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Abstract

Social networks are often associated with rich
side information, such as texts and images.
While numerous methods have been devel-
oped to identify communities from pairwise
interactions, they usually ignore such side in-
formation. In this work, we study an exten-
sion of the Stochastic Block Model (SBM),
a widely used statistical framework for com-
munity detection, that integrates vectorial
edges covariates: the Vectorial Edges Covari-
ates Stochastic Block Model (VEC-SBM).
We propose a novel algorithm based on it-
erative refinement techniques and show that
it optimally recovers the latent communities
under the VEC-SBM. Furthermore, we rig-
orously assess the added value of leveraging
edge’s side information in the community de-
tection process. We complement our theo-
retical results with numerical experiments on
synthetic and semi-synthetic data.

1 Introduction

Networks are a powerful tool for representing rela-
tional data, where each entity is represented by a node
and pairwise connections between these entities are
encoded by edges. Over the past decades, numer-
ous clustering methods have been devised to extract
meaningful insights from graph-structured datasets.
These methods are often evaluated under the Stochas-
tic Block Model (Holland et al}|1983), a random graph
model where each edge is sampled independently with
a probability depending solely on the latent commu-
nities of the corresponding nodes. However, a notable
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limitation of the SBM is its exclusive consideration of
binary interactions.

In recent years, there has been growing interest in de-
veloping extensions of the SBM that can incorporate
more information. This includes the Weighted SBM
(Aicher et all [2014), which assigns scalar weights to
edges, the Labeled SBM (Yun and Proutierel 2016)
where labels correlated to the nodes’ community are
available, the Multi-Layer SBM (Valles-Catala et al.|
2016)), accommodating multimodal interactions in dis-
tinct layers, the Contextual SBM (Deshpande et al.|
2018]), linking each node to a covariate vector, or the
recently introduced Embedded Topic SBM (Boutin
et al., [2023al), where textual information is associated
with each edge.

In this work, we consider a variant of the Embed-
ded Topic SBM: the Vectorial Edges Covariate SBM
(VEC-SBM). Under the VEC-SBM, each observed
edge is associated with a vector, distinguishing it
from the Weighted SBM, which solely permits scalar
weights, and the Multi-Layer SBM, where edge pres-
ence is sampled independently on each layer. Conse-
quently, methodologies and theoretical guarantees es-
tablished for these existing models cannot be directly
applied to the VEC-SBM. Moreover, in contrast to
prior work such as that by [Boutin et al.| (2023a)), which
primarily focuses on practical applications, our study
centers on the statistical analysis of the VEC-SBM. In
particular, our analysis quantifies the added value of
the side information provided by the edges and shows
that it has a multiplicative effect on the signal-to-noise
ratio (SNR). This is in contrast with the node’s side
information that has an additive impact on the SNR
(Abbe et al., [2022), further motivating the incorpora-
tion of edges’ side information in clustering algorithms.

Our contributions.
lowing contributions.

In this work, we make the fol-

e We introduce a novel algorithm for graph clus-
tering that incorporates edge vectorial covariates.



Our algorithm is computationally efficient and ap-
plicable to various settings.

e We rigorously analyze our algorithm under the
VEC-SBM and demonstrate that it achieves a sta-
tistically optimal convergence rate. We also pro-
vide valuable insights by quantifying the informa-
tion gain resulting from the inclusion of edge co-
variates: under the VEC-SBM, the SNR will de-
pend on the difference between the means of the
covariates of different classes multiplied by the av-
erage degree of the nodes in the graph. Even if
this difference of means is small this can lead to
a considerable increase in the SNR depending on
the sparsity level of the graph.

e We conduct comprehensive numerical experi-
ments on synthetic data to further substantiate
our findings. These experiments highlight the im-
portance of leveraging both the network structure
and covariate information for effectively recover-
ing all communities. Moreover, we apply our algo-
rithm to a real-world dataset, with synthetic edge
covariates, demonstrating its practical applicabil-

ity.

Related Work. Various extensions of the SBM have
been developed to incorporate side information. In
this paragraph, we describe the main existing algo-
rithmic approaches used for this purpose.

o Discretization of edge weights. | Xu et al.[(2017) in-
troduced an algorithm that achieves the optimal
rate of convergence under the Weighted SBM by
discretizing edge weights. However, this strategy
becomes computationally inefficient when dealing
with high-dimensional covariates, and selecting
the appropriate level of discretization can be chal-
lenging.

e Tensor and matrix factorization methods. Tensor
methods, such as those presented in |Jing et al.
(2021)) or |Paul and Chen| (2020), offer an alter-
native approach to incorporate side information.
However, these methods are typically applied to
multi-layer graphs, which exhibit a distinct noise
structure compared to our setting.

e Model-based approaches. Since the Maximum
Likelihood Estimator (MLE) is intractable for
models based on the SBM, several alternative ap-
proaches have been used. |Cerqueira and Lev-
inal (2023) proposed a pseudo-likelihood approach
that avoids the need for discretization, but it
relies on the assumption that weights are sam-
pled from a univariate Gaussian mixture. Their
method attains a convergence rate matching the

lower bound established by Xu et al. Xu et al.
(2017) under the Weighted SBM, albeit up to a
constant factor. Another prevalent model-based
approach involves the use of variational EM al-
gorithms (Léger, 2016; Bouveyron et al., [2016).
While effective, these methods are often compu-
tationally demanding and lack theoretical guaran-
tees. The recent work of |Boutin et al.| (2023alb)
combined the variational approach with a deep
learning architecture to simultaneously extract
topics from edges’ textual side information and
cluster the network. In this work, we consider a
simpler setting where the edge covariates can be
directly exploited. Our main purpose is to statis-
tically analyze the model to get insight into the
added value of edge-side information.

o [terative refinement approaches/ alternating opti-
mization. Instead of using the pseudolikelihood or
the variational method, our algorithm relies on an
iterative refinement procedure based on a simpli-
fied version of the Maximum A Posteriori (MAP)
estimator. The global proof strategy is based on
the seminal work of |Gao and Zhang| (2022) and
inspired by the analysis of the Contextual SBM
(CSBM) (Braun et al., [2022). However, contrary
to the CSBM, there is a dependency between the
two available sources of information under the
VEC-SBM, since we only access to edge covari-
ates for the observed edges. This poses new chal-
lenges and requires the development of new anal-
ysis techniques. Due to the particular noise struc-
ture in our setting, the error decomposition is dif-
ferent and requires new concentration inequalities
and techniques to be controlled. Using alternat-
ing optimization to solve non-convex optimization
problems is a popular approach that has also been
used for other problems including matrix sens-
ing (Stoger and Soltanolkotabi, 2021)), dictionary
learning (Liang et all |2022), heterogeneous ma-
trix factorization (Shi et al.||2023), and multi-task
regression (Thekumparampil et al., 2021]) to men-
tion but a few.

