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Abstract

There exist various types of network block models such as the Stochastic
Block Model (SBM), the Degree Corrected Block Model (DCBM), and the
Popularity Adjusted Block Model (PABM). While this leads to a variety
of choices, the block models do not have a nested structure. In addition,
there is a substantial jump in the number of parameters from the DCBM
to the PABM. The objective of this paper is formulation of a hierarchy of
block model which does not rely on arbitrary identifiability conditions. We
propose a Nested Block Model (NBM) that treats the SBM, the DCBM
and the PABM as its particular cases with specific parameter values, and,
in addition, allows a multitude of versions that are more complicated than
DCBM but have fewer unknown parameters than the PABM. The latter
allows one to carry out clustering and estimation without preliminary testing,
to see which block model is really true.
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1 Introduction

Consider an undirected network with n nodes, no self-loops and multiple
edges. Let A € {0,1}"*™ be a symmetric adjacency matrix of the network
with A; ; = 1 if there is a connection between nodes ¢ and j, and A;; = 0
otherwise. We assume that

A;; ~ Bernoulli(P;;), 1 < i < j < n, where A;; are conditionally
independent given P; ;, and A; ; = A;;, P, ; = P;; for i > j.

The probability matrix P has low complexity and can be described by a
variety of models. One of the ways to address this phenomenon is to assume
that all nodes in the network can be partitioned into communities, which
are groups that exhibit somewhat similar behavior.
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The classical (Erdos and Rényi, 1959) random graph model assumes
that the edges in a random graph are drawn independently with an equal
probability and does not allow community structure.

The simplest random graph model for networks with community struc-
ture is the Stochastic Block Model (SBM) studied by, e.g., Lorrain and White
(1971) and Abbe (2018). Under the K-block SBM, all nodes are partitioned
into communities %, k = 1,..., K, and the probability of connection be-
tween nodes is completely defined by the communities to which they belong:
P; j = B.(j),2(j) Where By is the probability of connection between commu-
nities k and [, and z : {1,...,n} — {1,..., K} is a clustering function such
that z(i) = k whenever i € ¢%,. The Erdés-Rényi model can be viewed as
the SBM with only one community K = 1.

Since the real-life networks usually contain a very small number of high-
degree nodes while the rest of the nodes have very low degrees, the SBM
fails to explain the structure of many networks that occur in practice. The
Degree-Corrected Block Model (DCBM), introduced by Karrer and New-
man (2011), addresses this deficiency by allowing these probabilities to be
multiplied by the node-dependent weights.

Under the DCBM, the elements of matrix P are modeled as

where h = [hy, ha, ..., hy] is a vector of the degree parameters of the nodes,
and B is the (K x K) matrix of baseline interaction between communities.
Matrix B and vector h in Eq. 1.1 are defined up to a scalar factor, which is
usually fixed via the so called identifiability condition, that can be imposed
in a variety of ways. For example, Karrer and Newman (2011) enforce a
constraint of the form

d hi=1, k=1,.,K (1.2)

1€Y,

The DCBM implies that the probability of connection of a node is uni-
formly proportional to the degree of this node across all communities. This
assumption, however, is violated in a variety of practical applications. For
this reason, Sengupta and Chen (2018) introduced the Popularity Adjusted
Block Model (PABM). The PABM presents the probability of a connection
between nodes as a product of popularity parameters, that depend on the
communities to which the nodes belong as well as on the pair of nodes them-
selves:

Pij =Vi.)Viz0)- (1.3)

2(9) Vi
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Although the popularity parameters in Eq. 1.3 are defined up to scalar
constants and require an identifiability condition for their recovery, clus-
tering of the nodes and fitting the matrix of connection probabilities do
not require any constraints. According to Noroozi et al. (2021), if one re-
arranged the nodes, so that the nodes in every community are grouped
together, then matrix P of the connection probabilities would appear as
(K x K) block matrix with every block PED k1 = 1,...,K, being of
rank one.

Having several types of block models introduces a variety of choices, but
also leads to some significant drawbacks. Specifically, although the block
models can be viewed as progressively more elaborate with the Erdés-Rényi
model being the simplest and the PABM being the most complex, the simpler
models cannot be viewed as particular cases of the more sophisticated ones
as one paradigm.

For this reason, majority of authors carry out estimation and clustering
under the assumption that the model which they use is indeed the correct
one. There are only very few papers that study goodness of fit in block
models setting, and majority of them are concerned with either testing that
there are no distinct communities, that is K = 1 in SBM or DCBM (see,
e.g., Banerjee and Ma (2017), Gao and Lafferty (2017) and Jin et al. (2018)),
or testing the exact number of communities K = Ky in the SBM (see, e.g.,
Gangrade et al. (2018), Lei (2016) and Mukherjee and Sen (2017)).

To the best of our knowledge, Mukherjee and Sen (2017) is the only
paper where testing the SBM versus the DCBM is implemented, and the
testing in their paper is carried out under rather restrictive assumptions.

On the other hand, using the most flexible model, the PABM, may not
always be the right choice since there is a substantial jump in complexity
from the DCBM with O(n + K?) parameters to the PABM with O(nkK)
parameters.

The objective of the present paper is to provide a unified approach to
block models. We would like to point out that we are building a hierarchy
of block models, and not a hierarchical stochastic block model. In our paper,
we consider a multitude of block models and provide an enveloping nested
model that includes them all as particular cases. In what follows, we shall
deal only with the graphs where each node belongs to one and only one
community, thus, leaving aside the mixed membership models studied by,
e.g., Airoldi et al. (2008) and Jin et al. (2017). Specifically, our purpose is
formulation of a hierarchy of block models which does not rely on arbitrary
identifiability conditions, treats the SBM, the DCBM and the PABM as its
particular cases (with specific parameter values) and, in addition, allows a
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multitude of versions that are more complicated than DCBM but have fewer
unknown parameters than the PABM.

The aim of this construction is to treat all block models as a part of
one paradigm and, therefore, carry out estimation and clustering without
preliminary testing to see which block model fits data at hand.

2 The Hierarchy of Block Models

Consider an undirected network with n nodes that are partitioned into
K communities %, k = 1,..., K, by a clustering function z : {1,...,n} —
{1,..., K} with the corresponding clustering matrix Z.

Denote by B the matrix of average connection probabilities between com-

munities, so that for k,l =1,2,---, K, one has
1< . ,
By, = R Z Pij I(2(i) = k) I(2(j) = 1), (2.1)
1,]J=

where ny, is the number of nodes in the community k.

In order to better understand the relationships between various block
models, consider a rearranged version P(Z) of matrix P where its first n;
rows correspond to nodes from class 1, the next ny rows correspond to nodes
from class 2, and the last nx rows correspond to nodes from class K.

Denote the (ki, ko)-th block of matrix P(Z) by P®¥1:k2)(Z). Then, the
block models vary by how dissimilar matrices P®*1:52)(Z) are.

Indeed, under the SBM

P(kth)(Z) = By ko 1nk1 Ly,

’I’Lk2

(2.2)

where 1j is the k-dimensional column vector with all elements equal to one.
In the DCBM, there exists a vector h € R}, with sub-vectors hk) e RT,
k=1,...,K, such that, for k1,ks =1,2,--- | K,

P(kth)(Z) - Bk1,k2h(k1)(h(k2))T' (23)

In the PABM, instead of one vector h, there are K vectors A ... AK)
with sub-vectors

Alkrk2) ¢ RT17 ki, ko =1,2,--- K. (2.4)

In this case, vectors A®) form the (n x K) matrix A with columns partitioned
into sub-columns A%1:52)  and

P(khkz)(z) = Bk’1,k2A(k17k2)(A(k%kl))T? (25)
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for every k1,ko =1,2,--- , K. Hence, Eq. 2.2 and Eq. 2.3 coincide if h = 1,,,
and Eq. 2.5 reduces to Eq. 2.3 if all columns of matrix A are identical, i.e.

A = ),y ey = 1,2, K 26)

Since in the DCBM there is only one vector h that models heterogeneity
in probabilities of connections, the ratios P, ;/P;, ;j of the probabilities of
connections of two nodes, i; and ig, that belong to the same community,
are determined entirely by the nodes i1 and i and are independent of the
community with which those nodes interact.

On the other hand, for the PABM, each node has a different degree of
popularity (interaction level) with respect to every other community, so that
Py, i1/ Pisji # P jo/Pis.j, if nodes ji and jo belong to different communi-
ties. In the PABM, those variable popularities are described by the matrix
A € [0,1]"*% which reduces to a single vector h in the case of the DCBM.
One can easily imagine the situation where nodes do not exhibit different
levels of activity with respect to every community but rather with respect
to some groups of communities, “meta-communities”, so that there are L,
1 < L < K, different vectors HV ¢ R%, [ =1,2,---,L, and each of
columns Ay, k = 1,2,---, K, of matrix A is equal to one of vectors H®.
In other words, there exists a clustering function ¢ : {1,..., K} — {1,..., L}
with the corresponding clustering matrix C' such that

Ay=HD [ =¢k), l=1,...,L, k=1,...,K.

We name the resulting model the Nested Block Model (NBM) to em-
phasize that the model is equipped with the nested structure that allows to
obtain a multitude of popular block models as its particular cases.

3 The Nested Stochastic Block Model (NBM)

The NBM contains two types of communities, the regular communities
that can be distinguished by the average probabilities of connections between
them (like in the SBM or the DCBM) and the meta-communities that are
described by the distinct patterns of probabilities of connections of individual
nodes across the communities.

