. Consider noiseless
case with X = EY and X = Mat(X'). By model (1),
for all 7 € [p], we have

0(i) ' Xi. = [Mat(S x2 OM x3 OM)]_;). .

This implies that, all node i belonging to a-th com-
munity (i.e., z(¢) = a) share the same normalized
mean vector §(i) "1 X;., and vice versa. Intuitively,
one can apply k-means clustering to the vectors
{6(i) ' X.}ie[p), which leads to main idea of our
Sub-algorithm 1. Specifically, our initialization con-
sists of denoising step and clustering step. The de-
noising step (lines 1-2 in Sub-algorithm 1) estimates

X from Y by a double projection spectral method.
The double projection improves usual matrix spec-
tral methods in order to alleviate the noise effects for
K > 3 (Han et al., 2020). The clustering step (lines 3-
5 in Sub-algorithm 1) performs the weighted k-means
clustering. The choice of weights is to bound the
k-means objective function by the Frobenius-norm ac-
curacy of X'. Unlike existing clustering algorithm (Ke
et al., 2019), we apply the clustering on the unfolded
tensor X rather than on the factors U. This strategy
relaxes the singular-value gap condition (Gao et al.,
2018; Han et al., 2020). Full procedures are provided
in Sub-algorithm 1.

We now establish the misclustering error rate of ini-
tialization. We call @ is balanced if the relative
extent of heterogeneity is comparable across clusters
in that

minHHz*l(a)” = (1 + 0(1)) maﬁ’]{ng*l(a)”- (6)

a€lr] a€|

Note that, the assumption (6) does not preclude
degree heterogeneity. Indeed, within each of the clus-
ters, the highest degree can be (i) = Q(p), whereas
the lowest degree can be 0(i) = O(1).

Theorem 4 (Error for weighted higher-order initial-
ization). Consider the general sub-Gaussian dTBM
with i.i.d. noise under the parameter space P
and Assumption 1. Assume 6 is balanced and
min, e, 0(i) > ¢ for some constant ¢ > 0. Let 20 de-
note the output of Sub-algorithm 1. With probability
going to 1, we have

029, 2) < rEp=K/2 /SNR. (7)

Remark 2 (Comparison to previous results). For
fixed SNR, our initialization error rate with K = 2
agrees with the initialization error rate O(p~!) in
matrix models (Gao et al., 2018). Furthermore, in
the special case of non-degree TBMs with ; = --- =
0, = 1, we achieve the same initial misclustering error
O(p~%/?) as in non-degree models (Han et al., 2020).
Theorem 4 implies the advantage of our algorithm
in achieving both accuracy and model flexibility.

Remark 3 (Failure of conventional tensor HOSVD).
If we use conventional HOSVD for tensor denoising;
that is, we use Upe in place of U in line 2, then
the misclustering rate becomes O(p~1) for all K > 2.
This rate is substantially worse than our rate (7).

4.2 Angle-based Iteration

Our Theorem 4 has shown the polynomially decay-
ing error rate from our initialization. Now we im-
prove the error rate to exponential decay using local



Algorithm: Multiway spherical clustering for degree-corrected tensor block model

Sub-algorithm 1: Weighted higher-order initialization

Input: Observation ) € RP* P cluster number r, relaxation factor n > 1 in k-means clustering.
1: Compute factor matrix Upye = SVD,(Mat())) and the (X —1)-mode projection Xppe = Y X1 UpchpTre Xo- X K_1

Up UL

pre-

SR

SIXPIXE — P <

ieSg

Output: Initial clustering z(® « 2.

. Compute factor matrix U = SVD, (Mat (X)) and denoised tensor X =Y x, UUT xq - x5 UUT.
. Let X = Mat(X) and Sy = {i € [p] : || X4|| = 0}. Set 2(i) randomly in [r] for i € So.

. For all i € S§, compute normalized rows X = || X[~ X..

: Solve the clustering 2: [p] — [r] and centroids (Z;);¢[r,] using weighted k-means, such that

min X, ]2 Xf — &2
iSRRI - s

i€Se

Sub-algorithm 2: Angle-based iteration

Input: Observation Y € RP**P initialization 2(?): [p] — [r] from Sub-algorithm 1, iteration number 7'

6: fort=0toT —1 do

7. Update the block tensor S® via S®(ay, ...,ax) = Ave{Y(i1,...,ix) : 2 (i) = ar, k € [K]}.

8: Calculate reduced tensor Y4 € RPX7X X7 yig

yd(i7a27' .

yag) = Ave{)(i,ia,. .

.,iK) : Z(t)(lk) = ag, k 7é l}

9: Let Y9 = Mat(Y?) and Jo = {i € [p] : |¥;¢|| = 0}. Set 2+ (4) randomly in [r] for i € Jo.
10: Let S® = Mat(S®). For all i € J§ update the cluster assignment by

2(1) Y = arg max cos (Yld, Sflf)) .

ac ['r]

11: end for
Output: Estimated clustering z(T) € [r]?.

iterations. We propose an angle-based local itera-
tion to improve the outputs from Sub-algorithm 1.
To gain the intuition, consider an one-dimensional
degree-corrected clustering problem with data vec-
tors @; = 0(i)s.(;) + €1 € [p], where s;’s are known
cluster centroids, 6(i)’s are unknown positive degrees,
and z: [p] — [r] is the cluster assignment of interest.
The angle-based k-means algorithm estimates the
assignment z by minimizing the angle between data
vectors and centroids; i.e.,

z(i) = arg max cos(x;, 8,), for all i € [p].
a€lr]

The classical Euclidean-distance based cluster-
ing (Han et al., 2020) fails to recover z in the pres-
ence of degree heterogeneity, even under noiseless
case. In contrast, the angle-based k-means clustering
achieves accurate recovery without explicit estima-
tion of 8. Our Sub-algorithm 2 shares the same spirit
as angle-based k-means, except that we use estimated
centroids s((zt) in place of s, based on estimated as-
signment in previous iterations. See Sub-algorithm 2
for full procedures.

We now establish the misclustering error rate of iter-
ations under the stability assumption.

Definition 1 (Locally linear stability). Define the
e-neighborhood of z by N (z,e) = {z: {(z,2) < e}.
Let z: [p] — [r] be a clustering function. The degree
is e-locally linearly stable if and only if

sin(p(z), pe(z)) < eAmin, for all z € N(z,¢), (8)

where p(2) = (|z71(1)],..., |2 (r))T and po(2) =
(0=l - 1810y 1)

Roughly speaking, the vector p(z) represents the
raw cluster sizes, and py(Z) represents the relative
cluster sizes weighted by degrees. The local stability
holds trivially for € = 0 based on the construction of
parameter space (2). The condition (8) controls the
impact of node degree to the py(-) with respect to
the misclassification rate € and angle gap.

Theorem 5 (Error for angle-based iteration). Con-
sider the setup as in Theorem 4. Suppose r = O(1)

and SNR > Cp~K/21og p for some sufficiently large
constant C. Assume the local linear stability of de-
gree holds in the neighborhood N (z,¢) for all e < Ej
and some E; > Clog™'p with some positive con-
stant C. Let 2 denote the t-th iteration output
in Sub-algorithm 2 with initialization z(®) from Sub-
algorithm 1. With probability going to 1, there exists
a contraction parameter p € (0,1) such that



K—1
02,29y < SNR ™ exp (—pisNR)

+ p"(z, 2 ).

rK-1
computational
statistical error error

The iteration error is decomposed into two parts:
statistical error and computational error. The statis-
tical error is unavoidable with noisy data regardless
t, whereas the computational error decays in an ex-
ponential rate as the number of iterations ¢ — oo.
Theorem 5 implies that, with probability going to
1, our estimate z(T) achieves exact recovery within
polynomial iterations; more precisely,

(T)

z =Tmoz, fOI' allTZlOguppv

for some permutation 7 € II. Hence, our combined
algorithm is computationally efficient as long as SNR

> p~%/2logp. Note that, ignoring the logarithmic
term, the minimal SNR requirement, p~%/2, coin-
cides with the computational lower bound in Theo-
rem 3. Therefore, our algorithm is optimal regarding
the signal requirement and lies in the sharpest com-
putationally efficient regime in Figure 2.

5 NUMERICAL STUDIES

We evaluate the performance of our algorithm® in this
section. We report average errors and standard devia-
tions across 30 replications in each experiment. Clus-
tering accuracy is assessed by clustering error rate
(CER, i.e., one minus rand index). Note that CER
between (2, z) is equivalent to misclustering error
£(%,2) up to constant multiplications (Meila, 2012),
and lower CERs indicate better performances.

We generate order-3 tensors with assortative (Gao
et al., 2018) core tensors to control SNR; i.e., we
set Syaqa = $1 for a € [r] and others be s, where
s1 > s2 > 0. Let a = s1/s2. We set «a close to
1 such that 1 — @ = o(p). In particular, we have
a = 1+Q(p"/?) with v < 0 by Assumption 1 and def-
inition (4). Hence, we easily adjust SNR via varying
«. The assortative setting is proposed for simulations,
and our algorithm is applicable for general tensors
in practice. The cluster assignment z is randomly
generated with equal probability across r clusters
for each mode. Without further explanation, we
generate degree heterogeneity 0 from absolute nor-
mal distribution by (i) = |X;| + 1 — 1/v/27 with
| X bR N(0,1),i € [p] and normalize 8 to satisfy
(2). We set 02 =1 for Gaussian data.

5.1 Verification of Theoretical Results

The first experiment verifies statistical-computational
gap described in Section 3. Consider the Gaussian

!The R package and data used are available at
https://cran.r-project.org/package=dTBM.
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Figure 4: SNR phase transitions for clustering in dTBM
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Figure 5: CER versus signal exponent (v) for ini-
tialization only and for combined algorithm. We set
p = {80,100}, = 5,7 € [—2.1, —1.4] under (a) Gaussian
models and (b) Bernoulli models.

model with p = {80,100}, »r = 5. We vary v in
[-1.2,-0.4] and [-2.1,—1.4] for matrix (K = 2)
and tensor (K = 3) clustering, respectively. Note
that finding MLE under dTBM is computationally
intractable. We approximate MLE using an oracle
estimator, i.e., the output of Sub-algorithm 2 initial-
ized from true assignment. Figure 4a shows that both
our algorithm and oracle estimator start to decrease
around the critical value Ystat = Yeomp = —1 in ma-
trix case. In contrast, Figure 4b shows a significant
gap in the phase transitions between the algorithm
estimator and oracle estimator in tensor case. The
oracle error rapidly decreases to 0 when gpat = —2,
whereas the algorithm estimator tends to achieve ex-
act clustering when ycomp = —1.5. Figure 4 confirms
the existence of the statistical-computational gap in
our Theorems 2 and 3.

The second experiment verifies the performance guar-
antees of two algorithms: (i) weighted higher-order
initialization; (ii) combined algorithm of weighted
higher-order initialization and angle-based iteration.
We consider both the Gaussian and Bernoulli models
with p = {80,100}, r =5, v € [-2.1, —1.4]. Figure 5
shows the substantial improvement of combined algo-
rithm over initialization, especially under weak and
intermediate signals. This phenomenon agrees with
the error rates in Theorems 4 and 5 and confirms the
necessity of the local iterations.



