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Abstract

A fundamental problem in the analysis of relational data, such as
graphs and networks, is to extract a common structure that underlies the
relationships between individual entities. In this paper, we emphasize on
the probabilistic connectivity pattern between communities and shed the
light on the potential of applying Szemeredi’s regularity lemma to com-
munity detection, feature extraction, and link prediction on large graphs.
In particular, we first give theoretical guarantee of community detection
via e-regular partitions for sample graph generated by stochastic block
models under mild assumptions. Thereby, we show that regularity based
clustering effectively captures the probabilistic connectivity pattern. Fur-
thermore, under the assumption of latent feature induces connectivity,
we show that the principal components of the covariance matrix gener-
ated by element-wise mean in the regular partition are close to for latent
features when vertex data is polluted by i.i.d. noise. Therefore, we pro-
pose: (1) a latent feature extraction algorithm which finds the principal
components of the elements in a regular partition, and (2) a link predic-
tion method that uses the maximum-likelihood method to find an optimal
sample graph embedding on the data subspace spanned by the extracted
latent features.



1 Introduction

A fundamental problem in the analysis of relational data is to recognize the
a common structure that contributes to the formation of connections between
individual entities. In particular, pattern recognition and community detection
for graphs have been studied in various areas such as social behavior (Fortunato,
2010; Hoffman, 2018), finance (Bartesaghi, 2019), and image segmentation (Shi
et al., 2002). Here, graph is a mathematical description of the relationships.
For instance, a Facebook networked data regards every account as a vertex at-
tached with a high-dimensional feature vector, and each edge as the friendship
connection between two accounts. For relational data structure recognition, the
essential importance is to understand the mechanism between the feature vec-
tors attached to vertices and the observed relationships in between. In short,
the main challenge is to develop a method that extracts the relationship between
the vertex data and the edge data. One major step is to cluster vertices that
share similar connectivity characteristics, and thereby make analysis of the rela-
tionship available. Various works have been done in this direction: community
detection (Abbe, 2015), and recovery of stochastic block model (Abbe et al.,
2016; Ling et al., 2020). The main method used in the above works is spectral
clustering. For example, Abbe and Bandeira used spectral method to study the
recovery of the two-community stochastic block model G(n,p,q) with p > g,
which is also known as the planted bisection model, by reducing the community
detection problem to a min-cut problem. Results for multi-community detec-
tion with inner-connection p and inter-connection ¢ is also given in (Agarwal et
al., 2017). Despite the successes above, the spectral method is not efficient in
community detection for general SBMs with complex inner and inter connection
densities. Because more complex probability matrix in SBMs hinders the prob-
lem reduction from community detection to min-cut or bottleneck problems, for
which the method is designed.

In contrast, Szemeredi’s regularity lemma (Szemeredi, 1978), which states that
every large enough dense graph could be well-approximated by a random graph,
is designed to check the probabilistic pattern on graphs and give us a different
solution to connectivity pattern based clustering problem. In the original paper,
Szemeredi uses regularity between clusters to check to whether enough random-
ness pattern exists between clusters, generates finer partition on the irregular
clusters, and terminates the process until the partitioned graph is close to the
original graph, where the closeness is quantified by the index of partition. Al-
though the lemma has become a fundamental tool in graph theory, theoretical
computer science, and combinatorics, limited works have applied the lemma
to data analysis, not to mention community detection and feature extraction.
One reason is the worst case upper bound of partition cardinality grows as
an exponential tower with height equal to some power of e (Gowers, 1997).
Therefore, exact e-regular partition is not practical in reality. More recently,
(Sperotto, 2007; Peillilo, 2017, Fionacci, 2020) showed approximate e-partition
is efficient in graph pattern recognition and image segmentation purpose.



In this paper, we apply the Szemeredi e-regular partition as a black box to
solve community detection, relative features extraction, and edge prediction. In
particular, we show e-regular partition is efficient in clustering vertices for com-
munity detection purpose. By using graphs generated by symmetric stochastic
block models (SSBM) as a benchmark for theoretical analysis and experiments,
we first show a theoretical guarantee of community detection and recovery of
SSBM via regular partitions on sample graphs under mild assumptions, then use
the elements of the regular partition to extract relative features to the random
graph pattern, and finally apply the extracted feature to embed the graph onto
the feature data space for link prediction purpose. In short, this paper first
provides theoretical guarantee for community detection via e-regular partition,
then use the partition to extract features, and finally use the extracted features
to generate a graph embedding on the feature vector space for link prediction.