Observe that both concepts are quite natural. Indeed, in random net-
work models, specifically in assortative network models that are most com-
mon, communities are usually loosely defined as groups of nodes that have
higher probability of connection than the rest. In our case, we retain the
notion and define communities as groups of nodes with a specific (average)
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probability of connection between them. The meta-communities refer to the
node-to-community specific connection weights. In DCBM, each node has
only one specific weight to account for the difference in connection proba-
bilities with the rest; in PABM, the weights can be different for any node
and community pair. In our nested model, we allow some of the node-to-
community interactions have the same patterns for a group of communities,
the meta-communities.

For instance, consider an example of College of Sciences of a university
that includes Departments of Biology, Chemistry, Mathematics, Physics,
Psychology, Sociology, and Statistics. Each of the departments forms a
natural community, and the average density of connections is much higher
within the communities than between them. However, one can naturally
partition College of Sciences into meta-communities of natural sciences (Bi-
ology, Chemistry, and Physics), social sciences (Psychology and Sociology)
and mathematics and data sciences (Mathematics and Statistics). For ex-
ample, faculty in mathematics and data sciences who are working on various
problems in astronomy, genetics, dynamical systems, or theory of chemical
reactions will have high probability of connections with the natural sciences
meta-community. On the other hand, those who are involved in, for exam-
ple, studying social interactions, monitoring cyber and homeland security, or
relationships between countries, will have more dense interactions with the
social sciences meta-community. While one can use the PABM and model
interactions between each pair of the departments separately, the patterns
within meta-communities may be similar enough that using the most com-
plex PABM with O(nK) parameters may not be justified.

Note that the meta-communities introduced in this paper should not
be mixed with the mega-communities considered in Wakita and Tsurumi
(2007) and Li et al. (2020). The difference between the present paper and
the above cited publications is that in Wakita and Tsurumi (2007) and Li
et al. (2020) the mega-communities are determined by intermediate results
of the clustering algorithms while we define the meta-communities on the
basis of the distinct patterns of the connection probabilities of nodes with
respect to different communities. Our approach is also very different from
the hierarchical stochastic block model studied in, e.g., Li et al. (2020) or
Lyzinski et al. (2017). In those papers, the authors examine SBMs with a
large number of communities, that can be partitioned into groups based on
some similarities in the matrix of block probabilities. We, on the other hand,
deal with more diverse block models, for which the SBM is the simplest one.
In addition, the authors in Lyzinski et al. (2017) impose assumptions that
require the SBM to be very strongly assortative. Hence, the only common
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feature between our paper and the above mentioned ones is that there exist
groups of communities; everything else is completely different.

For any M and K < M, denote by .#)k the collection of all clus-
tering matrices Z € {0, 1}M*¥K with the corresponding clustering function
z:{l,...,.M} = {1,...,K} such that Z;, = 1iff 2(4) = k,i=1,..., M.
Then, Z7Z = diag(ni,...,nx) where ny is the size of community k, k =
1,...,K. The NBM, with K communities and L < K meta-communities,
is defined by two clustering matrices Z € .#,  and C € .#k ; with cor-
responding clustering functions z and c that, respectively, partition the n
nodes into K communities, and K communities into L meta-communities.
If the [-th meta-community consists of K; communities and the community
sizes are mg, then the total number of nodes in meta-community [ is /V;,
where

K
N =) npd(e(k)=1), Y K=K, > N=n, I=1---,L (31)
k=1

The communities are characterized by their average connection probability
matrix, with elements By, ,, k1,k2 = 1,2,..., K, defined in Eq. 2.1.

In order to better understand the meta-communities, consider a permu-
tation matrix &z ¢ that arranges nodes into communities consecutively, and
orders communities so that the K; blocks within the [-th meta-community
are consecutive, [ = 1,2,..., L. Recall that &z ¢ is an orthogonal matrix
with e@glc = L@gc and denote

P(Z,C)= PP Pyc, P=PscP(Z2,0) P

According to Z and C, matrix P is partitioned into K2 blocks P*1:k2)
(Z,C) € [0,1]™1 %2 ky ko = 1,..., K, with the block-averages given by
Eq. 2.1. In addition, blocks P*1k2)(Z () can be combined into the L2
meta-blocks

Pl (7, ¢) e [0,1]Nn >N,

corresponding to probabilities of connections between meta-communities [y
and 12, ll,l2 = 1,...,L.

Consider matrix H € RTL (Figure 1, top middle), where each column
H;, 1 = 1,...,L, can be partitioned into K sub-vectors h(#) ¢ Rik of
lengths ng, k =1,..., K. Those sub-vectors are combined into L meta sub-
vectors H™ ¢ Rf’” of lengths Np,, m = 1,--- L, according to matrix
C, where N, is defined in Eq. 3.1. Similarly, matrix B € [0,1]5*K of
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HOD | gA.2)

ALY | (1)

ALD)

h(12) | p(1.2)

h2D | p21)

h(2Z1D

h(22) | p(22)

hGD | 4G

JACEY)

h32) | h32)

H(Z,l) H(Z,Z)

JASZONIACEY)

h4D

h#2) | p(42)

hGD | 461

hGD

hG2) | b5:2)

Bllh(l,l) (h(l,l))T

312 h(l,l) (h(z,l))T

Bl3h(1'1) (h(3,1))T

Bl4h(1’2) (h(4,1))T

Blsh(l,z) (h(s,l))T

321h(2,1) (h(l,l))T

Bzzh(z,l) (h(z,1))'r

323 h(z,l) (h(3,1))T

Bz4h(z’2) (h(4,1))T

sth(z,z) (h(5,1))'r

B31h(3'1) (h(l,l))T

Bgzh(3’1) (h(z,l))T

333 h(3,1) (h(3,1))T

B34h(3'2) (h(4'1))T

B35h(3,2) (h(s,l))T

B41h(4'1) (h(l,z))T

B42h(4,1) (h(Z,Z))T

B43h(4,1) (h(S,Z))T

344h(4,2) (h(4,2))T

B45h(4,2) (h(S,Z))T

351h(5.1) (h(l,z))T

BSZ h(S,l) (h(z,z))’r

353 h(s,1) (h(3,2))T

354,}1(5'2) (h(4,2))T

Bssh(S,Z) (h(s,z))T

Figure 1: Matrices associated with the NBM with K =5, L = 2, K; = 3,
K5 = 2. Bold lines identify the meta-blocks. Top left: matrix B partitioned

into blocks B(1:l2),

Top, middle: matrix H. Top right: matrix H with

columns expressed via vectors h*) and repeated: column 1- K; times;
column 2 - Ky times. Bottom: the probability matrix with K? blocks and

L? meta-blocks

block probabilities is partitioned into sub-matrices BU12) € [0,1]

Kl1><Kl2
)

li,lo =1,---, L. With these notations, for any l1,lo = 1,--- , L, the (I3, l2)-
th meta-block of P can be presented as

P(2,0) =

(H(ll,lz)(H(lz,ll))T) o (J(ll)B(ll,b)(J(lz))T) 7

(3.2)
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where A o B is the Hadamard product of A and B, and matrices J® €
{0,1}NxKi [ =1,..., L, are of the form

Ln,, 0 o 0
0 1y, - 0

JO=1 . (3.3)
0 0 o 1"’°KL

By rewriting Eq. 3.2 in an equivalent form, one can conclude that each
of the meta-blocks P!12)(Z ) (and, hence, P(1+2) if we scramble them to
the original order) follows the (non-symmetric) DCBM model with K, x K,

. . N,
blocks. Specifically, for a pair of sub-vectors H(1:12) ¢ R+l1 and H(2h) ¢
N, . . ..
R;Q of matrix H and a matrix B(:2) ¢ [0,1]%1 > containing average
probabilities of connections for each pair of communities within the meta-
community (l1,l2) one has

p(ll,lz)(Z C) = Q(llh)J(ll)B(lhlz)(J(lz))TQ(lmll).

Here, Q(112) = diag(H"12)) and the (k1, k2)-th block of P(Z,C) is given
by

T
PUR)(Z,0) = By o 01 (nE210) 1= o), i = 1,2, (34)

where A5 € R%* is a sub-vector of HD with m = c(k).

Observe that the formulation above imposes a natural scaling on the
sub-vectors A1 of H, since it follows from equations 2.1 and 3.4, that for
any pair of communities (k1, k2) which belong to a pair of meta-communities
(I1,12), one has

Ny My By by = 1%“1 P(k’l,kQ)(Z, C) 1y, = Biey ks <1£h(k1712)> (1;—52 h(kz,h)) )

(3.5)
The latter implies that for any k=1,..., K andl=1,...,L,

PR =y k=1,...,K, 1=1,...,L. (3.6)

Now, it is easy to see that all block models, the SBM, the DCBM and
the PABM, can be viewed as particular cases of the NBM introduced above.
Indeed, the DCBM is a particular case of the NBM with L = 1 while the
PABM corresponds to the setting of L. = K. Finally, due to Eq. 3.6, the
SBM constitutes a particular case of the NBM with L = 1 and matrix H



10 M. Noroozi and M. Pensky

Figure 2: The hierarchy of block models

reduced to vector 1,,, the n-dimensional column vector with all entries equal
to one (Figure 2).

Moreover, the absence of the community structure (whether in the SBM
or the DCBM) is equivalent to K = 1, and implies that the NBM necessarily
reduces to the DCBM. This one-community DCBM is indeed just the Chung-
Lu model introduced in Chung and Lu (2002).