5.2 Comparison with Other Methods

We compare our algorithm with higher-order cluster-
ing methods below:

e HOSVD: HOSVD on data tensor and k-means on
the rows of the factor matrix;

e HOSVD+: HOSVD on data tensor and k-means
on the /y-normalized rows of the factor matrix;

e HLloyd (Han et al., 2020): High-order clustering
algorithm developed for non-degree TBM;

e SCORE (Ke et al., 2019): Tensor-SCORE for
clustering developed for binary tensors.

Among the four alternative algorithms, the SCORE
is the closest method to ours. We set the tuning
parameters of SCORE as in previous literature (Ke
et al., 2019). The methods SCORE and HOSVD-+
are designed for dTBM (1), whereas HOSVD and
HLloyd are designed for non-degree models. We con-
duct two experiments to assess the impacts of (i) sig-
nal strength and (ii) degree heterogeneity under Gaus-
sian and Bernoulli models with p = 100, = 5. We
call our algorithm as dTBM in comparison.

We investigate the effects of signal to clustering per-
formance by varying v € [—1.5, —1.1]. Figure 6 shows
the consistent outperformance of our method dTBM
among all algorithms. The sub-optimality of SCORE
and HOSVD+ indicates the necessity of local itera-
tions on the clustering. Furthermore, Figure 6 shows
the inadequacy of non-degree algorithms in the pres-
ence of mild degree heterogeneity. The only excep-
tion is the slightly better performance of HLloyd
over HOSVD+ under Gaussian model. However,
we find the advantage of HLloyd disappears with
higher degree heterogeneity; see Supplement B. The
experiment demonstrates the benefits of addressing
heterogeneity in higher-order clustering tasks.

The last experiment investigates the effects of de-
gree heterogeneity to clustering performance. We
use the same setting as in the first experiment in the
Section 5.2, except that we fix the signal exponent
v = —1.2 and generate the degree heterogeneity 6
from Pareto distribution prior to normalization. The
density function of Pareto distribution is f(z|a,b) =
ab®z~ (@D 1{z > b}, where a is called shape param-
eter. We vary the shape parameter a € [3,6] and
choose b such that EX = a(a — 1)7'b =1 for X fol-
lowing Pareto(a,b). Note that a smaller a leads to a
larger variance in 6 and hence a larger degree hetero-
geneity. Figure 7 demonstrates the stability of degree-
corrected algorithms (dTBM, SCORE, HOSVD+)
over the entire range of degree heterogeneity under
consideration. In contrast, non-degree algorithms
(HLloyd, HOSVD) show poor performance with

large heterogeneity, especially in Bernoulli cases.
This experiment, again, highlights the benefit of ad-
dressing degree heterogeneity in clustering.
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Figure 6: CER versus signal exponent (denoted «) for
different methods. We set p = 100, = 5,v € [—1.5, —1.1]
under (a) Gaussian and (b) Bernoulli models.
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noted a € [3,6]) for different methods with p = 100,r =
5,7 = —1.2 under (a) Gaussian and (b) Bernoulli models.

5.3 Peru Legislation Data Analysis

We apply our method to the legislation networks in
the Congress of the Republic of Peru (Lee et al., 2017).
Because of the frequent political power shifts in the
Peruvian Congress during 2006-2011, we choose to
focus on the data for the first half of 2006-2007 year.
The dataset records the co-sponsorship of 116 legis-
lators from top 5 parties and 802 bill proposals. We
reconstruct legislation network as an order-3 binary
tensor ) € {0, 1}116X116X116 " where Yijr = 1 if the
legislators (i, 7, k) have sponsored the same bill, and
Yiji = 0 otherwise. True party affiliations of legis-
lators are provided and serve as the ground truth.
We apply various higher-order clustering methods
to Y with » = 5. Table 2 shows that our dTBM
achieves the best performance compared to others.
The second best method is the two-stage algorithm
HLloyd, followed by the spectral methods SCORE
and HOSVD+. The result is consistent with simula-
tions under moderate heterogeneity.

Method
CER

dTBM HOSVD+ HLloyd SCORE
0.116 0.213 0.149 0.199

Table 2: Clustering errors (measured by CER) for various
methods in the analysis of Peru Legislation dataset.
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Supplementary Material:
Multiway Spherical Clustering via Degree-Corrected
Tensor Block Models

A PARAMETER SPACE

Here, we provide the parameter space comparison with previous works and extra explanation for the positvity
constraint of degree parameters.

A.1 Positivity of Degree Parameters

Here we provide an example to show the positivity constraints on € incurs no loss on the model flexibility.
Consider an order-3 dTBM with core tensor S = 1 and degree 8 = (1,1,—1,—1)T. We have the mean
tensor

X:SX1 eOM X2@M X3®M,
where ® = diag(0) and M = (1,1,1,1)T. Note that X € R****4 is a 1-block tensor with mized-signed
degree 6, and the mode-3 slices of X are

1 1 -1 -1
1 1 -1 -1
-1 -1 1 1
-1 -1 1 1

X::l = ‘X‘::Q = _X::S = _‘)(::4 =

Now, instead of original decomposition, we encode X as a 2-block tensor with positive-signed degree.
Specifically, we write

X = 8/ X1 @/M/ X9 @/M/ X3 G/M/,
where ©' = diag(0’) = diag(1, 1,1, 1), the core tensor &’ € R?*2%2 has mode-3 slices, and the membership
matrix M’ € {0,1}**2 defines the clustering 2’: [4] — [2],

1 -1

8:/:1 = _8:/:2 = |:1 1

| o

O ==
=0 O

0

The triplet (2/,8’,6’) lies in our parameter space (2). In general, we can always reparameterize a block-r
tensor with mixed-signed degree using a block-2r tensor with positive-signed degree. Since we assume r = O(1)
throughout the paper, the splitting does not affect the error rates of our interest.

A.2 Parameter Space Comparison with Previous Work

Table 3 indicates that our parameter space is flexible compared to existing work. The balanced community
assumption is mild in literature. In fact, our simulation requires only the positive community size (i.e.,
minge(y |z=1(a)| > 1) but no balanced community assumptions; see Section 5. The outperformance of dTBM
shows the robustness of our algorithm to the imbalanced communities.

B ADDITIONAL EXPERIMENTS

We provide extra simulation results for the comparison with other higher-order clustering algorithms. We
use the same setting as in the first experiment in the Section 5.2, except that we now generate the degree
heterogeneity 6 from Pareto distribution with shape parameter a prior to normalization. We consider the
Gaussian model under low (@ = 6) and high (a = 2) degree heterogeneity. Figure 8 shows that the errors for
non-degree algorithms (HLloyd, HOSVD) increases with degree heterogeneity. In addition, the advantage
of HLloyd over HOSVD+ disappears with higher degree heterogeneity. This experiment supports the
conclusion we obtained in Section 5.2.



Assumptions in parameter space Gao et al. (2018) Han et al. (2020) Ke et al. (2019) Ours
Balanced community size Vv v Vv Vv
Balanced degree parameters Vv - Vv Vv
Flexible in-group connections X N4 X N4
Gap among cluster centers In-between cluster difference Euclidean gap Eigen gap Angle gap

Table 3: Comparison of parameter space of previous works with our work.

a. shape parameter a = 6 b. shape parameter ¢ — 2
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Figure 8: CER comparison versus signal exponent (denoted +) under (a) low (shape parameter a = 6) (b) high (shape
parameter a = 2) degree heterogeneity. We set p = 100, = 5, € [—1.5, —1.1] under Gaussian model.

C PROOFS

We provide the proofs for all the theorems in our main paper. In each sub-section, we first show the proof of
main theorem and then collect the useful lemmas in the end.

C.1 Notation

Before the proofs, we first introduce the notation used throughout the appendix and the generalized dTBM
without symmetric assumptions. The parameter space and minimal gap assumption are also extended for the
generalized dTBM.

Preliminaries.

1. For mode k € [K], denote the mode-k tensor matricizations by

Y. = Maty (y), S = Maty, (8), E;. = Mat, (5), X = Maty (X)

2. For a vector a, let a® := a/||a|| denote the normalized vector. We make the convention that a® = 0 if
a=0.

3. For a matrix A € R™*™ let A®K .= A®.---® Ac R xm" denote the Kronecker product of K copies
of matrices A.

4. For a matrix A, let ||A||, denote the spectral norm of matrix A, which is equal to the maximal singular
value of A; let A\p(A) denote the k-th largest singular value of A; let ||Al|r denote the Frobenius norm of
matrix A.

5. For two sequence a and b, let a < b if there exist two positive constants ¢, C' such that ¢b < a < Cb.
Model extension to generalized dTBM.

The general order-K (pi, ..., px)-dimensional dTBM model with r; communities and degree heterogeneity
13



0, = [0x(7)] € RE* is represented by
Y=X+&, where X =8SX%x10O,M; X5 - Xg O Mg, (9)

where ) € RP1* " XPK jig the data tensor, X € RP1*"*PK ig the mean tensor, S € R"*""*"K is the core
tensor, £ € RP1*"XPK jg the noise tensor consisting of independent zero-mean sub-Gaussian entries with
variance bounded by o2, ®; = diag(0}), and M}, € {0,1}P**"* is the membership matrix corresponding to
the assignment zy, : [px] — [rx], for all k € [K].

For ease of notation, we use {zj} to denote the collection {zj}5_,, and {6} to denote the collection {0y }1_,.
Correspondingly, we consider the parameter space for the triplet ({zx},S,{0%}),

P{rk}) = { ({2}, S, {0k }) :

C1Pk, — CoPk _
6. € RY, 22} (g >|<ik,cgsnsk,a:nSc47||9k,z;<a>||1=zk1<a>|,ae[rk1,kem}.

We call the degree heterogeneity {6y} is balanced if for all k € [K],

(Illél[f}”wk,z;l(a)n = (1 + 0(1)) I;‘Iéa[i]{uak,zgl(a) H

We also consider the generalized Assumption 1 on angle gap.

Assumption 2 (Generalized angle gap). Recall Sy = Matg(S). We assume the minimal gap between
normalized rows of Sy, is bounded away from zero for all k € [K]; i.e.,

Amin = klg[ljl(l] a;gzleln ||Sk a: S};b: || > 0.

Similarly, let SNR = A2 . /o2 with the generalized minimal gap A2 defined in Assumption 2. We define

min min
the regime

P(v) = P({rr}) N{S satisfies SNR = p” and pj, < p,for all k € [K]}.

C.2 Proof of Theorem 1

Proof of Theorem 1. To study the identifiability, we consider the noiseless model with & = 0. Assume there
exist two parameterizations satisfying

X:SX1 @1M1 Xg -+ XK @KM}(ZS/ X1 @llM{ Xog -+ XK GIKM;(’ (10)

where ({z},S,{0x}) € P({rx}) and ({#.},5',{0,}) € P({r}.}) are two sets of parameters. We prove the
sufficient and necessary conditions separately.

(<) For the necessity, it suffices to construct two distinct parameters up to cluster label permutation, if the
model (9) violates Assumption 2. Without loss of generality, we assume HSiL - Sio. H =0.

If S1.1. is a zero vector, construct 8} such that 0'1 1) # 0, .-1) Let {z} ={z}, 8" =85, and 6; = 6,
for all k =2,..., K. Then the triplet ({z},},S’, {Bk}) is distinct from ({z;}, S, {0x}) up to label permutation.

Similar conclusion holds when S ». is a zero vector.

