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Abstract

We consider two closely related problems: planted clustering and submatrix localization. In the
planted clustering problem, a random graph is generated based on an underlying cluster structure
of the nodes; the task is to recover these clusters given the graph. The submatrix localization prob-
lem concerns locating hidden submatrices with elevated means inside a large real-valued random
matrix. Of particular interest is the setting where the number of clusters/submatrices is allowed to
grow unbounded with the problem size. These formulations cover several classical models such
as planted clique, planted densest subgraph, planted partition, planted coloring, and the stochas-
tic block model, which are widely used for studying community detection, graph clustering and
bi-clustering.

For both problems, we show that the space of the model parameters (cluster/submatrix size,
edge probabilities and the mean of the submatrices) can be partitioned into four disjoint regions
corresponding to decreasing statistical and computational complexities: (1) the impossible regime,
where all algorithms fail; (2) the hard regime, where the computationally expensive Maximum
Likelihood Estimator (MLE) succeeds; (3) the easy regime, where the polynomial-time convexified
MLE succeeds; (4) the simple regime, where a local counting/thresholding procedure succeeds.
Moreover, we show that each of these algorithms provably fails in the harder regimes.

Our results establish the minimax recovery limits, which are tight up to universal constants and
hold even with a growing number of clusters/submatrices, and provide order-wise stronger perfor-
mance guarantees for polynomial-time algorithms than previously known. Our study demonstrates
the tradeoffs between statistical and computational considerations, and suggests that the minimax
limits may not be achievable by polynomial-time algorithms.

Keywords: planted partition, planted clique, planted coloring, submatrix localization, graph clus-
tering, bi-clustering, minimax recovery, computational hardness, convex relaxation

x. Partial preliminary results are presented in the conference paper Chen and Xu (2014).
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1. Introduction

In this paper we consider two closely related problems: planted clustering and submatrix localiza-
tion, both concerning the recovery of hidden structures from a noisy random graph or matrix.

e Planted Clustering: Suppose that out of a total of n nodes, 7 K of them are partitioned into r
clusters of size K, and the remaining n — K nodes do not belong to any clusters; each pair
of nodes is connected by an edge with probability p if they are in the same cluster, and with
probability ¢ otherwise. Given the adjacency matrix A of the graph, the goal is to recover
the underlying clusters (up to a permutation of cluster indices). By varying the values of the
model parameters, this formulation covers several classical models including planted clique,
planted coloring, planted densest subgraph, planted partition, and stochastic block model (cf.
Definition 1 and discussion thereafter).

e Submatrix Localization: Suppose A € R"L*"E jg a random matrix with independent Gaus-
sian entries with unit variance, where there are r submatrices of size Ky, x Kpr with disjoint
row and column supports, such that the entries inside these submatrices have mean p > 0,
and the entries outside have mean zero. The goal is to identify the locations of these hidden
submatrices given A. This formulation generalizes the submatrix detection and bi-clustering
models with a single bi-submatrix/cluster that are studied in previous work (cf. Definition 14
and discussion thereafter).

We are particularly interested in the setting where the number 7 of clusters or submatrices may grow
unbounded with the problem dimensions n, ny, and ng at an arbitrary rate. We call this the high-
rank setting because r equals the rank of a matrix representation of the clusters and submatrices
(cf. Definitions 1 and 14). The other parameters K, p, ¢, and p are also allowed to scale with n or
(77, L,n R)-

These two problems have been studied extensively, under various names such as community
detection, graph clustering/bi-clustering, and reconstruction in stochastic block models, and have
a broad range of applications. They are used as generative models for approximating real-world
networks and data arrays with natural cluster/community structures, such as social networks (For-
tunato, 2010), gene expressions (Shabalin et al., 2009), and online ratings (Xu et al., 2014). They
serve as benchmarks in the evaluation of algorithms for clustering (Mathieu and Schudy, 2010),
bi-clustering (Balakrishnan et al., 2011a), community detection (Newman and Girvan, 2004), and
other network inference problems. They also provide a venue for studying the average-case be-
haviors of many graph theoretic problems including max-clique, max-cut, graph partitioning, and
coloring (Bollobas and Scott, 2004; Condon and Karp, 2001). The importance of these two prob-
lems are well-recognized in areas across computer science, statistics, and physics (Rohe et al., 2011;
Arias-Castro and Verzelen, 2014; Nadakuditi and Newman, 2012; Decelle et al., 2011; Mossel et al.,
2013; Lelarge et al., 2013; Anandkumar et al., 2014; Bickel and Chen, 2009; Amini et al., 2013).

The planted clustering and submatrix localization problems exhibit an interplay between sta-
tistical and computational considerations. From a statistical point of view, we are interested in
identifying the range of the model parameters for which the hidden structures—in this case the
clusters and submatrices—can be recovered from the noisy data A. The values of the parameters
n,r, K, p, q, i govern the statistical hardness of the problems: the problems become more difficult
with smaller values of p—q, u, K, and larger r, because the observations are noisier and the sought-
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after structures are more complicated. A statistically powerful algorithm is one that can recover the
hidden structures for a large region of the model parameter space.

From a computational point of view, we are concerned with the running time of different re-
covery algorithms. An exhaustive search over the solution space (i.e., all possible clusterings or
submatrix locations) may make for a statistically powerful algorithm, but is computationally in-
tractable. A simpler algorithm with lower running time is computationally more desirable, but may
succeed only in a smaller region of the model parameter space and thus has weaker statistical power.

Therefore, it is important to take a joint statistical-computational view to the planted clustering
and submatrix localization problems, and to understand the fradeoffs between these two consid-
erations. How do algorithms with different computational complexity achieve different statistical
performance? For these two problems, what are the information limit (under what conditions on the
model parameters does recovery become infeasible for any algorithm) and the computational limit
(when does it become infeasible for computationally tractable algorithms)?

We take a step in answering questions in this paper. For both problems, our results demonstrate,
in a precise quantitative way, the following phenomenon: the parameter space can be partitioned into
four disjoint regions, such that each region corresponds to statistically easier instances of the prob-
lem than the previous one, and recovery can be achieved by simpler algorithms with lower running
time. Significantly, there might exist a large gap between the statistical performance of computa-
tionally intractable algorithms and that of computationally efficient algorithms. We elaborate in the
next two subsections.

1.1 Planted Clustering: The Four Regimes

For concreteness, we first consider the planted clustering problem in the setting » > 2, p > ¢ and
p/q = O(1). This covers the standard planted bisection/partition/r-disjoint-clique models.

The statistical hardness of cluster recovery is captured by the quantity (ZZ;_q?;), which is essen-
tially a measure of the Signal-to-Noise Ratio (SNR). Our main theorems identify the following four

regimes of the problem defined by the value of this quantity. (Here for simplicity, we use the no-

tation 2> and <, which ignore constant and log n factors; note that our main theorems do sharply
characterize the log n factors.)
— 2 )y . . . . .
o The Impossible Regime: ((11(71321) < % In this regime, there is no algorithm, regardless of its
computational complexity, that can recover the clusters with a vanishing probability of error.

. 5 -
e The Hard Regime: - < g’(';f%) < 7% There exists a computationally expensive algorithm—
specifically the Maximum Likelihood Estimator (MLE)—that recovers the clusters with high
probability in this regime (as well as in the next two easier regimes; we omit such implications

in the sequel). There is no known polynomial-time algorithm that succeeds in this regime.

e The Easy Regime: 7% < ffg;ﬂ; < YT There exists a polynomial-time algorithm—specifically

a convex relaxation of the MLE—that recovers the clusters with high probability in this
regime. Moreover, this algorithm provably fails in the hard regime above.

o The Simple Regime: 51121_32; Z % A simple algorithm based on counting node degrees and
common neighbors recovers the clusters with high probability in this regime, and provably

fails outside this regime (i.e., in the hard and easy regimes).
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Figure 1: Tllustration of the four regimes. The figure applies to the planted clustering problem with p =
2¢g = O(n~%) and K = O(n?), as well as to the submatrix localization problem with n; =
ng=mn,p>=0(Mn"*) and K; = K = 0(n?).

We illustrate these four regimes in Figure 1 assuming the scaling p = 2g = O(n~%) and
K = ©(nP) for two constants «, 3 € (0,1). Here cluster recovery becomes harder with larger o
and smaller 3. In this setting, the four regimes correspond to four disjoint and non-empty regions of
the parameter space. Therefore, a computationally more expensive algorithm leads to a significant
(polynomial in n) enhancement in the statistical power. For example, when o = 1/4, the simple,
polynomial-time, and computationally intractable algorithms succeeds for /3 larger than 0.75, 0.625,
and 0.25, respectively. There is a similar hierarchy for the allowable sparsity of the graph, given by
a < 0.25, a < 0.5, and o < 0.75 assuming 5 = 0.75.

The results in the impossible and hard regimes together establish the minimax recovery bound-
ary of the planted clustering problem, and show that the MLE is statistically order-wise optimal.
These two regimes are separated by an “information barrier”: in the impossible regime the graph
does not carry enough information to distinguish different cluster structures, so recovery is statisti-
cally impossible.

Our performance guarantees for the convexified MLE improve upon existing results for poly-
nomial time algorithms in terms of scaling with n, particularly in the setting when the number of
clusters are allowed to grow with n.

We conjecture that no polynomial-time algorithm can perform significantly better and succeed
in the hard regime, i.e., the convexified MLE achieves the computational limit order-wise. While
we do not prove the conjecture, there are many supporting evidences; cf. Section 2.3. For instance,
there is a “spectral barrier”, determined by the spectrum of an appropriately defined noise matrix,
that prevents the convexified MLE and spectral clustering algorithms from succeeding in the hard
regime. In the special setting with a single cluster, the work by Ma and Wu (2015); Hajek et al. (June,
2014) proves that no polynomial-time algorithm can reliably recover the cluster if 5 < «/4 + 1/2
conditioned on the planted clique hardness hypothesis.

The simple counting algorithm is an example of an algorithm that uses only “local information”:
the cluster relation between a pair of nodes is inferred from only their two-hop connection. In
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contrast, the convexified MLE crucially uses the global information in the graph spectrum. The
counting algorithm fails outside the simple regime due to a “variance barrier” associated with the
fluctuations in the node degrees and the numbers of common neighbors, and is statistically order-
wise weaker than the global approach of the convexified MLE.

Our main theorems apply beyond the above specific setting and allow for general scalings of
p, ¢, K, and r. The four regimes and the statistical-computational tradeoffs are observed for a
broad spectrum of planted problems, including planed partition, planted coloring, planted r-disjoint-
clique, and planted densest-subgraph models. Table 1 summarizes the implications of our results
for some of these models. More precise and general results are given in Section 2.

1.2 Submatrix Localization: The Four Regimes

Similar results hold for the submatrix localization problem. Consider the setting with ny, = np =
n and K = Kr = K. The statistical hardness of submatrix localization is captured by the
quantity x2, which is again a measure of the SNR. In the high SNR setting with 2 = Q(logn), the
submatrices can be trivially identified by element-wise thresholding. In the more interesting low
SNR setting with u2 = O(logn), our main theorems identify the following four regimes, which
have the same meanings as before:

o The Impossible Regime: }i° 5 % All algorithms fail in this regime.
o The Hard Regime: % 5 2 ,§ 7=+ The computationally expensive MLE succeeds, and it is
conjectured that no polynomial-time algorithm succeeds here.

o The Easy Regime: %5 g u? 5 % The polynomial-time convexified MLE succeeds, and
provably fails in the hard regime.

o The Simple Regime: % 5 u? § 1. A simple thresholding algorithm succeeds, and provably
fails outside this regime.

We illustrate these four regimes in Figure 1 assuming y? = ©(n~%) and K = O(n”). In fact, the
results above hold in the more general setting where the entries of A are sub-Gaussian.

1.3 Discussions

This paper presents a systematic study of planted clustering and submatrix localization with a grow-
ing number of clusters/submatrices. We provide sharp characterizations of the minimax recovery
boundary with the lower and upper bounds matching up to constants. We also give improved perfor-
mance guarantees for convex optimization approaches and the simple counting/thresholding algo-
rithms. In addition, complementary results are given for the failure conditions for these algorithms,
hence characterizing their performance limits. Our analysis addresses several technical challenges
that arise in the high-rank setting. The results in this paper highlight the similarity between planted
clustering and submatrix localization, and place several classical problems under a unified frame-
work including planted clique, planted partition, planted coloring, and planted densest subgraph.
The central theme of our investigation is the interaction between the statistical and the compu-
tational aspects in the problems, i.e., how to handle more noise and more complicated structures
using more computation. Our study parallels a recent line of work that takes a joint statistical and
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Planted Partition/
Planted r-Disjoint-Clique Planted Coloring
Stochastic Blockmodel
l=p>q=>0,r=>1 . - 0=p<qg<1l,rK=n
2p>q20,r8=mn
Impossible —g)1 :
T Cor s K3 A% v \_oﬁ\w\&v logn (p—g)? S Bi=gioen q S loan
m 2, Cor
MLE
1—q)1 1
s s NWA%<§VE§ (p— q)? 2 Pi=Qlsn qz o
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K > logn 4 @l va > p(1—g)logn + g(1=g)n q> logn + (1—g)n
~ l—q 1—q ~ K K? ~ K K2
MLE Thm 6
Simple
Counting K> _mm: + 4 \‘ﬁ_om: (p—q)* > TN@M& +§S|~@%<%v log 2> Céwmw_om:
Thm 10, Rem 11

Table 1: Our results specialized to different planted models. Here the notations 2 and < ignore constant factors. This table shows the necessary
conditions for any algorithm to succeed under a mild assumption K 2 log(rK), as well as the sufficient conditions under which the algorithms
in this paper succeed, thus corresponding to the four regimes described in Section 1.1. The relevant theorems/corollaries are also listed. The
conditions for convexified MLE and simple counting can further be shown to be also necessary in a broad range of settings; cf. Theorems 8

and 12. The results in this table are not the strongest possible; see the referenced theorems for more precise statements.
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computational view on inference problems (Balakrishnan et al., 2011a; Oymak et al., 2015; Berthet
and Rigollet, 2013; Chandrasekaran and Jordan, 2013; Ma and Wu, 2015); several of these works
are closely related to special cases of the planted clustering and bi-clustering models. In this sense,
we investigate an emblematic and fundamental problem, and therefore expect that the phenomena
and principles described in this paper are relevant more generally. Below we provide additional
discussion, and comment on connections with the existing work.

1.3.1 HIGH RANK VERSUS RANK ONE

Several recent works investigate the problems of single-submatrix detection/localization (Kolar
etal., 2011; Arias-Castro et al., 2011), planted densest subgraph detection (Arias-Castro and Verze-
len, 2014), and sparse principal component analysis (PCA) (Amini and Wainwright, 2009) (cf. Sec-
tion 1.4 for a literature review). Even earlier is the extensive study of the statistical/computational
hardness of Planted Clique. The majority of these results focus on the rank-one setting with a single
clique, cluster, submatrix or principal component. This paper considers the more general high-rank
setting, where the number r of clusters/submatrices may grow rapidly with the problem size. This
setting is important in many real-world networks (see e.g., Leskovec et al., 2008; Rohe et al., 2011),
and poses significant challenges to the analysis. Moreover, there are qualitative differences between
these two settings. We discuss one such difference in the next paragraph.

1.3.2 THE POWER OF CONVEX RELAXATION

In previous work on the rank-one case of submatrix detection/localization (Ma and Wu, 2015; Bal-
akrishnan et al., 2011a) and sparse PCA (Krauthgamer et al., 2015), it is shown that simple al-
gorithms based on averaging/thresholding have order-wise similar statistical performance as more
sophisticated convex relaxation approaches. In contrast, for the problems of finding multiple clus-
ters/submatrices, we show that convex relaxation of MLE is statistically much more powerful
than the simple counting/thresholding algorithm. Our analysis reveals that the power of convex
relaxation lies in separating different clusters/submatrices, but not in identifying a single clus-
ter/submatrix. Our results thus provide one explanation for the (somewhat curious) observation
in previous work regarding the lack of benefit of using sophisticated methods, and demonstrate a
finer spectrum of computational-statistical tradeoffs.

1.3.3 DETECTION VERSUS ESTIMATION

Several recent works on planted densest subgraph and submatrix detection have focused on the
detection or hypothesis testing version of the problems, i.e., detecting the existence of a dense
cluster or an elevated submatrix (cf. Section 1.4 for literature review). In this paper, we study the
(support) estimation version of the problems, where the goal is to find the precise locations of the
clusters/submatrices. In general estimation appears to be harder than detection. For example, if
we consider the scalings of ¢ and K in Figure 1 of this paper, and compare with Figure 1 in Ma
and Wu (2015) which studies submatrix detection, we see that the minimax localization boundary
is B = «a, whereas the minimax detection boundary is at a lower value 5 = min{a, /4 + 1/2}.
For the planted densest subgraph problem, we see a similar gap between the minimax detection and
estimation boundaries if we compare our results with results in Arias-Castro and Verzelen (2014);
Hajek et al. (June, 2014). In addition, it is shown in (Ma and Wu, 2015; Hajek et al., June, 2014)
that if 8 > «/4 + 1/2, the planted submatrix or densest subgraph can be detected in linear time; if
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B < a/4+1/2, no polynomial-time test exists assuming the hardness of the planted clique detection
problem. For estimation, we prove the sufficient condition 8 > «/2+ 1/2, which is the best known
performance guarantee for polynomial-time algorithms—again we see a gap between detection and
estimation. For detecting a sparse principal component, see the seminar work Berthet and Rigollet
(2013) for proving computational lower bounds conditioned on the hardness of Planted Clique.