REMARK 1. The case of unconnected communities. Note that equa-
tions 3.4 and 3.5 become identities for any vectors h(¥1:/2) and hk2:h) if
By gy = 0, c(k1) = 11 and ¢(ka) = lg, which happens if matrix P(1:k2)(Z ()
is identically equal to zero. In this case, there are two possibilities. If there
exists ko with c(kg) = lp such that B o £ 0, then set h(ktl2) = plkic c(k2))

If no such ky exists (which corresponds to the case when the whole row
of matrix B2 is equal to zero), then set plkul2) = Loy, - The latter
can be interpreted as an understanding that, if all nodes in community
k1 are not connected to nodes in meta-community lo, they are “equally
unconnected”.
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Observe that treating zero elements of matrix B in this manner leads
to the smallest number of meta-communities and, hence, to the smallest
number of parameters in the model. For example, in the extreme case when
matrix B is diagonal, one obtains that matrix H has only one column, L = 1
and the NBM just reduces to DCBM.

4 Optimization Procedure for Estimation and Clustering

Note that, in terms of the matrices J® defined in Eq. 3.3, the scaling
conditions Eq. 3.6 appear as

(JNT QW) g = (T g 11 =1,.., L. (4.1)

Let &7 & be the permutation matrix corresponding to estimated clustering
matrices Z € M, - and C e My ;. Consider the set 3(n, K, L) of matrices

O with blocks ©Wt2) ¢ [0, 1]Nu*Ni2 [ 1y = 1,..., L, such that conditions
Eq. 3.1 and Eq. 4.1 hold and

O =y, 4, O11), Ori) = Qliuda) 7(1) pllnda) (JU2))T QUiz),
B(h,lz) c [0’ 1]K11><K127 Q(l1,l2) c ’Dll7 (4.2)
Z € %’n,K7 Ce %K,[n l17l2 = 1? "'7L7

where D, the set of diagonal matrices with diagonals in R'".
Then, it is easy to see that P = c@gc O Pz ¢, so its estimator can be
obtained as

~

P=2;:0(2,C) 7% . (4.3)

z,C
Here, for given values of K and L, (2 , 6’, é) is a solution of the following
optimization problem

(Z,C,0) € argmin||A(Z,C) — O] (4.4)

"~

subject to conditions A(Z,C) = ﬂgcfl P70, Eq. 3.1, Eq. 4.1 and Eq. 4.2.

In real life, however, the values of K and L are unknown and need to be
incorporated into the optimization problem by adding a penalty Pen(K, L)
on K and L:

(6,2,C,K L) € argmin {|A(Z,C) - O} +Pen(K, L)}, (45
Z,C,K,L,©

where optimization is carried out subject to conditions A(Z,C) = e@gc
APz c, Eq. 3.1, Eq. 4.1 and Eq. 4.2.
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After that, the estimator P of P, can be obtained as Eq. 4.3.

The penalty in Eq. 4.5 should account for the difficulty of estimating
nL + K? unknown parameters (nL entries in matrix H and K2 entries in
matrix B) and uncertainty of clustering which is of the logarithmic order
nln K of the cardinality of the set of clustering matrices. For this reason,
we choose the penalty of the form

Pen(K,L) = Cy(nL + K*)Inn + Conln K (4.6)

where C7] and Cy are absolute constants. The logarithmic factor Inn in
Eq. 4.6 is due to the proof technique and, can possibly be removed.

In practice, one would need to solve optimization problem Eq. 4.4 for
each K =1,...,n,and L = 1,...,K, and then find the values (K,ﬁ) that
minimize the right hand side in Eq. 4.5. After that, the estimator P of P is
obtained as Eq. 4.3. Then, the following statement holds.

THEOREM 1. Let Assumptions A1 and A2 hold. Let (é, 2, 6’, K, f/) be
a solution of optimization problem Eq. 4.5 subject to conditions A(Z,C) =
QE,CAWZ,C; Eq. 3.1, Eq. 4.1 and Eq. 4.2 with the penalty given by Eq. 4.6.

Then, for the estimator P given by Eq. 4.3, the true matriz Py, any
K, L, Z¢c Mk, Cc Ak and any matriv P = ﬁz,c@,@g’o with © €
S(n, K, L), one has

IP’{HP—P*H%S?)[HP—P*H% + Pen(K, L)]} >1— (n2logyn + 1)e ™32,
E|P — P|% < 3[|P — P||3 + Pen(K, L)] +n°e~"/32,

Solution of optimization problem Eq. 4.5 requires a search over the con-
tinuum of matrices @ € (n, K, L). In order to simplify the estimation,
we consider a solution of a more straightforward optimization problem. It
is easy to observe (see Figure 1) that each of the block columns of matrix
P is a matrix of rank one and, given the clustering, it can be obtained
by the rank one projection of the respective adjacency sub-matrix. Denote

the block columns of the re-arranged matrices P and A by PR (Z C) and
AUK) (7 C). Then, the optimization problem appears as

(2,6,f(,£) € Zf“gr}r;ug{ EL:EK: HAU»’C)(Z7 C) — My (A(l,lc)(Z7 C))Hi + Pen(K, L)}

? =1 k=1

st. A(Z,0) = PLAPzc, (4.7)

where I7(y) (A(l’k) (Z,C)) is the rank one projection of the matrix AR (7.0).
Then, O is the block matrix with blocks @) = Iy (A(l’k')(z CA’)>, l=

1,---,L, k=1,---,K. Note that the new formulation requires estimation
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of the larger number of parameters (nK + K?2) versus (nL + K?) in Eq. 4.5,
so the new penalty is of the form

Pen(K,L) = ¥ nK + % K?Inn + ¥nn K, (4.8)

where ¥, ¥y, and W3 are positive absolute constants.
THEOREM 2. Let Assumptions A1 and A2 hold. Let (@, 2, 6, K, I:) be a
solution of optimization problem Eq. 4.7 with Pen(K, L) of the form Eq. 4.8.
Then, for the estimator P of P, given by Eq. 4.3 and any t > 0, one has

2

P{HP— Pl < C [Pen(n, K., L) +t]} >1—3e !,

2

E HP —P.| < C[Pen(n. K., L.) +3).

Here K, and L, are the true number of communities and meta-communities
and . .
C= C(%,Wg,%) >0

is an absolute constant.

Observe that Theorem 2 delivers smaller error rates if K,/L, < Inn,
i.e., if n is large. In addition, for known values of K and L, one needs to
carry optimization in Eq. 4.7 only over the set of clustering matrices. In
this sense, optimization problem Eq. 4.7 can be viewed as a kind of modu-
larity optimization which has been used for estimation and clustering in the
SBM ((Bickel and Chen, 2009)), the DCBM ((Zhao et al., 2012)) and the
PABM ((Sengupta and Chen, 2018)). The deficiency of this sort of approach
is that it is NP-hard and requires some replacement by a computationally
viable method. In our case, this relaxation is provided by a subspace clus-
tering which allows us to find the clustering matrix C' and hence detect
the meta-communities. Subsequently, we detect the communities within
meta-communities using spectral clustering. We describe those procedures
in detail in the next section.

5 Detectability of Communities and Meta-Communities

As we have mentioned above, in what follows, we focus on the optimiza-
tion problem Eq. 4.7.

Observe that the viability of the NBM introduced above relies on the
correct detection of communities and meta-communities. In order to assess
identifiability of clustering matrices Z and C, consider a noiseless model
where one can observe the probability matrix P, instead of the adjacency
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matrix A. Indeed, if matrices Z and C can be correctly recovered (up to
permutation of columns), then matrix B can be obtained by averaging the
probabilities in P,(Z,C) using formula Eq. 3.5.

Furthermore, it follows from Eq. 3.2 that sub-columns H(12) of matrix
H can be obtained by applying rank one approximations to the Hadamard
quotient of PUt2)(Z ) and J") BUnl2) (jE2)T

One however does not need to identify all those quantities in order to es-
timate clustering matrices Z and C. Optimization problem Eq. 4.7 suggests
that matrices Z and C' can be obtained just on the basis of modularity opti-
mization based on the partitions of the adjacency matrix. In order to confirm
that the communities and meta-communities are detectable, we assume that
K =K, and L = L, are known and impose the following assumptions:

Al. Matrix B is non-singular with the smallest singular value bounded
away from zero: Apmin(B) > Ao > 0.

A2. Foreach k = 1,--- , K, vectors h'¥) [ =1 ... L, are linearly inde-
pendent.

Under those assumptions, it is easy to see that the meta-columns of
matrix P, corresponding to the /-th meta-community, lie in the distinct
linear subspace S; of the dimension K, with the basis defined by K distinct
combinations of sub-vectors h*D k=1, ..., K,.

For this reason, one can find meta-communities by identifying those sub-
spaces.

Subsequently, for finding communities within meta-communities, one
notes that the [-th diagonal block of the probability matrix ]5(“)(2*, Cy) in
Eq. 3.2, corresponding to the /-th meta-community, [ = 1, ..., L, follows the
DCBM model. Due to Assumption A2, matrix B¢ in Eq. 3.2 is of full rank,
which guarantees identifiability of communities in the meta-community .

Specifically, the following statement is true:

LEMMA 1. Let Assumptions A1 and A2 hold. Let K = K, and L = L,
be known. Let Z, € My x and C. € My 1, be the true clustering matrices,
while Z € My x and C € My 1, be arbitrary clustering matrices. Then,

l‘; élng,k)(z*,C*) — Iy (py,m(z*,c*))HzF (5.1)

M=
M=

< HP*U’M(Z C)— Iy (P*Sl’k)(z’ C)) H2F

1

x>
Il

1

where, for any matriz B, H(l)(B) is its rank one approximation. Moreover,
equality in Eq. 5.1 occurs if and only if matrices Z and Z,, C and C, coincide
up to a permutation of columns.
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Lemma 1 ensures that, if the optimization problem Eq. 4.7 is applied to
the true probability matrix with known K and L, then the true clustering
matrices Z, and C, will be recovered up to the permutation of columns.
However, since optimization procedures in Eq. 4.5 and Eq. 4.7 are NP-hard,
they cannot be implemented in practice.