If neither S5 1. nor S 2. is a zero vector, there exists a positive constant ¢ such that S; ;. = ¢S12.. Thus,
there exists a core tensor Sy € R™ ~1X"XTx gych that
1 0
S§=8yx1CR, where C =diag(l,c¢,1,...,1) eR™"*™ R=|[1 0 e R ¥ (=1,
0

14 Lri-2



Let D = diag(1 + ¢, 1,...,1) € R"~1X"1~1 Consider the parameterization

20.(1) iezt(1),

1+c
Mi=MR, S§'=8xi1D, 01()=11500G) icz'(2),
0:1(7) otherwise,

and M| = My, 0, = 0, for all k = 2,..., K. Then we have constructed a triplet ({z},},S’,{0}}) that is
distinct from ({zx}, S, {0k}) up to label permutation.

(=) For the sufficiency, it suffices to show that all possible triplets ({z,},S’,{0)}) are identical to
({zr},S,{0k}) up to label permutation if the model (9) satisfies Assumption (2). We show the unique-
ness of the three parameters, { My}, {S}, {0x} separately.

First, we show the uniqueness of M, for all k € [K]. Without loss of generality, we consider k = 1 and show
the first mode membership matrix; i.e., M| = M, P; where P, is a permutation matrix. The conclusion for
k > 2 can be showed similarly and thus omitted.

Consider an arbitrary node pair (4,7). If 21(¢) = 21(j), then we have ||X15721(i): - Xiz](j):H = 0 and thus
(S 21 iy: — (871 21 ().l = 0 by Lemma 1. Then, by Assumption (2), we have z; (i) = 21 (j). Conversely, if
z1(@) # z1(j), then we have HXfZ - XfJH # 0 and thus H(S’)izi(i): - (S’)izi(j):H # 0 by Lemma 1. Hence,
we have 2] (i) # 21(j). Therefore, we have proven that z{ is identical z; up to label permutation.

Next, we show the uniqueness of 8y, for all k € [K| provided that z, = z},. Similarly, consider k£ = 1 only, and
omit the procedure for k > 2.

Consider an arbitrary j € [p1] such that z;(j) = a. Then for all the nodes i € z; '(a) in the same cluster of 7,
we have )
X z1(%): X z1(%): 0.(5 0" (5
La(): ,1 1@ Which implies 10) = }(])
Xl,z1 (4): Xl,zl(j): 01 (’L) 91 (Z)

Let 64 (j) = cb1(j) for some positive constant ¢. By equation (11), we have @/ (i) = 6, (i) for all i € z; '(a).
By the constraint ({zx},S’,{6}.}) € P({rx}), we have

Y by =c > () =1,

j€zr M (a) jezr (a)

(11)

which implies ¢ = 1. Hence, we have proven 8; = 0] provided that z; = 2.

Last, we show the uniqueness of S; i.e., 8’ =8 X1 Pfl Xg - XK Pgl, where Pj’s are permutation matrices
for all k € [K]. Provided z;, = zj, 0}, = 0, we have M| = M P;, and ©) = ©y, for all k € [K].

Let Dy, = [((BQCM,Q)T(@;M,Q)]f1 (©,M])T,k € [K]. By the parameterization (10), we have

S/:XxlDl XQ"'XKDK
=S><1 D1@1M1 Xl---XKDK@KMK

:S><1P1_1 POREE xKPlgl.
Therefore, we finish the proof of Theorem 1. O

Useful Lemma for the Proof of Theorem 1
Lemma 1 (Motivation of angle-based clustering). Consider the signal tensor X in the generalized dTBM (9)
with ({21}, S, {0}) € P({rr}) and rj, > 2. Then, for any k € [K] and index pair (i,5) € [px]?, we have

Hszvzk(i)3 — SZ%I@(])H =0 ifand :(l)gly if HX]izk(Z) - X]iZk(J)H = 0.



Proof of Lemma 1. Without loss of generality, we prove k = 1 only and drop the subscript & in X, Sy for
notational convenience. By tensor matricization, we have

Xj. = 01()S., () [O2Mo @ - ® O M| .

Let M = ©3M, ® - -- ® © gk M. Notice that for two vectors a, b and two positive constants ¢, co > 0, we
have

la® = &[] = [[(c1@)” — (c2b)°]] -

Thus it suffices to show the following statement holds for any index pair (i,7) € [p1]?,

(<) Suppose H [Szl(i):MT} - [Szl(j);MT} H = 0. There exists a positive constant ¢ such that SZl(i):MT =
cSZl(j):MT. Note that

82— 82| =0 it andonly it | [S.00 7] - [Szl(j)MTrH —0.

Sy = 521(i)¢MT {M (MTM)l} ’

where MT M is an invertiable diagonal matrix with positive diagonal elements. Thus, we have S, ) =

¢S, (j):» which implies HS;I@: - Sjl(j):H =0.

(=) Suppose HSZ(Z.): -5 G): H = 0. There exists a positive constant ¢ such that S, ;). = ¢S (;)., and thus

- ~ . As -
Szl(i):MT = CSzl(j):MTv which implies H [SZ1(1'):MT:| - {Szl(j)iMT} H =0.

Therefore, we finish the proof of Lemma 1. [

C.3 Proof of Theorem 2

Proof of Theorem 2. We will prove a more general conclusion than the main paper by allowing growing r’s.
Consider the generalized dTBM (9) in the special case that py, = p and r = r for all k € [K]. Specifically,
we will show that, under the assumptions K > 1, r < p'/3 and SNR condition

A2 -1
2 S i1 OF cquivalently, -y < —(K = 1)(1 +log,, ),

the desired conclusion in Theorem 2 holds; i.e, for all k € [K], every estimator Z siar Obeys

sup E [pg(ék,stata Zk)] > 1. (12)
({zr},S,{0}EP(7)

Since the inequality (12) is a minimax lower bound, it suffices to show the inequality holds for a particular
({zr},S,{0k}) € P(v). Specifically, we consider the estimation problem based on a particular parameter
point ({z;}, S, {0r}) with the following three properties:

K-—1

() 000) = Lforall i € [p; (i) Amin S (2) 7 o3 (i) |57 (@ =2 € 2y forallae ], (13)

for all k € [K]. Furthermore, we define a subset of indices Ty, C [pg], k € [K] in order to avoid the complication
of label permutation. Based on Han et al. (2020, Proof of Theorem 6), we consider the minimax rate over the
restricted family of Z;’s for which the following three conditions are satisfied:

(iv) 25(i) = 2 (d) for all i € Tp;  (v) [T¢] =< 25 (vi) min D 1{ai) # moz (i)} = Y 1{2(i) # 2k(i)},

" e i)



for all k € [K]. The construction of T is precisely the same as Han et al. (2020, Proof of Theorem 6). Then,
following the proof of Gao et al. (2018, Theorem 2), for all k € [K], we have

inf sup B4(3, z) = 3|TC‘ > 1nf {P[2:(i) = 2|21(1) = 1] + P[2.(i) = 1|2 (i) = 2]}, (14)

z
ko ieTe ©

where 2, and z; on the left hand side denote the generic clustering functions in P(7), 2z on the right hand
side denotes a particular parameter satisfying properties (i)-(vi), and the inﬁmum on the right hand side is
taken over the restricted family of 2 satisfying (iv)-(vi). Here, the factor r® = r -2 in (14) comes from two

sources: 12 = (g) comes from the multiple testing burden for all pairwise comparisons among r clusters; and

another r comes from the number of elements |T}| < p/r to be clustered.

Next, we need to find the lower bound of the rightmost side in (14). For simplicity, we show the bound for
the mode-1 case k = 1 only. We drop the subscripts 1 in z1,7%,.57, 601 and omit the repeated procedures for
the cases of k =2,..., K.

We consider the hypothesis test based on model (9). First, we reparameterize the model under the construc-
tion (13)
:[Mat1 (S Xo My X3"'XKMK)]a;a for allae[r],

where x,’s are centroids in R ™", Without loss of generality, we consider the lower bound for the summand
in (14) for ¢ = 1. The analysis for other ¢ € T are similar. For notational simplicity, we suppress the subscript
¢ and write y, 0, z in place of y1,6; and z(1), respectively. The equivalent vector problem for assessing the
summand in (14) is

y=0x,+e, (15)

where § € R, and z € {1,2} are unknown parameters, &1, Ts € RP“ " are given centroids, and e € R !

consists of i.i.d. N(0,0?) entries. Then, we consider the hypothesis testing under the model (15):
Hy:z=1, v.s. Hy:2z=2.
Note that the profile log-likelihood with respect to z is
L(2,6(2);y) o< = inf[ly — 0. || oc cos®(y, ) 1{(y, @) > 0},
and the MLE’s of § and z are

N( 2 <y7 wiMLE>

OMmLE = O(ZmLE) = V0, ZyLp = argmax{cos(y, x,)V 0}.

2
||w§MLE|| a€{1,2}
Then, the decision rule Zy,g € {1,2} based on profile log-likelihood ratio is defined as

1 if cos(y,x1) > cos(y,x2) and (y,z1) > 0,
EMLE = { 2 if cos(y,x1) < cos(y,x2) and (y,z2) > 0, (16)
1 or 2 with equal probability otherwise.
The Neyman-Pearson Lemma implies
inf {P[2 = 2|z = 1]+ P2 = 1|z = 2]} = P[2mrE = 1|z = 2] + P[2mLE = 2|2 = 1]. (17)
By symmetric, it suffices to bound P[Zyre = 1]z = 2]. Using (16), we obtain

Pi2uLe = 1]z = 2] = P[cos(fx2 + e, 1) > cos(fxe + e, x2) and (fxs + e, x1) > 0]

(%) x5 — xs % s
zp[<> ? ol — 3l
i — ol



S 9 S S
P |(eat) < =5 lloal (2~ 1t ~ 51|
(%) 0 s s 0 s s
20 (G ezl 2 ot - 231)) — @ (§ loal o - 03] ) (19)

where ®(-) denotes the CDF for standard normal distribution. Here step (x) is based on the inequality
P(AU B) > P(A) — P(B°) and the identity 1 — (@f,z3) = 1 ||l=f — x5%; and step (x) is based on isotropic
property of i.i.d. Gaussian distribution

<e wl_w?> ~ N(0,02), (e, %) ~ N(0,52).

eSS

By construction (13) of ({zx},S,{0x}) with three properties and lower bound mingep, [[Sa:|| > ¢3 in the

definition of P(y), we have 6* = 1, [[za]] > [|Sa.|| mingeps) |6z~ 2 (2)

2 (E . Also, note that under
the construction (13)

COS($17w2) _ <:B1, 332> _ (p/T)K_l <Sl:7 S2:> _ COS(SL, SQ;),

L R e N R e LA LG

which implies ||x5 — 5| = ||S5. — S5./| = Amin < 1. Therefore, the equation (18) is lower bounded by

p)(Kq)/z

Pivie =1z =2] > P {(r Amin SN(0,1) < (1;9)

(K-1)/2
} >(C >0, (19)

where the existence of strictly positive constant C' is based on the SNR assumption (13). Combining (14),
(17) and (19) yields
inf sup El(%1,21) 2 C >0,
1 ({26}:8,{6xHEP(Y)
and henceforth for all k € [K]
inf sup E [pl(Zk, )] > 1.
# ({26},:8.{0xHEP(Y)

C.4 Proof of Theorem 3

Proof of Theorem 3. The idea of proving computational hardness is to show the computational lower bound
for a special class of degree-corrected tensor clustering model with K > 2. We construct the following special
class of higher-order degree-corrected tensor clustering model. For a given signal level v € R and noise
variance o, define a rank-2 symmetric tensor S € R3**3 subject to

1 17"

S=8H) = |1 +op 7?1 . (20)
1 0

Then, we consider the signal tensor family

Penited(7) = {X: X =8 x1 My X9 -+ xg Mg, My, € {0, 1}”X3 is a membership matrix that
satisfies | My (: ,i)| < p for all i € [3] and k € [K]}.
We claim that the constructed family satisfies the following two properties:
(i) For every v € R, Panifted () C P(7y), where P(7) is the degree-corrected cluster tensor family (5).