The rest of the paper is organized as follows: section 2 shows that a regular
partition gives a good summery SSBM for any sample graph by proving the
closeness between any graph generated by the SSBM and the original graph
on the graphon space. Section 3 gives a theoretical performance guarantee of
community detection for e-regular partitions by applying graphs generated by
SSBM as a benchmark. Moreover, the recovery of SSBM is shown to be closely
connected to estimation of graphons. Section 4 proposes two algorithms for
feature extraction via regular partitions and graph embedding on the extracted
feature data space respectively. Finally, section 5 gives numerical experiments
on the community detection, feature extraction, and link prediction.

2 An Encoder for Dense Graphs

In this section, we give an estimation result on the pattern recognition accuracy
for e-regular partitions. For any unknown graph G, let G° be a sample graph
generated under uniform sampling. We prove that, with high probability, the
random graph model W* generated by an e-regular partition on G* gives an
accurate pattern summary for not only G* but also G. We need the estimation
result because, if the connectivity pattern summarized by W* differs signifi-
cantly or with high probability from the one on G, then there is no ground for
further study in community detection, feature extraction, and link prediction
based on W?.

In the rest of the section, we first state two versions of regularity lemma, then
follow the procedure:

sampling regular partition blow-up/lifting =~
G G*® G.

WS

Here, sampling and regular partition is analogous to encoding, W? is analogous



to feature, and blow-up/lifting to decoding.

The aim is to show G, which is the graph recovered from the e-partition gen-
erated random graph model W¥®, is close to GG, the original graph, under mild
assumptions. The closeness is quantified by the cut distance on the graphon
space (W, dn), where W := {w : [0,1]2> — [0, 1]| be borel-measurable} and the
cut distance 0 is defined as the following: for any wq,ws € W,

oo(wi,we) :=  inf —w?||o,
o(wi,ws) ¢€§f(1[071])\|w1 wi ||o

where S([0,1]) denotes all the measure preserving maps from [0,1] to [0, 1],

w§ (2, y) = wa($(x), $(y)), and

llwi —wa|lg = sup | wi (7,y) — wa(z,y)drdy|.
s,Tc[0,1] JSxT

Intuitively, 6g(G1, G2) := dg(wg,, wa, ), where wg, denotes the normalized ad-

jacency matrix to [0, 1] x [0, 1].

Cut distance is a natural quantification of the difference between dense unla-
beled graphs, we refer interested readers to (Lovasz, 2016) for detailed explana-
tion and justification.

To prove the closeness between G and G on the graphon space, we need to first
state the two versions of regularity lemma.

Lemma 1 (Szemeredi’s Regularity Lemma). For arbitrarily fized ¢ > 0 and
integer m > 0, there exists P(e,m) and Q(e,m) such that: every graph G =
(V, E) with n = |V| > P has a partition P = {P;}}_, on V which satisfies

em<k<Q
o Bl e{lz) 7] +1}
o All but €k? pairs of (P;, P;)’s are e-regular

Intuitively, the lemma states that every large enough dense graph can be well-
approximate by a random graph model. Frieze and Kannan offered a more
computationally friendly version below.

Lemma 2 (Frieze and Kannan’s Regularity Lemma). For any graph G = (V, E)
with |V | = n sufficiently large, and € > 0, we can construct in time O(e~%)n a
partition P of V' which satisfies

o |P| < k,logk = 0(c?),

o P is e-sufficient.



First, we consider each node V;® of the sample graph G* as random variables
from the nodes of the population graph, V. Then we can apply the multinomial
sampling size analysis to estimate the proportion and the size of the induced
partition P* := {PF}¥ | on V* where Pf :={V € V*: V€ P}

Lemma 3. For an arbitrary graph G and an equitable partition P on V, there
exists n*(7y, a,€,n,k) such that: if k < a~1, then for all VS C V satisfying
|[V3| > n®, we have with at least probability 1 — -,

o |12 _ 1]
n N

<ao,Vie{l,2,..,k},
o |P?| > €e|P|,Vie{1,2,..,k}.

Proof. Since P = {P;}¥_, is an equitable partition, by the uniformly random
sampling assumption, we have for each ¢ € {1,2,..., N}, V¥ is a multinomial
random variable. Therefore, we could approximate the sample size by normal
distribution: there exists ni(7y, ) such that, for any N > n;, we have

k
Ity
i=1

Now, let na(e, o, n, k) := %% It follows that, if we have N > max{ni,na},
then
s | P;] 1 ex 1 n
\PZ-|>N(7—a):N(%—a) > %_Q(E—G)ZGE = €| Py,

where the two inequalities follow from N > n; and N > ng, k < o~ ! respec-

tively. Finally, let n®(vy, o, €,n, k) := max{ni (v, a), n2(e, a,n, k)}, we are done.
O

Since an e-regular or e-sufficient P requires |P| to be large when e is small,
the assumption k£ < a~' may seem to be too strict an assumption. But it is
important to notice that n(y, «) is independent of |P|, and it grows slowly as
a goes to zero. That is, we can allow a to be extremely small while keeping
n?® relatively small. Therefore, in the case of large dense sample networks, the
assumption k < a~! can be easily satisfied.