Notations. We will use Landau standard notations
o(.) and O(.). For sequences (an)n>1 and (by)n>1, if
there is a constant C' > 0 such that a,, < Cb,, (resp.
an > Cby,) for all n we will write a,, < b, (resp. a, 2
by, ). If ap, < by, and a,, 2 by, then we write a,, < b,.
Matrices will be denoted by uppercase letters. The i-th
row of a matrix A will be denoted as A;. and depending
on the context can be interpreted as a column vector.
The column j of A will be denoted by A.;, and the
(i,7)th entry by A;;. The transpose of A is denoted
by AT. I denotes the k x k identity matrix. We use
I |l and || - || 7 to respectively denote the spectral norm



(or Euclidean norm in the case of vectors) and the
Frobenius norm. The number of non-zero entries of a
matrix A is denoted nnz(A). A" denote the pseudo-
inverse of A. The maximum between a and b will be
denoted by a Vv b. The indicator function of a set C'is
denoted by 1¢.

2 Model and algorithm description

In Section [2.1] we describe the generative model and
discuss the assumptions we made for the analysis.
Then, in Section 2.2 we introduce our algorithm.

2.1 The Vectorial Edge Covariates Stochastic
Block Model (VEC-SBM)

The VEC-SBM is an extension of the SBM where a
vector is associated with each observed edge of a graph
sampled from an SBM. The distribution of these edge
vector covariates only depends on the community the
endpoints forming the edge belong to. More formally,
the VEC-SBM is defined by the following parameters.

e A set of nodes N = [n] and a partition of N into
K communities Cq,...,Ck.

e A membership matrix Z € {0,1}"*¥ such that
there is exaclty one 1 in every row. Each mem-
bership matrix Z can be associated bijectively
with a partition function z : [n] — [K] such that
z(1) = z; = k where k is the unique column index
satisfying Z;, = 1.

e A symmetric connectivity matrix of probabilities
between communities

I = (T )i e i) € [0, 157

o A family of centroids p = (pir' )i,k e[x] Such that
prr € R where d = O(1) and pppr = pprp for
all k, k' € [K].

o A family of covariance matrices ¥ = (Sppr ),k
such that S € RY%? and T = Ypp for all
kK € [K].

A graph with n nodes and edge covariates of dimension
d can be represented by a tensor R € R™*"*4 Tt is
distributed according to the VEC-SBM(Z,II, i, X) if
the entries of R are generated as follows. First, the
presence or absence of an edge is encoded by a matrix
A € {0,1}"*™ with entries samples independently by

ind.

Aij ~ B(Py), i,j€n], i<y

where B(p) denotes a Bernoulli distribution with pa-
rameter p, and P = E(A) = ZIIZ . The noise is de-
noted by F = A—E(A). The sparsity level of the graph

is denoted by pmae = max; ; p;j. We will focus on the
regime where npyq, = Q(logn) and npma. = o(n).

Then, for each couple (i, ), we sample independently
(conditionally on Z) an edge covariate G;; € R? such
that

Gij = Hz(i)2() T €ij

where €;; is a centered Gaussiarﬂ variable with co-
variance ¥, (;),(;)- Since multiplying all the edges of
the graph by a constant will not modify the informa-
tion contained in the covariates, we can assume that
g || o < 1 for all k, k' € [K]. Finally, the observed
tensor R is given by R;jq = Ai;(Gij)a. For the analy-
sis, we will make some additional assumptions.

Assumption A1l (Approximately balanced communi-
ties). The communities C1,...,Cx are approximately
balanced, i.e., there exists a constant o > 1 such that
for all k € [K] we have
n an

— < |G| € —.

o S0l =3
Assumption A2 (Isotropic variance). For all k, k' €
(K], Sgr = 14.

Assumption A3 (Symmetric SBM). The connectiv-
ity matriz 11 is of the form q11" + (p — q)Ix with
1>p>q>0.

Assumption A4 (Limited graph information). We
have p = o(1), p/q = O(1), np = Q(logn) and n(\/p—
Va)?/K <logn.

Assumption is standard in clustering literature.
When the communities are highly unbalanced, the
problem becomes noticeably more difficult, see for ex-
ample [Mukherjee et al.|(2023]). Assumptionis used
to simplify the exposition. We believe that our results
can be extended to the general case (e.g. |Chen and
Zhang| (2021) for Gaussian mixture models) without
changing the proof strategy but at the price of ad-
ditional technicalities. Moreover, our experiments in
Section [4] show that the algorithm we analyzed per-
forms well even if this assumption is not satisfied. As-
sumption is also used for convenience, but could
be removed at the cost of additional technicalities. Fi-
nally, Assumption [A4]implies that there is not enough
information in the graph to recover the clusters, mo-
tivating the use of side information. In particular,
n(y/p — 2)?/K < logn corresponds to the regime
where exact recovery is impossible (Zhang and Zhou,
2016)).

The quality of the clustering is evaluated through the

"We made this assumption to simplify the exposition,
but we believe that the proof can be extended to Sub-
Gaussian r.v.



misclustering rate r defined by

. L
r(2 2) = — min g[:] EOIZIEONS

where & denotes the set of permutations on [K]. An
estimator Z achieves ezact recovery if r(2,z) = 0
with probability 1 — o(1) as n tends to infinity. It
achieves weak consistency (or almost full recovery) if
P(r(2,2) = o(1)) = 1 — o(1) as n tends to infinity. A
more complete overview of the different types of con-
sistency and the sparsity regimes where they occur can
be found in |Abbe, (2018]).

2.2 Algorithm description

Let us denote

MAP;(C,TLp,2) = > > Ayjlog(Ilgy) + (1 — Agj)log(l — Tgy)
le[K]jEC

1

-

- > > Aiy(Gij —pr) Zri(Gij — pgl) — Edet(zkl)
LE[K]j€C;

the logarithm of the MAP of a node i such that
z(i) = k, given II, 4, ¥ and a partition C of [n]. At
each step ¢, IR-VEC (cf. Algorithm [1)) estimates the
model parameters and then updates the partition en-
coded by Z®) based on M AP;. We will denote by Cl(:)

the set of nodes i such that Zi(]i) = 1, i.e. the nodes
that are associated with community & at time ¢.

For the analysis, we will consider a simplified ver-
sion of IR-VEC where at each step Yy = I; for all
k,k' € [K]. This version of the algorithm will be re-
ferred to as sIR-VEC. Despite ignoring the covariance
structure, Section [f] shows that sIR-VEC performs as
well as IR-VEC even if the edge covariates are non-
isotropic.