(ii) For every v € R, {X¥ — 1: X € Papitted(7)} C Pron-degree (), Where Pyon-degree(y) denotes the sub-family

of rank-one tensor block model constructed in the proof of Han et al. (2020, Theorem 7).
18



The verification of the above two properties is provided in the end of this proof.

Now, following the proof of Han et al. (2020, Theorem 7), when v < —K /2, every polynomial-time algorithm
estimator (My)re[x] obeys

lim inf sup P(3k € [K], M, # My) >1/2, (21)

P70 X €Ppon-degreo (V)
under the HPC Conjecture 1. The inequality (21) implies

lim inf sup max E[pl(zg, 2)] > 1.
P70 X €Puon-degree(7) FELK]

Based on properties (i)-(ii), we conclude that

liminf sup max E[pl(zg, 2x)] > 1.
P00 xep(y) kelK] Ipt(zr, 2]

We complete the proof by verifying the properties (i)-(ii). For (i), we verify that the angle gap for the core
tensor S in (20) is on the order of op~7/2. Specifically, write 1 = (1,1,1) and e = (1, —1,0). We have

Vec(18K 1) 4+ gp=7/2Vec (e®(K D)
Mat(S) = | Vec(1®K~1) — op=7/2Vec (e®E V)
Vec(18K-1)

Based on the orthogonality (1,e) = 0, the minimal angle gap among rows of Mat(S) is

2
Amin

2(K—1)
(S) < tan?(Mat(S),., Mat(S)3.) = (::‘13”2) o?d™7 = g?d™.
2

Therefore, we have shown that Pspinitea(y) = P (). Finally, the property (ii) follows directly by comparing
the definition of S in (20) with that in the proof of Han et al. (2020, Theorem 7). O

Useful Definition and Conjecture for Theorem 3

Definition 2 (Hypergraphic planted clique (HPC) detection). Consider an order-K hypergraph H = (V, E)
where V' = [p] collects vertices and E collects all the order-K edges. Let H(p,1/2) denote the Erdés-Rényi
K-hypergraph where the edge (i1, ...,ix) belongs to E with probability 1/2. Further, we let Hx (p,1/2, k)
denote the hyhpergraph with planted cliques of size k. Specifically, we generate a hypergraph from Hy(p, 1/2),
pick k vertices uniformly from [p], denoted K, and then connect all the hyperedges with vertices in K. Note
that the clique size x can be a function of p, denoted x,,. The order-K HPC detection aims to identify whether
there exists a planted clique hidden in an Erdés-Rényi K-hypergraph. The HPC detection is formulated as
the following hypothesis testing problem

Hy: H~MHg(p,1/2) versus Hy: H ~Hg(p,1/2,kp).
Conjecture 1 (HPC conjecture). Consider the HPC detection problem in Definition 2. Suppose the sequence

{kp} such that limsup,_, . logk,/log,/p < (1 — 7). Then, for every sequence of polynomial-time test
{¢p} + H — {0,1} we have

DN =

hmiogf]P)Ho ((pP(H) = 1) +PH1 (SDP(H) = 0) >

p—

C.5 Proof of Theorem 4

Proof of Theorem 4. We prove Theorem 4 under the symmetric dTBM (1) with parameters (z,S,0). We
drop the subscript k in the matricizations My, X, Si. For simplicity, let 2 denote the output, 29, of

Sub-algorithm 1.
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First, by Lemma 4, there exists a positive constant such that min,.,(; HXS X]SH > cpAnmin- By the
balance assumption on @ and Lemma 7, we have

min > <) 06 +4>600i) (22)
T () En (2 () i€S; ieS

where .
So={i:|X;]| =0}, S={ies§: ||:cz(l — X || > coAmin/2}.

On one hand, note that for any set P € [p],

DOIXal? =D l16(0)S. ). (@M)TEE 2

i€P i€P
> 0(i) m1n||S [PA2E-D(eM)
i€P
z Ze Z')2pK717“7(K71),
i€P

where the last inequality follows Lemma 5, the assumption that min;ep, (i) > ¢, and the constraint
minge(,||Sa:|| > ¢ in the parameter space (2). Thus, we have

D067 S Y IXalPpm IR (23)

i€P i€P
On the other hand, note that

DOIXall? <2 l1Xal® +2) )1 X - Xl (24)

i€S i€s i€s
8 o . )
< AL Z||Xi:||2||w£(i) - X7+ 21X - X% (25)
0~—'min ics
T — > _IIX:|? {”wz(z - X3P+ X5 - X3P + 20X - X% (26)
mln zes
16(1 +n) s R
< U D SRR - X2 + 22 - 1 1)
min 'LES
16(1 + 1) )
< ((RE 221k i o)
16(1 +
< <2(A2 n) +2> (pK/Qr +pr? +TK) o2, (29)

where inequalities (24) and (26) follow from the triangle inequality, (25) follows from the definition of S, (27)
follows from the update rule of k-means in Step 5 of Sub-algorithm 1, (28) follows from Lemma 2, and the
last inequality (29) follows from Lemma 6. Also, note that

SIXalP = 301K~ Xl < [ - X3 < (0 o ) o, (30)
ST i€So

where the equation follows from the definition of Sy. Therefore, combining the inequalities (22), (23), (29),
and (30), we have

i )2 < 112 2\ —(K-1), K—1
i > ) 0(i)” < <Z||Xz:|| + )X )p r

1:2(i)#m(2(2)) €S 1€So
O'QTK 1
S az et (e ).
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With the assumption that min,c(, 6(7) > ¢, we finally obtain the result

1 rKp=K/2
/¢ < Z 1mi o(i)2 < £
(zvz)wpglelng 0’ S xR
i:2(8)#m (2(4))
where the last inequality follows from the definition SNR = AZ. /o2, O

Useful Corollary of Theorem 4

Corollary 1 (Initial misclustering loss). Under the setup of Theorem 4, assume SNR > C’p‘K/ 2log p for
some positive universal constant C' and 02 = 1. With probability going to 1, the misclustering loss for the
initialization is upper bounded as

2
L0 =1 5700 3 1 {2000 = b 180 cop* — S|P < Somin

Picm  vem Crlogp’

where 7(®) minimizes the initial misclustering error; i.e., 7(?) = arg min rell Zze 7] 1 {z( ) i) £ moz(i }, and
C>1lisa positive universal constant.

Proof of Corollary 1. Without loss of generality, we assume 7(°) is the identity mapping such that (%) (a)=a
for all @ € [r]. Note that X7 have only r different values. We let X7 = X for all 4 such that z(i) = a,a € [r].

Notice that
X )? 2 p" =D and || X — X |? < |X = X F S p" P4 pr® 40K

Therefore, when p is large enough, we have

SIXIIX =@l S Y (1Kl = 1K = Xal?) 1 X5 = @052

i€lp] i€lp]
S IXaP1XE = &0 12
i€lp]
Sn Z 12X )71 X5 — X2
i€(p]
<X - X%
< pK/Qr + pr? 4 K. (31)

Hence, we have

S = w0 S Y 00PIK - 200

i€[p] ZG[P
ri > N
S o $z<0>(i)”2
i€(p]
E K/2p o2 4K (32)
N R p p )

where the first inequality follows from the assumption min;e, 6(7) > ¢, the second inequality follows from
the inequality (23), and the last inequality comes from the inequality (31).

Next, we consider the following quantity,
D IDIXS — #oml® S D 0O X = X7+ D 001X — 2001

i€(p] i€p] 91 i€[p]



0(i)*
S Z H ||2||X X ”2 + Z HX 7582(0) z)H

1€[p] i€[p]

PK-
S pE-1 ( KP4 pr® 47 ) (33)
where the first inequality follows from the assumption of 6(z) and triangle inequality, the second inequality

follows from Lemma 2, and the last inequality follows from (32). In addition, with Theorem 4 and the
condition SNR > p~%/2logp, for all a € [r], we have

-1 (0)y—1 ~1 _ (0) p P p
N > A > >
@0 O @] 2 T @ a0 2 E - o2
when p is large enough. Therefore, for all a € [r], we have
s - 2
. s112 Ziezfl(a)ﬂ(z(o))’l(a) HXi: B iL'z(O)(i)H
2. — X2|I° = —1 (0))—1
[z7Ha) N (z9) " (a)|
r S S
- leX = X3P+ DX - 2o
i€[p] i€[p]
<i K2 4 pr? K (34)
Sor(p p ,
where the last inequality follows from the inequality (32).
Finally, we obtain
=3 0600 Y 1 {200 = b} 180" = 1S4
16[[) belr]
1 . S S
S I; Z (i) || X3 — sz)(i)”2
i€[p],2() (i) £z ()
1 ; S = = S
< Z 06) (15 = &0 |2 + @01y = Kool
i€[p],z(0) (i) #2(i)
< OT— (p/2r 4+ pr2 4 )
CAIQHIH
< —_mn
Crlogp

where the first inequality follows from Lemma 4, the third inequality follows from inequalities (33) and (34),
and the last inequality follows from the assumption that SNR > Cp~5/2log p. ]

Useful Definitions and Lemmas for the Proof of Theorem 4
Lemma 2 (Basic inequality). For any two nonzero vectors vy, vs of same dimension, we have

2||lvy — vy
max ([|lv1]], [[vz])

sin(v1,v2) < [[of — w3 <

Proof of Lemma 2. For the first inequality, let a € [0, 7] denote the angle between v, and vo. We have
.« .
lvi — v3]l = V/2(1 — cosa) = 2sm§ > sina,

where the equations follows from the properties of trigonometric function and the inequality follows from the
fact the cos § <1 and sina = 2sin § cos § > 0 for o € [0, 7).



For the second inequality, without loss of generality, we assume |vq|| > ||vz]|. Then

s sy || Y1 (%) Vo Vo
R T e
|v1 —waf| | [zl [[o1]l = [lv2]l
o1l o1l o2l
2[jv1 — v
|2l
Therefore, Lemma 2 is proved. O

Definition 3 (Weighted padding vectors). For a vector a = [a;] € R, we define the padding vector of a
with the weight collection w = {w;: w; = [w;,] € RP}4_, as

Pady(a) =[ai owsy,...,aq0 wd]T, where a; o w; = [a;w;1, ... ,aiwip,i]T, for all i € [d]. (35)

Here we also view Pad,,(-): RY — RXiciaPi a5 an operator. We have the bounds of the weighted padding
vector
min||w;|*[la]* < [|Padw(a)|* < max||w;||*|a|*. (36)
i€[d] i€ld]

Further, we define the inverse weighted padding operator Pad ™" : RXic@Pi —y R which satisfies

Pad,'(Pad,(a)) = a.