1.3.4 EXTENSIONS

It is a simple exercise to extend our results to a variant of the planted clustering model where the
graph adjacency matrix has sub-Gaussian entries instead of Bernoulli, corresponding to a weighted
graph clustering problem. Similarly, we can also extend the submatrix location problem to the
setting with Bernoulli entries, which is the bi-clustering problem on an unweighted graph and covers
the planted bi-clique problem (Feldman et al., 2013; Ames and Vavasis, 2011) as a special case.

1.4 Related Work

There is a large body of literature, from the physics, computer science and statistics communities,
on models and algorithms for graph clustering and bi-clustering, as well as on their various exten-
sions and applications. A complete survey is beyond the scope of this paper. Here we focus on
theoretical work on planted clustering/submatrix localization concerning exact recovery of the clus-
ters/submatrices. Detailed comparisons of existing results with ours are provided after we present
each of our theorems in Sections 2 and 3. We emphasize that our results are non-asymptotic for
finite values of n, ny, and ng, whereas some of the results below require n — co.

1.4.1 PLANTED CLIQUE, PLANTED DENSEST SUBGRAPH

The planted clique model (r = 1, p = 1, ¢ = 1/2) is the most widely studied planted model. If
the clique has size K = o(logn), recovery is impossible as the random graph G(n, 1/2) will have
a clique with at least the same size; if K = Q(logn), an exhaustive search succeeds (Alon et al.,
1998); if K = Q(y/n), various polynomial-time algorithms work (Alon et al., 1998; Dekel et al.,
2014; Deshpande and Montanari, 2013); if K = Q(y/nlogn), the nodes in the clique can be eas-
ily identified by counting degrees (Kucera, 1995). It is an open problem to find polynomial-time
algorithms which succeed in the regime with K = o(y/n), and it is believed that this cannot be
done (Hazan and Krauthgamer, 2011; Juels and Peinado, 2000; Alon et al., 2007; Feldman et al.,
2013). The four regimes above can be considered as a special case of our results for the gen-
eral planted clustering model. The planted densest subgraph model generalizes the planted clique
model by allowing general values of p and ¢q. The detection version of this problem is studied
in Arias-Castro and Verzelen (2014); Verzelen and Arias-Castro (2013), and conditional computa-
tional hardness results are obtained in Hajek et al. (June, 2014).

1.4.2 PLANTED r-DISJOINT-CLIQUES, PARTITION, AND COLORING

Subsequent work considers the setting with » > 1 planted cliques (McSherry, 2001), as well as
the planted partition model (a.k.a. stochastic block model) with general values of p > ¢ (Condon
and Karp, 2001; Holland et al., 1983). A subset of these results allow for a growing number 7
of clusters (e.g., Rohe et al., 2011). Most existing work focuses on the recovery performance of
polynomial-time algorithms. The state-of-the-art for planted r-disjoint-clique are given in McSherry
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(2001); Chen et al. (2012); Ames and Vavasis (2014), and for planted partition in Chen et al. (2012);
Anandkumar et al. (2014); Cai and Li (2015); see Chen et al. (2014b) for a survey. The setting with
p < q is sometimes called the heterophily case, with the planted coloring model (p = 0) as an
important special case (Alon and Kahale, 1997; Coja-Oghlan, 2004). Our results on the convexified
MLE (cf. Table 1) improve upon the previously known statistical performance of polynomial-time
algorithms in the general r setting. The information-theoretic limits (both lower and upper bounds)
of cluster recovery were largely unknown when r is growing. Here we identify these limits up
to constant factors for general values of p,q, K and r. In particular, our results show that the
information limit is achievable by MLE order-wise, while there is a significant gap between the
information limit and the performance guarantee of the convexified MLE.

1.4.3 CONVERSE RESULTS FOR PLANTED PROBLEMS

Complementary to the achievability results, another line of work focuses on converse results, i.e.,
identifying necessary conditions for recovery, either for any algorithm, or for any algorithm in
a specific class. For the planted partition model with K = ©O(n), necessary conditions for any
algorithm to succeed are obtained by information-theoretic arguments in Chaudhuri et al. (2012);
Chen et al. (2012); Balakrishnan et al. (2011b); Abbe et al. (2014). For spectral clustering algorithms
and convex optimization approaches, more stringent conditions are shown to be needed (Nadakuditi
and Newman, 2012; Vinayak et al., 2014). We generalize and improve upon these existing results
in the setting with general r and K.

1.4.4 SHARP THRESHOLDS WITH A BOUNDED NUMBER OF CLUSTERS

Since the conference version of this paper was published (Chen and Xu, 2014), several papers have
appeared on the asymptotic information-theoretic limits for exact recovery of planted partition. In
the restricted setting with » = 2 and K = n/2, the recovery thresholds with sharp constants
are identified and shown to be achievable in polynomial-time in Abbe et al. (2014) for p,q =
O(logn/n), and in Mossel et al. (2015b) for more general scalings of (p, ¢). Very recently, Abbe
and Sandon (2015) established the sharp recovery threshold for the case where r = O(1), K =
©(n), and the in-cluster and cross-cluster edge probabilities are heterogeneous and scale as log n/n;
the recovery threshold is further shown to be achievable in o(n!™¢) time for any € > 0. In this
bounded 7 setting, it is further shown in Hajek et al. (2014); Bandeira (2015); Hajek et al. (2015) that
the sharp recovery thresholds are achieved by the semidefinite programming relaxation of the MLE.
In comparison, the results in this paper are non-asymptotic and optimal up to universal constant
factors, and apply to the general setting with a growing number of clusters/submatrices of size
sublinear in n.

1.4.5 APPROXIMATE RECOVERY

While not the focus of this paper, approximate cluster recovery (under various criteria) has also been
studied, e.g., for planted partition with » = O(1) clusters in Mossel et al. (2015a, 2013); Massoulié
(2014); Yun and Proutiere (2014); Decelle et al. (2011). These results are not directly comparable
to ours, but often the approximate recovery conditions differ from the ones for exact recovery by a
log n factor. When constant factors are concerned, the existence of a hard regime was conjectured
in Decelle et al. (2011); Mossel et al. (2015a).
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1.4.6 SUBMATRIX LOCALIZATION

The statistical-computational tradeoffs in locating a single submatrix (i.e., 7 = 1) are discussed
in Balakrishnan et al. (2011a); Kolar et al. (2011); the information limit is shown to be achieved
(order-wise) by a computationally intractable algorithm, and the success and failure conditions for
various polynomial-time procedures are also derived. The work in Ames (2013) focuses on success
conditions for a convex relaxation approach; we improve on their results particularly in the high-
rank setting. The single-submatrix detection problem is studied in Butucea and Ingster (2013);
Shabalin et al. (2009); Sun and Nobel (2013); Arias-Castro et al. (2011); Bhamidi et al. (2012), and
conditional hardness results are established in the recent work in Ma and Wu (2015).

1.5 Paper Organization and Notation

The remainder of this paper is organized as follows. In Section 2 we set up the planted cluster-
ing model and present our main theorems for the impossible, hard, easy, and simple regimes. In
Section 3 we turn to the submatrix localization problem and provide the corresponding theorems
for the four regimes. Section 4 provides a brief summary with a discussion of future directions.
We prove the main theorems for planted clustering and submatrix localization in Sections 5 and 6,
respectively.

The following notation is used in the paper. Let a V b = max{a, b} and a A b = min{a, b}, and
[m] = {1,2,...,m} for any positive integer m. We use ci, ¢z etc. to denote absolute numerical
constants whose values can be made explicit and are independent of the model parameters. We use
the standard big-O notations: for two sequences {a,}, {b,}, we write a,, < by, or a, = O(by,) to
mean a, < cib, for an absolute constant ¢; and all n; similarly, a,, 2 b, and a,, = Q(b,,) mean
an > caby,. Moreover, a,, < b, and a,, = ©(b,,) mean both a,, < b,, and a,, = by, hold.

~ ~

2. Main Results for Planted Clustering

The planted clustering problem is defined by five parameters n,r, K € N and p,q € [0, 1] with
n>rk.

Definition 1 (Planted Clustering) Suppose n nodes (which are identified with [n]) are divided into
two subsets Vi and Vo with |V1| = rK and |Va| = n — rK. The nodes in Vy are partitioned
into r disjoint clusters CY, ..., C} (called true clusters), where |C} | = K for each m € [r] and
Uru—1 Cr, = V1. Nodes in Vs do not belong to any of the clusters and are called isolated nodes. A
random graph is generated based on the cluster structure: for each pair of nodes and independently
of all others, we connect them by an edge with probability p (called in-cluster edge density) if they
are in the same cluster, and otherwise with probability q (called cross-cluster edge density).

We emphasize again that the values of p, ¢, r, and K are allowed to be functions of n. The goal is to
exactly recover the true clusters {C},}/ _, up to a permutation of cluster indices given the random
graph.

The model parameters (p, ¢, r, K) are assumed to be known to the algorithms. This assumption
is often not necessary and can be relaxed (Chen et al., 2012; Arias-Castro and Verzelen, 2014). It
is also possible to allow for non-uniform cluster sizes (Ailon et al., 2013) as well as heterogeneous
edge probabilities and node degrees (Chaudhuri et al., 2012; Chen et al., 2014b; Cai and Li, 2015).
These extensions are certainly important in practical applications; we do not delve into them, and
point to the referenced papers above and the references therein for work in this direction.

10
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To facilitate subsequent discussion, we introduce a matrix representation of the planted cluster-
ing problem. We represent the true clusters {C}y,}7 _; by a cluster matrix Y* € {0,1}"*", where
Y;;=1fori e V1,Y;; =0fori € V3, and V;; = 1if and only if nodes ¢ and j are in the same true
cluster. Note that the rank of Y* equals 7, hence the name of the high-rank setting. The adjacency
matrix of the graph is denoted as A, with the convention A;; = 0,Vi € [n]. Under the planted
clustering model, we have P(A4;; = 1) = pif V7 = land P(4;; = 1) = ¢ if Y}; = O forall 7 # j.
The problem reduces to recovering Y* given A.

The planted clustering model generalizes several classical planted models.

e Planted r-Disjoint-Clique (McSherry, 2001). Here p = 1 and 0 < g < 1, so r cliques of
size K are planted into an ErdGs-Rényi random graph G(n, ¢). The special case with r = 1
is known as the planted clique problem (Alon et al., 1998).

Planted Densest Subgraph (Arias-Castro and Verzelen, 2014). Here 0 < ¢ < p < 1 and
r = 1, so there is a subgraph of size K and density p planted into a G(n, q) graph.

Planted Partition (Condon and Karp, 2001). Also known as the stochastic blockmodel (Hol-
land et al., 1983). Here n = rK and p,q € (0, 1). The special case with » = 2 can be called
planted bisection (Condon and Karp, 2001). The case with p < ¢ is sometimes called planted
noisy coloring or planted r-cut (Decelle et al., 2011; Bollobas and Scott, 2004).

Planted r-Coloring (Alon and Kahale, 1997). Here n = rK and 0 = p < ¢ < 1, so each
cluster corresponds to a group of disconnected nodes that are assigned with the same color.

For clarity we shall focus on the homophily setting with p > ¢; results for the p < ¢ case
are similar. In fact, any achievability or converse result for the p > ¢ case immediately implies a
corresponding result for p < ¢. To see this, observe that if the graph A is generated from the planted
clustering model with p < g, then the flipped graph A’ := J — A — I (J is the all-one matrix and [
is the identity matrix) can be considered as generated with in/cross-cluster edge densities p’ = 1—p
and ¢ = 1 — g, where p’ > ¢'. Therefore, a problem with p < ¢ can be reduced to one with p’ > ¢'.
Clearly the reduction can also be done in the other direction.

2.1 The Impossible Regime: Minimax Lower Bounds

In this section, we characterize the necessary conditions for cluster recovery. Let ) be the set of
cluster matrices corresponding to r clusters of size K i.e.,

Y ={Y € {0,1}"*" |there exist disjoint clusters {Cy, }},,_; such that |Cy,| = K,Vm € [r],

and Y is the corresponding cluster matrix} .

We use Y = XA/(A) to denote an estimator which takes as input the graph A and outputs an
element of ) as an estimate of the true Y*. Our results are stated in terms of the Kullback-
Leibler (KL) divergence between two Bernoulli distributions with means u and v, denoted by
D(ul|v) := ulog® + (1 — u)log :=%. The following theorem gives a lower bound on the min-
imax error probability of recovering Y*.

11
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Theorem 2 (Impossible) Suppose 128 < K < n/2. Under the planted clustering model with
p > gq, if one of the following two conditions holds:

1

K- D(qllp) < 192 [log(rK) A K], )]
1

K -D(p|lq) < @logn, 2)

then

inf sup P {1? + Y*} >
Y Y*ey

1
Z?
where the infimum ranges over all measurable function of the graph.

The theorem shows it is fundamentally impossible to recover the clusters with success probability
close to 1 in the regime where (1) or (2) holds, which is thus called the impossible regime. This
regime arises from an information/statistical barrier: The KL divergence on the LHSs of (1) and (2)
determines how much information of Y* is contained in the data A. If the in-cluster and cross-
cluster edge distributions are close (measured by the KL divergence) or the cluster size is small,
then A does not carry enough information to distinguish different cluster matrices.

It is sometimes more convenient to use the following corollary, derived by upper-bounding
the KL divergence in (1) and (2) using its Taylor expansion. This corollary was used when we
overviewed our results in Section 1.1. See table 1 for its implications for specific planted models.

Corollary 3 Suppose 128 < K < n/2. Under the planted clustering model with p > q, if any one
of the following three conditions holds:

1
2
— < — —

K(p—a)" < 1554(1 — a)logn, 3)

1

< —
Kp < 193 [log(rK) A K], 4)

P 1

S
Kplogq < 1oz logn, &)

then infg supy«cy P[Y #Y*] > 3.

Note the asymmetry between the roles of p and ¢ in the conditions (1) and (2); this is made
apparent in Corollary 3. To see why the asymmetry is natural, recall that by a classical result
of Grimmett and McDiarmid (1975), the largest clique in a random graph G(n, ¢q) has size k, =
©(logn/log(1/q)) almost surely. Such a clique cannot be distinguished from a true cluster if
K < kg, even when p = 1. This is predicted by the condition (5). When ¢ = 0, cluster recovery
requires p = % to ensure all true clusters are connected within themselves, matching the
condition (4). The term K on the RHS of (1) and (4) is relevant only when K < log(r K ). Potential
improvement on this term is left to future work.

Comparison with previous work: When r = 1 and ¢ = 1/2, our results recover the K =
©(logn) threshold for the classical planted clique problem. For planted partition with » = O(1)
clusters of size K = ©(n) and p/q = (1), the work in Chaudhuri et al. (2012); Chen et al. (2014a)
establishes the necessary condition p — ¢ < \/]%; our result is stronger by a logarithmic factor.

12
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The work in Abbe et al. (2014) also considers planted partition with » = 2 and focus on the special
case with the scaling p, ¢ = ©(log(n)/n); they establish the condition p+ ¢ —2,/pq < 2log(n)/n,
which is consistent with our results up to constants in this regime. Compared to previous work, we
handle the more general setting where p, ¢ and r may scale arbitrarily with n.

2.2 The Hard Regime: An Optimal Algorithm

In this subsection, we characterize the sufficient conditions for cluster recovery which match the
necessary conditions given in Theorem 2 up to constant factors. We consider the Maximum Likeli-
hood Estimator of Y* under the planted clustering model, which we now derive. The log-likelihood
of observing the graph A given a cluster matrix Y € ) is

log Py (A longAuYu un (1- Yz])(l _ p)(l—Aij)Yz‘j(l _ q)(l—Aij)(l—Yij)
1<J
1
= log ( 9) ZA”Y” + log— ZY” + log— ZAU + Zlog (1—q). (6)
q z<j 1555 195 i<j

Given A, the MLE maximizes the the log-likelihood over the set ) of all possible cluster matrices.
Note that ), <j Yij = r( ) for all Y € ), so the last three terms in (6) are independent of Y.
Therefore, the MLE for the p > g case is given as in Algorithm 1.

Algorithm 1 Maximum Likelihood Estimator (p > q)

7 v
arg max Z Ai;Yi (7
1/7‘7
st. Ye. ®)

Algorithm 1 is equivalent to finding r disjoint clusters of size /X' that maximize the number of edges
inside the clusters (similar to Densest K -Subgraph), or minimize the number of edges outside the
clusters (similar to Balanced Cut) or the disagreements between A and Y (similar to Correlation
Clustering in Bansal et al. 2004). Therefore, while Algorithm 1 is derived from the planted cluster-
ing model, it is in fact quite general and not tied to the modeling assumptions. Enumerating over
the set )V is computationally intractable in general since | Y| = Q(e"K).

The following theorem provides a success condition for the MLE.