6 Implementation of Clustering

In this section, we describe a computationally tractable clustering proce-
dure that can replace optimization procedures in Eq. 4.5 and Eq. 4.7. Since
the model requires identification of meta-communities and regular commu-
nities, naturally, the clustering is carried out in two steps. First, we find
the clustering matrix C' that arranges the nodes into L meta-communities.
Subsequently, we detect communities within each of the meta-communities,
obtaining the clustering matrix Z.

In order to accomplish the first task, we observe that, under Assumptions
Al and A2, the meta-columns of matrix P, corresponding to the [-th meta-
community, lie in the distinct linear subspace .S; of the dimension K with the
basis defined by K distinct combinations of subvectors RED k=1, .. K.
For this reason, one can find meta-communities by identifying those sub-
spaces. This can be done by subspace clustering, the technique which has
been well developed by the computer vision community. Subsequently, for
finding communities within meta-communities, one notes that the proba-
bility matrix of each meta-community follows the non-symmetric DCBM
model, for which there exist several clustering methods.

Subspace clustering is designed for separation of points that lie in the
union of subspaces. Let {X; € RP }?:1 be a given set of points drawn
from an unknown union of K > 1 linear or affine subspaces {S;}X, of
unknown dimensions d; = dim(S;), 0 < d; < D, i = 1,..., K. In the case
of linear subspaces, the subspaces can be described as S; = {z € RP .
r = Uy}, i = 1,..., K, where U; € RP*4 is a basis for subspace S; and
y € R% is a low-dimensional representation for point 2. The goal of subspace
clustering is to find the number of subspaces K, their dimensions {di}fil,
the subspace bases {Ui}fil, and the segmentation of the points according to
the subspaces.

Several methods have been developed to implement subspace
clustering such as algebraic methods ((Boult and Gottesfeld Brown, 1991),
(Ma et al., 2008), (Vidal et al., 2005)), iterative methods ((Agarwal and
Mustafa, 2004), (Bradley and Mangasarian, 2000), (Tseng, 2000)), and self
representation based methods ((Elhamifar and Vidal, 2009), (Elhamifar and
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Vidal, 2013), (Favaro et al., 2011), (Liu et al., 2013), (Liu et al., 2010),
(Soltanolkotabi et al., 2014), (Vidal, 2011)).

In this paper we use the self-representation type method, the Sparse
Subspace Clustering (SSC) developed by Elhamifar and Vidal (2013). The
technique is based on representation of each of the vectors as a sparse linear
combination of all other vectors, with the expectation that a vector is more
likely to be represented as a linear combination of vectors in its own subspace
rather than other subspaces. The weights obtained by this procedure are
used to form the affinity matrix which, in turn, is partitioned using the
spectral clustering methods.

If matrix P, were known, the weight matrix W would be based on writ-
ing every data point as a sparse linear combination of all other points by
minimizing the number of nonzero coefficients

min|[Will, st (P =Y Wij(P (6.1)
! ki

where, for any matrix B, B; is its j-th column. The affinity matrix of the
SSC is the symmetrized version of the weight matrix W.

Note that since, due to Assumption A2, the subspaces are linearly inde-
pendent, the solution to the optimization problem Eq. 6.1 is W; such that
Wy ; # 0 only if points k and j are in the same subspace. Since the problem
Eq. 6.1 is NP-hard, one usually solves its convex LASSO relaxation

min|[Will, st (P =Y Wi(P (6.2)
! k#j

In the case of data contaminated by noise, the SSC algorithm does not
attempt to write data as an exact linear combination of other points and
replaces Eq. 6.2 by penalized optimization. Specifically, in our simulations,
we solve the elastic net problem

W, € ar%VH_lin{[0~5 |45 — AW|[3 + 71 (W11, +72 (W15 | st Wi, = 0}7 j=1,...,n,

J

(6.3)
where 71,72 > 0 are tuning parameters. The quadratic term stabilizes the
LASSO problem by making the problem strongly convex. We solve Eq. 6.3
using a fast version of the LARS algorithm implemented in SPAMS Matlab
toolbox (Mairal et al., 2014). Given W, the clustering matrix C' is then
obtained by applying spectral clustering to the affinity matrix |/V[7| + |/I/I7T|,
where, for any matrix B, matrix |B| has absolute values of elements of
B as its entries. Algorithm 1 summarizes the SSC procedure described
above.
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The correctness of the SSC relies on the so called self-expressiveness
property (SEP), which guarantees that each column of the probability matrix
P, will be represented using columns of its own subspace rather than columns
of the other subspaces. The latter leads to the n x n estimated matrix of
weights W where I/VZ j = Oifnodes ¢ and j are in different meta-communities.
Subsequently, according to Algonth;n\ 1, one applies spectral clustering to
the symmetrized matrix of weights [W| + |[WT|. It is easy to see that, if the
true matrix of probabilities P, were available, then, under Assumptions Al
and A2, matrix W obtained as a solution of Eq. 6.1 or Eq. 6.2, satisfies the
SEP. Since matrix A is generated on the basis of matrix Py, one expects that
the entries of matrix W, obtained as a solution of Eq. 6.3, are equal to zero
for pairs of nodes that belong to different meta-communities. Although the
latter fact is supported by simulations, the formal proof of this statement is
very nontrivial and is not presented in this paper.

Algorithm 1: The SSC procedure
Input: Adjacency matrix A, number of meta-communities L, tuning
parameters 71, y2
Output: Clustering matrix C'
Steps:
1: For j=1,...,n, find Wj in Eq. 6.3
2: Apply spectral clustering to the affinity matrix \W\ + \WT| to find
clustering matrix C'

Once the meta-communities are discovered, one needs to detect com-
munities inside of each meta-community. Recall that each meta-community
follows the non-symmetric DCBM. One of the popular clustering methods
for the DCBM is the weighted k-median algorithm used in Lei and Rinaldo
(2015) and Gao et al. (2018). Algorithm 2 follows (Gao et al., 2018).

For the known number of communities K, the algorithm starts with
estimating the probability matrix P by the best rank K approximation of
the adjacency matrix, obtaining P = UDUT, where U € R X contains
K leading eigenvectors and D is a diagonal matrix of top K eigenvalues.
After that, the columns of P are normalized, leading to P; = P;/|| By,
i =1,2,...,n. Finally, the k-median algorithm is applied to P to find the
community assignment.
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Algorithm 2: Spectral clustering with k-median

Input: Adjacency matrix A € {0,1}™*", number of clusters k
Output: Community assignment

Steps:

1: Find P = UDUT with U € R™*X the best rank k approximation
of matrix A

2: For j = 1,...,n, find P; = 15]/||]5]H1

3: Apply k-median algorithm to P to obtain community assignment

In the first step of clustering, we apply Algorithm 1 to the adjacency
matrix A to find L meta-communities defined by the clustering matrix C.
In the second step, Algorithm 2 is applied to each of L meta-communities,
obtained at the first step. Specifically, we apply Algorithm 2 with & = K; and
n = N; to cluster the [-th meta-community, [ = 1, ..., L. The union of these
communities combined with the clustering matrix C', yields the clustering
matrix Z. We elaborate on the implementation of this two-step clustering
procedure in Section 7.1.

REMARK 2. Finding the number of communities and meta-communities.
In theory, in order to find the unknown values of K and L, one needs to
solve optimization problem Eq. 4.5 or Eq. 4.7 for each K = 1,...,n and
L=1,...,K, and then find the values (R’, f}) that minimize the right hand
side in Eq. 4.5 or Eq. 4.7. In practice, however, the constants in the penalties
are too large and will lead to significant underestimation of the number of
communities and meta-communities. For this reason, in practice, one should
run optimization with several small values of L (say, L = 1,2, 3). For each of
the values of L, one finds the meta-communities using SSC (Algorithm 1). As
soon as the meta-communities are identified, each of those meta-communities
follow the DCBM, hence, the problem reduces to finding the number of
communities in those DCBMs. Several authors tackled this problem, see,
e.g., Ma et al. (2019). Subsequently, one can choose the number of meta-
communities using a common complexity penalty such as AIC or BIC.

REMARK 3. Alternative way of clustering.

Under the assumptions of the paper, if the SSC was applied to the ma-
trix P, instead of the adjacency matrix A, it would yield W;; = 0 when
nodes ¢ and j are in the same meta-community but different communities.
Hence, it is possible to reverse the procedure and first cluster nodes into the
communities using the SSC and then, subsequently cluster the communi-
ties into the meta-communities. However, since clustering is carried out on
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the basis of matrix A, and the meta-communities are in general larger than
communities (and there are fewer of them), the procedure used in the paper
is more precise and stable, so that the estimated weights are more likely to
satisfy the self-expressiveness property (SEP).