Computational complexity. Estimating the
model parameters at each step requires at most
O(nnz(A)d?) elementary operations. Given the
estimate of the model parameters, updating the
partition requires O(nnz(A)Kd) operations where
nnz(A) corresponds to the number of non zero entries
of A. The global complexity of the algorithm is
hence O(nnz(A) max(d?, Kd)). Under the VEC-SBM,
nnz(A) < n2pmaz-

Initialization. We use the vanilla spectral method
on A for initialization. While the accuracy provided by
this method can be very poor in challenging scenarios,
we show experimentally in Section [] that it doesn’t
affect the performances of sIR-VEC. We leave as an
open problem the analysis of random initialization.

Algorithm 1 Tterative refinement for the VEC-SBM
(IR-VEC)

Input: The number of communities K, A, G, an
initial estimate of the partition Z(©) of the nodes, a
number of iteration 7.

1: for0<t<T —-1do
2: Estimate the model parameters

w® = (2Ot n® Z w7 4 ®
) _

P = 22 AiGii/ Do Ay
. t . t
iec iect
jecth) ject
s _ Ao (G — D (G f BT "
kk! Z ij(Gij ukk/)( ij Mkk/) / Z ij-
. t . t
ice(! iec®
,7‘ec,(f,) jecff,)

3: Update the partition

zft-’_l) = arg max MAP,(C, 11 ,® »®),
ke[K]

4: end for
Output: A partition of the nodes Z(7).

3 Analysis method and main results

In this section, we first introduce some notations asso-
ciated with the error decomposition, present our main
results, and then outline the proof strategy. The de-
tails of the proofs can be found in the supplementary
material.

3.1 Error decomposition

Our analysis is based on the framework developed by
Gao and Zhang| (2022)). This framework has been used
to analyze other clustering models with similar flavors,
such as the CSBM (Braun et al. 2022) or the Tensor
Block Model (Han et al., [2022). However, we empha-
size that previous results cannot be adapted straight-
forwardly to our setting due to the specific noise struc-
ture induced by the VEC-SBM. In particular, in the
VEC-SBM, there is a dependence between the two
sources of noise: the graph and the covariates. This
dependence requires new techniques and concentration
inequalities to control the noise.

To understand how sIR-VEC can lead to an improve-
ment of the partition, one needs to analyze in which
situation a node ¢ is misclassified after one refinement
step. It corresponds to the condition

a # arg &1% MAPi(C(t),H(t)7u(t)7Id).

By some elementary algebra, one can show that the
previous condition is equivalent to the existence of b €



[K]\ {a} such that
t t
Cila,b) < —A%(a,b) + FY) + G,

where Fi(bt) and GE) are error terms specified in the
appendix (Section [A.1)), and the signal term AZ?(a,b)
and stochastic term C;(a,b) are given by

A%(a,b) = log(p/a)([Calp—IChla) + > 1C1ITar ltar — peall®  (3.1)
lE[K]

Ci(a,b) = 10?;(;5) ( S oBi— > Eij)
4 \jeca j€Cy
+ > > (Eu Niar — moell® + 2455 (eizy trar — Hbl)) .
le[K]jeC; _;

The first part of the signal only depends on the
graph while the second part depends on the covari-
ates and the graph connectivity parameters. For in-
stance, in the case where the communities are exactly
balanced and p = ¢, the second part corresponds to
(np/K) > lptar — pu||?, ie. the sparsity level of the
graph np is multiplied by the average distance between
the edge covariates means ), ||pta — pp||® /K, hence
the multiplicative effect.

3.2 Convergence guarantee

The following theorem shows that if the initializa-
tion z(9) is good enough, then sIR-VEC converges in
O(logn) iterations and achieves a misclustering rate
that decreases exponentially in the SNR formally de-
fined as A2, = min,z, A%(a,b).

Theorem 1. Assume that A% . =< logn. Under as-

sumptz'ons and if 29 is such that

€
r(z,2?) < e

for a constant € small enough, then with probability at
least 1 — n=M) we have for all t > logn

r(2), 2) < e~(etoA%,

where ¢ > 0 is the constant appearing in Lemmal[]]

Remark 1. The condition on initialization implies
having r(2(%), 2) = O(1/K?). This is a more stringent
requirement compared to the condition in|Braun et al.
(2022), which only necessitates 7(2(?), 2) = O(1/K).
This dependency on K is likely to be an artifact of the
proof. If we could replace the factor K? in Lemma
[Q with K, we could relaz the initial condition to
r(z9,2) = O(1/K). In Section we experimentally
demonstrate that sIR-VEC performs well even when
initialized with an almost non-informative z(9).

Remark 2. The misclustering rate of the SBM is
on the order of exp(—n(\/p — /q)?/K). However,
when p =~ q accurate recovery of communities be-
comes challenging. In a similar context under the

VEC-SBM, if ming e Y ltat — por|® > v > 0,
then A2 . s on the order vnp/K = Q(logn) >
n(yp — V@)?/K. When I = 1, it reduces to a
Weighted SBM with Gaussian weights.  Utilizing
the closed-form expression for the Hellinger distance
between Gaussian 1.v., the result from |Xu et al.
(2017) shows that when p = q the misclustering
rate is exp(—2log n(1—exp(— ming spe (k] [a—15]*)))-
Through a first-order Taylor approximation, we obtain
1—exp(— mingzpe(x] [tta— 1) = |pa—p|?, matching
our convergence rate up to a constant factor. Notice
that under the CSBM (Braun et all,|2022), the SNR is
of order n(p—q)+mingzp || fta — ||°. By consequence,
the information added by modes covariate is indepen-
dent of the sparsity level of the graph. In our setting,
it is multiplied by the sparsity level of the graph np.
Due to the multiplicative effect, integrating edge-side
information could have a stronger impact on the SNR
than node-side information.

Sketch of the proof of Theorem [l The result is ob-
tained by using the framework developped by |Gao and
Zhang| (2022)). The oracle error is controlled by using a
conditioning argument, see Lemma [l The main chal-
lenge, as discussed in Section [3.5] is to control the
noise. Since the calculations involved are long, we rel-
egated them to the appendix, Section [A] O

3.3 Minimax lower-bound

We are going to show that the convergence rate of
Theorem[I]is optimal; up to a constant factor. Assume
that the covariates are Gaussian, i.e. ¢; ~ N(0,Iy)
and consider the following space of parameters

0 ={p=qc0,1], e €[-1,1]% Vk, k' € [K]}.
Theorem 2. If A — 00, there exists a constant
¢ > 0 such that

inf sup E(r(2, 2)) > exp(—c'A2,;,).
Z geo

If AZ,. = O(1), then inf;supyce E(r(2,2)) > ¢ for
some positive constant c.