Theorem 4 (Hard) . Under the planted clustering model with p > q, there exists a universal
constant ¢y such that for any v > 1, the optimal solution' Y to the problem (7)—(8) is unique and
equal to Y* with probability at least 1 — 16(yrK )~ — 256n~"1 if both of the following hold:

K - D(q|lp) > c1log(yrK),

9
K - D(pllq) > c1logn.

We refer to the regime in which the condition (9) holds but (14) below fails as the hard regime,
as clustering is statistically possible but conjectured to be computationally hard (cf. Conjecture 9).
The conditions (9) above and (1)—(2) in Theorem 2 match up to a constant factor under the mild
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assumption K > log(rK). This establishes the minimax recovery boundary for planted clustering
and the minimax optimality of the MLE up to constant factors.

By lower bounding the KL divergence, we obtain the following corollary, which is sometimes
more convenient to use. See Table 1 for its implications for specific planted models.

Corollary 5 For planted clustering with p > q, there exists a universal constant cy such that for
any v > 1, the optimal solution Y to the problem (7)—(8) is unique and equal to Y™* with probability
at least 1 — 16(yrK)~! — 256n=" provided

K(p—q)® > caq(1 —q)logn, Kp>cylog(yrK) and KplogZ > cylogn. (10)
q

The condition (10) can be simplified to K (p — ¢)? = q(1 — q)logn if ¢ = ©(p), and to
Kplog g 2 logn, Kp 2 log(rK) if ¢ = o(p). These match the converse conditions in Corollary 3
up to constants.

Comparison with previous work: Theorem 4 provides the first minimax results (tight up to con-
stant factors) when the number of clusters is allowed to grow, potentially at a nearly-linear rate
r = O(n/logn). Interestingly, for a fixed cluster size, the recovery boundary (9) depends very
weakly on the number of clusters r though the logarithmic term. For » = 1 and p = 2¢ = 1,
we recover the recovery boundary for planted clique K < logn. For the planted densest subgraph
model where p/q = ©(1), p bounded away from 1 and K¢ > 1, the minimax detection bound-
(p—q)?

q

ary is shown in Arias-Castro and Verzelen (2014) to be = min{% log %, %24} our results

— 2 . . . .
show that the minimax recovery boundary is % = lolg(", which is strictly above the detection

2 . . .
boundary because 77 can be much smaller than 101%". For the planted bisection model with two

equal-sized clusters: if p,q = ©(log(n)/n), the sharp recovery boundary is found in Abbe et al.
(2014) and Mossel et al. (2015b) to be K(\/ﬁ — \/5)2 > log n, which is consistent with our results
up to constants; if p, g = O(1/n), the correlated recovery limit is shown in Mossel et al. (2015a);
Massoulié (2014); Mossel et al. (2013) to be K (p—q)? > p+ g, which is consistent with our results
up to a logarithmic factor.

2.3 The Easy Regime: Polynomial-Time Algorithms

In this subsection, we present a polynomial-time algorithm for the planted clustering problem and
show that it succeeds in the easy regime described in the introduction.

Our algorithm is based on taking a convex relaxation of the MLE in Algorithm 1. Note that the
objective function (7) in the MLE is linear, but the constraint Y € ) involves a set ) that is discrete,
non-convex and exponentially large. We replace this non-convex constraint with a trace norm (a.k.a.
nuclear norm) constraint and a set of linear constraints. This leads to the convexified MLE given in
Algorithm 2. Here the trace norm ||Y'||. is defined as the sum of the singular values of Y. Note that
the true Y* is feasible to the optimization problem (11)—(13) since ||Y*||. = trace(Y™*) = rK.

14
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Algorithm 2 Convexified Maximum Likelihood Estimator (p > ¢)

~

Y =arg YrerIlel)in > AiYij (11)
27]

s.t. ||V« < 7K, (12)

D Yy =rK: 0<Y;<1Vij (13)
Y]

The optimization problem in Algorithm 2 is a semidefinite program (SDP) and can be solved in
polynomial time by standard interior point methods or various fast specialized algorithms such as
ADMM; e.g., see Jalali and Srebro (2012); Ames (2013). Similarly to Algorithm 1, this algorithm
is not strictly tied to the planted clustering model as it can also be considered as a relaxation of
Correlation Clustering or Balanced Cut. In the case where the values of r and K are unknown, one
may replace the hard constraints (12) and (13) with an appropriately weighted objective function;
cf. Chen et al. (2014b).

The following theorem provides a sufficient condition for the success of the convexified MLE.
See Table 1 for its implications for specific planted models.

Theorem 6 (Easy) Under the planted clustering model with p > q, there exists a universal constant
c1 such that with probability at least 1 — n~'0, the optimal solution to the problem (11)—(13) is
unique and equal to Y™ provided

K*(p—q)* > c1 [p(1 — q)K logn + q(1 — q)n]. (14)

When r = 1, we refer to the regime where the condition (14) holds and (17) below fails as the
easy regime. When r > 1, the easy regime is where (14) holds and (17) or (18) below fails.

If p/g = ©(1), it is easy to see that the smallest possible cluster size allowed by (14) is K =
©(y/n) and the largest number of clusters is r = O(y/n), both of which are achieved when p, g, |[p—
q| = ©(1). This generalizes the tractability threshold K = (y/n) of the classic planted clique
problem. If ¢ = o(p) (we call it the high SNR setting), the condition (14) becomes to Kp 2
max{logn, \/qn}. In this case, it is possible to go beyond the /7 limit on the cluster size. In
particular, when p = ©(1), the smallest possible cluster size is K = O(logn V ,/qn), which can
be much smaller than /7.

Remark 7 Theorem 6 immediately implies guarantees for other tighter convex relaxations. Define
the sets B := {Y | Eq.(13) holds} and

Spi={Y | [[Y]l. <rK},
Sy :={Y | Y = 0;trace(Y) = rK}.

The constraint in Algorithm 2 corresponds to' Y € S N B, while Y € Sz N B is the constraint in a
so-called standard SDP relaxation. Clearly (S1 N B) D (Sa N B) D Y. Therefore, if we replace the
constraint (12) with Y € 8o, we obtain a tighter relaxation of the MLE, and Theorem 6 guarantees
that it also succeeds to recover Y* under the condition (14). The same is true if we consider other
tighter relaxations, such as those involving the triangle inequalities (Mathieu and Schudy, 2010),
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the row-wise constraints g Yij < K, Vi (Ames, 2013), the max norm (Jalali and Srebro, 2012) or
the Fantope constraint (Vu et al., 2013). For the purpose of this work, these variants of the convex
formulation make no significant difference, and we choose to focus on (11)—(13) for generality.

Comparison with previous work: We refer to Chen et al. (2014b) for a survey of the performance
of state-of-the-art polynomial-time algorithms under various planted models. Theorem 6 matches
and in many cases improves upon existing results in terms of the scaling. For example, for planted
partition with general r, the previous best results are (p — ¢)? > p(K log* n+n)/K? in Chen et al.
(2012) and (p — q)? = pnpolylogn/K? in Anandkumar et al. (2014). Theorem 6 removes some
extra log n factors, and is also order-wise better when ¢ = o(p) (the high SNR case) or 1 —q = o(1).
For planted r-disjoint-clique, existing results require 1—gq to be Q((rn+rK logn)/K?) (McSherry,
2001), Q(y/n/K) (Ames and Vavasis, 2014) or Q((n + K log*n)/K?) (Chen et al., 2012). We
improve them to Q((n + K logn)/K?).

2.3.1 CONVERSE FOR THE TRACE NORM RELAXATION APPROACH

We have a partial converse to the achievability result in Theorem 6. The following theorem char-
acterizes the conditions under which the trace norm relaxation (11)-(13) provably fails with high
probability; we suspect the standard SDP relaxation with the constraint Y € Sy N B also fails with
high probability under the same conditions, but we do not have a proof.

Theorem 8 (Easy, Converse) Under the planted clustering model with p > q, for any constant
1 > €9 > 0, there exist positive universal constants cy, ca for which the following holds. Suppose
cilogn <K <%,g> "% andp <1—eo. If

K2(p— q)* < ca(Kp + qn),
then with probability at least 1 — n~'0, Y* is not an optimal solution of the program (11)—(13).

Theorem 8 proves the failure of our trace norm relaxation that has access to the exact number
and sizes of the clusters. Consequently, replacing the constraints (12) and (13) with a Lagrangian
penalty term in the objective would not help for any value of the Lagrangian multipliers. Under the
assumptions of Theorems 6 and 8, by ignoring log factors, the sufficient and necessary condition
for the success of our convexified MLE is

p qn '
+ <1
K(p—q)? K2*(p—q)?

We can compare (15) with the success condition (10) for the MLE, which simplifies to

15)

P <y

K(p—q? "~
We see that the convexified MLE is statistically sub-optimal due to the extra second term in (15).
This term is responsible for the K = Q(y/n) threshold on the cluster size for the tractability of
planted clique. The term has an interesting interpretation. Let A=A- q11’ + ¢I be the centered
adjacency matrix. The matrix £ := (Y —11T)o(A—EA), ! i.e., the deviation A —EA restricted to

1. Here o denotes the element-wise product.
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the inter-cluster node pairs, can be viewed as the “cross-cluster noise matrix”. Note that the squared
largest singular value of the matrix EA = (p — q)Y* is K2(p — )2, whereas the squared largest
singular value of E concentrates around O(gn) (see e.g., Chatterjee 2014). Therefore, the second
term % in (15) is the “spectral noise-to-signal ratio” that determines the performance of the
convexified MLE. In fact, our proofs for Theorems 6 and 8 build on this intuition.

Comparison with previous work: Our converse result in Theorem 8 is inspired by, and improves
upon, the recent work in Vinayak et al. (2014), which focuses on the special case p > 1/2 > ¢ and
considers a convex relaxation approach that is equivalent to our relaxation (11)—(13) but without
the additional equality constraint in (13). The approach is shown to fail when K2(p — %)2 < gn.
Our result is stronger in the sense that it applies to a tighter relaxation and a larger region of the
parameter space.

2.3.2 LIMITS OF POLYNOMIAL-TIME ALGORITHMS

We compare the minimax recovery threshold in Theorems 2 and 4 with the performance boundary
of the polynomial-time convexified MLE in Theorem 6. In general, there exists a substantial gap
between these two boundaries (cf. Figure 1). We conjecture that no polynomial-time algorithm
has order-wise better statistical performance than the convexified MLE and succeeds significantly
beyond the condition (14) in Theorem 6.

Conjecture 9 For any constant € > 0, there is no algorithm with running time polynomial in n that,
for all n and with probability at least 1/2, outputs the true Y* of the planted clustering problem
withp > q and

(p—q)’K* <n “(Kp(1—p)+q(l—q)n). (16)

If the conjecture is true, then in the asymptotic setting p = 2¢ = n~® and K = n®, the computa-
tional limit for the cluster recovery is given by 8 = § + %, 1.e., the boundary between the green and
red regimes in Figure 1.

A rigorous proof of Conjecture 9 seems difficult with current techniques. There are other possi-
ble convex formulations for planted clustering. The space of possible polynomial-time algorithms
is even larger. It is impossible for us to study each of them separately and obtain a converse result
as in Theorem 8. There are however several evidences that support the conjecture:

e The special case with p = 2¢g = 1 corresponds to the K = o(y/n) regime for the classi-
cal Planted Clique problem, which is conjectured to be computationally hard (Alon et al.,
2007; Rossman, 2010; Feldman et al., 2013), and has been used as an assumption for proving
other hardness results (Hazan and Krauthgamer, 2011; Juels and Peinado, 2000; Koiran and
Zouzias, 2014). Graphically, the Planted Clique hardness corresponds to the division of the
a = 0 line of the parameter space shown in Figure 1 (with » = 1). Conjecture 9 can be con-
sidered as a generalization of the Planted Clique conjecture to the whole parameter space,
that is, to the setting with multiple clusters and general values of p and q. This generalized
conjecture may be used to study the hardness of other problems (Chen, 2015).

e A weaker version of such generalization is proved in Hajek et al. (June, 2014): they show
that in the setting with a single cluster, no polynomial-time algorithm can reliably recover the
planted clusters if 8 < «/4 4+ 1/2 conditioned on the planted clique hardness hypothesis.
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e As discussed earlier, if (16) holds, then the graph spectrum is dominated by noise and fails
to reveal the underlying cluster structure. The condition (16) therefore represents a “spectral
barrier” for clustering. The work in Nadakuditi and Newman (2012) uses this spectral barrier
argument to prove the failure of a large class of algorithms that rely on the graph spectrum.
The proof of our Theorem 8 reveals that the convexified MLE fails for a similar reason.

e In the sparse graph case with p,q = O(1/n), it is argued in Decelle et al. (2011), using
non-rigorous but deep arguments from statistical physics, that it is intractable to achieve the
correlated recovery under Condition (16).

We note that in the “high SNR” case with g 2 T on and log K 2 logn, the minimax limit
and performance boundary of the convexified MLE coincide up to constant factors at K (p — q)? <
p(1 — ¢) logn. This means, up to constants, the convex relaxation is tight and hence a computa-
tionally efficient and statistically order-optimal estimator, so the hard regime disappears. > Similar
phenomenon can be observed in the setting with linear size clusters K =< n (which implies < 1)

and p < ¢, as is illustrated by the 5 = 1 line in Figure 1.

2.4 The Simple Regime: A Counting Algorithm

In this subsection, we consider a simple recovery procedure in Algorithm 3, which is based on
counting node degrees and common neighbors.

Algorithm 3 A Simple Counting Algorithm
1. (Identify isolated nodes) For each node ¢, compute its degree d;. Declare ¢ as isolated if
d; < Lfg)K + gn.
2. (Identify clusters when r > 1) For every pair of non-isolated nodes ¢, j, compute the number
of common neighbors S;; == ;.. i k) A Aji, and assign them into the same cluster if

Sij > % + 2Kpq + ¢*(n — 2K). Declare error if inconsistency found.

We note that steps 1 and 2 of Algorithm 3 are considered in Kucera (1995) and Dyer and Frieze
(1989) respectively for the special cases of recovering a single planted clique or two planted clusters.
Let E be the set of edges. It is not hard to see that step 1 runs in time O(|E|) and step 2 runs in
time O(n|E|), since each node only needs to look up its local neighborhood up to distance two. It
is possible to achieve even smaller expected running time using clever data structures.

The following theorem provides sufficient conditions for the simple counting algorithm to suc-
ceed. Compared to the previous work in Kucera (1995); Dyer and Frieze (1989), our results apply
to general values of p, g, r, and K. See Table 1 for its implications for specific planted models.

Theorem 10 (Simple) For planted clustering with p > q, there exist universal constants cy, cy such
that Algorithm 3 correctly finds the isolated nodes with probability at least 1 — 2n~1 if

K2(p—q)* > ai[Kp(1 - q) +ng(1 — q)]logn, (17)
and finds the clusters with probability at least 1 — 4n~" if further

K2(p— q)* > e2[Kp*(1 — ¢%) + ng?(1 — ¢*)] log n. (18)

2. The hard regime may still exist if constant factors are concerned; cf. Mossel et al. 2015a; Decelle et al. 2011.
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Remark 11 If p,q — 1 as n — oo, we can obtain slightly better performance by counting the
common non-neighbors in Step 2, which succeeds under condition (18) with p and q replaced by
1 —pand 1 — q, respectively, i.e., the RHS of (18) simplifies to con(1 — ¢)? log n.

In the case with a single clusters r = 1, we refer to the regime where the condition (17) holds
as the simple regime; in the case with » > 1, the simple regime is where both conditions (17)
and (18) hold. It is instructive to compare these conditions with the success condition (14) for the
convexified MLE. The condition (17) has an additional logn factor on the RHS. This means when
r = 1 and the only task is to find the isolated nodes, the counting algorithm performs nearly as well
as the sophisticated convexified MLE. On the other hand, when r > 1 and one needs to distinguish
between different clusters, the convexified MLE order-wise outperforms the counting algorithm
whenever p/q = ©(1), as the condition (18) is order-wise more restrictive than (14). Nevertheless,
when p, ¢, p — ¢ = ©(1), both algorithms can recover O(+/n) clusters of size €2(1/n), making the
simple counting algorithm a legitimate candidate in such a setting and a benchmark to which other
algorithms can be compared with.

In the high SNR case with ¢ = o(p), the counting algorithm can recover clusters with size much
smaller than \/n; e.g., if p = O(1) and ¢ = o(1), it only requires K > max{logn, v/qnlogn}.

2.4.1 CONVERSE FOR THE COUNTING ALGORITHM

We have a (nearly-)matching converse to Theorem 10. The following theorem characterizes when
the counting algorithm provably fails.

Theorem 12 (Simple, Converse) Under the planted clustering model with p > gq, for any constant
0 < eg < 1, there exist universal constants ci,co > 0 for which the following holds. Suppose
K < % p <1—¢€, q > cilogn/nand Kp?> +ng®> > 1 logn. Algorithm 3 fails to correctly
identify all the isolated nodes with probability at least 1/4 if

K*(p—q)* < e2 [(Kp + ng) log(rK) + nqlog(n — rK)], (19)
and fails to correctly recover all the clusters with probability at least 1/4 if
K2(p— q)* < c2(Kp?* 4 ng®) log(rK). (20)

Remark 13 Theorem 12 requires a technical condition Kp?+nq® > ¢ logn, which is actually not
too restrictive. If Kp®+ngq® = o(logn), then two nodes from the same cluster will have no common
neighbor with probability (1—p?)5 (1—¢*)" K > exp[-O(p’K +¢*(n—K))] = exp[—o(log n)],
so Algorithm 3 cannot succeed with the probability specified in Theorem 10.