7 Simulations and a Real Data Example

7.1.  Simulations on Synthetic Networks In the experiments with syn-
thetic data, we generate networks with n nodes, L meta-communities and
K communities that fit the NBM. For simplicity, we consider perfectly bal-
anced networks where the number of nodes in each community and meta-
community are respectively n/K and n/L, and there are K/L communities
in each meta-community. First, we generate L distinct n-dimensional ran-
dom vectors with entries between 0 and 1. To this end, we generate a random
vector Y € (0,1)" and partition it into K blocks Y®), k = 1, ..., K, of size
n/K. The vector h(Y is generated from Y by sorting each block of Y in
ascending order. After that, we partition each of the K blocks, RkD of B
into L sub-blocks B(k’l), i =1,..., L, of equal size. To generate the k-th block

7

h(k:2) of B2 we reverse the order of entries in each sub-block ng,l) and rear-
range them in descending order. The blocks A%+5) of subsequent vectors h(®)
s =3,..., L, are formed by re-arranging the order of sub-blocks ng’m in each
sub-vector h(¥2). The L vectors hY), I = 1,..., L, generated by this proce-
dure have different patterns leading to detectable meta-communities. Subse-
quently, we scale the vectors as H®) = (n/K)hED /||B*D|, k=1,..., K,
[ =1,..., L, obtaining matrix H. After that, we replicate K /L times each of
the columns of H (Fig. 1, top right) and denote the resulting matrix by H.
Matrix B has entries

~ - —2
By = By, [(Hma:r)k;,l] , kil=1.,K, (7.1)

where B is a (K x K) symmetric matrix with random entries between 0.35
and 1 to avoid very sparse networks, and the largest entries of each row
(column) are on the diagonal. Matrix Jflmaa; is a K x K symmetric matrix
defined as

(Himaz )it = max (ﬁ“@l), ﬁ“v’f)) C kil=1,..K,
- - - —2
where H®"D is the (k,1)-th block of matrix H. The term [(Hmax)m} in

Eq. 7.1 guarantees that the entries of probability matrix P(Z,C) do not
exceed one. To control how assortative the network is, we multiply the off-
diagonal entries of B by the parameter w € (0,1). The values of w close
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to zero produce an almost block diagonal probability matrix P(Z,C') while
the values of w close to one lead to P(Z,C) with more diverse entries. We
obtain the probability matrix P(Z,(C) as

P#D(7,0) = Byyy H*D (ﬁ“vk))T, ki=1,.. K.

After that, to obtain the probability matrix P, we generate random
clustering matrices Z € #, x and C € .#k and their corresponding
n X n permutation matrices Z(Z) and Z(C), respectively. Subsequently,
we set Pz o = P(Z)P(C) and obtain the probability matrix P as P =
PycP(Z,0)(Pzc)r. Finally we generate the lower half of the adjacency
matrix A as independent Bernoulli variables A; j ~ Bern(P; ),i=1,...,n,j =
1,...,i—1, and set A; ; = A;; when j > 4. In practice, the diagonal diag(A)
of matrix A is unavailable, so we estimate matrix P without its knowledge.

We apply Algorithm 1 to find the clustering matrix C'. Since the diagonal
elements of matrix A are unavailable, we initially set A;; =0,i=1,...,n.

We use 71 = 30p(A) and o = 125(1 — p(A)) where p(A) is the density of
matrix A, the proportion of nonzero entries in A. The spectral clustering in
step 2 of the Algorithm 1 is carried out by the normalized cut algorithm of
Shi and Malik (2000). Once the meta-communities are obtained, we apply
Algorithm 2 to detect communities inside each meta-community. The union
of detected communities and the clustering matrix C yields the clustering

matrix Z. R o
Given Z and C, we generate matrix A(Z,C) = @% 54 Pz & with blocks

A(”‘“"Z)(Z7 6), k=1,...,K,l=1,...,L, and obtain é\(k’l)(z é) by using the
rank one projection for each of the blocks. Finally, we estimate matrix P by
P, given by formula Eq. 4.3.

For evaluation of the performance of our method, we generate networks
from three different models: the DCBM (with K = 6, L = 1), the NBM
(with K = 6, L = 2 and 3), and the PABM (with K = 6, L = 6), for
n = 900 and n = 1260 and w = 0.6 and w = 0.8. Then we fit the DCBM,
the NBM, and the PABM to each of the generated networks. The proportion
of misclassified nodes (clustering error) is evaluated as

= -1 . 7112
Err(Z,Z) = (2n) y?é%K”Z’@K —Z||% (7.2)
where Pk is the set of permutation matrices P : {1,..., K} — {1,..., K}.
Table 1 shows the accuracy of clustering for fitting correct and incorrect
models to the generated networks. For all settings, the clustering errors
of fitting the correct model are smaller than those of the incorrect ones.
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Moreover, in the NBM, since meta-communities are detected first, the ac-
curacy of detecting K communities depends on the precision of detecting L
meta-communities. One can see from Table 1 that, when the NBM is the
true model, there is a significant improvement in the accuracy of detecting
K communities using the two-step clustering procedure, with finding the
meta-communities being the key task.

It is also worth noting that when DCBM is the true model of the net-
works, then there is only one meta-community. Hence, when NBM is fitted
to the networks, there is no need to detect meta-communities (as there is
only one). Hence, we just detect communities by applying Algorithm 2,
which leads to the results identical to the ones obtained by fitting the true
model (DCBM). Similarly, when the true model of the network is PABM,
there is only one community inside of each meta-community. Thus, when
NBM is fitted to the networks, one only needs to detect meta-communities
using Algorithm 1, attaining the same results as the ones obtained by fitting
the true model (PABM).

Since the model with larger number of parameters allows for a more
accurate estimation of matrix P, we measure the accuracy of an estimator
Pof P by the squared Frobenius norm of their difference with the added
AIC-type penalty

A(P) :n’2{|]]5—P||%+2]5 Npar}. (7.3)

Here, ||P — P||% acts as a pseudo likelihood, P = n~2 > ij=1 Pij is the
average density of P, and Npg,- is the number of parameters in a model:
Npgr =n+ K(K+1)/2—1 for the DCBM, Np,, =nL+K(K+1)/2— KL
for the NBM, and Npy. = nK for the PABM. In DCBM, P is obtained by
solving a low rank approximation problem, as it is explained in Gao et al.
(2018). In the PABM, P is found by the post-clustering estimation, which
is based on rank one approximations (see Noroozi et al. (2019)). Table 1
shows that, even if the AIC penalty on the number of parameters is added,
correctly fitted models have smaller estimation error Eq. 7.3 than incorrectly
fitted ones.

Thus, the results in Table 1 can be summarized as follows. If the true
model is NBM, then NBM fits best and the other models fit rather poorly.
On the other hand, if the true model is DCBM (or PABM), then DCBM
(or PABM) fits best, but NBM also fits well, with accuracy not much worse
than the true model. Therefore, without knowledge of the true model (as it
happens in real-world scenarios), fitting NBM is the safest option.
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7.2.  Real Data Fxamples In this section, we describe application of the
two-step clustering procedure of Section 6 to two real life networks, a but-
terfly similarity network and a human brain network.

We consider the butterfly similarity network extracted from the Leeds
Butterfly dataset (Wang et al., 2018), which contains fine-grained images
of 832 butterfly species that belong to 10 different classes, with each class
containing between 55 and 100 images. In this network, the nodes represent
butterfly species and edges represent visual similarities (ranging from 0 to
1) between them, evaluated on the basis of butterfly images. We extract
the five largest classes and draw an edge between two nodes if the visual
similarity between them is greater than zero, obtaining a simple graph with
462 nodes and 28799 edges. We carry out clustering of the nodes, employ-
ing the two-step clustering procedure, first finding L = 4 meta-communities
by Algorithm 1, and then using Algorithm 2 to find communities within
meta-communities. We conclude that the first meta-community has two
communities, while the other three meta-communities have one community
each. We also applied Algorithms 1 and 2 separately for detection of five
communities. Here, Algorithms 1 and 2 correspond, respectively, to the
PABM and the DCBM settings with K = 5. Subsequently, we compare
the clustering assignments with the true class specifications of the species.
Algorithms 1 and 2 lead to 74% and 77% accuracy, respectively, while the
two-step clustering procedure provides better 84% accuracy, thus, justify-
ing the application of the NBM. The better results are due to the higher
flexibility of the NBM.

The second example deals with analysis of a human brain functional
network, based on the brain connectivity dataset, derived from the resting-
state functional MRI (rsfMRI) (Crossley et al., 2013). In this dataset, the
brain is partitioned into 638 distinct regions and a weighted graph is used
to characterize the network topology. For a comparison, we use the Asymp-
totical Surprise method (Nicolini et al., 2017) which is applied for clustering
the GroupAverage rsfMRI matrix in Crossley et al. (2013). Asymptotical
Surprise detects 47 communities with sizes ranging from 1 to 133. Since
the true clustering as well as the true number of clusters are unknown for
this dataset, we treat the results of the Asymptotical Surprise as the ground
truth. In order to generate a binary network, we set all nonzero weights to
one in the GroupAverage rsfMRI matrix, obtaining a network with 18625
undirected edges. For our study, we extract 7 largest communities derived
by the Asymptotical Surprise, obtaining a network with 450 nodes and 16570
edges. Similarly to the previous example, we apply Algorithms 1 and 2 sep-
arately to detect seven communities, obtaining, respectively, 88% and 73%
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Figure 3: The adjacency matrices of the butterfly similarity network with
57598 nonzero entries and 5 clusters (left) and the brain network with 33140
nonzero entries and 7 clusters (right) after clustering

accuracy. We also use the the two-step clustering procedure above, detecting
six meta-communities and seven communities, attaining 92% accuracy.

Figure 3 shows the adjacency matrices of the butterfly similarity network
(left) and the human brain network (right) after clustering.

8 Discussion

The present paper examines the hierarchy of block models with the pur-
pose of treating all existing singular-membership block models as a part of
one formulation, which is free from arbitrary identifiability conditions. The
blocks differ by the average probability of connections and can be combined
into meta-blocks that have common heterogeneity patterns in the connection
probabilities.

The hierarchical formulation proposed above (see Fig. 2) can be utilized
for a variety of purposes. Since the NBM treats all other block models as
its particular cases, one can carry out estimation and clustering without
assuming that a specific block model holds, by employing the NBM with K
communities and L meta-communities, where both K and L are unknown.
The values of K and L can later be derived on the basis of penalties.

Furthermore, in the framework above, one can easily test one block model
versus another. For instance, L = K suggests the PABM while L = 1 implies
the DCBM. If, additionally, H = 1,,, then DCBM reduces to SBM. Finally,
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one can see from Fig. 2 that the absence of distinct communities (K = 1)
always leads to DCBM, which reduces to Erdés-Rényi model if H = 1,,.