Remark 3. We exclusively examined the extreme sce-
nario where the graph provides no information about
the community structure. As the minimax lower-bound
1s only tight up to a constant factor, extending this re-
sult to the case where p > q is straightforward by lower
bounding the signal using either its first or second part,

see equation ([3.1]).

Sketch of the proof. First, we lower bound the mini-
max risk by the error associated with a two-hypothesis
testing problem by using the argument of |Gao et al.



(2018). Since the optimal test is achieved by the like-
lihood ratio (Neyman Pearson Lemma), it is sufficient
to lower the probability of failure of this optimal test.
This can be done by first conditioning on A and using
the well-known properties of Gaussian’s r.v., and then
integrating over A, cf. Section [B]in the appendix for
details. O

3.4 Oracle error

If we ignore the error terms Fi(,f) and GZ(-?, a node 1
is misclassified when C;(a,b) < —AZ2(a,b). This is
an unavoidable source of error since it corresponds to
the error made by the algorithm after one iteration
initialized with the ground-truth partition and with
the true model parameters. The error occurring in this
way can be quantified by the oracle error defined for
all 6 € (0,1/2] by

Z Z A Z27 1{0 (2i,0)<

1=1 be[K]\z;

—(1=6)A2(z;,b)}-

Lemma 1. Let § € (0,1/2] be a constant, and let us
denote for any given i € [n] and b € [K]\ z; the event

Ql(Zi,b) = {C’l(zl,b) S —(1 — (5)A2<Z“b)}

Under the assumptions of Theorem there exists a
constant ¢ > 0 such that for all z; # b

P(Ql (Zi, b)) < €_CA3”“".

Proof. Assume that z; = a. First, let us decompose
Ci(a,b) + A2%(a,b) as Y7 + Yo where

log VD A= Ay

j€EC, JEC,
and

Y, = Z Aij |l ar — poil)® + 2445 {€ijs prar — pinr)-

le[K],jeC;

Conditionally on A;., we have for all t € R

t ) Aij — 2
E(ethlAi:) —e Pierx)jec, Aiillpar—pntll
X E(ethle[K] Zjecl Aij(€ijthal—Hbl) |A1)
< e(t+2t2) Piex) Xjec; Aiilltar—pul Hzl

(since ¢;; are ind. Sub-Gaussian r.v.)
Let us denote

A% = A% (a,b) = Z Aij llptar — pat*

le[K],j€C

We have shown that for all ¢

E(et(Y1+Y2)) < E(etYlJr(tJerz)Ai).

We can rewrite tY; + (t + 2t2)A% as a weighted
sum of independent Bernoulli trials 3 w;(t)A;; where
w;(t) = tlog(p/q) + (t + 2t2) taa — Nba||2 for j € Cq,
w;(t) = —tlog(p/q) + (t +26°) || ptap — puon|* for j € Cy
and w;(t) = (t + 22)||ptas — pr||> when j € ¢ for
l # a,b. Hence, we obtain

logE(etY1+(t+2t2)A?“) < Z pij(e

J
< mewj

4+ 0.5e5uP; |wi ()] Zp Wi ( )2.

w;(t) _ 1)

(by Taylor—Lagrange formula)

Since p/q = O(1) and ||t — pwa||> < 4 for all [ € [K],
one can choose t* < 0 close to 0 such that

e 1Y Tpiju (8°)2 < | pijuy(t
; j

and
< —cA%(a,b)

> pijw;(t7)
J
for some positive constant ¢’. By consequence

P(Q(2;,0)) = P(Y1 + Yz < 6A%(a, b))

E<et*(Y1+Y2))e—t*6A2(a,b)

IN

670.5C,A2(a,b)7t*5A2(a,b)

IN

I A2
6—0.250 A*(a,b)

IN

for all § > 0 smaller than min{c'|4t*|71,1/2} = 1/2.
O

Corollary 1. Under the assumzptzons of Theorem [1]

with probability at least 1 — e~ ®min we have for some
constant ¢ > 0

£(6) < ne~“Amin.

Proof. By Lemma [T} we have
E(£(8)) < ne~(c7o)Amin
since K is constant. Hence, by Markov inequality
P(£(8) = e2mnE(£(6))) < em B,

Since eAminE(£(8))) < ne~(cToM)A%Lin we obtain the
result of the lemma. O



3.5 Control of the noise

To apply Theorem 3.1 in |(Gao and Zhang| (2022) to
show that the error contracts at each step until reach-
ing the oracle error, one needs to prove that the noise

terms Fi(t) and GZ(»t) satisfy the following conditions.
Let 7 = enA2, /K? where ¢ > 0 and let § € (0,1/2)

min
be a constant. Let us define the weighted Hamming
loss

1(z,2) = > A%(zi, 21z, 2203
i=1
Condition C1 (F-error type). Assume that

; (F) i
7 < -
(O (e ) <r) ; belk e A2(zi, 0)(z, 20) = 256

for all t > 0 holds with probability at least 1 —n~21)
Condition C2 (G-error type). Assume that

al)
max max Mg

i€[n] be[K])\z; A2 (Zi, b)

holds uniformly on the event {z® :1(z, M) < 1} for
all t > 0 with probability at least 1 — n~=*1)

Condition necessitates a uniform control of the
noise induced by the F® error term in an ¢ norm
sense. Additionally, Condition requires a uni-
form control of the o, norm of the G® error term.
Typically, the F(Y)-error term depends on the estima-
tion error of the partition ||Z(t) — Z|| while the G-
error term depends on the parameter estimation error
).

The main technical challenge to prove the consistency
or sIR-VEC is to show that the previous conditions
hold. In particular, one needs to control the estimation
error of the model parameters uniformly. For the SBM
part, it can be done as in [Braun et al.| (2022), but

bounding uniformly the error H Lk — ,ufflg, requires

a new approach: contrary to the CSBM setting, the
edge centroids are estimated on random samples that
depend on A and the current estimate of the partition
C®). This is the object of the following lemma.

Lemma 2. Under the assumption of Theorem |1 we
have with probability at least 1 — n=%M) | for all z®
such that (2, 2) < 7

() Viog K
_ 0| < g 122 Vios
bﬁng&ﬁg]uubz Hol' || S ( nA2 . NPmaz |

Sketch of the proof. To obtain an uniform bound over
2 we first need to control uniformly over all set S the
quantities Hzies ez” where ¢; are i.i.d. sub-Gaussian

r.v. This can be done by using Lemma A.1 in|Lu and
Zhoul (2016)). Secondly, we need to control uniformly
over T1,Ty C [n] the sums >, 7 scp Aij. This can
be done by showing that A satisfies the discrepancy
property, e.g. |Lei and Rinaldo| (2015). The details
can be found in the appendix (Section Lemma
). O

We will also need control of the following term to es-
tablish Condition

Lemma 3. Under the assumption of Theorem |1 we
have with probability at least 1 — n~%1)

PEEDD

1€Cx jGCk/ ,jleck//

E;iEij < (n/K)*Pmaz
for all k, k' K" € [K].