Next, we want to show that if a partition is e-regular on G, then the induced
partition on G° also satisfies certain level of regularity.

Lemma 4. If P is an e-regular partition w.r.t. G satisfying % <k< é, and
G* satisfies N > n®(,a,€,n, k), where n® is defined as in lemma 1, then P* is
[4(5%)? + 2(1 + ak)?|e-sufficient w.r.t. G* with probability at least 1 — .



Proof. Let A®, B® C V* be arbitrary, A(A®, B®) := E(A®, B®)—3_, >, wi;|A7[|B;|.
We first consider A%, B®* C V, then by the relationship between e-regular and
e-sufficient in (Frieze, Kannan), we have

B(A,B) = 373wy | A3 B3| < den®.

i

It remains to prove that there exists an uniform bound for {|w;; —w;|}1<i<j<k-
But by the assumption that N > n®, we have from lemma 1, with probability
at least 1 — ,

|P?| > €| Pi|,Vi € {1,2,....,k}.

That, together with the assumption that P is an e-regular partition, implies for
all but ek® pairs of (4, 7),

E(Ps, Ps
ZELED <
| P[P
Since wg; = %, we have for all but ek?® pairs of (i, ), [w}; — wi;| < e

Finally, we have
(4,3 =B ) = 3 3w 4715
<|E(A*, B%) —Zzwz‘j\AfllBi|l+ZZ|wfj—wz‘jl\A?HBﬂ
i i

N
<den’ + 26k*(- + aN)? = [4(%)2+2(1+ak)2]eN2.

Therefore, P* is [4(%)? + 2(1 4 ak)?]e-sufficient.
O

Now, for a partition Q® on G*, we define Agsps (A%, B*) := Y7, >, Qf;]A5||Bf|—
k k S| A B s ._ B(ALB)) s sy . .
Yot ijl szj\Af||Bj|, where Q7; = W and E(AE,BJ-) = {e(U,V) :

e(U,V) = 1,U € Qi,V € Q3}. Therefore, let € := [4(5)* 4+ 2(1 + at)2]ewe
obtain the following corollary directly from lemma 2:

Corollary 1. For any e-regular partition Q° on G*, any A®, B* C V?,

[Aowpe (A%, BY)| < [4(5)7 + 2(1+ ak)’ + 4]eN>,



Proof.
|Agepe (4%, BY)| < |Ag: (4%, BY)| + |Ap (A%, BY)|
< 4eN? + €' N2,

O

The above corollary shows the closeness between the induced partition P* on
G?® and any of the e-sufficient partition Q° on G*. In other words, any of the
e-sufficient partition Q° provides a “good” estimation for the induced partition
on the sample graph. Now, since we have already shown above that the induced
partition is proportionally close to the original partition, under the assumption
of uniform random sampling, it is straightforward for one to conjecture that any
of the e-regular partition Q° also provides accurate estimation for G.

Before the proof of theorem 1, we define a random graph G = (f/, E) and a
partition Q on V as the following:

V|=n,

P{V, € Q:;} = %1 vie {1,2,..,n},i€ {1,2,..,¢:=|Q|},
Vp LV, Vi # 5,

P{e(V,, Vy) = 1|V, € Qi,Vy € Q;} = wi, Vi # 5 € {1,2,..., ¢},

(e(Vp, V) L e(Va, Vi)){Q(V3), Q(Vy), Q(Va), Q(V3)} where Q(V,) = Q
such that V}, € Q;.

One may notice that G ~ SBM (n, {QJ;}i , wfj) is generated by a stochastic block
model. We will explore more details in the next section. Now, we show the first
main result.

Theorem 1. Let G be the random graph that is obtained by the procedure, where
[Ve] > n®(vy, o, e,n, k), then for any A, B C V, there exists A, B C 'V such that
with high probability, do(G,G) < .