9 Proofs

9.1. Proof of Theorem 1 Let & = A — P,. We let &7 ¢ k1, denote the
permutation matrix that arranges meta-blocks consecutively and also blocks
all meta-blocks consecutively. For simplicity, let

P =Pgok L, Ps = P70 Ko L P = 927@,[3,3
For any matrix .S, denote
S(Z7 C K, L) = y;C,K,LSWZ,CJﬂL (91)
Then, for any Z,C, K, and L:

Therefore,

AA A A A Al A 2 A A
(A ~ 26(2, C,K,L)@TH +Pen(n, K, L) < |A— P|% + Pen(n, K, L)
F

or

~ 112 R
|A=P| +Pen(n i, L) < A= P} + Pen(n, K, ). (9.2)

Subtracting and adding P, in the norms in both sides of Eq. 9.2, we rewrite
it as

~ 2 A A~ A
HP — P.| <P =P} +2(5, P~ P)+Pen(n, K, L) — Pen(n, K., L).
(9.3)
Denote
Py(K,L)= inf |P-P>%,
0(K, L) PE%I(I;’K’L)H i
(Ko, Lo) = inf {||Fo(K, L) = Px|[3 + Pen(n, K, L) } .
Then, for P = P(R’, I:) and Py = Py(Kyo, Lo), one has
“ 2
P—p| <|P—-P|%+2(=Z,P — P
=P I + 2( 0) (0.4)

2(Z, P — P,) + Pen(n, Ko, Ly) — Pen(n, K, L).
Denote

7(n,K,L)= nlnK 4+ KInL + (K*+2nL)In (9nL) (9.5)
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and consider two sets {2 and (2°

o= |-

* P Z C\10280 T(Tl, KOuLO)} )

(9.6)
o {w |, < Coze T(n,KO,LO)}
where sq is a constant. If w € 2¢, then
2
el < C22%01(n, Ky, Lo). (9.7)

Consider the case when w € (2. It follows from Hoeffding inequality that,
for any fixed matrix G, any « > 0 and any ¢ > 0 one has

IP{Q(E,G> > a||Gy\§+2t/a} <e . (9.8)
Then, there exists a set 2, such that P(Qt) >1—etand for we
2E, P, — Py) < a||P. — By|5 + 2t/ (9.9)

Note that the set {2 can be partitioned as 2 = |J 2k 1, where

K.L
Rk = {w :(

with 2x, 1, N 2k, 1, = 0 unless K1 = Ky and L = Ly. Denote

|| > Cp2%° T(n,Ko,L0)> N (K = K,f, = L)}
(9.10)

A(n,K,L) = C3Car(n, K, L) +n, (9.11)

where 7(n, K, L) is defined in Eq. 9.5. Then,

By Lemma 4 in Section 9.4, there exist sets QK L < 2,1, C {2 such that
IP’(_QKL) <logyn -exp (—n - 2230 7) and, for w € 2 1, one has

{2<_,P P) ‘

+2A(n K, L)} {K:K,ﬁ:L}.
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Denote
2= (KQLQK,L> ke’ (9.12)
and observe that
P <f)) >1—n?logyn -exp (—n- 229077 — ¢t
Then, for w € 2, one has

N 11 - 2 N
2(E,P-Py) < iHP_P* F+2A(n,K,L) (9.13)

and it follows from (9.9) with & = 1/2 that
1
2(2, P~ Ro) < 5 1P — Py||% + 4t. (9.14)

Plugging (9.13) and (9.14) into (9.4), obtain that for w € £2 one has

. 2 11 2
HP—P* < HPO—P*\\%+Pen(n,K0,L0)+§HP—P* A+

2A(n, K, 1) + % |P. — Py||% + 4t — Pen(n, K, L.
Finally, setting
Pen(n, K,L) = 2A(n, K, L) =2 [Ci7(n,K,L) + n]
obtain that for any ¢ > 0, for w € £2, one has

N 2
HP — P.|| < 3]|Po = P|[} + 2Pen(n, Ko, Lo) + 8t,

for any w € 2. Now, for w € £2¢, it follows from (9.7) that

~ 2
HP — P.|| < CR2¥or(n. Ko, Lo) < 2%~ "Pen(n, Ko, Lo).

Setting sp = 1 and ¢ = n/32, obtain

]P’{ HP—P*

2 n
< [3 P — Pa))% + 2Pen(n,K0,L0)] n g} >1- (nlogyn + 1)e 32,
F

so that

2

F PeS(n,K,L)

P{HP—P* <3 inf [HP—P*H%—f—Pen(n,K,L)]}21—(n21og2n+1)e’3%.

. 2
Since HP — Pl < nQ, obtain
F

2

E HP _p
F ~ Pe#(nK,L)

<3 min [||P — P*H% + Pen(n, K, L)} +nde /32,
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9.2.  Proof of Theorem 2 Let

Fi(n,K,L) = CinK + CoK?*In(ne) + C3(Inn + (n+1)In K + K In L)
Fy(n,K,L)=2lnn+2(n+1)InK +2KInL,

where C1, C9, and C3 are absolute constants. Denote = = A — P, and recall
that, given matrix P, entries =; ; = A; ; — (Ps)sj of = are the independent
Bernoulli errors for 1 <7 < j <n and A;; = Aj;. Then, following notation
Eq. 9.1, for any Z, C, K, and L

2(Z,C,K,L)=2T=z2
P,(Z,C,K,L) = 2TP, 2,
where & = Pz ¢ k.- Then it follows from Eq. 4.7 that

N A Noa A A a2 PN
H@TA@ ~ o2, C,K,L)HF + Pen(n, K, L) <
|#T AP, — TP, 2.|[5 + Pen(n, K., L.)

where Y, = Pz, ¢, k... Using the fact that permutation matrices are
orthogonal, we can rewrite the previous inequality as

ANA A A A Al A 2 A A
HA ~96(2,0, K,L)@THF +Pen(n, K, L) < |A - P.|% + Pen(n, K., L.).
(9.15)
Hence, Eq. 9.15 and Eq. 4.3 yield
~ 112 A A
HA - PHF < ||A = P.|% + Pen(n, K., L,) — Pen(n, K, L). (9.16)

Subtracting and adding P, in the norm of the left-hand side of Eq. 9.16,
we rewrite Eq. 9.16 as

~ 2 A A A A A A
PP <A(Z,CK.L)+Pen(n K., L) - Pen(n. K, L), (9.17)

where

A=A(Z,0,K, L) = 21x [ET(P - P*)] . (9.18)

Again, using orthogonality of the permutation matrices, we can rewrite
A=2(2(Z2,C,K,L),(6(2,C,K,L) - P,(Z2,C,K,L))),
where (A, B) = Tr(AT B). Then, in the block form, A appears as

S
A=) ") ACK (9.19)

=1 k=1
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where
AR = (=R (7 ¢ K L), 1T, ,(AYW (2,6, K, L)) - PY¥(Z,¢ K, L))

and II; ; is defined in Eq. 9.52 of Lemma 5.
Let w = ﬁ(l’k)(Z,é,K,ﬁ) and 0 = ﬂ(l’k)(Z, C’,K,ﬁ) be the singular
vectors of

(“ﬂ(Z

*( )(Z C’, K ,I:) corresponding to the largest singular value of
K f/) Then, according to Lemma 5

C,
( *(lk 7.0, K L)) a(l,k)(a(l,k))TP#Sl,k’)ﬁ(l,k)(f)(l,k))T. (9.20)

Recall that

A~ ~

I3, (AM(2,6, K, L)) = My [PPP(2,6, K, 1)+ 209(2,6,K, L)) .

)

Then, A®F) can be partitioned into the sums of three components

AR = AR L AR L ACK o Lk =12, K (921)

where

AR —o=zWh (7 ¢ K L), (P (2,6, K, L) — PM™ (2,0 K,
AL — 2= (7,6 K, L), o o(PY9(2,C, K, L)) — Hao(PY(Z,C, K, L)),

With some abuse of notations, for any matrix B, let 115 3 <B(Z

be the matrix with blocks I3 5 (B(l’k) (Z, C, K, ﬁ)) and I1; 3 (B(Z, C, K, ﬁ))
be the matrix with blocks

H’&,ﬁ (B(Lk)(ZAvCA(’Kvi’)) al = ]-a2a"' )I:ak = ]-a2a"' ’K'
Then, it follows from Eq. 9.21-Eq. 9.24 that
A=A+ Ay + Az (925)

where

~ A

A =2((5(2,C,K, L), T,,(2(Z,C, K, L))) (9.26)
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Observe that

AR — o= (2,6, K, L), T 0(E69 (2,6, K, L))

)

According to Lemma 8§,
P(21) > 1 — exp(—t), (9.29)
and, for w € {2, one has

2

A~

EUM(Z2,C, K, L)) <2F(n,K,L)+2C5t.  (9:30)

op

|<E(Zvéakvi)aHﬁ,f)(Zaéakai/)H (931)
where
A A A A Hﬂ,ﬁ(P*(Z)é)f{?f/)>_P*(ZAvCYvai/)
H~75(Z,C,K,L =

||Hﬂ,f) (P*(ZA:CY7K7£)> - P*(Za éa K? I:)”F
Since for any a, b, and a1 > 0, one has 2ab < aja® + b?/aq, obtain
o] < o |[ 1105 (P20 K 1)) = P(2.C.RD| 4

2
F (9.32)
1/a1|<E(ZvCvaL)v-Hﬁ,f)(Z,C,K,L)>’2.
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Observe that if K, L, Z € M, K, and C € #k are fixed, then
H3(Z,C,K,L) is fixed and, for any K, L, Z, and C, one has
|Has(Z,C,K,L)||r = 1. Note also that, for fixed K, L, Z, and C, permuted
matrix =(Z,C, K, L) € [0,1]™*™ contains independent Bernoulli errors. It is
well known that if £ is a vector of independent Bernoulli errors and h is a
unit vector, then, for any = > 0, Hoeffding’s inequality yields

P(|€"h* > z) < 2exp(—2/2).