Lemma 3 (Angle for weighted padding vectors). Suppose we have two non-zero vectors a, b € R%. Given
the weight collection w, we have

min, e (q)||w; | o maX;e(q)|lwil| | (a.b)

sin(a, b) % sin(Pad (@), Pad, (b)) <

(37)

T i [ |

Proof of Lemma 3. We prove the two inequalities separately with similar ideas.

First, we prove the inequality ** in (37). Decomposing b yields

ol . . ol 1
b = cos(a, b)ma + sin(a, b) Tal] a—,

where a* € R? is in the orthogonal complement space of a. By the Definition 3, we have

loll il

Pad,, (b) = cos(a, b)
lall llat]]

Pad (a) + sin(a, b) Pad,(at).

Note that Pad,,(a') is not necessary equal to the orthogonal vector of Pad(a); i.e., Pady (a®) # (Pady(a))*.
By the geometry property of trigonometric functions, we obtain

_ I[Bll[[Pad, (a)||
sin(Padw (a), Padw (8)) < 1o Trms 4 5

max;eq) || wi||

sin(a, b)

< — sin(a, b),
min e (q)||wsl|

where the second inequality follows by applying the property (36) to vectors b and a™.
Next, we prove inequality * in (37). With the decomposition of Pad,,(b) and the inverse weighted padding

operator, we have

[Pad.w (B)]|
[Pada, (a)]l

[[Pad., (b)

b = cos(Pady, (a), Pady, (b)) [[(Pady (a))*|

a + sin(Pad,,(a), Pad,, (b))
23
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Therefore, we obtain

[Padw (b)|[[|Pad,,' (Padw (a) 1)
[(Pada, (@) [[]|bl]

maxie(q |[wil

sin(a, b) < sin(Pady (@), Pad, (b))

in(Pady (@), Pady (b)),

= minge g il

where the second inequality follows by applying the property (36) to vectors b and Pad,'((Pady(a))t). O

Lemma 4 (Angle gap in X'). Consider the dTBM model (1) under the parameter space P in (2). Suppose
Assumption 1 holds and @ is balanced satisfying (6). Then the angle gap in X is asymptotically lower bounded
by the angle gap in S; i.e., for all 4, j such that z(i) # z(j)

15 = X5 2 1182 oy = 2l 2 Amin-

HN

Proof of Lemma 4. Note that the vector S.(;. can be folded to a tensor &' = [S;,  ..] € R e,
vec(S') = 8. (;).. Define weight vectors wa,.... o) correspond to the elements in S;, . by

Wayoay = [0371(a2) R ® 02 l(aK)] c R\zfl(az)|><»..><\z*l(ax)|’
for all ap € [r],k = 2,...,K, where ® denotes the Kronecker product. Therefore, we have

Xi. = 0(i)Pade(S.():) where w = {Wa, ... ax fa,elr)ke[Kx]/{1}- Specifically, we have ||wag7”_7aK||2 =
H?:2||0271(ak) |2, and by the balanced assumption (6) we have

max [[wa,, _axl? = (1+0(1)) min [|lwa, _a.l? (38)
(az,...,ax) az,...,0K)

Consider the inner product of X;. and X . for z(7) # z(j). By the definition of weighted padding operator (35)
and the balanced assumption (38) we have
(Xie, X;2) = 0()0(7) (Padu(S-(i).), Padu (S=(7).))
= 0)0G) 1010 [t (S S (1 +ofD)

yeeey

Therefore, when p large enough, the inner product (X;., X;.) has the same sign as (S )., S(;):)- Next, we
discuss the angle between X;. and X ;. by two cases.

1. Case 1: Suppose <SZ(2—):, Sz(j):> < 0. Then, we also have (X;., X;.) <0, which implies || X} — X]S|| > V2.
Note that ||.S* j(j):H < 2 by the definition of angle gap. We have || X7 — X[ 2 ||SZ(Z - Sﬁ(j):H-

2. Case 2: Suppose <Sz(i):, Sz(j):> > 0. Then, we have cos(S. ), S.(;):) > 0. Note that the fact v/1 — cosa =
2sin § < sina for the angle a € [0, §). Then, we have

z(1):

||Sz(z - Sﬁ(j):” = \/1 - COS(SZ(i):7 SZ(j):)
< sin(S. iy Sz 5):)

MaX(a,,...,ar) ”waa, LAk |
< . Sln(Pad (Sz i :)aPadw(Sz j ))
M (g,,...,ax) ||wa27 ,aKH @ v
< (X +o()[X] — X7,

where the second inequality follows from Lemma 3, and the last inequality follows from the balanced
weight (38) and Lemma 2.

Hence, we conclude that for all 4, j such that z(7) # 2(35),
X5 = X502 182, ). — S2

ol 2 B

24



Lemma 5 (Singular value of weighted membership matrix). Under the parameter space (2) and assumption
that min,;ep,) 0(i) > ¢, the singular values of @ M are bounded as

Vol S [min0.- )2 <A (OM) < [OM]|, < fmax6.1 7 < p/r

Proof of Lemma 5. Note that
(OM)"OM =D, with D =diag(D1,...,D,), Do = 0.-1)|? a € [r].

By the definition of singular values, we have

1/mi[n]||9,1(a)||2 <A (OM) < [OM]||, < 1/m?}‘]:”0z*1(a)”2'
ac|r ag(r

Since that min,ep,) 6(i) > ¢ by the constraints in parameter space, we have

minHaz*l(a)|l2 2 ¢ min |z_1(a)| 2

aclr] acfr] ’

Rl

where the last inequality follows from the constraint in parameter space (2). Finally, notice that

02*a2< gz*a2<£'
a0 -1 (o) |2 < max \ /10101 < 7

Therefore, we complete the proof of Lemma 5. O

Lemma 6 (Singular-value gap-free tensor estimation error bound). Consider an order-K tensor A = X'+ Z €
RP* %P where X has Tucker rank (r,...r) and Z has independent sub-Gaussian entries with parameter o>,
Let X denote the double projection estimated tensor in Step 2 of Sub-algorithm 1 in the main paper. Then

with probability at least 1 — Cexp (—cp), we have
| = X3 < Co® (p5/2r 4 pr? 415
where C| ¢ are some positive constants.
Proof of Lemma 6. See Han et al. (2020, Proposition 1). O

Lemma 7 (Upper bound of misclustering error). Let z : [p] — [r] be a cluster assignment such that
|27 (a)| < p/r for all a € [r]. Let node i correspond to a vector x; = 0(i)v, ;) € R%, where {v,};_; are the
cluster centers and 6 = [0(i)] € R”. is the positive degree heterogeneity. Assume that @ satisfies the balanced

axqac(r]]10, - ? . . . SRR .
assumption (6) such that %ﬂ”;”z =1+ o(1). Consider an arbitrary estimate 2 with &; = ¥(;) for
ag[r]ll¥,—1(q
all ¢ € S. Then, if

min ||vg, — vp|| 2 2c, 39
i o, — v > (39)

for some constant ¢ > 0, we have

min Y 007 < D06 +4D 00,

:5(0)#7 (2(1)) €S0 i€S
where Sy is defined in Step 3 of Sub-algorithm 1 and

S = {Z S SS : ||Cf3z — ’vz(i)” > C}.
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Proof of Lemma 7. For each cluster u € [r], we use C,, to collect the subset of points for which the estimated
and true positions &;, x; are within distance c. Specifically, define

C,={ie 27N w) N St |2 — vyl < e}y
and divide [r] into three groups based on C,, as
Rli{UE[T]SCUZQ},

R2 — {U [= [r] : Ou 7é @, for all Z,j S Ouaé(l) = é(])}’
Ry ={u€[r]: Cy, #0, there exist i,j € Cy, 2(7) # 2(j) }.

Note that U,c[1Cu = S§/5¢ and C, N C, = 0 for any u # v. Suppose there exist i € C,, and j € C, with
u#wv € [r] and 2(i) = 2(j). Then we have

va) — vy | < N2y — Tl + vy — 25| < 2,

which contradicts to the assumption (39). Hence, the estimates 2(¢) # 2(j) for the nodes i € C,, and j € C,
with u # v. By the definition of R, the nodes in U,ecr,C, have the same assignment with z and 2. Then,

we have
. N2 N2 N2 N2
min Z 0(i)° < Z 0(i)° + Z@(z) + Z 0(i)°.
1:2(1)#m(2(3)) i€So €S 1€UyeRry Cu

We only need to bound 37, . & 6(i)? to finish the proof. Note that every C,, with u € R3 contains at least
wergCu

two nodes assigned to different clusters by Z. Then, we have |Ra| + 2|R3| < r. Since |Ri| + |Re| + |Rs| =,
we have |Rs| < |R;|. Hence, we obtain

> 66 < [ Bafmax] 6o

i€ Uu€R3 Cu

IN

R 0.1,
|1|1an€8[g§|| 1)l

< rnaXaE[r]Hez*l(a)H2 Z 9(7[)2

T mingep[|0.-1a)l?

<2 6(i)?,

i€S

i€Uuer; 27" (u)

where the last inequality holds by the balanced assumption on @ when p is large enough, and the fact that
Uuer, 2 1(u) C S. O

C.6 Proof of Theorem 5

Proof of Theorem 5. We prove Theorem 5 under the symmetric dTBM (1) with parameters (z,S,0). We
drop the subscript k£ in the matricizations My, S, Xi,. Without loss of generality, we assume that the
variance ¢ = 1, and that the identity permutation minimizes the initial misclustering error; i.e., 7(0 =
arg min ey Y e, 1 {z0(i) # w0 2(i)} and 7(¥(a) = a for all a € [r].

Step 1 (Notation and conditions). We first introduce additional notations and the necessary conditions
used in the proof. We will verify that the conditions hold in our context under high probability in the last
step of the proof.

Notation.

1. Projection. We use I to denote the identity matrix of dimension d. For a vector v € R?, let Proj(v) € R¥*9

denote the projection matrix to v. Then, Iy — Proj(v) is the projection matrix to the orthogonal complement

vt
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2. We define normalized membership matrices

-1

-1
W = M (diag(17 M)) w® = p® (diag(l;f M® )) 7

and the dual normalized membership matrices

V = ‘/-‘/'(X)(K'—l)7 V(f) _ (W(t))®(K71) .

3. We use S® to denote the estimator of S in the ¢-th iteration, and we use S to denote the oracle estimator
of § given true assignment z; i.e.,

S =y, (W(t))T o XK (W(t))T, S=Yx1WT %y xx WT.

4. We define the matricizations of tensors
S =Mat(S), S =Mat(S®), § = Mat(S)
Y = Mat(Y), X =Mat(X), E = Mat(E).

5. We define the angle-based misclustering loss in the t-th iteration
LO =257 00) 3 1 {200) = b} [[S.0)° — (S
p 1€[p] be(r]
and the oracle loss

o> 60) > 1{ (V. (800 18007 < 2071801 — 1800712 11800 )" — (80012,

Picw belr]

where m is a positive universal constant defined in (47).