Apart from some technical conditions, Theorems 10 and 12 show that the conditions (17)
and (18) are both sufficient and necessary. In particular, the counting algorithm cannot succeed
outside the simple regime, and is indeed strictly weaker in separating different clusters as compared
to the convexified MLE. Our proof reveals that the performance of the counting algorithm is lim-
ited by a variance barrier: The RHS of (17) and (18) are associated with the variance of the node
degrees and common neighbors (i.e., d; and S;; in Algorithm 3), respectively. There exist nodes
whose degrees deviate from their expected value on the order of the standard deviation, and if the
condition (17) does not hold, then the deviation will outweigh the difference between the expected
degrees of the isolated nodes and those of the non-isolated nodes. A similar argument applies to the
number of common neighbors.
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3. Main Results for Submatrix Localization

In this section, we turn to the submatrix localization problem, sometimes known as bi-clustering (Bal-
akrishnan et al., 2011a). We consider the following specific setting, which is defined by six param-
eters np,np, Kr, Kp,v € N, and u € Ry such that n;, > rKy and np > rKpr. We use the
shorthand notation n := ny, V ng.

Definition 14 (Submatrix Localization) A random matrix A € R"L*"R [s generated as follows.
Suppose that r K, rows of A are partitioned into r disjoint subsets {CT, ..., Cx} of equal size K7,
and r K columns of A are partitioned into r disjoint subsets { D7, ..., D}} of equal size Kg. For
each (i,7), we have Ay; = pu+ 25 if (i,5) € Cy, x DY, for some m € [r] and A;; = Ayj otherwise,
where (1 > 0 is a fixed number and (A;;) are i.i.d. zero-mean sub-Gaussian random variables with
parameter 1. * The goal is to recover the locations of the hidden submatrices {(C.,, D), m € [r]}
given the matrix A.

In the language of bi-clustering, the sets {C, ..., C)} are called left clusters and {D7, ..., D}}
are called right clusters. Row (column, resp.) indices which do not belong to any cluster are called
isolated left (right, resp.) nodes. One can think of A as the bipartite affinity matrix between the
nr, left nodes and n g right nodes, and the goal is to recover the left and right clusters. Similarly
as before, we define the bi-clustering matrix Y* € {0,1}"**"" where Y;; = 1 if and only if
(i,7) € Cr, x Dy, for some m € [r]. The problem reduces to recovering Y* given A.

As before, all the parameters u, K1, Ky, r are allowed to scale with ny, and ng, and we assume
that their values are known. Note that it is without loss of generality to assume the mean of A;;
is zero outside the submatrices and the variance of A;; is one, because otherwise we can shift and
rescale A. The above model generalizes the previous submatrix localization/detection models (Ma
and Wu, 2015; Butucea and Ingster, 2013; Arias-Castro et al., 2011) and bi-clustering models (Kolar
etal., 2011; Balakrishnan et al., 2011a) which consider the special case with a single submatrix (i.e.,
r=1).

In the next four subsections, we shall focus on the low-SNR setting 2 = O(logn) and present
theorems establishing the four regimes. These results parallel those for the planted clustering. In
the high SNR setting 12 = Q(log n), the submatrices can be easily identified by naive element-wise
thresholding, so we deal with this case separately in the last subsection.

3.1 The Impossible Regime: Minimax Lower Bounds

The following theorem gives conditions on (nr,ng, K1, Kr, ) under which the minimax error
probability is large and thus it is statistically impossible to reliably locate the submatrices. With
slight abuse of notation, we use ) C {0,1}"**"% to denote the set of all possible bi-clustering
matrices corresponding to r left (right, resp.) clusters of equal size Ky, (KR, resp.).

Theorem 15 (Impossible) Under the submatrix localization model, suppose {A;;} are Gaussian
random variables, K1, <nr/2, Kr < ng/2, and np,ng > 128. If

1 log (ngr — Kp) log(ng — Ki)
max , ,
Ky Kn

12 < @)

~ 12

then infg supy«cy P [}7 #* Y*} > %, where the infimum ranges over all measurable functions of A.

3. A random variable X is said to be sub-Gaussian with parameter 1 if E[e’*] < e"’/2 forall t € R.
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The regime where (21) holds is called the impossible regime, corresponding to an information bar-
rier that no algorithm can break. We note the similarity between the impossible regimes for sub-
matrix localization and planted clustering. In particular, if we assume the in/cross-cluster edges in

planted clustering have comparable variance, i.e., Z 8:2 g = O(1), then the conditions (21) and (3)

coincide up to constant factors by setting ny, = ngp =n, K = Kp = K, and u = \/%. Such
a(l—q
correspondence also exists in the next three regimes.
Comparison with previous work: Theorem 15 holds in the general high rank setting with arbi-

trary » > 1. In r = 1 case, our result recovers the minimax lower bound in Kolar et al. (2011).

3.2 The Hard Regime: Optimal Algorithm

Recall that Y is the set of all valid bi-clustering matrices. We consider the combinatorial optimiza-
tion problem given in Algorithm 4. In the setting where {A;;} are Gaussian random variables, this
can be shown to be the MLE of Y*.

Algorithm 4 Maximum Likelihood Estimator

Y = A5, 22
arg?}gg} ZZJ: ij g (22)

Theorem 16 below provides a success condition for Algorithm 4.

Theorem 16 (Hard) Suppose K1, Kr > 8. There exists a constant c¢1 such that with probability
at least 1 — 512en™!, the optimal solution to the problem (22) is unique and equals Y* if

I R (23)

We refer to the regime where the condition (23) holds and (27) fails as the hard regime. Note
that the bound (23) matches (21) up to a constant factor, so Algorithm 4 is minimax optimal up
to a constant factor. Theorems 15 and 16 together establish the minimax recovery boundary for
submatrix localization at p? =< %.

Comparison with previous work: Theorem 16 provides the first minimax-optimal achievability
result when the number r of submatrices may grow with ny, and ng. In particular, r is allowed to
grow at a nearly linear rate 7 = O(n/logn) assuming n;, = nr = n. In the special case with
a single planted submatrix (r = 1), Theorem 16 recovers the achievability result in Kolar et al.
(2011).

3.3 The Easy Regime: Polynomial-Time Algorithms

As previous, we obtain a convex relaxation of the combinatorial MLE formulation (22) by replacing
the constraint Y € ) with the trace norm and linear constraints, for which we use the fact that the
true Y* satisfies | Y*||, = v/ K K. This is given as Algorithm 5, which is a semidefinite program
(SDP) and can be solved in polynomial time.
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Algorithm 5 Convexified Maximum Likelihood Estimator

~

Y = arg Jmax > AiYij (24
27]
Y, < VKK, (25)
i7j

The following theorem provides a sufficient condition for the success of Algorithm 5.

Theorem 17 (Easy) There exists a universal constant c1 such that with probability at least 1—n 19,

the optimal solution to the program (24)—(26) in Algorithm 5 is unique and equals Y™ if

logn n
2> . 27
o= <KL/\KR+KLKR> 7)

When r = 1, the easy regime refers to where the condition (27) holds but (29) fails. When
r > 1, the easy regime is where the condition (27) holds but (30) fails. Suppose n;, = nr = n and
K| = K = K, the convexified MLE is guaranteed to succeed when p? > %.
The following theorem provides a nearly matching converse to Theorem 17.

Theorem 18 (Easy, Converse) There exist positive universal constants ci,co such that the fol-
lowing holds. Under the submatrix localization model, suppose u < 1/100, n, = nr = n,
K =Kr=K, cilogn < K < %, and (A;;) are Gaussian random variables. If

n

1 < e

then with probability at least 1 — n~'0, Y* is not an optimal solution of the program (24)—(26).

Theorems 17 and 18 together establish that the recovery boundary for the convexified MLE in
Algorithm 5 is p? = 7= ignoring logarithmic factors. There is a substantial gap from the minimax
boundary p? =< % established in the last two subsections (again ignoring logarithmic factors). Our
analysis reveals that the performance of the convexified MLE is determined by a spectral barrier
similar to that in planted clustering. In particular, the squared largest singular values of the signal
matrix Y* and the noise matrix A — EA are ©(u?K?) and ©(n), respectively, so the condition
u? > 5= for the convexified MLE can be seen as an spectral SNR condition.

As in the planted clustering model, we conjecture that no polynomial-time algorithm can achieve
better statistical performance than the convexified MLE.

Conjecture 19 For any constant € > 0, there is no algorithm with running time polynomial in n
that, for all n and with probability at least 1/2, outputs the true Y* for the submatrix localization
problem with u <1, np =ng =n, K = Kr = K > c1logn and

nl—e

K2~

p? <
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Comparison with previous work: The achievability and converse results in Theorems 17 and 18
hold even when r grows with n. In the special case with » = 1, the work in Kolar et al. (2011)
considers a convex relaxation of sparse singular value decomposition; they focus on the high SNR
regime with 12 > logn, and show that the performance of their convex relaxation is no better than
a simple element-wise thresholding approach (cf. Section 3.5). Our convex program is different
from theirs, and succeeds in the low SNR regime provided p? > %. The work in Ames
(2013) studies the success conditions of a convex formulation similar to Kolar et al. (2011); with the
additional assumption of bounded support of the distribution of A;;, they show that their approach
succeeds under an order-wise more restricted condition 2 > Vet

3.4 The Simple Regime: A Thresholding Algorithm

We consider a simple thresholding algorithm as given in Algorithm 6. The algorithm computes the
column and row sums of A as well as the correlation between the columns and rows. It is similar in
spirit to the simple counting Algorithm 3 for the planted clustering problem.

Algorithm 6 A Simple Thresholding Algorithm

1. (Identify isolated nodes) For each left node i € [nr], declare it as isolated if the row sum
di = Y00 Ajy < %. For each right node j € [ng], declare it as isolated if the column

/. nr B nK
sum d;; := Dok Ay < BSE.

2. (Identify clusters when r > 1) For each pair of non-isolated left nodes 7,7’ € [ny], assign
them to the same cluster if .5;; := 2?51 AijAy; > B 25 £ Declare error if inconsistency is
found. Assign the non-isolated right nodes into clusters in a similar manner. Let {C}} and
{ Dy} be the resulting left and right clusters.

3. (Associate left and right clusters) For each k € [r| and | € [r], associate the left cluster Cj,

with the right cluster D if the block sum By := | Aij > pK Kp/2.

1€Cy,j€ED;

Steps 1, 2 and 3 of the algorithm run in time O(npng), O(ning + n%ng) and O(npng),
respectively. We note that Step 1 is previously considered in Kolar et al. (2011) for locating a single
submatrix. The following theorem provides success conditions for this simple algorithm.

Theorem 20 (Simple) There exist universal constants cy,co such that Algorithm 6 identifies the
isolated nodes with probability at least 1 — en;l — enl_%l if

(29)

9 {nLlognR anognL}
p° > cp max >

Kp = Kj
and exactly recovers Y* with probability at least 1 — e(r K1)~ — e(rKgr)~! — en™! if further

nrlog(rKgr) nglog(rKp)
K% ’ K}% '

4> ey max { (30)

When r = 1, we refer to the regime for which the condition (29) holds as the simple regime. When
r > 1, the simple regime is where both conditions (29) and (30) hold.

We provide a converse to Theorem 20. The following theorem shows that the conditions (29)
and (30) are also (nearly) necessary for the simple thresholding algorithm to succeed.
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Theorem 21 (Simple, Converse) Under the submatrix localization model where the distributions
of {Aij} are Gaussian, there exist universal constants ci,cy such that with probability at least

1— e (rKD)?® _ e_(TKR)Qm, Algorithm 6 fails to correctly identify all the isolated nodes if

D

2 {nLlognR anognL}
pu° < cpmax )

K2 ' K2

and fails to correctly recover all the clusters if n;, = Q(rKg), ng = Q(rKr) and

(32)

< e maX{nL log(rKgr) npglog(rKr) }

K2 ' K2

When ny, = ngp = n, K = Krp = K, Theorems 20 and Theorem 21 establish that the recovery
boundary for the simple thresholding algorithm is ;> < ”1;;# ifr =1,and % < 7”1[?% ifr>1
and 7K = ©(n). Comparing with the success condition (27) for the convex optimization approach,
we see that the simple thresholding algorithm is order-wise less powerful in separating different
submatrices. Similar to planted clustering, the performance is determined by the variance barrier

associated with the variance of the quantities d; and S;;» computed in Algorithm 6.

3.5 The High SNR Setting

As mentioned before, the high SNR setting with 2 = Q(log n) can be handled by a simple element-
wise thresholding algorithm, which is given in Algorithm 7.

Algorithm 7 Element-wise Thresholding for Submatrix Localization

For each (7, j) € [nr] X [ng], set 17@]- = 1if A;; > 1y, and ﬁj = 0 otherwise. Output Y.

For the special case with one submatrix (r = 1), the success of element-wise thresholding in
the high SNR setting is proved in Kolar et al. (2011). Their result can be easily extended to the
general case with » > 1. We record this extension in Theorem 22 below. The theorem also shows
that element-wise thresholding fails if 4? = o(logn), so it is not very useful in the low SNR setting.

Theorem 22 (Element-wise Thresho/l\ding) There exists a universal constant c1 > 4 such that the
following holds. Algorithm 7 outputs Y = Y* with probability at least 1 — n™> provided
u? > ¢ logn. (33)

If the distributions of the A;;’s are Gaussian, then with probability at least 1 — n~3, the output of
Algorithm 7 satisfies Y # Y™ provided

u? < 4logn. (34)

4. Discussion and Future Work

In this paper, we show that the planted clustering problem and the submatrix localization problem
admit successively faster algorithms with weaker statistical performance. We provide sufficient and
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necessary conditions for the success of the intractable MLE, the convexified MLE and the simple
counting/thresholding algorithm, showing that they work in progressively smaller regions of the
parameter space. This thus represents a series of tradeoffs between the statistical and computa-
tional performance. Our results hold in the high-rank setting with a growing number of clusters
or submatrices. Our results indicate that there may exist a large gap between the information limit
and the computational limit, i.e., the information limit might not be achievable via polynomial-time
algorithms.

Several future directions are of interest. Immediate goals include removing some of the technical
assumptions in our theorems. It is useful in practice to identify a finer spectrum, ideally close to a
continuum, of computational-statistical tradeoffs. It is also interesting to extend to the settings with
overlapping clusters and submatrices, and to the those where the values of the model parameters
are unknown. Proving our conjectures on the computational hardness in the hard regime is also
interesting, and this direction is pursued in Ma and Wu (2015); Hajek et al. (June, 2014).

5. Proofs for Planted Clustering

Throughout this section, we consider the planted clustering model with p > ¢. Letn; := rK = |V|
and ng := n — r K = |V5| be the numbers of non-isolated and isolated nodes, respectively.

5.1 Proof of Theorem 2 and Corollary 3

In the sequel we will make use of the following upper and lower bounds on the KL divergence
D(u||v) between two Bernoulli distributions with parameter u € [0, 1] and v € [0, 1]. We have

u l—u@ y—v v—u (u—v)?
D =ulog—+ (1 —u)l < +(1— =
(ullo) = wlog T + (1 ~w)log T— < u—= + (L —u)g— = 5,

(35)

where (a) follows from the inequality logz < z — 1,Vz > 0. Moreover, viewing D(z||v) as a
function of x and using the Taylor’s expansion, we can find some £ € [u A v, u V v] such that

(u—2v)* ® (u—v)?
2 Dr{el) = 2(u Vo)l — (uAv)])

D (ullv) = D (v|lv) + (u = v) D" (v]|v) + (36)

where (b) follows from D’ (v|jv) = 0 and D" (§|lv) = 1/[£(1 — &)].
Theorem 2 is established through the following three lemmas, each of which provides a suffi-
cient condition for having a non-vanishing error probability.

Lemma 23 Suppose that 128 < K < n/2. Let § := =D nd p = op + (1 —0)g. We have

n(n—1)
info supy«cy P {)A/ # Y*] > % if

n? (¢-p° _1 m
K- -Dp|lp)+ —(1—-06)———= < -log—. 37
(pllp) m( )p(l_p) 1108 7 (37)
Moreover, the condition (37) is implied by
K(p— ) < +q(1 - ) log = (38)
— 4 K’
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Proof We use an information theoretical argument via Fano’s inequality. Recall that ) is the set
of all cluster matrices corresponding to r clusters of size K. Let Py« 4 be the joint distribution of
(Y*, A) when Y* is sampled from ) uniformly at random and then A is generated according to the
planted clustering model with Y* being the true cluster matrix. Lower-bounding the supremum by
the average, we have

inf sup P [}/} # Y*} > inf Py« 4 [17 * Y*} .
Y Y*ey Y ’
Therefore it suffices to bound Py« y4) [EA/ =+ Y*} from below. Let H(X) denote the entropy of a
random variable X and / (X; Z) the mutual information between X and Z. By Fano’s inequality,
we have for any Y,

I(Y*A) +1

log ||

We first bound log ||. Simple counting gives that |V| = (,) % Note that (") > (7)™ and
V()" < nl <ey/n(%)". It follows that

Vni(ny/e)™ S (ﬁ)m 1
ey/r(r/e)rer KT/ (K /ey — \K/ e(rVE)"

Pry« ) [? £ Y*} >1- (39)

V| = (n/n)™

This implies log || > %nl log 7 under the assumption that 8 < K < n/2andn > 32.

