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Abstract

The principal submatrix localization problem deals with recovering a K x K principal sub-
matrix of elevated mean p in a large n X n symmetric matrix subject to additive standard
Gaussian noise, or more generally, mean zero, variance one, subgaussian noise. This prob-
lem serves as a prototypical example for community detection, in which the community
corresponds to the support of the submatrix. The main result of this paper is that in
the regime Q(y/n) < K < o(n), the support of the submatrix can be weakly recovered
(with o( K') misclassification errors on average) by an optimized message passing algorithm
if A\ = pu2K?/n, the signal-to-noise ratio, exceeds 1/e. This extends a result by Deshpande
and Montanari previously obtained for K = ©(y/n) and p = 6(1). In addition, the algo-
rithm can be combined with a voting procedure to achieve the information-theoretic limit
of exact recovery with sharp constants for all K > "~ (& +0(1)). The total running time

logn
of the algorithm is O(n?logn).

Another version of the submatrix localization problem, known as noisy biclustering,
aims to recover a K; x Ky submatrix of elevated mean p in a large n; X ng Gaussian
matrix. The optimized message passing algorithm and its analysis are adapted to the
bicluster problem assuming Q(y/n;) < K; < o(n;) and K; =< K,. A sharp information-
theoretic condition for the weak recovery of both clusters is also identified.

Keywords: Submatrix localization, biclustering, message passing, spectral algorithms
computational complexity, high-dimensional statistics

1. Introduction

The problem of submatrixz detection and localization, also known as noisy biclustering (Har-
tigan, 1972; Shabalin et al., 2009; Kolar et al., 2011; Butucea and Ingster, 2013; Butucea
et al., 2015; Ma and Wu, 2015; Chen and Xu, 2014; Cai et al., 2017), deals with finding
a submatrix with an elevated mean in a large noisy matrix, which arises in many applica-
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tions such as social network analysis and gene expression data analysis. A widely studied
statistical model is the following:

W =plo: 1l + Z, (1)

where > 0, 1oy and 1¢;y are indicator vectors of the row and column support sets C7 C [n1]
and C5 C [ng] of cardinality K; and Kj, respectively, and Z is an n; X ng matrix consisting
of independent standard normal entries. The objective is to accurately locate the submatrix
by estimating the row and column support based on the large matrix W.

For simplicity we start by considering the symmetric version of this problem, namely,
locating a principal submatrix, and later extend our theoretic and algorithmic findings to
the asymmetric case. To this end, consider

W =ple-1l + Z, (2)

where C* C [n] has cardinality K and Z is an n x n symmetric matrix with {Z;; }<i<j<n
being mutually independent standard normal. Given the data matrix W, the problem of
interest is to recover C*. This problem has been investigated in (Deshpande and Montanari,
2015; Montanari et al., 2015; Hajek et al., 2017) as a prototypical example of the hidden
community problem,' because the distribution of the entries exhibits a community structure,
namely, W; ; ~ N (u, 1) if both ¢ and j belong to C* and W; j ~ N (0,1) if otherwise.

Assuming that C* is drawn from all subsets of [n] of cardinality K uniformly at random,
we focus on the following two types of recovery guarantees.? Let £ = 1¢+ € {0,1}" denote
the indicator of the community. Let £ = £(A) € {0,1}" be an estimator.

o We say that {A exactly recovers £ if, as n — oo, P[§ # §] — 0.

e We say that & weakly recovers £ if, as n — 0o, d(g, §A)/K — 0 in probability, where d
denotes the Hamming distance.

The weak recovery guarantee is phrased in terms of convergence in probability, which turns
out to be equivalent to convergence in mean. Indeed, the existence of an estimator satisfying
d(£,€)/K — 0 is equivalent to the existence of an estimator such that E[d(¢,€)] = o(K)
(see (Hajek et al., 2017, Appendix A) for a proof). Clearly, any estimator achieving exact
recovery also achieves weak recovery; for bounded K, these two criteria are equivalent.
Intuitively, for a fixed matrix size n, as either the submatrix size K or the signal strength
1 decreases, it becomes more difficult to locate the submatrix. A key role is played by the

parameter
N\ u2K2

n

which is the signal-to-noise ratio for classifying an index i according to the statistic > j Wi j,
which is distributed according to N (uK,n) if i € C* and N(0,n) if i ¢ C*. As shown in

1. A slight variation of the model in (Deshpande and Montanari, 2015; Hajek et al., 2017) is that the data
matrix therein is assumed to have zero diagonal. As shown in (Hajek et al., 2017), the absence of the
diagonal has no impact on the statistical limit of the problem as long as K — oo, which is the case
considered in the present paper.