Condition 1. (Intermediate results) Let O, , denote the collection of all the p-by-r matrices with orthonormal
columns. We have

BT e (k12 r2=h T < r
IBVIo S/ Cmy (0724 r002) BV e £ gy IWEBV S g forallae [, (40)

sip (B e 0 Ul S (VIFT+Kypr), (41)

Urc0y,,,k=2,....K

s B e @ U)|r s (VorkT + Kypr) (42)

U,cOyp,rk=2,....K

A
fSeXP< M7J<1)’ (43)
A2
o< @l g, t=01,....T, (44)
Crlogp

where M is a positive~ universal constant in inequality (59), C, C are universal constants in Corollary 1 and
assumption SNR > Cp~%/2logp, respectively. Further, inequality (40) holds by replacing V to V) and
W, to Wi"" when initialization condition (44) holds.
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Step 2 (Misclustering loss decomposition). Next, we derive the upper bound of LY for ¢ =
0,1,...,7 — 1. By Sub-algorithm 2, we update the assignment in t-th iteration via

A (i) = arg min||[Y;; V) — [SE]°)|2,

a€(r]

following the facts that ||a® — b*||?> = 1 — cos(a, b) for vectors a, b of same dimension and Mat()4) = YV
where Y9 is the reduced tensor defined in Step 8 of Sub-algorithm 2. Then the event 2+ (i) = b implies

IV O) — (S < [|[Y: VOl — 89, 1°)1% (45)

Note that the event (45) also holds for the degenerate entity i with ||¥;.V®|| = 0 due to the convention that
a®* =0 if a = 0. Arranging the terms in (45) yields the decomposition

9 <Ei:V, [Sz(z 15— [S)° > < |X: VO (_”[Sz(i):]s — [Su]7II2 + Gl(,[t)) + Hi(z)) + F( )’
where

£y =2(Bv O, (8.7 = 180))7) = (18 = 1801) ) + 2 (B (V = V) [8.0)" — (S0,

G = (11X V) = 1S — 11XV ) — W, Y Vo))

z(i):
= (11X VP =[SO~ 11XV O) = WY Vo)),

HY = [ X:VO) = W YVOPIP - (X VO — (WY VOP | + [S.0)]° - [S0°]1”
Therefore, the event 1 {z(t“)(i) = b} can be upper bounded as

. . Q s Qs 1 s s
1{z006) =0} <1 {zw@ = b, (E;.V, 8.0 = [56)°) < =71 X VO S20)° — [Sb] |2}
1
1 {000 =, LS00 - S < X VO Y + 6 4B L o)
Note that
I1X: VO = 0()[1S::(@M)PE=DT WO > 9(i) |8, ), [AETHOM)NETL W D) > 0(iym, (47)
where the first inequality follows from the property of eigenvalues; the last inequality follows from Lemma 5,
Lemma 9, and assumption that mingep,||S.():[| > ¢z > 0; and m > 0 is a positive constant related to cs.
Plugging the lower bound of || X;.V®)|| (47) into the inequality (46) gives

1 {z(t+1)(i) - b} < Ay + By, (48)

where

Ap=1 {Z(t“)(i) =b, <E,V [S.)° — [Sb:]s> < =4 Sz~ [Sb:]5||2} ;
By =1 {z“”( ) = b 38200 = [Su°IP < Gm)FY + G + H§?} -
Taking the weighted summation of (48) over i € [p] yields

L) <4 =D INDDRN

2l§[ p] be[r]/=(4)



where £ is the oracle loss such that
D00 Y AuliSied - S (19)
1€[p be(r]/z(i)

Similarly to £ in (49), we define
Gy = 0G)Binll[S=o]" — 1S

Step 3 (Derivation of contraction inequality). In this step we derive the upper bound of ¢;; and obtain
the contraction inequality. Choose the constant C in the condition SNR > Cp~%/2log p that satisfies the
condition of Lemma 10, inequalities (73) and (77). Note that

=mm&ﬁtwwm{ww>bnuM—wwWﬂw>WF G“HM}
wwww—wrm&W%>bn[1 wuw<<mﬂﬁwdﬂ

L) () (Ey))? 0(i)(Cy)
<641 { ()@<MW&thwWﬂM4Fﬂ]W

where the first inequality follows from the inequality (64) in Lemma 10, and the last inequality follows from
the assumption that min;ep, 0(i) > ¢ > 0. Following Han et al. (2020, Step 4, Proof of Theorem 2) and
Lemma 10, we have

(£)y2 ~
- (t+1 (Fib) CoC (t)
2 3 {0 =0} e e <

202
P el velrl/=() em2C

for a positive universal constant C' and

1 S+ () 0(i)(GY)? 11 ; L) () 2 (t)
3 {0 =0} g 5T <51z 2210 1{=00) = 0} (A + L)

ZE [p] be[r]/z(3) €lp] r]/z(3)

1
< (t+1) (t)
< 512(L + LY,

where the last inequality follows from the definition of L® and the constraint of @ in parameter space (2).
For C also satisfies

o _ 1
cm2c~'2 - 512’

72 3 gt>< L(t+1)+ L“) (51)

16[19] be[r]/z(3)

(50)

we have

Plugging the inequality (51) into the decomposition (49), we obtain the contraction inequality
Lt < gg + %L(”, (52)

where 1 5 is the contraction parameter.

Therefore, with C' satisfying inequalities (50), (73) and (77), we obtain the conclusion in Theorem 5 via
inequality (52) combining the inequality (43) in Condition 1 and Lemma 8.

Step 4 (Verification of Condition 1). Last, we verify the Condition 1 under high probability to finish the
proof. Note that the inequalities (40), (41), and (42) describe the property of the sub-Gaussian noise tensor
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&, and the readers can find the proof directly in Han et al. (2020, Step 5, Proof of Theorem 2). Here, we
include only the verification of inequalities (43) and (44).

Now, we verify the oracle loss condition (43). Recall the definition of &,

LY 00 ¥ 1 {(Bav Bl - 180 < -2 8000 - 117 S0 - ISP

16[p] be(r]

Let e; = E;.V denote the aggregated noise vector for all i € [p], and e;’s are independent zero-mean

sub-Gaussian vector in R™ . The entries in e; are independent zero-mean sub-Gaussian variables with
sub-Gaussian norm upper bounded by mj+/r¥~1/pK-1 with some positive constant m;. We have the
probability inequality

P ((en 8l = 180°) < =S = 1Su2) < P Pt

where

P =P ((en 8l = 1501 < - X080 - 817 )
P =P ({ex 8ol = 18:01°) < -2 S0l = 1S4

Pu=® ({enlsuy - 18017 < - 20200 - [50117))

For Pj, notice that the inner product <ej, Sj(j): — Sg:> is a sub-Gaussian variable with sub-Gaussian norm
bounded by may/r®=1/pK=1||S? ) — Sp[| with some positive constant my. Then, by Chernoff bound, we

have

pK—l 9
P g o (-G8 1 - 1SR 53)

For P, and Pj3, we only need to derive the upper bound of P> due to the symmetry. By the law of total
probability, we have

Py < Po1 + P, (54)
where with some positive constant ¢t > 0,
P =P (< |[8.0.)° — [S-o)
Q s s 6(i)m s s Q s
P = ( (65, Buol” = 18:01°) < 20118001 = S| WSeod* ~ Sl < ).

For Py, note that the term W’  EV = Lzigep ME0I=200es 50 b Gaussian vector with sub-Gaussian

(i) > iem Hz0)=2(9)}
norm bounded by mg+/7% /pX with some positive constant mg. This implies

K 42
~ pot
Pay < P (1Sl < 182y = Senl) <P (est < [WI,EV]) S exp ( o ) : (55)
where the first inequality follows from the basic inequality in Lemma 2, the second inequality follows from
the assumption that min,ep||S.):|| > ez > 0 in (2), and the last inequality follows from the Bernstein
inequality.
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For Py, the inner product <ei7 [S’Z(i):]s — [Sz(i):}s> is also a sub-Gaussian variable with sub-Gaussian norm

may/rE—1/pK=1¢ conditioned on || [S'Z(i):]s —[S=@).]°|l < t with some positive constant m4. Then, by Chernoff
bound, we have

pH! 4
P S exp (- B 1803 = S0 (56)

We take t = |[[S.(;):]° — [Sw:]°|| in P21 and Pyo, and plug the inequalities (55) and (56) into to the upper
bound for P, in (54). We obtain that

K-—1
Py S exp | =B |[Sa000:)° — [Su]°]1% ) - (57)
~ €Xp rEK—1 z(1):

Combining the upper bounds (53) and (57) gives

~ ~ 1)m K-l
P ({en 801 - 5017 < - 202150 - 1) S exp (Lo e - SoP) . 59
Hence, we have

2 S0 ¥ P (B 800 - 18017 < - XS0 - 18 | NSuol* - 161 IP

ze[p be(r]
2 pit 2
262[39 i) max 1[S=i):)° = [Se:)*[|” exp (—TKlHSz( J7 = [Se]°ll >
K—1
sexp( Y Afmn), (59)

where M is a positive constant, the first inequality follows from the constraint that Zie[p] 0(i) = p, and the
last inequality follows from (58).

By Markov’s inequality, we have
pK P
P(5§E§+exp< m>) > 1Cexp( Afmn),
rk rk

and thus the condition (43) holds with probability at least 1 — C'exp ( = Afnm
C>0.

) for some constant

Finally, we verify the bounded loss condition (44) by induction. With output 2 from Sub-algorithm 2 and
the assumption SNR > Cp~5/2log p, by Corollary 1, we have

A2
LO < @, when p is large enough.
Crlogp

Therefore, the condition (44) holds for ¢ = 0. Assume the condition (44) also holds for all ¢ < ¢;. Then, by
the decomposition (52), we have

3 1
L(tot+l) « 2 Z (o)
< 2§+ 3

K-1 2
p 2 Amm
< —M Az
. eXp( PR “““) " rlogp

CA2

mm

Crlogp

where the second inequality follows from the condition (43) and the last inequality follows from the assumption
that A2, > p~5/2logp. Thus, the condition (44) holds for to 4+ 1, and the condition (44) is proved by

induction. O
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Useful Definitions and Lemmas for the Proof of Theorem 5

Lemma 8 (Misclustering error and loss). Define the misclustering error in the ¢-th iteration as £() = ¢(2(®), 2).

We have :
t
o0 < Ze 1{z(t) ) # (i )} ALQ( .