Proof. Let’s fix k, k', k" € [K]. To simplify the expo-
sition, we will assume that each class is of size n/K.
We want to bound

$= Y Bty = Y B

J:3" €Cy 73’

where the scalar product is restricted to the entries of
E.; in Cj. In the following, we will drop the subscript
when clear from the context.

Case where k, k', and k" are all distinct. S is a
sum of (n/K)? bounded and centered independent r.v.
with variance of order p2, .. that can be handled with
standard concentration inequalities.

Case where k # k' = k’. We have § =
> jzjr (B Ejr)+ | E|%. Tt is easy to show that w.h.p.
||E||% < (n/K)*pmaz- So we can focus on the first
summand. Observe thfit .Zj?éj' E((E:j,E:jj>) =0. To
remove the dependencies in the sum, we will use a de-
coupling argument similar to the one used in |Rudelson
and Vershynin| (2013)) to prove Hanson-Wright inequal-
ity. This strategy has also been used by Braun/ (2023)
in the setting of bipartite graphs.

Let (0;)jem) be independent Bernoulli r.v. with pa-
rameter 1/2 and let us define the set of indices Ay =
{j € Cy : §; = 1} and the random variable

Ss= > (-0 NEpEp) = > (B > By,

3,3 €Cyr JEAs J'EAS

Let us denote by Exc(.) the conditional expectation on



§ and (Ejr.)jeng. For all t > 0, we have

log B (¢5) = 3 togBag (¢ 21 7

1,jENs
At . c B
= E log(]Ee g ZJ,€A5 ”l> — pzjt E EZ]/
i,JEAs J'EAS
t>. - E..
< > | pijle Rareng Pt 1) —pyt > Eij
i,JEAs J'EAS

(log(1+z) > =, for all z > —1)

< e Rieng B 52y, >
1€C,J€Cyr j'EAS

(by Taylor-Lagrange formula)

Let 'y > 1 be an appropriately large constant and let
us denote the events

A ={ > (X E; ;?<C1(n/K)’pmaz}

i€CK.IECL, j/EN§
al {m:xx Z Eijl < Cinpmax/K}
- jlEAg

and

£ = {max > (D] Eiy)? < Ci(n/K) pmax }0D

5 . - .
1€Ck,JEC,r j'EAS

where D = {max; Zj Aij < Cinppas/K}. By Bern-

stein inequality (cf. appendix Section & occurs with
probability at least 1 — n~> for C; large enough. By
choosing t = (C1npmaz/K) ™1, we obtain for Cy > 1
large enough

P (S5 > Co(n/K)*pmaz N E)
<E (1o B(S5 > Co(n/K)*pmac 1))
<E (15(A3)P(6ts‘5 > eC2t(”/K)2pmaz ‘Ac)>

< e 1O (/K P (lg(Ag)]EAc (etsa))

engCfl(n/K)ehz/(ClK) < 675n/K'

A

By an union bound argument,

P(H(S’ Ss 2 (n/K)meaz N 5) < on/ K o=on/K < ein/K

&1

Hence, (36,55 > (n/K)*pmaz) < e /K 4 n=5,
Since

Z<E:j7E:j/>Ck = 4E5(Ss).

J#5’
we obtain that S < (n/K)?pmas with probability at
least 1 —n=°.

Case k = k' = k”. See the appendix, Section O
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Figure 1: Average performance over 20 runs under Sce-
nario 1.

4 Numerical experiments

In this section, we evaluate our proposed algorithms,
sIR-VEC and IR-VEC (with 7" = 3), on synthetic data
and the email EU core dataset (Leskovec et al., |2007)
with synthetic edge covariates’}

We compare our methods with OLMF (Paul and Chen)
2020)), a general matrix factorization approach appli-
cable beyond the multi-layer graph setting, and the
vanilla spectral method Spec which doesn’t incorpo-
rate edge side information. We assess the accuracy
of clustering using the Normalized Mutual Informa-
tion (NMI) criterion, where an NMI of zero indicates
no significant correlation between the clusters, and an
NMI of one signifies a perfect match.

4.1 Network with indistinguishable
communities (Scenario 1)

We consider a VEC-SBM with K = 3, n = 600, and
such that the graph is generated by an SBM with pa-
rameters p = 3.5logn and ¢ = logn where the com-
munities 1 and 2 are indistinguishable. The covariates
are such that 11 = (1,1,1) and poo = —pq1 and all
the other centroids are zero. Thus, the covariates only
separate communities 1 and 2. As shown in Figure
IR-VEC and sIR-VEC outperform OLMF and effec-
tively combine both sources of information to recover
the clusters. However, we observed that IR-VEC is
more sensitive to initialization than sIR-VEC. This is
why we initialized it with sIR-VEC.

4.2 Non-isotropic covariance (Scenario 2)

In this scenario, we sample a VEC-SBM with the same
parameters as the previous experiment, except for the

2The experiments were conducted using R on a CPU In-
tel Core i7-1255U. The code implementation can be found
on https://github.com/glmbraun/VECSBM/.
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Figure 2: Average performance over 20 runs under Sce-
nario 2.
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Figure 3: Average performance over 20 runs with varying
K (Scenario 3).

edge covariates. Here, gy is generated uniformly over
[-1,1], and Xy are positive definite matrices ran-
domly generated using the clusterGeneration pack-
age, with the maximal singular value set to 1. As
shown in Figure [2] the performance of OLMF signifi-
cantly decreases under this scenario, while IR-VEC and
surprisingly sIR-VEC recover accurately the clusters.

4.3 Influence of the number of communities
(Scenario 3)

We evaluate the performance of our method as the
number of communities increases. We fix the param-
eters: n = 1000, p = 8logn/n, ¢ = p/2, and generate
isotropic edge covariates with centroids sampled uni-
formly over [—2,2] for K € {2,4,6,8,10}. As shown
in Figure [3] while the spectral method’s performance
decreases with increasing K, sIR-VEC is less sensitive.
This is because the edge distribution is dissymmetric,
allowing the SNR to remain higher when K increases.
Additionally, we observe that sIR-VEC performs well
when initialized with an almost uninformative z(9) pro-
vided by Spec.