Proof. First, denote the number of edges in G between Q; and Q; by E(Qz, Qj),
by the construction above, we have:

o E(Q:, Q)
%= 000,

ZZ:l 22:1 Lo, (vp)]le (‘}q)e(vpa ‘}q)

Zp:l 1o, (Vp) ZZ:l Lo, (Vq)



Now, Nij := 3201 1,(V,) 30— Lo, (V,), by independence between V,, and V,
Vp # q, we have that |Q;] is the sum of n i.i.d. binomial random variables for
all i € {1,2,...,q}. Furthermore, for any fixed |Q;| = ¢;,Vi € {1,2,...,q}, we
have 22:1 22:1 1o, (Vp)lg, (Ve)e(Vp, Vo) = ZVpeQi ZquQj e(Vp, Vg) is also
the sum of n? i.i.d. binomial edge random variables as in the construction above,
where the independence comes from the conditional independence in construc-
tion. Therefore, for fixed |Q;| = gi, Vi, we have from Hoeffding’s inequality that
P{|Qi; — Q51 > €l|Qi] = 4:,1Q;| = ¢j} < 2exp (—2qig;€?).

— P{H{1Qi; — Q5| = €l|Qil = :,1Q5] = a3} < D 2exp (—24ig;€?)

i,j 0,J
= IP{ﬂﬂQij - Qj| <ellQil = ¢:, Q| = ¢;}} > 1 - ZQGXP (—2qiq;€%)
i,j (2]

Also, since n > N > n*(y,a, €, n, k) > ni(v, ), we have

P{ﬂﬁ%" - '%'\ <a}>=1-—1.
=1

Nolzv, letk A,B C V be arbitrary, and assume without loss of generality that
Eizl Zj:l wz]|A1HBJ‘ > Zgzl Zg‘:l QzJ|AZ||B]|7 it follows

k k q q
I wilAillB =YD Qs Ail|Bjl|

i=1 j=1 i=1 j=1

k k q q
<|Appe (A, B)[ + )Y wi|AilIB| = > > Q51 Al Byl + 1Ag:0(4, B)],

i=1 j=1 i=1 j=1
where
o |App: (A, B)] = i, Sy |wij —wij|4il| By
o [Agio(A B)| =31 391 1Q3; — Qij|Ail| B

Now, if the condition |Q;| = g, |Q;| = ¢; is satisfied, then with probability at
least 1 — 37, s 2exp (—2qigje®), Yoy D1, |ij — Qi;||Ai||Bj| < en®. But we
also have with probability at least 1 — -, \% — %| <o, Vie{l,2,...,q} Tt
follows with probability at least (1 —)(1—3_,; ; 2exp (—=2(7 — an)?e?)),

a q

P n
DD 1Q5 — QijllAil| Byl <e(= + an)?
i=1 j=1 q



Similarly, we have:

k&
D> wiy — g ||A||B|<(1—€)k2( )’ + e kQ(k)
i=1 j=1

<2en?.

It remains to bound Y%, Ej VWil Al By = 0, Q3|4 ||B,|:

w;| Ail| Bj \*ZZQ | Ail| B

k k

20w

i=1 j=1 i=1 j=1

k k n q g
<> Dw fj(lAf|N+an)(|Bs*+an ZZ IAS\* an)(|B I*—an)
=1 j=1 i=1 j=1

TL] n k k k k
<RV 1Apeor (A0 B+ gy D0 3wty + Q3141+ 1B1) + e (S 3wy

i=1j=1 =1 j5=1

It follows from corollary 1:
o |Apigs(A7, BS)| < [4(2)? + 2(1 + ak)? + 4]eN?
o 0 S S (w4 Q)(143] + Bj]) < a%AN = dan
o an®(X7, Y wi — X, X, Q) < 20702 (k + q)

Finally, we have with probability at least (1 —~)(1 — 2exp (=2( — an)?e?)),

k k q q
I Y T wilAdlB =YD Q1 AdlIB|

i=1j=1 i=1 j=1

1
<[A(=)*+2(1 4+ ak)? + (6 + @)? + 6]len? + dan + 2°n?(k + q).

O

In short, we showed that the input graph is well-approximated by the output
graph when considering the regular partition as encoder, the resulting random
multipartite graph as feature, and blow-up/lifting as decoder.

23

=

1

q
> o)
Jj=1



3 Community Detection via Regular Partitions

In section 2, we give an estimation result about the closeness between the input
graph and the output graph when using a regular partition as an encoder. In this
section, we show that the e-regular partitions give a partial community recovery
for symmetric stochastic block models. In particular, we first state the formal
definition of (Symmetric) Stochastic Block Models ((S)SBM), and show that
the e-regular partitions solve the fundamental problem of community detection
in the study of SSBM with complex probability matrix under mild assumptions.

The idea of applying e-regular partition to recover stochastic block model seems
straight-forward: since the lemma tells us that every large enough graph could
be well-approximated by a random graph, given a graph that is generated by
a SSBM, any implement of the algorithm should be able to give us a random
graph that is close to the graph and therefore to the SSBM. Unfortunately, be-
cause Szemeredi’s regularity lemma and its implement algorithms relies on the
index of partition as the objective function, the cardinality of an e-regualr parti-
tion grows exponentially. That is, e-regular partition tends to over-partition the
set of vertices and give more clusters than the original community number in
SSBM. Therefore, we use relative connectivity statistics to relabel the partitions
and thereby generate a partial recovery for the original communities, up to a
permutation on the community index.