Since

(2(Z,C,K,L),Hs s(Z,C, K, L)) = [vec(2(Z,C, K, L)) vec(Ha 5(Z,C, K, L)),
obtain for any fixed K, L, Z, and C:

P((2(Z,C,K,L),Hy5(Z,C,K,L))|* — 2 > 0) < 2exp(—z/2).

Now, applying the union bound, derive

P ((2(2,C, K, L), Hao(Z,C, K, L) = Fa(n, K, L) > 2t)

< P[lg]%nlga?”yzﬂyﬁl(|<5(Z, C,K,L),Ha.s(Z,C, K,L))|? — Fo(n, K, L)) > Zt]

(9.33)
<2nKK"L¥ exp{—Fy(n,K,L)/2 — t} = 2exp(—t),

where Fy(n, K,L) =2Inn+2(n+1)In K + 2K In L.
By Lemma 6, one has

<

N A A A A~ A A A 2
HHM (P*(Z, O K, L)) ~P.(2,C,K,1) ‘

F
|170s (P20 0)) - Pz C | < |- P

Denote the set on which Eq. 9.33 holds by ng , so that

P(£23) > 1 — 2exp(—t). (9.34)
Then inequalities Eq. 9.32 and Eq. 9.33 imply that, for any a3 > 0, ¢t > 0
and any w € (29, one has

| 49| < oy HP—P* Y1/ FBy(n, K, L) + 2t/ (9.35)

2
F

Now consider Ag defined in Eq. 9.28 with components Eq. 9.24. Note
that matrices

A~ A A~

i (P(2,6, K, 1) = I (P9(2,6, K, 1))

)
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have rank at most two. Use the fact that (see, e.g., Giraud (2014), page 123)

(A, B) < [[All ) 1Bl 2,y < 2| Allop 1Bl 7 = min{rank(A), rank(B)}.
(9.36)
Here || A5, is the Ky-Fan (2, ¢) norm

q
IAlI7, = Y 03 (A) < ||A]l%,
j=1

where 0;(A) are the singular values of A. Applying inequality Eq. 9.36 with
r = 2 and taking into account that for any matrix A one has HAH?M) <

2| A2, derive
|A(lk

Ty5(P" )(Z C K, L) — I <P*(l’k)(2, C.K, ﬁ)) HF

Then, for any as > 0, obtain

L K
EUES S ZZH 2.6k 1)

+ (9.37)
1=1 k=1 201 k=1 P
a A~ A N PN 2
zaQZZHUM P26, K, L) — Has (P*(l’k)(Z, O, K, L)) HF

=1 k=1
Note that, by Lemma 6,

|as(P8D (2,6, K 1) 11 (P9 (2,0, 1)
< 2| m(P 2,6,k D)) - PPz, C R D+
2| o n(PS9(2,0, K 1)) ~ P92, K )|
< 4|, (PYY(2,6,K, 1) - PYM (2,6, K ) 2
< 4|m (AW)(Z,O,K,D)—Pﬁl’k)(Z,é,K,ﬁ)i
allotz,¢, k1)~ P9z, 6 kD
Therefore,
© S5 TP 2.8, D)) - s (P92 C D) <
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A e A A a EPRNTD: . 2
4”@(2, C,K,L)—P*(Z,C,K,L)HFzzl P-r (9.38)
Combine inequalities Eq. 9.37 and Eq. 9.38 and recall that

3

=1 k=1

2 N
< Fi(n,K,L)+ Cst
op

=tk (7, C, K, L)

for w € §21. Then, for any as > 0 and w € {21, one has

~ 2 A~ A
| As| < 8 HP — P|| +2/asFi(n, K. L) +2Cst/as. (9.39)

Now, let 2 = 21 N {25. Then, Eq. 9.29 and Eq. 9.34 imply that P({2) >
1 — 3exp(—t) and, for w € {2, inequalities Eq. 9.30, Eq. 9.35 and Eq. 9.39
simultaneously hold. Hence, by Eq. 9.25, derive that, for any w € 2,

‘A| < (2 + 2/0&2)F1(TL,K,[A/)) + ]./Oll FQ(n? Kv i’)+

N 2
(Oq —|—8042) HP — P, - +2(03 + 1/0&1 +C’3/a2)t.

Combination of the last inequality and Eq. 9.17 yields that, for a; +8as < 1
and any w € (2,

(1 — ] — 80[2) Hp - P*

2 2 A A
F [(6%)

1 PN PN
—F5(n, K, L)+ Pen(n, K, L,) — Pen(n, K, L)
Qg

+2(C3+1/a1+03/a2)t.

Setting Pen(n, K, L) = (2+ 2/a2)Fi(n, K, L) + 1/a1 Fa(n, K, L) and di-
viding by (1 — a3 — 8az), obtain that

. 2 -
IP’{HP — P < (1— a1 —8a5)7 Pen(n, K., L) + Ct} >1- 3¢t
(9.40)
where )
C = 2(1—041 —80&2)_1 (Cg—f—l/()q +C3/a2). (9.41)

Moreover, note that for & = ||P — P||% — (1 — By — B2) " Pen(n, Ky, L),
one has E||P — P.||% = (1 — 81 — 82) ! Pen(n, K., L) + E, where

Egg/ P(§>z)dz—0/ P(§>ét)dt§é/ e tdt =3C,
0 0 0

By rearranging and combining the terms, the penalty Pen(n, K, L) can
be written in the form Eq. 4.8 completing the proof.
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9.8.  Proof of Detectability of Clusters in Lemma 1 Note that the left
hand side of inequality Eq. 5.1 is equal to identical zero, so we need to show
that, for any matrices Z € .4, x and C' € .#k 1, such that Z and C cannot
be obtained from Z, and C, by permutations of columns, the right-hand
side of Eq. 5.1 is greater than zero. Consider matrix G, = Z,C. It is easy
to check that G, € .,  is the clustering matrix that partitions n nodes
into L meta-communities. We first show that G, coincides with G = ZC' up
to permutation of columns. Subsequently, we shall show that communities
in each meta-community are identifiable.

Consider a block P*(l’k’,)(Z*7 C,) of matrix P,. Let c(k) = m. Let ji, ..., jk,
be the indices of the communities in meta-community [, so that ¢(j;) = .

Then, P*(l’k)(Z*, C,) is a rank one matrix which is a product of the vector
obtained by the vertical concatenation of vectors Bjt’kh(”’m), t=1,..., K

and (h®NT . Assume that a node j such that z(j) :Z;: and c(k) =1 # [ was

erroneously placed into meta-community [ instead of {. This is equivalent to
adding a row ¢, ; (R=N)T to matrix ngl’k)(Z*7 Cs) where ¢q 5 = By, h;k’m)
If ¢o; # 0, then the resulting matrix will be of rank at least two, since

vectors h() and h(k’lz are linearly independent for [ # | by Assumption
k,m km
AL Tf cp; = By ™™ = 0, find k such that o5 = By, h\™™ # 0

and then repeat the previous argument for the matrix P*(l’k)(Z*,C’*) for
that value of k. Note that such k exists since, otherwise, row } would be
identically equal to zero and, hence, node j would be disconnected from
the network.

Therefore, meta-communities are detectable. To prove that communi-
ties within meta-communities are identifiable, consider diagonal meta-blocks
P(l’l)(Z*, C,) in Eq. 3.2. It follows from Interlace Theorem for eigenvalues
and Assumption Al that )\min(B(l’l)) > Amin(B) > Ao > 0, and therefore
columns of matrix B4 are linearly independent. Now, consider again ma-
trix P*(l’k)(Z*, C,), where m = ¢(k) = I. Recall that columns of this matrix
are multiples of vector p*) obtained by the vertical concatenation of vectors
Bjtykh(jt’l), t =1,...,K;. Now, assume that node j with z(j) = k # k,
c(];:) = [, is erroneously added to the community k. Then, the correspond-
ing column that is added to matrix P(l’l)(Z*, Cy) is obtained by the verti-
cal concatenation of vectors B i ,;h(jt’l), t =1,...,K;. This vector is lin-

early independent from $*) due to linear independence of columns of matrix
BU&D - Then, the rank of the resulting matrix will be at least two and the
right hand side of the inequality Eq. 5.1 will be positive. This completes
the proof.

)
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9.4. Supplementary Statements and their Proofs

LEMMA 2. The logarithm of the cardinality of a d-net on the space of
non-symmetric DCBMs of size n1 X ne with Ky x Ko blocks is

n1 + n2
2

9
(K]_K2 +n1 + ’rlg) In <5) + (K]_K2 + > ln(nlng).
PROOF. Let Z; and Zs be fixed. Then by rearranging ©, rewrite it as
O = Q1 BQY, where B and Q;, i = 1,2, have the sizes K x Ky and n; x K,
respectively.
Here, Q; is of the form

g1 O 0
0 G2 0

Qi=1|. . . (9.42)
0 0 QK

We re-scale components of matrices ()1, (J2 and B, so that vectors ¢; ; €
Rﬁi’j, j=1,---,K;, i= 1,2, have unit norms ||g; ||, = 1, and Z]K:Zl n;j =
n;. Let ©F1k2) ¢ Rk X12k2 be the (ki, k)-th block of ©. Then,

Eiko) _ T
Okrk) = By @1k B,y

and

2
k1,k 2 2
HQ( 1k2) P = Bil,k‘g g1, Hz HC_Z2,k2”2 = B]%hk‘g < Mgyt My

due to HabTHi, < llall3 [|5]l3 (for any vectors a and b) and |||, < 1. Hence,
Bl ky < /My = Tky < /101~ 2.