4.4 Email EU core dataset

The dataset (Leskovec et all [2007) comprises email
communications between members of different Euro-
pean research institutions. We restrict the dataset to
six institutions with at least 50 members and consider
the institution as the ground-truth partition. Isolated
vertices are removed, and for each edge, we simulate a
textual distribution across 6 topics depending on the
communities of its endpoints. The proportion of top-
ics for each k, k' € [K] is generated uniformly over
[0,1]. We obtained an NMI of 0.49 with the spectral
method, while IR-VEC is more accurate and provides a
clustering with an NMI of 0.81 after 15 iterations. The
number of iterations required is higher than when the
graph is generated from an SBM, but IR-VEC appears
robust to variations in graph topology.

5 Conclusion and perspectives

We have quantified the added value of edge-side infor-
mation within the VEC-SBM framework. Our find-
ings reveal that incorporating edge covariates can sig-
nificantly improve the SNR, particularly when com-
munities exhibit similar connectivity profiles or when
dealing with a large number of communities. Further-
more, we have introduced an efficient iterative algo-
rithm, sIR-VEC, which has been proven to achieve the
optimal misclustering rate.

However, our work leaves several questions open for
future research. These include the challenging task
of estimating the number of communities in the pres-
ence of covariates, as well as the analysis of random
initialization techniques for improved community de-
tection. Furthermore, a promising research direction is
to extend this framework to more complex and realis-
tic models where the covariates are high-dimensional,
and the network possesses intricate structures beyond
the scope of the traditional SBM.
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Supplementary Material
The proof of Theorem [I]is presented in Section [A] More precisely, Section [A-1] gives the exact expression of the
error decomposmon discussed in Section [3.1} Section shows that the F-error term satisfies Condition

and Section 2|shows that the G-error term satisfies Condltlon The proof of the remaining case of Lemma
is given in Section [C]

A Proof of Theorem [1

We will use the following notations. Let us define the Hamming loss h as
Zza 1 Z 12 #z
and recall that [ was defined as the weighted Hamming loss

= Z A?(z, L) P
i

We will denote by h®) the corresponding function applied to z and z®).

A.1 Error decomposition
Let us define for all k, k' € [K] the oracle estimators

S Z Z ,geck Z zeck LJEC A Zieck,jeck, AijGij
P |ck|2 (K(K = Dcy ||c o Fk = [ A
ke[K] k#k' €

The node i such that z(i) = a is incorrectly classified at step ¢ iff

a # arg max MAP,CY W 4O 1,).

It implies that there exists a b # a € [K] such that

> % Ay (toam) — osrn) - 6 - |

le[K] jecl(tli

+ HGU “I(Jl

) <o

This last condition can be further decomposed as

log D Ey= Y Ey|+> > (Eij ltat = poall”* + 2Aij €35 prar — Mbl>) < =A%, b) + F" + G

Jj€Ca J€ECy le[K] j€CI,—;
Ci(a,b)
where
A(a,b) = log(p/a)(|Calp—ICsla) + Y |Cil Tt llprar = ot
le[K]

F" = (B.(29 — Z),1ogTL,, — logTLy,) + (E;. 29, log ITY) — logﬁ .~ logII{") + log ITy.)

Yy (zAU €igs 18 = fiat + i — 1) + Eig
le[K]jEC
G\ = (P (2" — 7),1og T, — logI,,) + (P2 log I — log T, + log 1\ + log IT
i i : b: i 108 L5, oglly. +loglly.” + log b:>

+ Z ZP” (Hubz *Mbg)H — 2P {that — tol, tol M;(,l)>)

le[K]jel,

N () _ (t)
Mol ubl Eijpar — piots for — i) | 5



+(E.ZD log I,; — logI,; +log Ty, — log Iy) =2 >~ > Eyj(ar — it ot — fivi)
le[K]jel;

+ Z Z E;; (Hubz - Mbl H - HMbl - M“)H ) + 2455 (€ij, fat — tal — Fivt + Hoi)-
le[K]jeC

The term A?(a,b) is deterministic and corresponds to the signal. Under Assumptions and it is easy to
see that

np—4q np 2
A%(a,b) = % + fz [ tar — por]]” -
I

So if the difference between the centroids ), ||ptar — s ||> = Q(1), edges covariate have a multiplicative effect
on the signal. The error terms (Fi(t));c[n) depend linearly on €;. and E;. and these errors can be controlled in
average. On the other hand, the error terms (G;(t));e[n) need to be controlled uniformly.

A.1.1 F-error term
We need an upper-bound of

¢ (Fy)?
Z max ib .
)<} S velK Nz A%(z,b)(2, 21)

F = max
{z(®):1(z,2()

Toward this end, notice that (Fi(lf))2 < Fy + F» + F3 + Fy where

n

= Ei (2" = Z),logIl,; — logI1;,)?
! — ber[I}?j)\(Zi< ( )7 0g : og b.>
Fy = max (E;;Z® log I —log I, — log I + log T,
bE[K]\zL :
2

s = belkinG, Z Z Aij elJvﬂaz fal + [or — u,(]l)>

o beIK\= A

2

Fy= max Z Z E;; (H,ubl :“bz H — 2(ptar — i, finy — Ml(:lf)>>

; beE[K\z;i

=1 le[K]jeC

First, let us establish some useful inequalities that will be used repeatedly.

Lemma 4. Under the assumption of Theorem |1l we have with probability at least 1 — n=W) | for all 2 such
that K1(2(,2) <nA?, ¢

1z 2)
A2

min

1. maxpe[k] |nl(€t) —ng| <

2. maxgeip |25 — Za|| < |20 - Z|| £ ﬁl(z(t),z),

3. log(Zgy) — log(2)| < K1GG-2)

'm1'n

4. Maxy e[k Hﬂbl - Mé?” SK' ( T(Lig =)y “logK) ,

min NPmaz

maxy, (k] || — porll S \/#.
max

Proof. The first three items are direct consequences of Lemma 13, 14, and 15 in [Braun et al.| (2022). However,
the fourth point doesn’t derive immediately from Lemma 4.1 in |Gao and Zhang] (2022) since in our setting the
estimate of uy depends on A. We will need several properties of the adjacency matrix A that holds w.h.p. We
recall them below.



Fact 1. The adjacency matrix A satisfies the following version of the discrepancy property (see e.g. |Lei and
Rinaldo| (2015))
\V’Tl,TQ C [n] such that |T1| S ‘T2|, T(A) S K,(|T’1|7 |T2meaw‘T1||T2|

where T'(A) = 37 o e «r, Aij and &(|T1], [T2]) = max(%w, C*) for constants c¢*, C* > 0.The argument

is based on Chernoff’s bound and a union bound, see the supplementary material of |Lei and Rinaldo| (2015) for
more details.

Fact 2. Let us denote by Ia(a,b) = ,cc. iec, Aij the number of observed edges between communities a and
b € [K]. By using Chernoff’s bound and a union bound over (a,b) € [K]? we can show that w.h.p for all a,b € [K]

2

n
I(a, b) = pmamﬁ.