Figure 1: A sample graph that is generated from a stochastic block model with
three communities.

Definition 1 (Stochastic Block Model (SBM)). The tri-tuple (n,p, W) is called
a stochatic black model, where

e neN;

10



e p:={p;}F_,, where p; € [0,1],Vi, and Zlepi =1;
o W e RF** where W;; € [0,1],V0 < i,j < k.

Definition 2 (Symmetric Stochastic Block Model (SSBM)). A SBM is called
symmetric if p; = %,Vi, and Wi; = Wy, V0 < i< j <k.

Any sample graph (X,G) ~ (n,p,W) can be considered as a random graph,
where X = {z;}7_, is a random n-dimensional vector with i.i.d. components
distributed under the probability vector p, and G := ([n], E) is a random simple
graph with P({Ej;|zs, 2;}) = Wa,o,. Here, E;; == {(4,7), (j,1) € E}.

Also, we denote the set of vertices that share the same label by V; := {z; € [n] :
x; = k}. it is clear from the definition that {V;}%_; forms a partition of [n].

Now, given a SBM, we show that, for any two communities ¢, j, the edge density
between correctly clustered communities gives a consistent estimator for W;; by
the law of large number.

Proposition 1. Given a regular partition P on G, if P; and P; are correct

. P.P;) ; ;
community recovery, then W is a consistent estimator for W;;.
11 P;

Proof. For any fixed ¢ > 0, let Pv;Pv; := {|B;| = v;,|P;| = v;}, we have the
following:

B(Pi, P])

P(ﬂm = Wis[ = €})
= Z IP({Z:Z:]@” — Wij‘ > 6}|P'U2'P'Uj)1P(Pvinj)
Var(ei;) v 6
7(pin—€)(pjn_€)€2 +]P({|7’L pz‘ Z })

VU
= +P{|—=—pi| > €}) — 0.

(pi’l’L—E)(p]”l’L—E)62 ({|7’l 1‘ })
Here, the inequality follows from the conditional i.i.d. assumption of e;; and the
correct cluster assumption, the second equality from the conditional Bernoulli

assumption of e;;.
O

Notice that the assumption in the above lemma is strong, because it requires
algorithms to not only assign correct label to each sample vertex but also reveal
the correct number of communities. As shown below, regular partitions result
in correct labeling under mild assumptions, but tend to give more clusters than

11



communities. Worse still, since the number of clusters usually grows with the
number of sample vertices, the law of large number type of argument used above
cannot be used directly if one want to prove similar consistency result above.

Therefore, we have the following sufficient condition for a regular partition to
give consistent estimator under the assumption of correct labeling rather than
assuming the partition gives the correct community recovery.

Lemma 5. Given a regular partition {Pi}fi(ln) on G, if K = o(n) and P; and
P; are clustered correctly, i.e. 3j € [k], P,NV; = P;, then e‘gf‘i"?l) 18 a consistent
il [

estimator for W;;.

Proof. Similar to the proof above, we have:

e(Pi, Py) .
P Wyl 2 o
<o S PUISE —pl2 ) 0
K J K

O

Hence, we have shown that if the cardinality of a regular partition does not
grow as fast as the number of vertices, any correctly labeled pair of clusters
give us some information about the original SSBM probability matrix, w. The
question that naturally follows is when does a regular partition give correctly
labeled pair of clusters. It turns out that if a SBM is satisfies the condition
called e-separability, then any regular pair of clusters gives an accurate labeling.

Definition 3. A SBM (n,p, W) is called e-separable if ¥(i,j) € [k]?,3k # i,]
such that pp| Wi, — Wig| > €.

Intuitively, e-separability allows us to characterize each of the community V; by
the vector {p;W;;};, up to a permutation on index.

Now, we show that if a SSBM is e-separable, then the regular partition with
none irregular pairs gives back the community up to € mixture.

Lemma 6. Given an e-reqular partition { P;}X | with zero irreqular pairs of the
sample graph G that is generated by an 2e-separable SSBM(n,p,w) with n large,
then we have:

o All of the P; consists of vertices from the same community up to e-mizture:
Vi € [K],3lj € [k] such that |P; N V;| > €| By.

12



e Vj € [k],3i € [K], such that |P; N V| > €|P;|.

Proof. Assume we have an e-regular partition {P;}X  on G. We focus on the
K? e-regular pairs of (P, P;)’s.