We next upper bound (Y*; A). Note that H (A) < (5) H(A12) because the A;;’s are identically
distributed by symmetry. Furthermore, the A;;’s are mutually independent conditioned on Y*, so
H(A|Y*) = (5)H(A12|Y75). It follows that I(Y*; A) = H(A) — H(A]Y™*) < (5)1(Yyy; Ar2).
We can bound I (Y7%; Ai2) below. Direct counting gives

() K () (r—ll)! (K —1)

Y - n(n—1)

and thus P(A12 = 1) = p := 0p+ (1 — §)q. Therefore, I(Y75; A12) = 6D (p||p) + (1 —0)D (q||p) -
Using the upper bound (35) on the KL divergence and the condition (37), we obtain

P(Y,=1) = =,

—p)? n n
(Y5 A1) = 5D(pl) + (1~ )Dlalp) < 5D(plp) + (1~ 0) L2l < Hhiog

It follows that I(Y*; A) < (5)I(Y75]A12) < ™ log . Substituting into (39) gives

Bllog++2 3 2 1
ey Y #Y] 2 ny log % 4 nilog g — 2
where the last inequality holds because K < n/2 and ny > 32. This proves the sufficiency of (37).
We turn to the second part of the lemma. Observe that

‘ ot (=P @ (p-p? K, (¢—p)°
KDl + 2 =050 —p = *5a—p "5 " V5i-p
_ 90 =9p -9 Y K(p—qg)’

pl—-p) = ql-q) "



STATISTICAL-COMPUTATIONAL TRADEOFFS IN PLANTED PROBLEMS AND SUBMATRIX LOCALIZATION

where (a) holds due to § < ”711—2[{ and (35), and (b) holds because p(1 — p) > op(1 — p) + (1 —
9)q(1 —q) > (1 — 6)q(1 — q) thanks to the concavity of z(1 — x). Combining the last display
equation with (38) gives (37). |

Lemma 24 Suppose 128 < K < n/2. We have infy supy-cy P [f’ #* Y*} > % if

1
K max {D(pllq), D(qllp)} < o7 log(n — K). (40)

Proof Let M :=n—K,andY := {Yy,Y1,...,Y;;} be a subset of J with cardinality M + 1 to be
specified later. Let P(y*, ) denote the joint distribution of (Y, A) when we first sample Y* from Yy
uniformly at random, and then sample A according to the planted clustering model with Y™ being
the true cluster matrix. By Fano’s inequality, we have

I(Y*A) +1

- 41
log ] @b

ir{if Ys*uepyIP’ [17 + Y*] > i%f]?(y*714) [}7 + Y*] >1-

We construct ) as follows. Let Y; be the cluster matrix such that the clusters {C1}]_, are given by
Cr={(l—-1)K +1,...,lK}. Informally, each Y; with i > 1 is obtained from Y{) by swapping the
cluster memberships of the nodes K and K + 4. Formally, for each i € [M]: (1) if the node (K + i)
belongs to cluster C; for some [, then Y; is the cluster matrix for which the first cluster consists of
the nodes {1,2,..., K — 1, K +i}, the [-th cluster is given by C; \ { K +i} U{ K}, and all the other
clusters are identical to those given by Yj; (2) if the node (K + ¢) is an isolated node in Yj (i.e., it
does not belong to any cluster), then Y; is the cluster matrix for which the first cluster consists of the
nodes {1,2,..., K — 1, K + i}, the node K is an isolated node, and all the other clusters identical
to those given by Yj.

Let P; be the distribution of the graph A conditioned on Y* = Y;. Note that each P; is the
product of %n(n — 1) Bernoulli distributions. We have the following chain of inequalities:

a 1 M

" A) € ¢
I(Y"A) < T112 > D(Pi|[Py) < 3K - D(pllg) + 3K - D (q|lp),

—
N

,1'=0

where (a) follows from the convexity of KL divergence, and (b) follows by our construction of {Y;}.

If the condition (40) in the lemma holds, then I(Y*;A) < }log(n — K) = }log|Y|. Since

log(n— K) > log(n/2) > 4 when n > 128, it follows from (41) that the minimax error probability
is at least 1/2. [ |

Lemma 25 Suppose 128 < K < n/2. We have infy supy-cy P [17 #+ Y*} > % if

Kp < é min{log(rK/2), K}, (42)

1
or K(1-gq)<logk. (43)
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Proof We first prove the sufficiency of the condition (42). We call a node a disconnected node if it
is not connected to any other node in its own cluster. Let E' be the event that there exist two discon-
nected nodes from two different clusters, and set p := P[E|Y™*], which is in fact independent of what

value Y* takes in ). Suppose Y * is uniformly distributed over ); we claim that [P [17 #* Y*} >p/2

for all Y. To see this, consider the maximum likelihood estimator (MLE) of Y*, which is given by
Yui(a) := arg max, P[A = a|Y™* = y] with tie broken uniformly at random. It is a standard fact

that the MLE minimizes the error probability under the uniform prior, so for all Y we have

[Y 7 Y*} [’ Z >, P [?ML(G) 7 y] Pl[A=alY* =y]. (44)

y€Y ac{0,1}nxn

Let A, C {0,1}™*" denote the set of adjacency matrices with at least two disconnected nodes in
two different clusters with respect to the clusters defined by y € ). For each a € Ay, let y/'(a)
denote the cluster matrix obtained by swapping the two rows and columns of y corresponding to the
first two disconnected nodes in a. It is easy to check that for each a € A, the likelihood satisfies
P[A = a|Y* = y] < P[A = a|Y* = y/(a)] and therefore P[Yyq(a) # y] > 1/2. It follows
from (44) that

]P’[)A/#Y*]z szﬂ” —alY* =y =

Y acAy

where the last equality holds because P[A,|Y™* = y] = p independently of y. This proves our claim.

Since the maximum error probability is lower bounded by the average error probability, to es-
tablish the lemma it suffices to show p > 1/2. Without loss of generality, suppose 7 is even and we
fix the clusters Y* to be such that the first 7K/2 nodes {1,...,rK/2} form r/2 clusters, and the
next rk/2 nodes {rK/2 + 1,...,7K} form another /2 clusters. For each i € [rK /2], let & be

the indicator random variable for node 7 being a disconnected node. Then p; := P [Z:fl/ 2 & > 1]

is the probability that there exits at least one disconnected node among the first » K /2 nodes. We
use a second moment argument (Durrett, 2007) to lower-bound p;. Observe that &1, ..., &, k2 are
(dependent) Bernoulli variables with mean 1 := (1 — p)K —1 Fori # j, we have

Elag] =Pl =1,6=1] < (1-p)2K = 12,

lL—=p
Therefore, we obtain
rK/2 1 ] 1
Z Gl <57 rKup(l—p) + 5rK(rK/2 —1) (1_p — 1) 2
1 rKu+ r2K2 QL
2 1-—
Under the condition (42) we have p < 1/8 and
(1Rt S e s ()1, 45)
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where (a) uses the inequality 1 — z > =%, Va € [0, %] Applying the Chebyshev’s inequality, we
get

rK/2

Z & —rKu/2| >rKu/2| <
i=1

%rK,u—l—%(?”Kﬂ)le%p< 2 L P <1
r?K2pu2/4 “rKp o 1-— 4’

where the last inequality holds due to (45) and p < 1/8. It follows that p; > %. If we let po
denote the probability that there exits a disconnected node among the next K /2 nodes {rK /2 +

., 7K}, then by symmetry ps > %. Therefore p > p1p2 > 1/2, proving the sufficiency of (42).

We next prove the sufficiency of the condition (43) by bounding the error probability using a
similar strategy. For & = 1,2, we call a node in cluster k a betrayed node if it is connected to all
nodes in cluster 3 — k. Let E’ be the event of having a betrayed node in each of the clusters 1 and 2,
and let p' := P[E']. Suppose Y* is uniformly distributed over ); we can use a similar argument as
above to show that IP’[Y # Y*| > p//2 for any Y. Fix Y* to be such that the clusters 1 and 2 are

given by the nodes [K] and { K +1,...,2K}, respectively. For each i € [K], let £ be the indicator
for node 7 being is a betrayed node. Then p} := P [Zfi &> 0} is the probability of having a
betrayed node in cluster 1. Note that the condition (43) implies 1 — ¢ < 1/2. We have

[Z&_o] 1—q ) gexp(—KqK)(Sb)exp[—KeXP(_z(l_q)K)]

(c)
< exp(~K'/?) < 1/4,

where (b) follows from the inequality ¢ = (1 — (1 — ¢))* > exp (=2(1 — ¢)K) for1 —q < 1/2,
and (c) holds under the condition (43). We therefore obtain p} > % Let pf, be the probabil-
ity of having a betrayed node in cluster 2; by symmetry p), > 3/4. By the union bound we get

p'>1—(1-p))—(1-ph) > 1/2, proving the sufficiency of (43). |

We can now prove Theorem 2 by combining the above three lemmas.
Proof [of Theorem 2] Since 256 < 2K < n, we have the following relations for the logarithmic
terms:

1 1
log(n — K) > log(n/2) > §logn, and log(rK/2) > 5 log(rK). (46)

Our goal is to show that if the condition (1) or (2) holds, then we can draw the conclusion that the
minimax error probability is large.
First assume (1) holds. By (36), we know the condition (1) implies

1
K(p—9)* < 5op(1 = q) (log(rK) A K). @7
We distinguish between two cases. (i) If p < 2q, then (47) implies K(p — ¢q)® < 4—18q(1 -
q) log(rK); it follows from (35) and (46) that KD(pllq) < 4 log(rK) < o log(n — K), and
thus Lemma 24 proves the conclusion. (i) If p > 2g, then (47) implies Kp < 5;log(rK) A K <

min{i » 13 log( K)1, and Lemma 25 proves the conclusion.
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Next assume the condition (2) holds. Using the lower-bound (36) on the KL divergence, we
know that (2) implies

1
K(p—q)*< ogP(1 — @) logn. (48)

We distinguish between two cases. (i) If 1 — ¢ < 2(1 — p), then (48) implies K(p—q)?* <

+p(1 — p)log n; it follows from (35) and (46) that KD(g|[p) < 7 logn < o;log(n — K), and
thus Lemma 24 implies the conclusion. (i7) If 1 — ¢ > 2(1 — p) and K > logn then (48) implies

1
K(l—q)<—logn<ﬁmax{logK logK}. (49)

We further divide the analysis into two sub-cases.

Case (ii.1): K > logn. It follows from (49) that 1 — g < i, ie,q> gi, and thus (p — ¢)? <

2q(1 — q)?. Therefore, the inequality (49) implies either the condition (38) in Lemma 23 or the
condition (43) in Lemma 25, which proves the conclusion.

Case (ii.2): K < logn. It follows that § := "ﬁ((f:l;) < 10 and log 7 > %log n. Note that

p:=90p+ (1 —06)g > max{dp,q}and1 —p > %(1 — ¢q). Therefore, we have

n*(g—p)* _n’8*(p—q)® _ 20°(p—q)* ® 1
) m— = — S < 4KD < — 10 (50)
nip(1 — p) ni1p(l —p) nip(l —q) (pllg) g — K

where we use (36) in (a) and (2) in (b). On the other hand, we have

_ p 1-p P 10(1 - p)
D(p||p) = plog = + (1 — p) log - <plog=+ (1 —p)log ——-~
(vllp) L p)log—t o (1= p)log g
10 1 n
<D 1—qg)log — < —1 1
< D(pllq) + (1 — q) log s SRl (51)

where the last inequality follows from (2) and (49). Equations (50) and (51) imply the assump-
tion (37) in Lemma 23, and therefore the conclusion follows. |

5.1.1 PROOF OF COROLLARY 3

The corollary is derived from Theorem 2 using the upper bound (35) on the KL divergence. In
particular, condition (3) implies condition (2) in Theorem 2 in view of (35) Similarly, condition (4)
implies condition (1) because D(q||p) < Lp in view of (35) and p < 193 Finally, condition (5)
implies condition (2) because D(p||q) < plog Z by definition of the KL divergence.

5.2 Proof of Theorem 4 and Corollary 5

Let (X,Y) := Tr(X "Y) denote the trace inner product between two matrices. For each feasible
solution Y € Y of the optimization problem (7), we define A(Y) := (A, Y* —Y) and d(Y) :=
(Y*)Y* —Y). To prove the theorem, it suffices to show that A(Y") > 0 for all feasible Y with
Y # Y. For simplicity, in this proof we use a different convention that Y;; = 0 and Y;; = 0 for all
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i € V. Note that E[A] = qJ + (p — q)Y* — ¢I, where J is the n x n all-one matrix and I is the
n x n identity matrix. We may decompose A(Y') into an expectation term and a fluctuation term:

AY)=(EALY - YY)+ (A-E[ALY"-Y)=(p—qdY)+ (A-E[A,Y*-Y), (52)

where the second equality follows from E Yii=>,.Y, J ;; by feasibility of Y. For the second
fluctuation term above, observe that

<A—E[ALY* —Y> =2 Z (AZ] —p) -2 Z (AZ] —q).

*

Yr=1 Y,
- Tig N Y]
(Z<J)-YZ_J:0 (Z<J)-Yij:1

Tl (Y) Tz(Y)

Here each of 7' (Y) and T5(Y') is the sum of $d(Y") i.i.d. centered Bernoulli random variables with
parameter p and g, respectively.
Using the Chernoff bound, we can bound the fluctuation for each fixed Y € Y:

p{1i0) < 200y} < exp[-2a0ry0 (259} . 53
]P’{TQ(Y) > }%d( )} < exp {—;d(y)p (p‘;quﬂ . (54)

We need to control the fluctuation uniformly over ¥ € ). Define the equivalence class [Y] :=
Y'e YY), =Yi,9(i,3) € support(Y™)}, where support(Y™*) := {(4, j) : = 1}. Obverse
that all cluster matrices in the equivalence class [Y'] have the same value of T} (Y) The following
combinatorial lemma upper bounds the number of Y’s and [Y]’s such that d(Y') = t. Note that
2(K — 1) < d(Y) < rK? for all feasible Y # Y*.

Lemma 26 For each integert € [K,rK?], we have

Y ey:d(Y) =t} < (mt) n32/K

(Y] d(v) = 1}] < 16’5 (rE)I6HE.

We prove this lemma in Appendix A. We also need the following lemma, which lower-bounds
D (%ﬂHq) and D (Z¢|p) using D (p||g) and D (q||p), respectively. The proof is given in Ap-
pendix B.

Lemma 27 Forany 0 < p < q <1, we have

p+q 1

D <2Hq> > 2D (pllg). (55)
- 1

D <192qu> > %D (qllp) - (56)
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Using the union bound, (53), Lemma 26 and Lemma 27, we obtain

i {H[Y] Y AV TUY) < —p;qd(Y)}

rik? .
< ;;(IP’ {H[Y] Ld(Y) =, Ti(Y) < —p4qt}

rik? _
< Z;; {3[Y]:d(Y) =t}| - P {Tl(Y) < —1’4%}

r 2
< EK: L )% ey (— Len(all)
SR 72

(a) T'K2
<16 Y (rK)*(yrK) 7K < 16(yrK) ™!,
t=K

where (a) follows from the theorem assumption that D(q||p) > ¢ log(yrK)/K for a sufficiently
large constant c;. Similarly, using (54) we have

IP’{HY EVIY AV TH(Y) > p;qd(Y)}

rik?
: _ p—4q
g;P{HYey.d(Y)_t,TQ(Y)Z 7 t}

rK?
<S> {Y ey:dy) =1} .p{TQ(y) > 1’4%}
t=K
rK?
256" 400/x 1 (b) B
gt:ZKKM vexp | ——tD(pllg) | < 256n7",

where (b) follows from the theorem assumption that D(pl||q) > ¢1 logn/K for a sufficiently large
constant c¢;. Combining the above two bounds with (52), we obtain

P{3Y cY:A(Y) <0} <16(yrK)" ! + 25601
Therefore Y* is the unique optimal solution with the same probability. This proves the theorem.

5.2.1 PROOF OF COROLLARY 5

The corollary is derived from Theorem 4 using the lower bound (36) on the KL divergence. First
assume e2q > p. Then K(p — q)* 2 q(1 — q)logn implies condition (9) in view of (36). Next
assume e2q < p. It follows that log g < 2log eﬂq. By definition, D(p||q) > plog % +(1—p)log(l—
p) > plog e%. Hence, Kplog % > log n implies K D(p||q) 2 log n. Furthermore, D(q||p) > (1—
1/e%)p in view of (36) and p > e%q. Therefore, Kp > log(rK) implies K D(q||p) = log(rK).
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5.3 Proof of Theorem 6

We prove Theorem 6 and Theorem 17 (for submatrix localization) together in this section. Our
proof relies only on two standard concentration results for the adjacency matrix A (Proposition 28
below).

We need some unified notation for the two models. For both models we use ny, and ng to
denote the problem dimensions, with the understanding that n;, = np = n for planted clustering.
Similarly, for planted clustering the left and right clusters are identical and K; = Krp = K. Let
U e R"™*" and V € R"®*" be the normalized characteristic matrices of the left and right clusters,
respectively:

VK’

U —L_ if the left node 7 is in the k-th left cluster,
& =
’ 0, otherwise,

and similarly for V. Here U = V for planted clustering. The true cluster matrix Y* has the rank-r
Singular Value Decomposition given by Y* = /K KgUV . Define the projections Pp(M) =
UU'™M +MVVT —UUTMVVT and Py (M) = M — Pr(M). Several matrix norms will be
used: the spectral norm || X || (the largest singular value of X)), the nuclear norm || X ||, (the sum of
the singular values), the {1 norm || X ||y = >_, - |X;;[ and the foo norm [ X ||oo = max; j | X;].