We will assume from now on that A satisfies the previous properties. Hence, conditionally on A, a straightforward
adaptation of Lemma A.1 in|Lu and Zhou| (2016|) implies that w.h.p.

VT =Ty x T C [n] x [n], || D> Aijeis|| S VIT(A)]n. (A1)
(i,4)€T

The price to pay to have a uniform bound is an additional /n factor.

Consider the set T = (C, % Cb)A(C,(f) X Cét)) where A denotes the symmetric difference operator. It can be further
decomposed as U3_; T(©) where T(") = C, \ i) x ¢y, T® = (Ca N C((lt)) X (Cét)ACb), and T®) = ¢! \ Cy X Cgt).
Note that by definition of A(*) we have

mI?X|CISt)ACb| < p®
max |C, \ C| < h®)
max [C(D\ C,| < h®),

Notice that by definition of h(®), we have |C, N C,St)| = n/K and |Cét)| = n/K. By Fact 1 and 2, we have for all

c=1...3 ©
nh n
T (A)] < Pmaz—— V log(K) 7. (A.2)

Let us denote by ]X) (a,b) = Ziec&t)’jecéw A;j the number of edges between nodes in the estimated communities
a and b. Since hY < h(®) < en/K? we have,

19 (a,b) - IA(a,b)‘ < ela(a,b)/K.

This implies that IS)(a, b) X Pmazn?/K?. Now, we can decompose

2iccajees AirCGis = Licew jee AiiGii 1 1
_|_
Ta

IA(aab) a’ab) - IX)(G, b)

> AyGy
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DicCajecy Aij€is = 2i e jocw Aij€ij

1 1
- + - A1 €55
Ia(a,b) (IA(cu b 19, b)) 2. ey
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L,y

Lo
DicCasjecy Aiitab = 2o ooyt Aiilaw)=()
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IA(CL, b)
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1 1
+ — E Aii (i) -
<IA(a7b) I?(a,b)) =)

iecit)vjec;(,t)

Ly
Control of L;. We have
3
L1l = L Z(LJ’)ET(e) Aijeij
1 Ta(a,b)
h(®) log K = -
< KMP (\/7\/ \Vipogi> < K5 < 7(112’2) \Y \7{}:?) ) (by equations (A.2) and (A.1))

Control of L3. By a similar argument we obtain

Do 2o jyere Aij

Lall <
Lol 5 Ze=ar
()
< gM g loe K
n npmar

Control of Ly. By equation (A.1)) and the discrepancy property, we obtain

Y. Ayey|| SVaVI(ab).

icCl je Cét)
Furthermore, we have

1 1

B < a(a,b) = I%(a,b)| o K*h®)  K*log K
Ta(a,b) 11 (q,b)

~ 2 ~ 2 '
I(a7 b) ngpma-’ﬂ n3p7na:c

By consequence
Kh® log K

1
VI@n n @b

Control of Ls. It can be handled in the same way as Lo.

L3l S

We can conclude by summing all the error terms. O

Control of F}. This term can be controlled with a similar argument as in |Braun et al.| (2022]). We have
Fy 1
<N Bz — 7 H S
A2(z3,b)1(z9,2) Z H : N a2 107
2 1
FAZ (20, 2)

<z 2|

K
nAd .,
NPmaz K1(20, 2)

Al nA2

min min

SKJ|E|? 1z, 2) (by Lemma [4])

SK

Control of Fy. This term can be handled again by the same techniques as in [Braun et al. (2022). We have
by triangular inequality

Fy e @ 9
A2(2;,0)i(20), 2) §4zi:HEi;Z ml?leong: —logl‘[k:H

1
A%@inl(z(t)v Z)
2 (t)
2 n pmazl(z 9 Z)
SK n2AS8

min

— 0. (by Lemma



Control of F3 while hm > MlogK =y control F3 we will use the following lemma.

.
np’"l(l(l‘

Lemma 5. Under the assumption of Theorem 1| we have with probability at least 1 — n~%1)

S (n/K)?pmax

T
1. maxg pe[K] Hzieca,jecb Aijeije

< (n/K)?*pmaa-

oA e T
2. Maxyy qe[K] Hzl'eca,jecl,j'ec,, AijAij€ijey

Proof. The first point can be obtained by conditioning on A and using the Lemma A.2 in [Lu and Zhou (2016).
Since D icc. e, Ai S (n/K)?pmaz w.h.p. we obtain the stated result. The second result can be obtained by a
similar argument and by noticing that by Lemma [3] w.h.p

max Z A,L]A”/ SJ (TL/K)meaz

a,ll" . .
1€Cq,J€CL,J' E€Cy

O
By developing the square in F3 we obtain
F3 K*
< Aijeije»T» + max AZJAU/E”
A2(z;,b)l(2(D), 2) ~ AZ . 1(2(), 2) ZZJ: YN L aelK] ieca,jgig"ecll i’
2
(t) (t)
X }I&%}% Pai — Pal + fbr — Hy H
< KS nApmM — 0. (by Lemma |4])

min

2
Control of F; while h(t > Y09 et us write Capl = Hﬂbl - ué?” — 2(ar — Mol ol — ul(j)). We have

NPmax
Uz, )
nAm

maxg p 1 |Cont| S K 2 By developing the square in F; we obtain

4
A2(2i7 < Z Z Z EZJEZJ’Cz(z)blCz(z)bl’ AQ ‘ l(Z(t) Z)

i btz(i),l,l' jEC;,5'€Cy

s E CLrplClrrpl E E BBy

btz (), 1,11 JEC,,jECy i€C

3 nzpmaw
S K°—o— —0. (by Lemma [3))

~Y
min

t \/ . . .
Case where \/% < ml)ogK. In this case, one should consider F3 and Fy as G-error terms. More precisely,

we should consider the following term appearing in the F-error decomposition

Z Z <2Aij<€ij7,u,(1tl) — far + flor — u£§)> + Fij ’ﬂbl - Mbl)H — 2E;j(ftar — pot, flor — ,Uz(,l)>)

LE[K] JEC;
as a G-error term. By using the fact that

K'%logK

s =i = =5
mazx

it is easy to show that all the terms are o(1). See also the proof of the bound of G7 and Gy in the next subsection.