Claim 1: Let A C V;, B C V; such that |A|,|B| > €|P| for some P € {P;}K,
then by the 2e-separability, 3V), such that py|Wir — Wji| > 2e. Now, if 3P* €
{P,}E \{P} such that |P*NV| > €|P*|, let C := P*NV}, we have by regularity

(AC) (PP e(B.O)  e(P.PY)
that | aier — Tereer| < & | 7arier — TeriPe

< €. This implies

|6(A,C’) _e(B,0)
Al 1Blic]

| < 2e.

But that contradicts the fact that

|e(A, C) e(B.C)
lAlle) [Bl[C]

2
| — ‘Wik_ij| > s > 2e.
Pk

Finally, if P* C Vj, such that |P* N Vi| > €|V*|. Then,

v
‘Vk‘ < 6|PZ|,VZ € {].,,K} - % — Pk <€,

which contradicts pg > \Wkaewjm > e

Claim 2: We prove by contradiction. Assume 3i € [k],Vj € [K], |V;NP;| < €|P;],
then it follows

Vil < elV] = pi <€ = pi|lWji — Wis| < 26,V5, k
contradicts the 2e-separable assumption. O

Therefore, combine Lemma 5 and Lemma 6, we see that a regular partition with-
out irregular pairs on any large enough graph generated by a SSBM indeed gives
us a partial recovery of the communities with high accuracy. In experiments,
we found the convergence rate of irregular pairs ratio to zero is particularly fast
for graphs with strong probabilistic connectivity patterns. That is, the assump-
tion K = o(n) in Lemma 5 and the non-irregular pair assumption in Lemma
6 can be easily satisfied in practice, provided that the graph indeed has clear
probabilistic connectivity pattern.

Finally, we propose an statistic characterization of the community label for
e-separated SSBM based on the observations of the connectivity between the

nodes and the training data.

To state the second main result, we need the following definitions. By the results
of Lemma 6, we can define a map f : [K] — [k] such that for every i € [K],

13



f(i) € [k] gives the unique index satisfying |V N P;| > €|P;|. Notice the
map f is unique up to a permutation on [k]. In practice, one could use the
relative edge density among {P;}X, to find the corresponding f(i). Thereby,
we define Vi € [k],I; := f~1({i}) being the inverse image of {i} on [K], and
Vi = Ugker, Pr» Vi € [k] being the recovered communities.

Theorem 2. Given an 2e-separated SSBM, a reqular partition with none irreg-
ular pairs, and an arbitrary vertex v, we have:

k

L, jetorw
Hl (-l <ke}
1= %

is a consistent estimator of the label indicator 1i,ev,y for all j € [k].
Proof. Given the resulting recovered communities {V;}*_,, and any unlabeled

vertex v that is from the SSBM, we have:

‘Ie({v}ﬂ)l W= le({v}, i\ Vi)l le({v}, VinVi)[ [VinVi|
J il = - J -
Vil Vil Vi N Vil Vil

jil-

From Lemma 6: Vi € [K],3lj € [k],such that |P; N V;| > (1 — ke)|P;|, we have

W € [0, ke] and W\VL‘I/I € (1 — ke, 1] by the construction of {V;}*_,.

Now, if v € Vj, then by the weak law of large number,

le({v}, Vin Vi)

P = — Wil >90}) — 0,Y6 > 0,Vi € [K].
({l Vv jil > 0}) (K]

That together with the above uniform bounds further imply

P{|M — W]z| < kE} — 1,Vie [k]

On the other hand, if v € Vi for some k # j, then by the 2e-separable assump-
tion, 3i* € [k] such that }|Wj;» — Wj;| > 2e. That together with the above
uniform bounds imply

P({ v

< ke}) — 0.

Combine the results above, we obtain,

IP({“]-UGVJ' - H I]-‘ le({v ‘./i)‘*WjilﬁkJ > 5}) — O,V(S > 0.

3
i=1 1Vl
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The above result gives us a reliable approach to assign community label to un-
labeled nodes based on their connectivity statistics with respect to the training
data. Thereby, we could predict any unobserved link given enough observations
on the relative nodes’ connectivity to the training data.

In conclusion, we have proved that any e-regular partition on with none irreg-
ular pairs gives a partial recovery of the SSBM. Moreover, the a relabeling of
the elements in an e-regular partition on the training data gives a consistent
estimator for the label indicator.