ZE Ip] min

Proof of Lemma 8. By the definition of minimal gap in Assumption 1, we have

OSSO 1{z06) =0} IIS. ] — [P = - Z )Y {00 = b} A2, > A2,

p 1€[p) be(r] ze [p] be(r]

where the last inequality follows from the assumption min,¢p,) 0(i) > ¢ > 0. O

Lemma 9 (Singular-value property of membership matrices). Under the setup of Theorem 5, suppose the
condition (44) holds. Then, for all a € [r], we have | (z(t))_l (a)| < p/r. Moreover, we have

Ar(M) < [|M]|, < v/p/r,  \(W) < ||W]|, < /1/p. (60)
The inequalities (60) also hold by replacing M and W to M®) and W ®) respectively. Further, we have
A WWT) < [WWT|| <r/p, (61)

which is also true for W®W ©).T

Proof of Lemma 9. The proof for the inequality (60) can be found in Han et al. (2020, Proof of Lemma 4)

For inequality (61), note that for all k € [r],

A (WWT) = \/eigenk(WWTWWT) = \/Teigenk(WWT) - \/TAi(W) =T
p p D

where eigen; (A) denotes the k-th largest eigenvalue of the square matrix A, the first inequality follows the
fact that WTW is a diagonal matrix with elements of order r/p, and the second equation follows from the
definition of singular value. O

Lemma 10 (Upper bound for Fl-(,\,f)7 GEZ) and Hi(lf)). Under the Condition 1 and the setup of Theorem 5,
assume the the constant C' in the condition SNR > Cp~%/2log p is large enough to satisfy the inequalities (73)
and (77). We have

2
(t)
(Fib > rL® rL®
max max < Ei;V2+<1+ ) E;.(V-V®)? 62
ielp] b22(i) [|[S2(i):]® — [Se)*[|? A?ﬂmn I Az I " ©2)
(G%)) 1
max max < — (a2, +1®), 63
i€lp] b#2(i) [|[S=():]* — [Sp:]*||> ~ 51 ( ) (63)
t)
‘Hi(b < 1 (64)
max max —.
i€[p] b#z(1) H[ z(z):]S - [Sb:}snz — 4

Proof of Lemma 10. We prove the each of the inequalities in Lemma 10 separately.
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L . o t
1. Upper bound for F}, () , 1.e., inequality (62). Recall the definition of F; Z.(b),

FY =2(B.VO, (8.0~ 180)1°) = (150" = 1801 ) + 2 (BuV = VO, [S.0)* = [80]7)

By Cauchy-Schwartz inequality, we have

(Ffzf))2§8(<EizV“’>([§' ) = (187 - 151077)))
rs((Bv )[S? - [§]>)2
)

<8 (1B VI + 1B (V = VO)?) max [180]" ~ [
a€lr]® :

+ I Es(V = VO P[5, ]° — [Se]*

. (65)
Note that for all a € [r],

118.]° = [SO))2 = WIY V] — (WO Ty v
<2YWRYVE - WOTY VY|P + 2| WP TY V] — (WD TY VO )2
r2(L0)2 pp2K 4 oppE+2 L)
Az pX AZ
rr2K K2 )
e

<rL®, (66)

<

<rL® 4+

where the second inequality follows from the inequalities (80) and (81) in Lemma 11, the third inequality
follows from the condition (44) in Condition 1, and the last inequality follows from the assumption that
A2 > CpE/%logp.

Note that
18- ° = [S6l1? = 118 )° = [Saey:]® + [S2:]® = [S6]® + [Sw]® — [S]*|1?
SS=w))* = [Se]°11? +Héa[X|H o] = [Sa]°)1?
SISy ]” = [Su)°l + max 5. ||2||W JEV||
S IS=q0y: ) = [Se:)°11%, (67)

where the second inequality follows from Lemma 2, and the last inequality follows from the assumptions on
|Sq:|| in the parameter space (2), the inequality (40) in Condition 1 and the assumption A2, > p=%/2logp.

Therefore, we finish the proof of inequality (62) by plugging the inequalities (66) and (67) into the upper
bound (65).

2. Upper bound for GEZ), i.e., inequality (63). By definition of G%), we rearrange terms and obtain
G = (X V0P =[S0, 7112 = 11XV ) = W, Y VO 1)
= (X VP =[SO - 11X VO - WEY VO |?)
=2 (X VO, (WY VO — (s )) = (Wly v —(s)7)7))
=Gy + Gy — Gy, (68)

where

Gr = W, Y VO - [Sﬁii):@}; — WY VO - [s0))2,



Gy =2 (X VO = W, Y VO Wl yvOp — (s ],

z(i

Gy =2 (X VO — WY VO wiYvOp - [s0]).
For GG1, we have

2
G1f? < WL YV O — (S0 11— WY VO — [s{0)))

z( z(i)

< max|[WY VO — W Ty vOp|
ac|r
r2pdK |2 r2K+4( (t))2

p2K A4

min

<12 (A + 22,0). (69)

where the third inequality follows from the inequality (82) in Lemma 9 and the last inequality follows from
the assumption that A2, > Cp~%/2logp and inequality (44) in Condition 1.

For G, noticing that [X;, V®]s = [ngi):XV(t)]s7 we have

Gaf? < 21X VO — W, Y VORI W, Yy vOP — 89 )22

2 X
= m maXIIWTEV |2 maXH[WTYV(t)} W Ty vOp|?
(4):
2K 1 K+1 2 2K K42 t

<o Kpr ©pye g e LQ( )

pK Arnin pK An'un
< QAfan“) (70)

C?

where C” is a positive universal constant, the second inequality follows from Lemma 2, the third inequality
follows from the inequality (41) in Condition 1, the inequalities (82) and (101) in the proof of Lemma 11,
and the last inequality follows from the assumption A2, > Cp~%/2logp and inequality (44) in Condition 1.

For G35, note that by triangle inequality
X VOP — WIXVOP|? < |85, — Sill* + 2max||[Wi X VO — [(WIX V]|
b z(1): b a€lr] a a
2(L(t))2
A2z

min

<82 = Sil* + € (71)

where the last inequality follows from the inequality (100) in the proof of Lemma 11 and C is a positive
constant. Then we have

Gl < 20XV O) - WY VORI max| W Y VO — WD TY VPP
ag|r
<2 (JIX:VO) - WEXVOP|2 4 WY VO] — (WX Vo))

WoYvWpE —w Ty v

X max
a€(r]

. s 2 L(t) 2 2 L(t) 2 TTzK +pTK+2 L(t) c’
S 02 <||Sz(i): - Sb:”2 JFC (Az ) > ( (Az ) + pK AQ > + é Ar2an(t)
0202 . 3¢ C?
< ||SZ(1 Sb:||2( min + L(t)) T (Afmn + ArznlnL(t ) (72)

where the third inequality follows from the same procedure to derive (69) and (70), and the last inequality
follows from the assumption A2. > Cp~%/2logp and inequality (44) in Condition 1.
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Choose the C such that

LC Cocrct c3eC? 1
3o =L + =+ + 2= <.

cs  C? C C? 512
Then, we finish the proof of inequality (63) by plugging the inequalities (69), (70), and (72) into the upper
bound (68).

(73)

3. Upper bound for H .(Z), i.e., the inequality (64). By definition of H;p, we rearrange terms and obtain

K2

Hyy = [ X VO — (W Y VORI [ X, VO — [WEY VORI + |[S..)° - S]]
= X VO — WY VO
+ (118" = 1S I2 = 11X VO = WEXVOP|)
~ (11X V0P = WY VOR| - X VO] - Wi XVO)F|)

= Hy + Hy + Hs,
where

H = ||[X: VOP = W YVOP P — [WiXVOP - WY VR,
Hz = |[[S.(]* = [Sul*|* = X VO] = WEX V)%,

Hy =2 (X, VO — WIXVOP, WY VP - WixvO)F).
For Hy, we have
dmaxeq[WEEV W2 2K 4 prftt

W XVO = p*

[H,| < < O[Sz )" — [Su ]I, (74)

following the derivation of G in inequality (70) and the assumption that A2, > Cp=E/21og p.

For Hs, by the inequality (71), we have
2(1,(6))2 2
2| S 2 [WEXVOP - WXV § T < Cisiol ~ S (79)
ag|r min
where the last inequality follows from the condition (44) in Condition 1.
For Hj, by Cauchy-Schwartz inequality, we have
Hs| S 11XV — WEXVOP(H Y < 207 H|[S.00)° — [Sal”]1%, (76)

following the inequalities (71) and (74).
Choose C such that

~ c? 1
C2+0=+C1t<-. 77
FOg 0T < (77)
Therefore, we finish the proof of inequality (64) combining inequalities (74), (75), and (76).
O

Lemma 11 (Relationship between misclustering loss and intermediate parameters). Under the Condition 1
and the setup of Theorem 5, we have

Vv, < | T (78)
g~ pKfl A2 ’

min
)



K—1
p min

K-—1 K—-1
||E<v—v<t>>gs\/7" rTdpr) v g, (79)

FL® . r2K 4 prK+1 \/I®

wIvvy - w Ty v <
géaf](”[ =W, Pll<c Amin pK Awin | (80)
, : 2K 4 prE+2 /L0 pL®)
wOTY vy - WO Ty vop| <o | |5 1
rbréa[ﬁ](m b ] [ b ] || N pK Amin Amin ’ (8 )
® 2K K+2 /T,
max| (W Y VO = (Wi Ty VO < o | 4 /7 i (82)

belr] . Amin PK Amin ’
for some positive universal constant C. In addition, the inequality (81) also holds by replacing VV:E)t) to W

Proof of Lemma 11. We follow and use several intermediate conclusions in Han et al. (2020, Proof of Lemma
5). We prove each inequality separately.

1. Inequality (78). By Han et al. (2020, Proof of Lemma 5), we have

[rK—1
V- V(t)”a S :ﬁrg(t)-

Then, we complete the proof of inequality (78) by applying Lemma 8 to the above inequality.
2. Inequality (79). By Han et al. (2020, Proof of Lemma 5), we have

K—1(pK—1
|E(V — V(t))Ho < \/7" (ZZK1 +p7”)70£(t)_

Also, we complete the proof of inequality (78) by applying Lemma 8 to the above inequality.
3. Inequality (80). We upper bound the desired quantity by triangle inequality,

IWEY V) = WY V| < I+ I + I,
where

Wivv

I =
wixv| ||W o TXVH H

1
w=( Jw
WPV WV

1 1 (t)T
I3 = — w7 Yyvy.
<||W$”TYV|| ||W:§f>’TXV||> ! H

Next, we upper bound the quantities I1, I, I3 separately.

For I, we further bound I; by triangle inequality,
I < Iy + $ho,

where
wixv — wiP'xv
WIxv] ||W(t) T

T (®),T
and 112 = ‘ WbEV W H

Ill =
‘ WIXv] ||W“> TXV||




We first consider I;;. Define the confusion matrix D = MT@Tw® = [Das] € R™*" where

Dic 00 )1 {z(i) = a,2M (i) = b}
Zie[p]l{zt)z ) = b}

By Lemma 9, we have 3, 1 {z® (i) = b} > p/r. Then, we have

Dy = , for all a,b € [r].

r L® 1
Dy < - 0(i) < < — 83
Z pr Z (Z)NArzninmlogp ( )
asb,abelr] i 20 (i) #2()
and for all b € [r],
0(i)1 {z(i —z(t) )="b 1{z03G) =b} — pe® 1
Dbb:Z [p] { }_ ze[p] { (2) _ } )Z _ 7 (84)
Zie[p] 1 {z( V(i) = b} Eie[p] 1 {z(t)(z) = b} logp
under the inequality (44) in Condition 1. By the definition of W, W) V| we have
WIXV . wiTxv
ot = 96 o = [DwSk + DapSa)®.
IWiXV| W xv G#Zae[,]

Let « denote the angle between Sp. and Dy Sy, + Za#’aem Dy S,.. To roughly estimate the range of a, we
consider the inner product

<Sb:7DbbSb: + Z DabSa:> = Dbb ||Sb:||2+ZDab <Sb:7Sa:>

a#b,a€(r] a#b
> Dy [Su:lI” = > Dap ||| max [ S]]
a#b,a€lr]
> C,

where C' is a positive constant, and the last inequality holds when p is large enough following the constraint
of ||.Sp:|| in parameter space (2) and the bounds of D in (83) and (84).