We define a quantity v > 0 and a matrix A € R™*"%_which roughly correspond to the signal
strength and the mean of A. For planted clustering, let v := p —gand A := qJ + (p — q)Y*, where
J is the all-one matrix. For submatrix localization, let v := p and A := pY*. The proof hinges on
the following probabilistic property of the random matrix A — A.

Proposition 28 Under the condition (14) for planted clustering, or the condition (27) for submatrix
localization, the following holds with probability at least 1 — n~10:

_ 1
A - A < gV\/KLKR, (57)
IPr(A—A)loo < év- (58)

We prove the proposition in Section 5.3.1 to follow. In the rest of the proof we assume the event
that (57) and (58) hold. To establish the theorems, it suffices to show that (Y* — Y, A) > 0 for all
feasible solution Y of the convex program with Y = Y™*. For any feasible Y, we may write

(Y* Y, A =(AY* YY)+ (A-AY*-Y)
— Y Y YY)+ (A—A Y —Y) = g||Y*—Y||1+<A—[1,Y*—Y>, (59)

where the second equality follows from the definition of A, and the third equality holds because Y’
obeys the linear constraints » , ; Y;; = >, , V> and Yj; € [0, 1], V4, 5.

On the other hand, we have [|[Y*[[. > ||Y[|. thanks to the constraint (12) or (25). Let W :=
%. By (57) we have | P (W) < W] < 1,50 UVT + P (W) is a subgradient of
f(X) = || X|l« at X = Y™ (cf. Recht et al. 2010 for characterization of the subgradient of the
nuclear norm). It follows that
0> [[V][s—[Y*]|s > <UVT+ Pri (W)Y — Y*> — (WY - Y*) + <UVT— Pr(W),Y — Y*> .
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Rearranging terms and using the definition of W gives

7 VELKR KK
(A—AY*—Y)= V# (W, Y*—Y) > ”# (-ovT+ PT(W),Y*—Y>. (60)

Assembling (59) and (60), we obtain that for any feasible Y,

(V" — Y, A)

v

K K
ST =Y+ DR oV T+ pr(w), Y - Y )

v vvKpKp - "
> (5 - DR Y T~ [Pr(4 = D)l ) 1Y = Y

where the last inequality follows from the duality between the ¢; and ¢, norms. Using (58) and the
fact that [|[UV " ||oo = 1/ K1 KR, we get

1% 1% 1% 1%
* > (2 _ 2 _ 2 * _ *
(V=Y A) = (-2 - 2) IV =Y =2y =Y,

where the R.H.S. is strictly positive for all Y # Y *. This completes the proof of Theorems 6 and 17.

5.3.1 PROOF OF PROPOSITION 28

We first prove (58). By definition of Pr, we have

IPr(A = Ao <IUUT(A = Ao + (A= DHVV oo + [UU (A = AV V|
<3max (JUUT(A = Ao, (A = VY | 61)

Suppose the left node ¢ belongs to the left cluster £. Then

UUT (A= D)y = 1 3 (A= Dy = 1o 3 (A-BA)y+ 1= Y (BA- Dy (62
leCy leCy IeC
To proceed, we consider the two models separately.

Planted clustering: The entries of the matrix A — EA are centered Bernoulli random variables
with variance bounded by p(1 — ¢) and mutually independent up to symmetry with respect to the
diagonal. The first term of (62) is the average of K7, such random variables; by Bernstein’s inequal-
ity (stated as Theorem 32 in Appendix C), we have with probability at least 1 — n~13 and for some
universal constant cg,

Zlec; (A— IEA)U’ < \/26p(1 — q)K logn + 9logn < c2v/p(1 — ¢)K logn,

where the last inequality follows because Kp(1 — q) > c¢; logn in view of the condition (14). By
definition of A, E[A] — A is a diagonal matrix with each diagonal entry equal to —p or —¢, so the
second term of (62) has magnitude at most 1/ K. By the union bound over all (i, j) and substituting
back to (61), we have with probability at least 1 — 2n 11,

IPr(A = Ao < 3c2/p(1—q)logn/K +3/K < (p—q)/8 =v/8,

where the last inequality follows from the condition (14). This proves (58) in the proposition.
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Submatrix localization: We have A = EA by definition, so the second term of (62) is zero. The
first term is the average of K1 independent centered random variables with unit sub-Gaussian norm.
By a standard sub-Gaussian concentration inequality (e.g., Proposition 5.10 in Vershynin 2012), we

have for some universal constant c3 and with probability at least 1 — n =13,

Siec, (A~ EAYy| < s /K Togn.

So |UUT(A—EA)||s < c34/logn/ K, with probability at least 1 —n~!! by the union bound. Sim-
ilarly, [|(A —EA)VV T ||« < cay/logn/Kg with the same probability. Combining with (61) gives

|1Pr(A — A)]loo < \/logn/min{KL,KR} <v/8=u/8,

where the last inequality holds under the condition (27). This proves (58) in the proposition.

We now turn to (57) in the proposition, and again consider the two models separately.

e Planted clustering: Note that |[A — A| < ||A — E[4]]| + ||A — E[4]| < ||A — E[A4]]| + 1.
Under the condition (14), Kp(1 — q) > ¢ logn. We bound the spectral norm term in the
lemma below.

Lemma 29 If Kp(1 — q) > ¢y logn, then there exists some universal constant c4 such that
|A —E[A]]| < eay/p(1 — q)K logn + q(1 — q)n with probability at least 1 — n~1°.

We prove the lemma in Section 5.3.2 to follow. Applying the lemma, we obtain

_ K(p— K
14— Al < eoy/p(L— K logn + a1 —gn +1< L0 KV

where the second inequality holds under the condition (14).

o Submatrix localization: The matrix A — A = A — EA has i.i.d. sub-Gaussian entries. Using
a standard concentration bound for the spectral norm of such a matrix (e.g., Theorem 5.39
in Vershynin 2012), we get that for a universal constant cs and with probability at least 1 —

n710
|A~BA|| < esv/n < £ VELKR = SVELKR,

where the second inequality holds under the condition (27).

?

5.3.2 PROOF OF LEMMA 29

Let R := support(Y™) and Pg(-) : R"*"™ — R™*" be the operator that sets the entries outside R to
zero. Set By := Pr(A—E[A]) and By := A —E[A] — B;. Then B is a block-diagonal symmetric
matrix with r blocks of size K x K and its upper-triangular entries are independent with zero mean
and variance bounded by p(1 — ¢). Applying the matrix Bernstein inequality in Tropp (2012) and
using the assumption that K'p(1 —¢q) > ¢; log n in the lemma, we get that there exits some universal
constant cg such that || B || < ¢g+/p(1 — ¢) K log n with probability at least 1 — n =11,

On the other hand, By is symmetric and its upper-triangular entries are independent centered
Bernoulli random variables with variance bounded by 02 := max{q(1 — q), c7logn/n} for any
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universal constant c7. If 02 > %, then Theorem 8.4 in Chatterjee (2014) implies that || Ba|| <

30/n with probability at least 1 —n 11, If ¢; /%" < 2 < @ for a sufficiently large constant c7,
then Lemma 2 in Massoulié and Tomozei (2014) implies that || By|| < cgo+/n with probability at
least 1 — n~ ! for some universal constant cg. (See Lemma 8 in Vu 2014 for a similar derivation.)
Putting together, we conclude that with probability at least 1 — 2n~!1,

|A — E[A]] < | Bil| + |Bs]l < cov/p(1 — @)K Togm + cs max{/a(1 = g)n, /Iog 1}
< 04\/p(1 —q)Klogn+ q(1 — g)n,

where the last inequality holds because Kp(1—q) > ¢ log n by assumption. This proves the lemma.

5.4 Proof of Theorem 8

We first claim that K (p — q) < co/Kp + gn implies K(p — q) < c21/2¢gn under the assumption
that K < n/2 and gn > ¢1 logn. In fact, if Kp < gn, then the claim trivially holds. If Kp > gn,
then ¢ < Kp/n < p/2. It follows that

Kp/2 < K(p—q) <co/Kp+gn < co\/2Kp.

Therefore, we have Kp < 803, which contradicts the assumption that Kp > gn > c¢jlogn. So
Kp > gn cannot hold. Consequently, it suffices to show that if K (p — q) < c24/2¢gn, then Y* is
not an optimal solution. We do this by deriving a contradiction assuming the optimality of Y *.

Let J be the n x n all-ones matrix. Let R := support(Y ™) and A := support(A). Recall the
cluster characteristic matrix U and the projection Pr(M) = UU'M + MUUT —UUTMUU"
defined in Section 5.3, and that Y* = KUU " is the SVD of Y*. Consider the Lagrangian
LY\ FLG) = — (A Y)Y+ MY, = [Y*[) 7 (1Y) = rK2) — (B.Y) +(G,Y — J),
where \,7 € R and F,G € R™ " are the Lagrangian multipliers. Since Y = Tff;J is strictly
feasible, strong duality holds by Slater’s condition. Therefore, if Y* is an optimal solution, then
there must exist some F, G € R™*™ and A for which the KKT conditions hold:

OL(Y; \, i, F,G)

oY Y=Y*

Fi; >0,G;; > 0,V(4,j),
A >0,

Fi; =0,v(i,j) € R,

Gi; =0,V(i,7) € R

0e

, }Stationary condition

}Dual feasibility

}Complementary slackness

Recall that M € R™*" is a sub-gradient of || X||, at X = Y* if and only if Pr(M) = UU " and
|M—Pr(M)|| < 1. Set H = F —(; then the KKT conditions imply that there exist some numbers
A > 0,7 € R and matrices W, H obeying

A—A(UUT+W>—77J+H:(); 63)
PrW = 0; W < 1; (64)
Hij <0, V(Z,j) € R; Hij >0, V(Z,j) € R-. (65)
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Now observe that UU " WUU T = 0 by (64). We left and right multiply (63) by UU " to obtain
A—NUUT —nJ+H =0,

where for any X € R"*", X := UUTXUUT is the matrix obtained by averaging each K x K
block of X. Consider the last display equation on the entries in R and R€ respectively. Applying the
Bernstein inequality (Theorem 32) on each entry A, we have with probability at least 1 — 2n 11,

A ] JrA—pllogn  calogn @
po X gy eveloplgn alenly oy, oo g

K K 2K2 — 8’
g c3v/q(1 —q)logn  cqlogn ) ¢ .
q—n+H; < 7 +t Sz S g V@) ER (67)

for some universal constants c3, ¢4 > 0, where (a) and (b) follow from the assumption K > ¢ logn
with a sufficiently large universal constant c;. In the rest of the proof, we assume (66) and (67) hold.
Using (65), we get that

3/ q(1—q)logn  cqlogn - €0

m=4q- K ok? — 17 % 68)
n<pt c3 p(ll—(p)logn N 0421]0{g2n B % Sp-i-%o B %
It follows that
A< K(p—q)+es(v/p(1 = p)logn +/q(1 — q)logn) + 641;{‘%
S4maX{K(p—Q),63\/p(1—p)logn,63\/q(1—Q)logn,zl}- (69)

On the other hand, the conditions (64) and (63) imply

> 1
A2 = H)\(UUT + W)H >~ HA(UUT + W)H

1 1 1
= JA— g+ HIE > Ape —ndre + Hrellp > 30 (=) Ay,

n
(i,j)eRe

2
F

where X denotes that matrix obtained from X by setting the entries outside R° to zero. Us-
ing (68), A > 0 and the assumption p < 1 — ¢y, we obtainn < 1 — %eo, and therefore

49
N> > Ay (70)
(i,5)eRe

Note that 3 ; ;e Aij equals twice the sum of (5) — r(g( ) i.i.d. Bernoulli random variables with

parameter q. By the Chernoff bound of Binomial distributions and the assumption that gn >
c1logn, we have with probability at least 1 — n=", 37 o nc Aij > csqn? for some univer-
sal constant c¢5. It follows from (70) that \? > %e%%qn. Combining with (69) and the assumption
that gn > c; log n, we conclude that with probability at least 1 — 3n=1!, K2(p — ¢)? > 3—126265(171.
Choosing cs in the theorem assumption to be sufficiently small such that 2¢3 < 31—26205, we obtain
K(p — q) > c2+/2gn, which leads to a contradiction. This completes the proof of the theorem.
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5.5 Proof of Theorem 10

Define event

—q)K —qK
& = mindi>u+qn N maxdi<u—|—qn .
i€V 2 i€V 2

Define & to be the event that S;; > % + 2Kpq + ¢°n for all nodes 4, j from the same
true cluster and S;; < % + 2Kpq + ¢*n for all pairs of nodes (i, ) from two different
true clusters. On event &, all nodes in V; are correctly declared to be non-isolated, and all nodes
in V4 are correctly declared to be isolated. One event £ N &, the counting algorithm correctly
identifies all the true clusters. Hence, to prove the theorem, it suffices to show P {£} < 2n~! and
P{&} <2n~ L.

Let Bin(n, o) denote the binomial distribution with n trials and success probability «. For each
non-isolated node ¢ € V1, its degree d; is the sum of two independent binomial random variables
distributed respectively as Bin(K — 1,p) and Bin(n — K, ¢q). For each isolated node i € V5, its
degree d; is distributed as Bin(n — 1, ¢). It follows that E[d;] = (n—1)g+ (K —1)(p—¢q) ifi € V}
and E[d;] = (n — 1)qif i € V5. Define 07 := Kp(1 — q) + ng(1 — q), then Var[d;] < o2 for all
1. Set t1 = %(K —1)(p — q). Since p — ¢ < p(1 — q), it follows that t; < 7. Hence, Bernstein
inequality (Theorem 32) gives

t7 (K —1)%(p—q)? -
P{|d; — Eld;]| > ;) < 2 L SR _ <om2,
{l il =t} < eXp( 2a%+2t1/3>— eXp( 1202 =

where the last inequality follows from the assumption (17). By the union bound, we get that
P{&} <2n~L.

For two nodes 7 and j in the same true cluster, the number of their common neighbors S;; is
the sum of two independent binomial random variables distributed respectively as Bin(K — 2, p?)
and Bin(n — K, ¢?). Similarly, for two nodes i, j in two different true clusters, S;; is the sum of
two independent binomial variables Bin(2(K — 1), pq) and Bin(n — 2K, ¢?). Hence, E[S;;] equals
(K — 2)p? + (n — K)q¢? if i and j are in the same true cluster and 2(K — 1)pg + (n — 2K)q?
if they are in two different true clusters. The difference of the expectations in two cases equals
K(p — q)? = 2p(p — q). Let 03 = 2Kp*(1 — ¢*) + ng*(1 — ¢°), then Var[S;;] < o3. Set
ty := K(p — q)?/3. Since p — ¢ < p(1 — q), it follows that t, < o3. Applying the Bernstein
inequality (Theorem 32), we obtain that

t3 K*(p —q)*
P{|S;; — E[Si;]| > ta} <2 — 2 <2 — <2n73,
(15, ~ BlS,l| > 1} < 2emp (gt ) <20 (it ) <2

where the last inequality follows from the assumption (18). By the union bound, we get that
P{&} <2n~L.

5.6 Proof of Theorem 12

For simplicity we assume K and ns are even numbers; the case where K or ny is odd can be proved
similarly. We partition the non-isolated nodes V; into two equal-sized subsets V14 and V;_ such
that half of the nodes in each cluster are in Vi 4. Similarly, the isolated nodes V5 are partitioned into
two equal-sized subsets Vo and V5_. The idea is to use the following large-deviation lower bound
to the quantities d; and .S;;.
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Theorem 30 (Theorem 7.3.1 in Matousek and Vondrak (2008)) Let X1, ..., Xy be independent
random variables such that 0 < X; < 1 foralli. Suppose X = Zf\i1 X;and o? = Zfil Var[ X;] >
200. Then forall 0 < 1 < o2 /100 and some universal constant cs > 0, we have

P[X > E[X]+ 7] > cze™™ /G,

The main hurdle is that the entries of the graph adjacency matrix A are not completely independent
due to the symmetry of A, so we need to take into account the dependence among d;’s and the
dependence among S;;’s when applying Theorem 30.

We first argue that under the assumption (19), the simple counting algorithm fails to identify
the isolated nodes with probability at least 1/4. For each node ¢ in Vi4 U Vay, let d;; and d;—
be the numbers of its neighbors in Vi U Vo and Vi_ U V5, respectively, so its total degree
is d; = diy + d;—. Let Bin(V, ) denote the binomial distribution with N trials and success
probability ae. We consider the following two cases.

Case I: (Kp+ (n — K)q)logni > nqlogns. Recall that n; = rK and ny = n — nq. In this
case, it follows from (19) that

(K —1)2(p — q)? < 2c2(Kp + ng) logn. (71)

For each node ¢ € Vi, the quantity d;_ is the sum of two independent Binomial random variables
distributed as Bin(K /2, p) and Bin((n — K)/2, q), respectively. Define

t=(K-1)(p—q +2

B 11
Vi =Eldi]—t=ng+ K(p—q) —t,

03 = Varldi -] = LKp(1 ~p) + 5(n— K)a(1 —q).