4 Feature Extraction and Link Prediction

Now, we start to propose algorithms for feature extraction and link prediction
by exploring the proved accuracy of the e-regular partitions in community de-
tection. In particular, the regular partitions allows us to find the principal
components for the covariance matrix generated by the element-wise means on
the ambient feature data space. The principal components are considered ma-
jor latent features with the following reason: If there exists latent features that
induce the formation of such connectivity-based communities, it should explain
the variance on the covariance among different connectivity patterns. But in
the e-regular partition case, difference in connectivity patterns are reflected in
difference in the communities. Therefore the principal components of covari-
ance matrix generated by community samples give the latent features. Finally,
since we proved that each element in the e-regular partition is a cluster of data
points that share a similar connectivity pattern in the last section, the mean of
elements can be considered as typical samples from the respective communities.

After feature extraction, we take a further step to assume there exits some
parametrized kernel that give a proper graph embedding on the subspace spanned
by the extracted features. Therefore, we use the maximum-likelihood estimator
for link prediction purpose.

Now, we introduce Algorithm 1 below which extracts latent features from the
given relational data:

For example, on a three dimensional data space R, where the first dimension
corresponds to age, the second corresponds to income, and the third to height. If
the PCA gives us back 21 = (1,0,0), 22 = (0,1,0), and the threshold vt = 0.95
is satisfied. Then the outcome infer that the relationship pattern in the rela-
tional data is generated by age and income.

In the case where relational data is indeed generated by feature vectors polluted

by noise, let up, := ﬁ Y ove p, U and V, denotes the labeled community contains
P; we have the following result to prove the closeness between element-wise
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Algorithm 1: Latent Feature Extraction via Regular Partition

Input: (training data = (V, E), regularity threshold = rt, community
labeling accuracy threshold = ¢, and variance explanation threshold =
vt);

Szemeredit Regularity Partition: G — ({ P}, rp);

if rp < rt then

print: not enough SBM pattern found with rt regularity percentage
requirement;

else

Vi € [K], find the element mean p; := ﬁ Y vep, U

find the covariance matrix S of {ui s

obtain p = mlnp{p 2 = A s> vt} via SVD ¥ = Udiag({\;})UT

find {U }1:1

end

Result: Latent Features: {u;}?_,

means and feature vectors:

Lemma 7. If distinct communities in a 2e-separated SBM is generated by dis-
tinct feature vectors but polluted by i.i.d. moise with zero mean in the ambient
space, then the almost sure limit im ||up, — vi|| < €325, [[vx — vkl

Proof. Assume that communities are generated by {v;}*_;, which are polluted
by i.i.d. noise e with E(e) = 0. Then by lemma 6, we have VP, |P; \ Vi| <
(k — 1)e| P;| and

K
K0S Y X e
v, EP;NV, k#x v, € PNV},

Finally, it follows from the strong law of large number,

L N - SR R
k#x
=e)llo. =il
O

Before introducing the proposed algorithm for link prediction, we first show that
an application of KL-divergence between the relational data and the proposed
metric relationship between data leads to an optimal graph embedding to the
data space.
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Given two discrete probability distributions p = {p;}X; and ¢ = {¢;}X,, the
KL-divergence between p and ¢ is defined as the following;:

Drr(pllg) : sz log

Intuitively, KL-divergence give a quantitative description for the difference be-

tween two probability distributions. In particular, D (p||lg) =0 < p L q.

We will use KL-divergence to measure the closeness between the given sam-
ple connectivity and the connectivity relationship induced by a parametrized
metric on the data subspace spanned by the extracted features. This method
is inspired by the non-linear low-dimensional data embedding method such as
t-SNE (Hinton and Roweis, 2002), which uses a the Gaussian kernel to approx-
imate the data manifold structure by diffusion process on the ambient space.

In our case, we use a parametrized kernel function og(p;, ;) to approximate
the relational manifold on the data space. Popular choices of oy includes:

e Weighted /2 norm, ||u; — illiz = 22:1 0; (i — pjx)? with € RY
non-negative,

e Bi-linear form (z,0y);» with € R?*¢ symmetric.

og (g,
In particular, for each p;, we use {%}J 1 where fi; := Y0 (g, ug) 2w,
to approximate the probability of a connection between p; and p; on the sub-
space spanned by the extracted features. Our goal is to find the maximum-
likelihood estimator for the empirical relation structure {<=—:- K

wiy Jj=1°
S Dicr (g ey
argmln kL( —— 1 ).
P Z] Wi =1 Z —og(fi,ig) T

Now, we are ready to introduce algorithm 2 for link prediction.

Now, given any test data set {t;}"_,, we first obtain the projection #; :=
o {ti, uk)izug, Vi € [n], and obtain the estimated probability of edges among
them by:

exp (=0 (4, 1))
Sopexp (—og- (ti, k)

Therefore, one could use the generated probability model for link prediction.