A.1.2 G-error term
We can upper bound th) by G1 + G2 + G3 + G4 + G5 + Gg + G7 + Gg where
G = ‘ Pi(Z® — Z),10g L. —logHb;>’

Gy = ‘(P'.Z(t) log IT®) — log I, + long(f) + logHb:>‘

Go= 3 3 Pl — )|
le[K]jel;

Gy = Z Z 2P;; (([al — 11, [bl —/lf(j)>’
le[K]jel;

Gs = \ (E:.Z® logTL,, — logI,. + log ITy; — log ITy.) ]

Go=2|Y " > Eijlpar — ot ot = five)

le[K]jeC
Gr=| 3 5 8 (ot~ i)
IG[K JEC;
Gs =2 Y > Aijleij, fiar — ptar — fier + o) -

LE[K] jEC;

Control of Gy. Since ||P;(Z®) — Z)|| £ VEpmash® and |logIl,: — logIL, || = O(1) we get

Gl \/7pmax Kl( ® Z) npmax < 4.
r\/ 2 N 2 / -
A2 (Zia b) Amm nAmZn mzn
Control of G5. We have ||P,Z®|| < (n/VK)pmas and by Lemma Hlogﬂg) - S Klr(zzﬁu%‘z)' By

using the triangular inequality, we obtain

(1)
G2 < l( Z) NPmax <5
A%(z;,0) 0 AL A2 VE T

TE0mP)
nAZ

min

Gs NPpmaz (120, 2) 1
< K* Z) <8
A2 0) ~ A ( naz tg) S0

min min

Control of G3. By Lemmamaxb’le[K] H'ubl _ MIE?H < K? + f By consequence,

Control of G4,. The proof is similar to G3.

Control of G5. One has Hlogf[ —logII,. + logII,. — log I, H < n2p — and max; HEi=Z(t)|| < /MPmaz-

Control of Gg. Let V € R* such that Vj = (tbal — toors ot — for). By the triangular inequality and Lemma

we have |V S nl\(f Hence
Go _20(E.2V)
A2 (Zi, b) A2(Zi, b)
< VPmaz Vo

S TTAZ =o(1)

min



Control of G;. By Lemma maxy, jc[k] Hubl — ,ué?” < K2,/l7(LZA<t2)"Z) + % and maxy, ¢(k] H[Lbl — ,ul(j)H <

@)
K ly(lzf’z). By consequence,

min

G VWPmaz 1z, 2 1
N S A <K4 L) <o

min

Control of Gg. Conditionally on (4;;);ec,, Ejecz Aijl€ij, flal — Hal — Fui + per) is a centered Gaussian r.v.
. . ~ ~ 2
with variance 03 = ||fiar — par — fint + poll” Y jec, Aig S U 2 jec, Aij by LCmma By consequence,

P(Aij)jecl Z Aij(€ij, flar — Pal — for + per) | 2 V1080 || flar — ftar — fvr + MblH2 Z Ay | < n—20)
JEC, JEC
Let us denote the event

npmaw

K

H= maluxz Aij S
" JEC

This event holds with probability at least 1 — n~=*(1). We have

~ ~ np. ~ ~
P D Aijleis fial — Har — s + pier) | 2 v/ logn ;M lfar = tar = fie + o)

JEC

~ ~ np ~ ~ —
<Py || D Aijleijs fiar — prar = fin + por) | Z \/logn [ngw it — ttar — st + ]| | + 0~
JjeC

SPua | Plag)ece Z Aij(€ij, flar — Par — flor + per) | 2 V1081 || flar — tar — fvr + st Z Ayj + )
jeC, JjeC;

< 1)

Since ||fia; — pai — for + ublHQ < KTZ by Lemma we obtain that

GS < KS\/Enpmaz
A2(z;, )~ nA?

min

=o(1).

B Proof of Theorem [2

Choose two communities @ and b € [K] such that Ay, = A(a,b). For each k € [K], let T}, a subset of Cj, with
cardinality j’—}é. Define T = UK, T}, and

Z={2:2=zforallieT}.

By using the same argument as in the proof of Theorem 2 in |Gao et al.[(2018) we can reduce the problem to a
two-hypothesis testing problem

1 1
iIélf Sgg E(r(2,2)) > 67T 2= 3K2 igfIP’l(éi =2)+Py(2,=1) (B.1)
i€Te

where Py (resp. Py ) denotes the probability distribution of the data when z; = a (resp. z; = b). By the Neyman
Pearson Lemma, the likelihood ratio test achieves the infinimum of the right-hand side of (B.1]). Hence we have

nflPy (5 =2) +Po(5 =1) =P > A(lpar — poll® + 2(eiss prar — par)) <0
' le[K].j€C:

(@]



First, assume that A%(a,b) — co. Conditionally on (Aj;);, P(a,,),(0) = P(X4 < —%) =P(X4 > %) where
X4 ~N(0,0%) and 04 = >0 Aij I ar — pip||*. By using the fact that

/oo —x2/2d > 1 t —t2/2
e T —— e s
t - \/27Tt2+1

it is easy to show that

—o2
p(x,> %) ™"
- 2 ~ oa '

By Chernoff’s bound, there exists constants ¢, ce > 1 such that

1 2
P (]E(O’i) <o} < clE(o’i)) > 1 — e 2Bl0a),
1

Moreover we have

log]E (e—ai/8> — Zlog (e—H#az—uszz/Sp _|_ 1— p)
l,j

>(1-o(1)Y p (e—”ﬂal—ﬂbl“% - 1) (by using log(1 + ) > % for z > —1)
L
A?(a,b
> —(1-0(1)) (;’ ) (because e — 1 > —x)

By consequence,

o -2(r (x> %))

670124/8
>E L{ L E(0%)<0% <c1B(02))

0A
1

c1E(0})
echAQ(a,b)

> et (M) -

> e~ (1=0(1)A%(@b)

Y

E (e 74/81
(e {ZHE(0)<0? ScﬂE(oi)})

since ¢z > 1 and A(a,b) — oo.

If A%(a,b) = O(1), then 0% = O(1) with a positive probability and

P(O) >P (0% =0(1))E (IP’ <XA > “5‘)) >1.

C Proof of Lemma [3]

Control of £. The event D occurs with probability at least 1 — n~> by Chernoff’s bound. It remains to show

that conditionally on D
2

2
max Z Z Eij |l S (/K)*pmaz-
1€Cx jGAg
Let us fix A and define X; = (Z] Eij)21{|2 B | <npmas K} By developing the square and using the independence

between E;; and E;; for j # j' we obtain E(X;) < npmas. A similar calculation shows that Var(X;) < (np)?.
Hence, Bernstein’s inequality gives

P (Z XiZ (n/K)mea:r> < e K,



<

~

We obtain the result by a union bound and the fact that conditionally on D, it holds that max;
npmaac/K~

> Eij

Case where k = k/ = k. One can first decouple the indexes ¢ from j, j’ by considering

Ss = Z 6:(1 = 8;)(1 — 6 ) By By = Z Z EijEijr-

4,j7#5" i€A j,j' €A

Then one can use the result from the case k # k' = k" to show that conditionally on &, S5 < (n/K)?Pmaz With
probability at least 1 — e~/ X for some constant C' > 1 and conclude as in the previous case.
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