By assumption of the theorem, we have K < n/2, ¢ < p < 1 — ¢y and thus 03 > P (Kp+nq).
Since Kp?+ng® > c; log n by assumption, it follows that 3 > 1cycq logn > 400 by choosing the
constant ¢ in the assumption sufficiently large. Furthermore, it follows from (71) that by choosing
c1 sufficiently large and co sufficiently small, we have

(K —1)%*(p —q)*

c
0'3 > 0
8co log nq

co(Kp + ng)oy >

1
X ZCoct logn > 200%(K — 1)*(p — q)*.

I

Moreover, we have shown that 03 > 400. Hence, we get that 03 > 100t. We can now apply Theo-
rem 30 with (71) to get that
_ t? —e
Pldi- <v;] >csexp|—== ) > csni™
30y

for some universal constant ¢4 > 0 that can be made arbitrarily small by choosing cy in the assump-
tion sufficiently small; the last inequality holds due to afl > %0 (Kp+ng), 02 > 400, and (71) .
Leti* := argmin;ecy,, d;—. Since the random variables {d;— : i € V14 } are mutually independent,
we have

P [di*_ > 'yd_] = H P [di_ > 'yd_} <(1- 03n1_c4)"1/2 < exp (—0371%_64/2) < 1/4,
i€Vigp
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where the last equality follows from letting c4 sufficiently small and n; sufficiently large. Fur-
thermore, for each ¢ € Vi, the quantity d;+ is the sum of two independent Binomial random
variables distributed as Bin(K /2 — 1, p) and Bin((n — K)/2, q), respectively. Since the median of
Bin(NV, a) is at most Na + 1, we know that with probability at least 1/2, we have d;y < v} :=
nq/2 4+ K(p — q)/2 — p + 2. Now observe that the two sets of random variables {d;;,i € Vi,}
and {d;_,1 € V1 } are independent of each other, so d; is independent of i* for each i € V. It
follows that

N | =

Pl <vf] = Y Pldip <ofli* =i Pli* =i] = > Pldiy <~J]P[i* =1

1€Viy €Viy

v

Combining the two display equations above with the union bound, we obtain that with probability
at least 1/4,
dix = di=— + diy <v7 +77 = (n—1)g.

On this event the node ¢* will be incorrectly declared as an isolated node.

Case 2: (Kp + nq)logni < nglogns. In this case we have (K — 1)%(p — ¢)? < 2canglogna
in view of (19). Seti* := argmax;cy,, d;—. Following the same argument as in Case 1 and using
the assumption ng > c¢; log n, we can show that d;« > ng + K (p — ¢q) with probability at least 1/4,
and on this event node ¢* will incorrectly be declared as a non-isolated node.

We next show that under the assumption (20), the simple algorithm fails to recover the clusters
with probability at least 1/4. For two nodes 4 and j in V7, let S;; be the number of their common
neighbors in V14 U Va4 and S;;_ the number of their common neighbors in V;_ U V5_, so the total
number of their common neighbors is S;; = S+ + Sij—.

For each pair of nodes (i,7) in Vi4 from the same cluster, S;;_ is the sum of two indepen-
dent Binomial random variables distributed as Bin(K /2, p?) and Bin((n — K)/2, ¢%), respectively.
Define

t'=K(p—q)°+4,
vg =E[S;-] -t = ng*/2+ K(p? — ¢*) /2 —t,
1 1
0% = Var[S;;_] = iKpQ(l —p?) + E(n — K)g*(1 — ¢%).
By assumption, we have K < n/2, ¢ < p < 1 — ¢ and hence 0% > %O(Kp2 + ng?). Since
by assumption Kp? + ng®> > ¢y logn, it follows that a% > 200 by choosing c; sufficiently large.
Moreover, recall that condition (20) reads:

K%(p— q)* < c2(Kp? 4 ng®) logny.
Hence, by choosing the constant cy sufficiently small and ¢; sufficiently large, we have that O'?g >
100¢’. Theorem 30 with (20) then implies that
t 2

P [Sij_ < 'yg] > c3exp (— 30§> > cgnl—%’

where the universal constant c5 > 0 can be made sufficiently small by choosing c sufficiently small
in (18); the last inequality holds due to 0% > 200, 0% > % (Kp® + ng?), and (20).
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Without loss of generality, we may re-label the nodes such that Vi = {1,2,...,n;/2} and
for each k = 1,...,n;/4, the nodes 2k — 1 and 2k are in the same cluster. Note that the ran-
dom variables {S(21—1)2k)— : ¥ = 1,2,...,n1/4} are mutually independent. Let i* := —1 +
2argming_i 9 /4 S2k—1)(2k)— and j* := " + 1. It follows that

P [Spjo— > 5] <(1— 03nfc5)”1/4 < exp(—can] @ /4) < 1/4.

Furthermore, notice that S;; is the sum of two independent Binomial random variables Bin(/ /2 —
2,p?) and Bin((n — K)/2, ¢*). We use a median argument introduced in the first part of the proof
to conclude that for all 4, j, Sij+ < vd = ng?/2 + K(p* — ¢*)/2 — 2p? + 2 with probability at
least 1/2. Since {S;;+,7,7 € Vi4} only depends on the edges between Vi and Vi U Vo, and
(¢*,7*) only depends on the edges between Vi and Vi_ U V,_, it follows that {S;;4,4,5 € Vit}
and (¢*, %) are independent of each other. Therefore, Sjxj«1 < fy;r with probability at least 1/2.
Applying the union bound, we get that with probability at least 1/4,

Sivjr = Sizjr— + Spjry <75 + 74 = 2(K = D)pg + (n — 2K)¢”.

On this event the nodes ¢*, 7* will be incorrectly assigned to two different clusters.

6. Proofs for Submatrix Localization

In this section we prove the theoretical results in Section 3 for submatrix localization. Recall that
n := max{nr,ng}.

6.1 Proof of Theorem 15

We prove the theorem using Fano’s inequality. Our arguments extend those used in Kolar et al.
(2011). Recall that Y is the set of all valid bi-clustering matrices. Let M = nr — Kg and
Y = {Yy,Y1,..., Yy} be a subset of ) with cardinality M + 1, which is specified later. Let
Py« 4y denote the joint distribution of (Y, A) when Y* is sampled from Y uniformly at random
and then A is generated according to the submatrix localization model with the true cluster matrix
being Y*. The minimax error probability can be bounded using the average error probability and
Fano’s inequality:

I(Y*A)+1

Z 72
oV’ (72)

inf sup P [f/ 4 Y*] > inf Prye 4 [? ) Y*] >1-
Y Y*e)y Y

where the mutual information is defined under the distribution Py« 4).

We construct ) as follows. Let Yj be the bi-clustering matrix such that the left clusters {C}; }7_
are C, = {(k—1)Kp +1,...,kKr} and the right clusters {D;};_, are D; = {(I — 1)K +
1,...,lKR}. Informally, each Y; with ¢ > 1 is obtained from Y{) by keeping the left clusters and
swapping two right nodes in two different right clusters. More specifically, for each i € [M]: (1)
Y; has the same left clusters as Yp; (2) if the right node Kr + 7 € D; for Yj, then Y; has the same
right clusters as Y{) except that the first right cluster is {1,2,..., Kr — 1, K + 4} and the {-th right
clusteris D; \ { Kr + i} U{KRg}; (3) if the right node K r + i does not belong to any D; for Y{, then
Y; has the same right clusters as Y| except that the first right cluster is {1,2,..., Kr — 1, K + i}
instead.
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Let P; be the distribution of A conditioned on Y* = Y, and D (I?;||P;) the KL divergence
between P; and P;;. Since each PP; is a product of ny, x ngr Gaussian distributions, we have

M
1
*, < . .,
10754 < iy i§z”—:0D (P;|[Py)

2

< 3K, [D (N(ul,oz)HN(,ug, 02)) +D (N(,ug, 02)H/\/’(u1,02))] = 3KL(M102'U2),
where we use the convexity of KL divergence in the first inequality, the definition of Y; in the
second inequality, and the expression for the KL divergence between two Gaussian distributions

in the equality. If (1 — p2)? < %I?L_KR), then I(Y; A) < 3log(ng — Kg) = log|Y|.
Since log(ng — Kg) > log(ng/2) > 4if ng > 128, it follows from (72) that the minimax error
probability is at least 1/2.

Alternatively, we can construct Y;,¢ > 1 from Y by keeping the right clusters and swap-

ping two left nodes in two different left clusters. A similar argument shows that if (1 — p2)? <
0’2 log(nL—KL)

ok , the minimax error probability is at least 1/2.

6.2 Proof of Theorem 16

Recall that (X,Y) := Tr(X "Y) is the inner product between two matrices. For any feasible

solution Y € Y of (22), we define A(Y) := (A, Y* —Y) and d(Y) := (Y*,Y* — Y). To prove

the theorem, it suffices to show that A(Y") > 0 for all feasible Y with Y # Y*. We may write
A(Y) = (B[ALY* — Y) + (A~ E[A],Y* — Y) = pd(Y) + (A—E[ALY* —Y)  (73)

since E[A] = pY ™. The second term above can be written as

(A-E[ALY" -Y) = > Ay-w+ > ().

(i,1):Y5=1,Yi;=0 (i,):Y;5=0,Yi;=1
(YY) To(Y)

Here each of 77(Y') and T»(Y) is the sum of d(Y’) i.i.d. centered sub-Gaussian random variables
with parameter 1. By the sub-Gaussian concentration inequality given in Proposition 5.10 in Ver-
shynin (2012), we obtained that for each ¢ = 1,2 and each fixed Y € )/,

P{T.(Y) < ~5d(¥)} < eexp (~Cp2d(Y)).
where C' > 0 is an absolute constant. Combining with the union bound and (73), we get
P{A(Y) <0} < 2eexp (—Cp?d(Y)), foreachY €. (74)
Define the equivalence class [Y] = {Y' € ¥ : Y]}, = Vj;,V¥(i,j) € support(Y™). The following

combinatorial lemma (proved in Appendix A) upper-bounds the number of Y’s and [Y]’s with a
fixed value of d(Y"). Note that K;, A K < d(Y') < rK1 K, for any feasible Y # Y*.
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Lemma 31 For each integert € [K1, A Kg,rK1 KRg], we have

1662 \° 16t/Kr 16t/ K
Yey:dYy)=t g( )n Ry 16/ K 75
16t2

{[Y]:d(Y) =t} <

e (rK )8 KR (r K p) 8t/ (76)

Combining Lemma 31 with (74) and the union bound, we obtain

P{3Y €Y :Y £Y* A(Y) <0}

rKpKgr
< Y P{IV eY:dY)=tA{Y) <0}
t=K1 ANKg
rKp KR
<2 > {Yey:dy)=t}]-P{dY)=tA) <0}
t=K;AKg
rKi Kr 16t2 2
<2e Z (KLKR> n}?t/KRn}?t/KL - exp (—Cuzt)
t=K; AKg

(a) rKpKgr
<2 Y 256n'n TVULNER) < 512e K KprnT? < 512en” !,
t=K1AKRr

where (a) follows from the assumption that u2 (K, A Kz) > C 02 logn for a sufficiently large
constant C'. This means Y * is the unique optimal solution to (22) with high probability.

6.3 Proof of Theorem 17

We have proved the theorem in Section 5.3.

6.4 Proof of Theorem 18

Note that the theorem assumes n = ny, = ng and K = K = Kpg. Recall that .J is the n x n all-one
matrix, R := support(Y™) and A := support(A), and U,V € R™™" are the cluster characteristic
matrices defined in Section 5.3, and Y* = KUV | is the SVD of Y*. By relabeling the left nodes
and right nodes, we can always make U = V and thus we assume U = V in the following proof.

Suppose Y * is an optimal solution to the program. Then by the same argument used in the proof
of Theorem 8, there must exist some A > 0, , W and H obeying the KKT conditions (63)—(65).
Since UU TWUUT = 0 by (64), we can left and right multiply (63) by UU T to obtain

A-\UUT —nJ+H=0,

where for any matrix X € R™*", we define the block-averaged matrix X :=UU'XUUT. Con-
sider the last display equation on each entries in R and R¢. By the Gaussian probability tail bound,
there exists a universal constant c3 > 0 such that with probability at least 1 — 2n =11,

A _ !
_ V1
—n+ Hy < V2B WG, j) € R (78)
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Combining the last two display equations with (65), we get that

_03\/10gn <n< o+t c3v/logn B A
K -"=ETTTR K

It follows that

)\SK,u+203\/10gn§4maX{Ku,03\/logn}. (79)
Furthermore, due to (77), (78) and A > 0, we have

_ 2c3y/logn 1 .
Hyj < p+ V280 < = (i, ) € R (80)
K 40
where the last inequality holds when K > ¢; logn.
On the other hand, the conditions (64) and (63) imply that

2 1 2 1
Vzummﬂ+wﬂ‘ZEW@WT+WWF=Em«mJ+H@
1 2 2
= = (4R = nJr + Hrll} + | Are —nJre + Hre|}) @81)

We now lower bound the RHS of (81). For each (i, ), define the Bernoulli random variables

bij = 1(14” — EA” > 1) and bij = 1(141] — ]EAU < —1), where 1() is the indicator function. By
tail bounds of the standard Gaussian distribution, we have

- 1
P(byj=1)=P(b; =1) > p:=——e /2
(bij = 1) (b =1) = p Vo
Note that p > % By Hoeffding’s inequality, we know that with probability at least 1 — 2n =11,
7 1 c 1 c
Y b= Sp[RY and by > SplRE. (82)
i,jERE i,jERE

We consider two cases below.

e Case 1: n > 40u. By (80) and the Markov inequality, there is at most a fraction of % of pairs
(i,7) in R¢ that satisfy H;; > 30 (u+ %). Let D denote the set of pairs (i, ) satisfying
both H;; < 30 (u + i) and A;; < —1. In view of the second inequality in (82), we have
|D|/|IR¢| > p/2 —1/30 > 1/150. Therefore, for (i,j) € D, we get that —n + Hre <
—10p + %, and thus

1ARe — pre + Hpellz > D [ Are = nJre + Hrel7

(i)€D
3\2 1 1
> 1o 10p42) > — R —.
= Z ( O“+4> = 150 %1 15
(4,5)€D
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e Case 2: n < 40u. Since p < ﬁ by assumption, we have < 1/2. Therefore,

|Age = nJre + Hpel > > [|Are — nJre + Hpe||h
(1,§)ER,bi;=1

1 C
> ), (=w?=gpRY g

(i,j)ERCZbijil

Combining the two cases and substituting into (81), we obtain A% > ¢4|R¢|/n for some constant
cy > 0. Since |R¢| = n? —rK? > n(n — K) > n?/2, we have A2 > ¢4n/2. It follows from (79)

that
max {Ku, 03\/logn} > ;/\;T%\/ﬁ

Since n > K > c1logn with a sufficiently large constant ¢;, we must have Ku > i\%ﬁ.

This violates the condition (28) in the theorem statement if we choose the universal constant co
sufficiently small. We conclude from this contradiction that Y* is not an optimal solution of the
convex program.

6.5 Proof of Theorem 20

We prove that with high probability, each of the three steps of the simple thresholding algorithm
succeeds and thus Y is exactly recovered.

We first show that the simple thresholding algorithm correctly identifies all isolated nodes. Re-
call that d; = Z?ﬁl Ajj is the row sum corresponding to the left node i. Observe that d; — E[d;] is
the sum of ng independent centered sub-Gaussian random variables with parameter 1. Moreover,
E[d;] = Kpgpu if node 7 is non-isolated; otherwise, E[d;] = 0. By Proposition 5.10 in Vershynin
(2012), there exists a universal constant c3 > 0 such that

CgK %ILLQ

P{|d; — E[d;]| > Krp/2} < eexp (—n> <enj?
R

where the last inequality follows from the assumption (29) by choosing the universal constant c;
sufficiently large. By the union bound, we have with probability at least 1 — enzl, d; > uKpr/2
for all non-isolated left nodes i and d; < pKpr/2 for all isolated left nodes i. On this event, all
isolated left nodes are correctly identified in Step 1 of the algorithm. A similar argument shows that

all isolated right nodes are correctly identified with probability at least 1 — en]_%l. We use E; to
denote the event that all the left and right isolated nodes are identified by the algorithm.

We first show that the simple thresholding algorithm correctly identifies all the left and right
clusters. Recall that S;; = 2?21 A;; Ay is the inner product of two rows of A corresponding
to the left nodes i and 4'. If the two left nodes 4, i’ are in the same cluster, then E[S;;] = Kru?;
otherwise E[S;;] = 0. Moreover, A;; Ay is the product of two independent sub-Gaussian random
variables. We use || X ||, and || X ||, to denote the sub-Gaussian norm and sub-exponential norm*

4. The sub-exponential norm and sub-Gaussian norm of a random variable X are defined as || X|y, =
supPle’l/i (E|X[P)Y? fori = 1,2, respectively (Vershynin, 2012).
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It follows that
|| Aij Ay — E[Aij]E[Ai’j]le

(a)
< |[[(Aij — B[AG]) (Ai; — E[Az]) |, + [[(Asj — E[AGDE[Ay]|[,, + [[(Ai; — E[AGDE[Ay]],,,

(b)
<2 || Ay —E[Aij)ll, || Avs ~ElAs)], + 20 | Ay —ELAi ]l + 200 || A —E[As]|

(c)

<d(dp +2),
where (a) and (b) follow from [ X + Y[y, < || X[y, + [[Y]ly, and [|XY [y, < 2[| X Y [l

for any random variables X, Y, and (c) holds for some universal constant ¢ > 0 because for each
(1,7) Ai;—E[A;;] is sub-Gaussian with parameter 1. By the Bernstein inequality for sub-exponential
random variables given in Proposition 5.16 in Vershynin (2012), there exists some universal constant

¢4 > 0 such that
K24 Kpou2
D) R/’I’ PR e S e(TKL)737
nrc?(4p +2)?" (4p+2)

where the last inequality follows from the conditions (30) and (29). By the union bound, we get

that with probability at least 1 — e(r K L)_l, Sir > B 25 % for all left nodes 4,7’ from the same left

P {18 ~ BiSill > Kau/2} < ecxp | ~cimin

cluster and S;; < “2% for all left nodes 7,4’ from two different left clusters. On the intersection
of this event and the event F; defined above, Step 2 of the algorithm identifies the true left clusters.
A similar argument shows that the algorithm also identifies the true right clusters with probability
at least 1 — e(rKpg)~!. We use s to denote that event that all the true left and right clusters are
identified by the algorithm.