The positive inner product between Sy. and Dy, Ss. + Za#,aem DgpS,: indicates o € [0,7/2), and thus
2sin § < V2sina. Then, by the geometry property of trigonometric function, we have

I[DwSb: + > DapSa]sinal = |[(Is — Proj(Si)) > DapSa|

a#b,a€(r] a#b,a€(r]
= Z Dap [|(Ig — Proj(S:)) Sa:||
a#b,a€(r]
= Z Dab ||Sa Sin(sb:asa:)”
a#b,a€lr]
< Y. DallSulllSi - S, (85)
a#b,a€(r]

where the first inequality follows from the triangle inequality, and the last inequality follows from Lemma 2.
Note that with bounds (83) and (84), when p is large enough, we have

W T XV = DSy + Y. DavSail > Do ISull = > Dap|Saill > €1, (86)
a#b,a€(r] a#b,a€(r]

for some positive constant C. Notice that I;; = /1 — cosa = 2s1n 2. Therefore, we obtain

I < V2sina
37



~ DusSe: + 3 st i) DavSa:] sinall
[ Do Sb: + 30 2,0 DabSa: |

Cf > DaslI8all 1S5 — S
az#b,a€(r]

>0 Y 1{=06) = v} 1S, - Sl

i€[p] be[r]

L1
<= (87)

min

51
p

where the second inequality follows from (85) and (86), and the last two inequalities follow by the definition
of D, and L™, and the constraint of ||Sp.|| in parameter space (2).

We now consider I15. By triangle inequality, we have

1 wl-wPhxv
Lo € o |Wh - WO Ev )+ W W OXVIL g1 gy
wixvisee IWIXV||Wy T XV
By Han et al. (2020, Proof of Lemma 5), we have
T r2K 4 prE+1 /L1
Wi - Wi HEV]| < A (88)
Notice that
r3/2L®) \/TL(t
T T
1w - W DXV < WWE =W IX VI S o lISleM]l, S - (89)

where the second inequality follows from Han et al. (2020, Inequality (121), Proof of Lemma 5) and the

last inequality follows from Lemma 5 and (44) i |l > e3 and
HWSf)’TXVH > (' by inequality (86). Therefore, we have
T S|(W3 = W BV + (W - W)XV [[W BV |
l7~2K _|_p7aK+1 ‘/L(t ‘/ L(t /T2K
r2K 4 prE+1 VL) (90)
pK Amln ’
where second inequality follows from the inequalities (88), (89), and (40) in Condition 1.
Hence, combining inequalities (87) and (90) yields
L® 2K K+1 /1)
AP Y e . (91)
Amin pK Amin

For I and Iy, recall that |[WZX V| = [|Sp.| > ¢ and |[WS)"" X V|| > Cy by inequality (86). By triangle
inequality and (40) in Condition 1, we have

IIWTEVII
< —22

WIEV| < 92
and o7
W, EV rK
_H&iTH< W TV £ Lo (93)
Wy, XV

Therefore, combining the inequalities (91), (92), and (93), we finish the proof of inequality (80).
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4. Inequality (81). Here we only show the proof of inequality (81) with W(bt). The proof also holds by

(t

replacing Wb) to W, and we omit the repeated procedures.

We upper bound the desired quantity by triangle inequality
IWy Y VI = (W TYVOP| < gy Jo ot s,
where

wiTyy W“ Yv®
WO TXV]| WOTxv o)

1 1 ), T
Jo = - wiTyv| |
(nwﬁf”wn ||W§P’TXV||> ! ’

1 1 t),T (t)
J3 = — WYV
(HWEP’TYWH ||Wit>’TXV<t>> !

Next, we upper bound the quantities Ji, Jo, J3 separately.

For Ji, by triangle inequality, we have
J1 < Jig + Jia,

where

B H wi'xv  wihTxv®

W“’ TEV wTEy®
W g Txv| wPTxve W, '

x| (wOTxvo)|

We first consider Ji;. Define the matrix V* := W®kE-1) @ WH.OE-k) for =2 .. K — 1, and denote
VI=v® VK =V. Also, define the quantity

JE = ([WP T X VR - Wi T x v

for k=1,...,K — 1. Let 8; denote the angle between W( P XVE and W(t) T XVk+1 With the same idea
to prove I1; in inequality (87), we bound J§, by the trigonometric functlon of By.

To roughly estimate the range of B, we consider the inner product between Wg) ' X VF and W(bt)’TXVkH.
Before the specific derivation of the inner product, note that

WPTXVE = Maty(Tr), WT XV = Maty (Tis),
where
To =X s WO T o W sig oo WT sy WOT sy e WOT
Teqe1 = X X1 W(bt)’T Xo WT sz )y Wy WE g - xg WOT,
Recall the definition of confusion matrix D = MT@TW ®) = [D,,] € R™*". We have
(WTXVE WOTXVI) = (Maty 4 (T3), Mty (Then))
=(D"SZz" Sz")

= Z Dbb||Sb:Zk||2+ Z Dab <Sa:ZkaSb:Zk>

be(r] a#b,a€(r]
Z (1—logp™) mi[n]IISa:Z’“II2 —logp~* m&[t>]<HSa:Z’“||2, (94)
ac|r ac|r
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where Z¥ = D, ® L@(kil) ® D®E=k=1) "the equations follow by the tensor algebra and definitions, and the
last inequality follows from the bounds of D in (83) and (84).

Note that

IDll, <Dl < [D Dh+( > Da)?Syr+log?ptS1, (95)
be(r] a#b,a,be(r]

where the second inequality follows from inequality (83), and the fact that for all b € [r],
Dy S i Z 0(i) < 1.
i z(i)=b

Also, we have
Ar(D) > A (WA (OM) 2 1, (96)

following the Lemma 5 and Lemma 9. Then, for all k € [K], we have
LS D[ A(D)Y 1 < Nwea(29) < |2l < 1Dl DIl " S 1 (97)
Thus, we have bounds
max||Sq. Z*| < max ||Su.|| |1 Z*]lo <1, min|Se2Z"*| > min ||S,.|| A\x-2(Z") > 1.
a€lr] a€(r] aglr] aglr]
Hence, when p is large enough, the inner product (94) is positive, which implies 85 € [0,7/2) and thus
2sin %’“ < \/isinﬁk.
Next, we upper bound the trigonometric function sin 8. Note that
sin By, = sin(DLSI®* 1 @ DK~k DI 1%k @ DOK—F1)
< sin By + sin Bra,
where
sin By1 = sin(DESTI®* 1 @ D®K—F DT SI®F1 @ D @ D®K—F-1)
sin Bre = sin(DESTI®* 1 @ D @ D®K—F-1 DT SI®F ¢ pPK—k-1)

Sicpp 0z =b,2(i)=a}
> icrp) 01z =b}

To bound sin S, recall Definition 1 that for any cluster assignment z in the e-neighborhood of true z,

p(z) = (1271 2D, pel2) = (101011, 101 11)T

and D is the normalized confusion matrix with entries D, =

Note that we have (1) < Aﬂﬁ < %rlog_l(p) by Condition 1 and Lemma 8. Then, with the locally linear

min

stability assumption, the @ is ¢£(Y)-locally linearly stable; i.e.,

L®

sin(p(="), po (=) § 1—

Note that diag(p(z(!))D = diag(pe(z®))D, and sin(a, b) = mingcr 12=l for vectors a, b of same dimension.

llall
(=) —cpe (=) ||

TpzO)]] . Then, we have

Let ¢y = argmin_cp

min|| D — cD|r < |II, — codiag(p(=""))diag™" (o (=) || || Dl »

_ Ip) - copo )]
~ mingei |00, -1 |1
€lr] 90 (a)




HP(Z(t))H . (t) (t)
= — sin(p(z"), pe(2'"))
minge () [|0.0,-1(4) 11

®
< L

~ )
Amin

where the last inequality follows from Lemma 9, the constraint min;cp, (i) > ¢ > 0, [[p(=))| < p and
minge(,] |0, .-1(q)ll1 Z p- By the geometry property of trigonometric function, we have

|DTSI® ' @ (D — c¢D) ® DEK—F1||

i 98
Slnﬂkl rnellg HDTSI@Ig—l ®D®K_k|| ( )
_ |DESIID ~ co Dl |Dl5—*
a IDES|IA= " (D)
SID = coD||r
(t)
< L
~ Amin7

where the second inequality follows from the singular property of D in (95), (96) and the constraint of .S in
(2).
To bound sin Si2, let C' = diag({[|Sa:||}aefr). We have

|DisI @ 1, - D)@ DKk
|DYST & DR

_ I — D)8 Z |

T IDES|IAETEN(D)

S ||(I —DT)SC_1||FHCZkHo

ZG Z”Sb 2(1

P i) ber]

L®
<
~ Amin ’

sin fra <

where the third inequality follows from the singular property of D and the boundedness of S, and the fourth
inequality follows from the definition of D, boundedness of S, the lower bound of @, and the singular property
of Z* in inequality (97).

Combining (98) and (99) yields

L(t)
sin By, < sin Bg1 + sin Br2 < A
Finally, by triangle inequality, we obtain
- K—1
L®
Jn< S IS sing S (K - 1) (100)
1 1 min

We now consider Ji5. By triangle inequality, we have

WO T X (v - v

1 0.7 ¢ W, (),T t
Jig < —————|WITEWV - V)| + W T EV®).
W W TXVII W xvo
Note that g
WP TxVO|| = HDTSZlLZ A(D)||S|| Apx—2(ZY) 2 1, (101)



where the inequality follows from the bounds (96) and (97).
By Han et al. (2020, Proof of Lemma 5), we have

T TZK'H +p7‘2+K K — 1),/L(t)
W TE(WV - vO)| 3 IS ( y— (102)
p min
Notice that
| X(VE—VE Y e < (I -DT)SIP*Y @ DEEF1))|,
< |(WT -wOT)eM|r S|l D5
SIwWT —wOT | eM|,
7L®

< Ar — (103)

where the first inequality follows from the tensor algebra in inequality (94), the second inequality follows
from the fact that I = WT@OM, and the last inequality follows from Han et al. (2020, Proof of Lemma 5).
It follows from (103) and Lemma 9 that

K-1
3 rL®)
W "XV = VO IW ) 31X (VE = VEDle £ —2
k=1 min

Note that ||VV:Ef)’TXVH and ||VV$)’TXV(”|| are lower bounded by inequalities (86) and (101), respectively.
We have

(104)

T2 S W BV - VO |+ WX (v - VO W BV )|

r2K+1 —|—p7‘2+K ‘/L(t) VrL®) TQK

Amin \[Amln
P2K+1 4 pr2+K /1)
pK Amin ’

where the second inequality follows from inequalities (102), (104), and the inequality (40) in Condition 1.

For Jy and Js, recall that ||VV$)’TXVH and HW(;)’TXV(“H are lower bounded by inequalities (86) and
(101), respectively. By triangle inequality and inequality (40) in Condition 1, we have

Wi EV| T rK
Wy xvi| "~
and O.T
Wy EVO| T ri
< t)T— S IWOTEV| < R (106)
WXV
Therefore, combining the inequalities (100), (105), and (106), we finish the proof of inequality (81).
5. Inequality (82). By triangle inequality, we upper bound the desired quantity
WY VOP — (W Ty vOr| < [WIYVOP - (WIY V| + Wiy V) — (W Ty v
+W YV - W Y VO
rL® rr2K g prE+2 /L)
~ Amin * pK Amin ’
following the inequalities (80) and (81). Therefore, we finish the proof of inequality (82).
[
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