Let 21(01), Z2(02), and Zp(dp) be the 61, d2, and g nets for @1, Q2, and
B, respectively. The nets Z;(d;) are essentially constructed for K; vectors of
length 1 in R™ hence, by Pollard (1990)

card(2;(6;)) < ITJ5) (3/6;)"9 = (3/8;)™ , i =1,2.
Let b = vec(B). Then, b € RE152 and ||b|| < /ninz since

2 2
[olI" = || B[z = Z B;%I,kQ = Z Ny Ny = N1N2.

k‘l,k‘g k‘l;k2
Therefore,
377,177,2 Kk
card(@B(cSB))§< 5 )
B
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Now, let us check~ wha:c Yalues of 41, 02, and dp result in a J-net. Let
6= QlBQg and © = QlBQg Then

|6 -6l = @56z - eusei]], <
H(Ql - Ql)BQQTHF + HQl(B - B)QQTHF + HQlB(Q2 - Qz)THF
Note that
|A1As]|p < min <”A1HF [ A2l » 1 A1 HA2HF>
for any matrices Ay and As, and that also
QF Q= diag(llail* -+ llguse,I?) = Licyvi = 1,2
Hence
1Qillop = L 1Qillp = VEii =12,
Similarly, if Q;, Q; € 2;(J;), then
(Qi—Q)"(@i— Q) = diag(]lgia -

Thus

2 ~ 2
P HqZ,Kl - thz” )

=6 110

’L

HQi_Qi < VEsi,i=
op
Also, for i =1,2

Tr(BTQTQ;B) = ||Q:B|[3 = || Bl = nins.

Hence,

|6-e], < e -a

op
+ Q1B ¢ HQQ — Q2 o + [1Q1l,,
= (01 + d2)y/ning + 0p < 4.

33|,

55|, o
’ F Q2 op

Set 6 = g and 61 = § = 3\/372. Then
K1 K
card(Z2p(dB)) = <9n(15n2> )

card(Z;(6;)) = (9‘/’;17”2>n

which completes the proof.
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LEMMA 3. Consider the set of matrices P which can be transformed
by a permutation matriz Pz c into a block matrix © € I(n, K, L) where
S(n, K, L) is defined in Eq. 4.2. Let % (e,n, K, L) be an e-net on the set
S(n, K, L) and |% (e,n, K, L)| be its cardinality. Then, for any K and L,
1<K <n,1<L<K, one has

onL
% (e,n, K,L)| <nlnK + KInL + (K% + 2nL) In (”) . (9.43)
13

PRrOOF. First construct nets on the set of matrices Z and C with the
respective cardinalities K™ and L¥. After that, validity of the lemma follows
from Lemma 2.

LEMMA 4. Let C2 = 3009, Cy = 1, 89 > 0 be an arbitrary constant and
2k, 1 be defined in Eq. 9.10. Then,

IP{ sup [2<E,P—P*)—f
PEQ}QL

_2A(R,K, L):| > O} < 10g2 n - exp ( —n- 2280_7)

where A(n, K, L) is defined in Eq. 9.11.

Proor. Consider sets

Xs(K, L) = {EZ,C . P(Z,C) € 3(n, K, L);

Co2*V/7(n, Ko, Lo) < | P = P.|[p < Co2**/7(n, Ko, Lo) }.
and
7K, L):{EIZ,C:P(Z, C)e S(n, K, L); |P—Py||p<Co2° T(n,Ko,Lo)}.
Note that the set {2 can be partitioned as

0=J%%.
K,L
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where {2k 1 are defined in Eq. 9.10. Then

. 1
P{ sup [(E,P—P*)—f
pGQKyL 4

Smax
3 IP{ sup [(E, P-P)--
S=8q PEXs(K:L)

> IP’{ sup (2, P — P,) > C22% 2 (n, Ko, Ly) + A(n, K, L)} <

$=80 PEXS(K,L)

Z IP’{ sup  (5,P—P,) > C22% 21 (n, Ky, Lo) + An, K, L)}
s=so “Pe fsr1(K,L)

Here, Spmaz < logy n since HP - P*H <n.

F
Construct a 1-net #%(n, K, L) on the set of matrices in _Zs11(K, L) and
observe that, for any P € #s(K, L), there exists P € Z;(n, K, L) such that
|P — P||r < 1. Then,

sup (2,P-P,)
P€%+1(n7K7L)
_max [(E,P-P)+(5,P-P)] <
Pe%.(n,K,L)
 max (5,P—P)+n.
Pe#(n,K,L)

IN

Hence,

Smax
> ]P’{ ~ max (Z,P—P,) > 022272 (n, Ko, Ly) + A(n, K, L) — n} <
i—ey  \PE(nK|L)

Smax

>y 1@{<5, P — P,) > C22%7%1(n, Ko, Lo) + A(n, K, L) — n}
5=50 Pc%;(n,K,L)

Below we shall use the following version of Bernstein inequality (see, e.g.,
Klopp et al. (2019), Lemma 26): if = is a matrix of independent Bernoulli
errors and G is an arbitrary matrix of the same size, then for any ¢ > 0 one
has

4
P{(5,G) >t} <max <e 4'C’YQF,e_‘lllgéuo) . (9.44)
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We apply Eq. 9.44 with G = P — P, and

t=C2 [228_27'(11, Ko, Lo) + Car(n, K, L)} . (9.45)
Then, |Gl = 1 and ||G||? < C22%+%7(n, Ko, Lo) due to P € Z(n, K, L) C
/s-‘rl(K? L)
Denote ,
t
dyy), = max {6403223“ (Ko Lo) e?’f} (9.46)
Smax
dgr =Y de) exp{r(n, K L)}. (9.47)
s=50
Obtain
A 11~ 2
IP’{ sup [(E’,P —p)—-|lP-P| - Am, K, L)] > o} <dg..
Pen 4
K,L
(9.48)
Observe that
ex { o) 2o )
Xp 9§ — Xpy — —
PAUT 402225720 (n, Ko, Lo) ) = TP U 14
is equivalent to t < 303225+27(n, Ky, Lp) which can be rewritten as
Cot(n, K, L) < 47-2%721(n, Ko, Lo). (9.49)

Now, consider two cases: when Eq. 9.49 holds and when it does not.
Case 1: If (9.49) holds, then

2,2
(s) < 210258 CQT (na K, L)
dKL < exp{ Cy [2 7(n, Ko, Lo) + 225+4T(n,K0,L0)] )

so that

dg?L exp {T(n,K,L)} <

47 - 22372
eXP{ - [COQQQS_ST(MKO,LO) - CVQT(”,K(),LO)]} <
47 - 64
exp { — 7(n, Ko, Lg) - 225078 [C’g - T} }
2

Thus, it follows from Eq. 9.46 and Eq. 9.47 that

di., <logyn -exp {—T(n, Ky, L0)225°_8C~'} (9.50)
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where C' = (CECy — 4T - 64)/Cy, provided CoCy > 47 - 64.
Case 2: If (9.49) does not hold, then

d(s)

KL S

2
exp { — % [228_27'(TL,K0, L(]) + CQT(ana L):| } S

2
exp{ —7(n,K,L) —7'(71,K,I/)(?)C?lio2 - 1)}

Hence, if 30802 > 4, then

205 — 4
s <ogg-osp -tk (CFEH) oy

Combine Eq. 9.50 and Eq. 9.51 and observe that for Cy = 1 and C3 =
47 - 64 + 1 = 3009 inequalities CyCy > 47 - 64 and 30302 > 4 hold.
Then, due to 7(n, K, L) > 2n, for any (K, L)

dr,r, < logyn -exp { — - 2280—8}7

so that validity of the lemma follows from Eq. 9.48.

LEMMA 5. For any matrices A, B € R™*™ and any unit vectors u € R™
and v € R", let

M, (A) = (wu”)A(voT) (9.52)
denote the projection of matriz A on the vectors (u,v). Then,
(Iyw(B), A = I, (A)) = 0. (9.53)

Furthermore, if we let 4 and © be the singular vectors of matriz A corre-

sponding to its largest singular value o, the best rank one approrimation of
A is given by

; 5(A) = (aa) A(07) = cav”. (9.54)

LEMMA 6. Let (u,0) and (u,v) denote the pairs of singular vectors of

matrices A and P, respectively, corresponding to their largest singular values.
Then,

[T (P) = Pllp < [[Ta,5(P) = Pllp < [[Ta,5(A) = Pllp (9.55)

where II,, ,(+) is defined in Eq. 9.52.
PROOF. See Noroozi et al. (2021) for the proof.
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LEMMA 7. Let elements of matric = € (—1,1)"*" be independent
Bernoulli errors and matriz = be partitioned into KL sub-matrices =&F),
l=1,---,L,k=1,--- ,K. Then, for any x >0

L

Z

=ERIT < CynK + CoK?In(ne) + Csz p > 1 — exp(—z),

op

(9.56)
where C1,Co and C5 are absolute constants independent of n, K, and L.
PROOF. See Noroozi et al. (2021) for the proof.
LEMMA 8. For any t > 0,

A ~ 12
=tz C K, L)
op

_ F1(n,K,i) < Csty >1—exp(—t),

(9.57)
where Fy(n, K,L) = CinK+CyK?In(ne)+Cs(Inn+(n+1)In K+KIn L).

PROOF. See Noroozi et al. (2021) for the proof.
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