P({e(ti,t;) = 1}) =
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Algorithm 2: Link Prediction via Graph Embedding on Metric Data
Space

Input: (the empirical edge density between elements of a regular
partition = {Wi;}; jec(x], the extracted latent features = {u;}7_,
generated from the regular partition, the element-wise mean {u;}
parametrized kernel function = oy, termination threshold = ¢);
Find fi; = Y7 _; {fti, uk)2ug, which are the projection of p; onto the
subspace spanned by {u; }}_;;
Let £(6) := S5 Dree ({52 Y W st rprrm Vi)
Find 0* := argmin f(0);
Result: the maximum-likelihood graph embedding kernel

d : span({u;}t_;) — R*T U {0} defined by

d(@,y) := exp (0o+ (2,9)). Vo, y € span({ui} ;)

K
=11 &

100
W0 s

300 |-

o 100 200 300 400 500 GO0 ?60

Figure 2: The left is the original graph from SBM, the right is the output
weighted adjacency matrix from an e-regular partition

5 Numerical Experiments

In this section, we show the numeric experiments on the application of regular
partitions to solve community detection and recovery.

In Figure 2, we use synthetic data generated by SBM:

0.25 0 02 04 06

0.25 02 0 01 0.15
(n="84p=1005 ' W=1|04 01 0 02|

0.25 06 015 025 0

We have exact community recovery in this case. Since the data has been clus-
tered into four communities that are characterized by the edge density matrix
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Figure 3: The left is the original graph from (Traud, 2011), the right is the
output weighted adjacency matrix from an e-regular partition.

Adjacency Matrix size (729,729)
Computational Time 12.462625980377197
epsilon Te-1

final irregular pairs/total pairs 10137/ 66066

Figure 4: An application of regular partition algorithm on the real Facebook
data only gives partial community recovery.

{W;}4_,, the i*" row of W, as we proved in Theorem 2. Also, the algorithm
converges after 7 iterations and gives 0 irregular percentage.

In Figure 2, the left is the original data, which consists of e;; € {0,1}. There-
fore, one cannot recover the original adjacency matrix after applying a permu-
tation on the index. The right is the output weighted adjacency matrix from
an e-regular partition where e;; € {0,0.2,0.4,0.6,0.1,0.15,0.25}. Since each
community is characterized by the W;’s, one could cluster the output weighted
adjacency matrix even if a permutation is applied on the vertex index.

In Figure 3, we use real Facebook relational data from (Traud, 2011). The graph
is relatively sparse. Still, an application of regular partition gives a partial re-
covery of the communities from the original adjacency matrix that is on the left.
Figure 4 shows the details: the random-connectivity pattern on the Facebook
relational data is not strong enough to generate an e-regular partition, as the
irregular pair rate is around %. In other words, the K = o(n) assumption in
Lemma 5 is unlikely to be satisfied.

Therefore, the numeric results on both synthetic data and real data support

our theoretical guarantee results on community detection and recovery. Fur-
thermore, the experiment result also confirms our conjecture on fast conver-
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gence rate for algorithms generating regular partitions on graph with highly
structured random connectivity, despite the exponential tower-type bound of
partition cardinality with respect to the accuracy e.

6 Conclusion

In this paper, we shed the light on the potential of applying Szemeredi’s regular-
ity partitions as a black box to solving community detection, feature extraction,
and link prediction problems.

In section 2, we show that, given an unknown large dense graph and its sample
subgraph under uniform sampling, the e-regular partitions give accurate pattern
or information summery for the unknown graph. This estimation result suggests
that the regular partitions, as a random-connectivity pattern recognition tool,
can be robust to any noise that does not bring structural change. In the future
works, we hope to give a theoretical guarantee on the noise-robustness of the
e-regular partitions.

In section 3, we proved that regular partitions give e-mixture solution to commu-
nity detection when using benchmark graphs that are generated by 2e-separable
symmetric stochastic black model. Community detection and recovery for stochas-
tic block models with complex probability matrix is a long-standing tough prob-
lem. Our theoretical guarantee result shows that e-regular partition is an effi-
cient tool in solving the problems.

In section 4, we apply the good community detection and recovery result to
propose algorithms for feature extraction and link prediction. To extract la-
tent feature, we first use the element-wise means in the e-regular partition as
sample data draw randomly from the unknown feature-induced communities,
then calculate the empirical covariance matrix of the element-wise means to,
and finally extract the leading principal components as latent features as the
subspace spanned by them tend to explain more of the variance in connectivity
pattern.

In section 5, we give experiment results on the community detection and . The
numerical results on community detection using synthetic data confirm our the-
oretical guarantee on recovering communities from SSBMs. Furthermore, the
experiment result also confirms our conjecture on fast convergence rate for al-
gorithms generating regular partitions on graph with highly structured random
connectivity, despite the exponential tower-type bound of partition cardinality
with respect to the accuracy e.
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