Finally, we show that the simple thresholding algorithm correctly associates all the left and right
clusters. Let By, := Zz‘ec;; jeDr A;; be the block sum of A corresponding to the true let and right
clusters C}; and D}. By model assumptions, B}, — E[B};] is a sum of K7, K independent centered
sub-Gaussian random variables with parameter 1. Moreover, E[B};,| = uKrKpg if K = [, and
E[B};] = 0 otherwise. By the standard sub-Gaussian concentration inequality given in Proposition
5.10 in Vershynin (2012), there exists some universal constant c; > 0 such that

2172 2
\ . esfi2K2 K B
P{|B;, — E[BL]| > uK1Kr/2} < eexp (—5’;( Ié’ R) <en 3,
LAAYR

where the last inequality holds because u? K1 K > c1logn in view of (29). By the union bound,
we get that with probability at least 1 —en™!, B}, < uKKg/2forallk =l and B}, > nK;Kr/2
for all k£ # [. On the intersection of this event and the event Eadefined above, the quantities { By, }
used in Step 3 of the algorithm satisfy Bj; = Bj;, and the algorithm correctly associates the left
and right clusters.

6.6 Proof of Theorem 21

We focus on identifying left isolated nodes and left clusters. The proof for the right nodes is iden-
tical. The main idea is to show that some of the d; and 5;;’s will have large deviation from their
expectations.
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Assume 7Ky, > ng/2 first. We will show that if K%u? < cinglogny, for a sufficiently
small universal constant ¢, then with high probability there exists a non-isolated left node ¢* that is
incorrectly declared as isolated. Recall that d; = 2?21 Aj;; is the row sum corresponding to the left
node . If the left node ¢ is non-isolated, then d; is Gaussian with mean K rp and variance ng. For a
standard Gaussian random variable Z, its tail probability is lower bounded as Q(t) :=P[Z > t] >
\/%? # exp(—t2/2). It follows that for a non-isolated left node i, there exist two positive universal
constants c3, ¢4 such that

K22
P[d; — E[d;] < Kgu/2] > c3exp (—W> > c3ng .
nRr

Let i* be the non-isolated left node with the minimum d;. Since {d; }"*, are mutually independent,
we have

K 1
|:dz* > ;%M} <(1- Csnzclc4)rKL <exp <_203n1L clc4> ,

where the last inequality holds because r K, > ny /2. By choosing ¢; sufficiently small, we con-
clude that with high probability the non-isolated left node ¢* will be incorrectly declared as an
isolated node.

If K7, < nr/2, then we can similarly show that if Kpu 212 < cinglogny, for a sufficiently
small cq, then with high probability there exists an 1s01ated left node ¢** incorrectly declared as
non-isolated.

We next show that if
K]%L/fl < conglog(rKp) (83)
for a sufficiently small constant ca, then there exist two left nodes ¢1, 72 in two different clusters that
will be incorrectly assigned to the same cluster.
By the assumption that np = Q(rK,), the inequality (83) implies K RM3 < cg/ n Rr. Recall that
Sy = 2?21 A;jAij. For two left nodes 4, ¢’ from two different clusters, we have
E[Si#] =0, Var[Si] = 2Kpu® + ng,

nRr

Z |A’L]AIJ‘ ZE |AZ]| |A”\ ] < CB(KRNS +ng) < 05(03/4 + 1)ng,
j=1

where c5 is some universal positive constant. By the Berry-Esseen theorem, there exists a positive
universal constant cg such that

P [S--/ S NQKR} > Q 1*Kr _ co(Krp® +ng)
) - 2Kpu? +ng (2K pu? + ng)3/?
(;) Q <M2KR> 6605(02/ + 1)
- /1R /MR

® ceC 03/4—1—1
> Q ( &) 10g(7"KL)) - 65\(/;—]&)

(c) _cac -1/2 @ —cyc
> c3(rKp) % — 0605( +1)(rKp) > cr(rKp) 4,
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where (a) holds because Q(t) is non-increasing in ¢, (b) holds in view of (83) and the assumption
that ng > rKp, (c) follows from Q(t) > c3 exp(—c4t?), and (d) holds for some universal constant
c7 > 0 by choosing co sufficiently small.

Set (i1,i2) := arg max; ;e Si» Where W is a maximal set of node pairs (7, 4’) satisfying 1)
i and 4’ are from two different clusters, and 2) for any (z,'), (j, j') € W, the nodes 4,4', 7, j are all
distinct. Then |W| > rKp,/4 and {S;;7 : (,7") € W} are mutually independent. It follows that

2K 1
P [Siué < M2R} < (1 - C7(TKL)7C402)TKL/4 < exp (—467(7~KL)10462> )

2
Therefore, with probability at least 1 — exp (—3c7(rKp)'=%¢2), we have S;,;, > £ fR. On this
event, (i1, i2) will be incorrectly assigned to the same cluster.

6.7 Proof of Theorem 22

We prove the first part of the theorem. Since A;; are sub-Gaussian, there exists a universal constant
c¢1 > 0 such that P [|4;; — EA;j| < $y/cilogn] > 1 — n~'2 for each (4, ). Recall that R :=

support(Y*). By the union bound over all (i, j), we obtain that with probability at least 1 — n =3,

, 1 (@) 1 1 ® 1
(z‘?)lélRAij > U — 5\/01 logn > Pl and (igﬁ%}fzc A < 5\/01 logn < ol

where (a) and (b) holds in view of the assumption (33). Therefore, the algorithm sets ﬁ-j =1 for
(1,7) € Rand Y;; = 0 for (¢, 7) € R, which implies Y = Y™*.
For the second part of the theorem, note that { A;; } are Gaussian variables and thus

v2logn
PlA;; > EA; ++/21 = v21 > ,
[ ! it ogn} Q< ogn) V2m(2logn + 1)n

P[AingAij—\/M}:Q<\/m>> V2logn

~ V2r(2logn + 1)n’

where the last inequality holds due to Q(¢) > \/% tQt - exp(—t2/2). By independence of the entries

of A, we obtain

Jr
71 7 2Tog n| R
P[maXAij<\/M}§<1_ v2logn > Sexp(— v2log n|R¢| >’
i,jER® V2r(2logn + 1)n V2r(2logn + 1)n

IR|
21 21
p[ inAij>u—M}§<1— v2logn > Sexp(_ VZlogn[R| )
ijER V2r(2logn + 1)n V2r(2logn + 1)n

Since |R| + |R¢| = n?, we must have

min {]P) [max Aij < \/@] P |:m1%A,LJ > — M}} < €_Q(n/\/@)-
i,5€

1,jERC

This inequality, together with the assumption (34), implies that either with probability at least 1 —
e$2(n/V1ogn) " at Jeast one of the following must occur: max(; jere Aij > v2logn > g w and
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ming jer 4ij < p—v2logn < % . On this event, the output of the element-wise thresholding
algorithm satisfies Y # Y™
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Appendix A. Proof of Lemmas 26 and 31

Notice that Lemma 26 is a special case of Lemma 31 with ny, = ng, K; = Kg and the left clusters
identical to the right clusters. Hence we only need to prove Lemma 31.

Recall that CY, ..., C) (D7, ..., Dy, resp.) denote the true left (right, resp.) clusters associated
with Y*. The nodes in V7, \ (U;,_,C};) do not belong to any left clusters and are called isolated left
nodes. Isolated right nodes are similarly defined.

FixaY € Y withd(Y) := (Y*,Y — Y*) = t. Based on Y, we construct a new ordered
partition (C4, ..., C,y1) of V, and a new ordered partition (D1, . .., D,41) of Vg as follows.

1. Let Cr+1 = {’L : Y;'j = O,Vj} and D,y = {] : Y;j = O,Vi}.

2. The left nodes in V7, \ C, are further partitioned into r new left clusters of size K, such
that the left nodes ¢ and 4’ are in the same cluster if and only if the i-th and #’-th rows of YV’
are identical. Similarly, the right nodes in Vy \ D, are partitioned into  new right clusters

of size K according to the columns of Y. We now define an ordering C1, ..., C, of these
r new left clusters and an ordering Dy, . .., D, for the new right clusters using the following
procedure.

(a) For each new left cluster C, if there exists a £ € [r] such that |C' N C}i| > K /2, then
we label this new left cluster as C}; this label is unique because the left cluster size is
K. We associate C, with the right cluster {j : Y;; = 1,Vi € C}}, which is labeled
as Dy..

(b) For each remaining unlabeled right cluster D, if there exists a k& € [r] such that |[D N
Dy| > Kg/2, then we label this new right cluster as Dy; again this label is unique. We
associate Dy, with the left cluster {i : Yj; = 1,Vj € Dy}, which is labeled as Cs,.

(c) The remaining unlabeled left clusters are labeled arbitrarily. For each remaining unla-
beled right cluster, we label it according to Dy, := {j : Y;; = 1,Vi € Cj}.

For each (k,k") € [r] x [r + 1], we use agp = |C} N Cy| and By = |D} N Dy| to de-
note the sizes of intersections of the true and new clusters. We observe that the new clusters
(Ci,...,Crs1, D1, ..., Dyy1) have the following three properties:
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(A0) (C4,...,Cy, Cyyq)isapartition of V with |Cy| = K, foreach k € [r]; (D1,..., Dy, Dyy1)
is a partition of Vx with |Dy| = K, for each k € [r].

(A1) Foreach k € [r], exactly one of the following is true: (1) agr > K1./2; (2) appr < K1, /2 for
all k' € [r] and B, > Kgr/2; (3) agr < K1/2 and By < Kg/2 for all k' € [r].

(A2) We have

<

A(r4+1)Br(r+1) Z kg Brrr | =4
k/7k//:k./#k/.//

=
Il
—

here and henceforth, all summations involving k&’ or k” (as the indices of the new clusters) are
over the range [r + 1] unless defined otherwise.

Here, Property (AO) holds due to Y € ), Property (A1) is direct consequence of how we label the
new clusters, and Property (A2) follows from the following:

ZHZJ (i,7) € Cy, x Dy, Yi; = 0}
_ZHU (i,§) € C; x D}, (i,5) € Criq X Dpy1}|

+Z Y HG.4):(6,4) € Cf x D, (i, 4) € Cp x Dyr}.

k 1 kl k;// k/;ék//

Since a different Y corresponds to a different ordered partition, and the ordered partition for any
given Y with d(Y') = ¢ must satisfy the above three properties, we obtain the following bound on
the cardinality of the set of interest:

{Y €Y :d(Y) =t} <|{(C1,...,Cry1,D1,...,Dryq) : it satisfies (AO)—(A2)}|.  (84)

It remains to upper-bound the right hand side of (84).
Fix any ordered partition (C1,...,Cy,Cry1,D1,..., Dy, Dy1) with Properties (A0)—(A2).
Consider the first true left cluster C}. Define mgL) =D k21 QRS which can be considered as

the number of nodes in C7 that are misclassified by Y. Analogously define m1 = K£1 Bk
We consider the following two cases for the values of 1.

o If a1 > K /4, then

I (r
Z g Bk > om Z B > ng 'K,

(k:/7k//):k./#k// k//:k:”#l
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e Ifay; < Kp /4, then mgL) > 3K, /4, and we must also have gy < K /2foralll <k <r
by Property (Al). Hence,

Z a1k Bikr + 14 1) B1(r41)

(k;/7k‘//):k‘/¢k//
> Z L{K A1} 1{E" # 1} aaw Bigr + 1 41) Br(r41)
(k/ k//):k/¢k1/
1 1
:mg (R) Z a1 By > m1 )ng) — EKngR) > Eng)KL'

2<k/<r
Similarly, we consider the following three cases for the values of 1.

e If 811 > KRr/4, then

I (@
> B =B >, o > ng 'Kp.

(k' k") k! £k Kk £1

o If 311 < Kp/4 and By < Kp/2forall 1 < k” < r, then, similarly to the second case for
o171 above, we have

Z a1 Pk + 1) Brrr1) = 4 (L)KR~
(k/’k//):k/;ék//

o If 11 < Kr/4and Bk, > Kr/2 for some 1 < ko < r, then by Property (A1) we must have
apy > Kp/2. Tt follows that m{™ < K /2 and

I @
> awbue = anfug > KiKe/4 = smiP K.
(k/yk//):k/#k//

Combining the above five cases, we conclude that the following is always true:

1
E ar Pk + 1 ri1) P4y 2 1 (mgL)KR Vv ng)KL> :
(k:/,k//):k/#k//

(L)

This inequality continues to hold if we replace aqi/, Bix7, my
(L)

Brkr, my,” and m,(cR) (defined in a similar manner) for each k& € [r]. Summing these inequalities
over k € [r] and using Property (A2), we obtain

(R)

and m; ~ respectively by oy,

T

KL<~ (r Kr~ (L
t= Z Ue(r+1) Pr(r41) + Z gk Bk ¢ > <42m;(C )> \ (lem,(C )) .

k=1 (K ")k £k k=1 k=1
Consequently, we have kepr] m,gL) <4t/Kgrand ) kepr] m,iR) < 4t/ Kp; i.e., the total number of

misclassified non-isolated left (right, resp.) nodes is upper bounded by 4t/ K (4t/ K, resp.). This
means that the total number of misclassified isolated left (right, resp.) nodes is also upper bounded
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by 4t/ KR (4t/ K1, resp.), because by the cluster size constraint in Property (A0), one misclassified
isolated node must produce one misclassified non-isolated node.

We can now upper-bound the right hand side of (84) using the above relation between the value
of ¢ and the misclassified nodes. For each Y with d(Y") = ¢, the pair

(#misclassified isolated left nodes, #misclassified non-isolated left nodes)

can take at most (4t/Kg)? different values. Similarly for the right nodes we have the bound
(4t/K1)*. Given these numbers of misclassified nodes, there are at most nSt/ Kr St/ KL differ-
ent ways to choose the identity of these misclassified nodes. Each mlsclass1ﬁed non- 1s01ated left
node can then be assigned to one of » — 1 < nj different left clusters or left isolated, and each
misclassified isolated left node can be assigned to one of r < ny, different left clusters; an analo-
gous statement holds for the right nodes. Hence, the right hand side of (84) is upper bounded by

2
2 .
( KlLG%R> n?t/ KR ng’t/ KL This proves the first part of the lemma.

To count the number of possible equivalence classes [Y], we use a similar argument but only
need to consider the misclassified non-isolated nodes. The number of misclassified non-isolated left
(right, resp.) nodes can take at most 4t/ K (4t/ K, resp.) different values. Given these numbers,
there are at most (1K1 )*/Kr(r Kz)*/KL different ways to choose the identity of the misclassified
non-isolated nodes. Each misclassified non-isolated left (right, resp.) node can then be assigned to
one of r — 1 different left (right, resp.) clusters or left isolated. Therefore, the number of possible
equivalence classes Y] with d(Y') = t is upper bounded by 7 16t —(rK )3 KR (r K g )8t/ K

Appendix B. Proof of Lemma 27

The inequality (56) follows from (55) by replacing p with 1 — ¢’ and ¢ with 1 — p/, so it suffices to
prove (55). Note that for 1 > u > v > 0, we have

1_

D (u||v) :ulogg+(1—u) log Y §ulogg, (85)
v 1—w v
U (a) U

D (uflv) > ulog ™ + (1~ u)log(1 ~u) > ulog . (86)
v

where (a) follows from the inequality zlogz > = — 1, Va € [0, 1]. We consider two cases:

Case 1: p < 8¢. In view of (35) and (36), we have D (qu) < (?;q)qj and D (22| q)

(=9 _ Since p < 8¢, it follows that D (£34]|q) > &-0° D (l|q).
p

AV

4(p+q9)(1-q)" = 36q(1— q) = 36
Case 2: p > 8¢. In view of (85) and (86), we have D (qu) < plog® and D (222 19)

2l og p+q. Since p > 8¢ and 8 > (2¢)(%/%), we have log ? 5 log(2e) and thus log 5* p+q

log T = logg — log(2e) > %log . It follows that D (p+q||q) >b. 1 glogZ > LD (pllq)-

AR,

Appendix C. The Bernstein Inequality

Theorem 32 (Bernstein) Ler X1,..., Xy be independent random variables such that | X;| < M
almost surely. Let 0% = Zf\il Var(X;). Then for any t > 0,

N —t2
P X, >t < _ .
Z e 202+%Mt

=1
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A consequent of the above inequality is P ZZ]\LI X; > V202u + QMT“ < e "foranyu > 0.
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