2. Exact and weak recovery are called strong consistency and weak consistency in (Amini et al., 2013;
Mossel et al., 2015), respectively.
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Appendix A, it turns out that if the submatrix size K grows linearly with n, the information-
theoretic limits® of both weak and exact recovery are easily attainable via thresholding. To
see this, note that in the case of K =< n simply thresholding the row sums can provide weak
recovery in O(n?) time provided that A — oo, which coincides with the information-theoretic
conditions of weak recovery as proved in (Hajek et al., 2017). Moreover, in this case, one can
show that this thresholding algorithm followed by a linear-time voting procedure achieves
exact recovery whenever information-theoretically possible. Thus, this paper concentrates
on weak and exact recovery in the sublinear regime of

Q(vn) < K < o(n). 3)

We show that an optimized message passing algorithm provides weak recovery in nearly
linear — O(n?logn) — time if A > 1/e. This extends the sufficient conditions obtained
in (Deshpande and Montanari, 2015) for the regime K = ©(y/n) and p = O(1).% Our
algorithm is the same as the message passing algorithm proposed in (Deshpande and Mon-
tanari, 2015), except that we find the polynomial that maximizes the signal-to-noise ratio
via Hermite polynomials instead of using the truncated Taylor series as in (Deshpande and
Montanari, 2015). The proofs follow closely those in (Deshpande and Montanari, 2015),
with the most essential differences described at the end of Section 2.

We observe that A > 1/e is much more stringent than A > % log %, the information-
theoretic weak recovery threshold established in (Hajek et al., 2017). It is an open problem
whether any polynomial-time algorithm can provide weak recovery for A < 1/e. In addition,
we show that if A > 1/e, the message passing algorithm followed by a linear-time voting
procedure can provide exact recovery whenever information-theoretically possible. This
procedure achieves the optimal exact recovery threshold determined in (Hajek et al., 2017)
with sharp constants if K > (& + 0(1)) g7~ See Section 3.1 for a detailed comparison with
information-theoretic limits.

The message passing algorithm is simpler to formulate and analyze for the principal
submatrix recovery problem; nevertheless, we show in Section 5 how to adapt the message
passing algorithm and its analysis to the biclustering problem. Sharp conditions for exact
recovery for the biclustering problem was obtained in (Butucea et al., 2015). We show that
calculations in (Butucea et al., 2015) with minor adjustments provide information-theoretic
conditions for weak recovery as well. The connection between weak and exact recovery
via the voting procedure described in (Hajek et al., 2017) carries over to the biclustering
problem.

The analysis of the message passing algorithm is based on the moment method adopted
in (Deshpande and Montanari, 2015). When the noise matrix Z is Gaussian, an alternative
technique to analyze message passing algorithms is introduced in (Bayati and Montanari,
2011) and generalized by (Javanmard and Montanari, 2013). A distinct advantage of the

3. In this paper, by information-theoretic limits, we mean the sufficient and necessary conditions for at-
taining weak or exact recovery by any estimator, regardless of its computational cost.

4. The main results (Theorems 1 and 3) of (Deshpande and Montanari, 2015) assume g = (1) but not
K = Q(y/n)). This is because, as pointed out at the end of the proof of (Deshpande and Montanari,
2015, Theorem 3), if K = w(v/N), then the spectral method and its proof in (Alon et al., 1998) already
work. However, the state evolution analysis of message passing algorithm still assumes K = O(y/n) as
stated in (Deshpande and Montanari, 2015, Lemma 2.2).
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moment method in our context is that the Gaussian assumption can be relaxed to a sub-
gaussian assumption. Accordingly, we introduce the following assumption.

Assumption 1 Given C* € [n] and p > 0, the following holds. W is an n X n symmetric
matriz with {W;;}1<i<j<n being mutually independent random variables. Let Z;; = W;; —
g jec=y- Then E[Z;;] = 0 for all i, j, and var(Z;;) = 1 for (i,j) ¢ C* x C*. Finally, there
s a constant v > 0 that does not depend on n such that E [eszﬂ < e157/2 for s € R, i.e.
the W's and Z’s are subgaussian with proxy variance -y.

The variance of a subgaussian random variable is less than or equal to its proxy variance,
so Assumption 1 implies v > 1, and var(Z;;) < v for all ¢, j € [n] and all n > 1. Of course,
Assumption 1 holds in the Gaussian case such that the Z;; are all N'(0, 1) random variables.

Notation For any positive integer n, let [n] = {1,...,n}. For any set T C [n], let
|T'| denote its cardinality and 7 denote its complement. For two sets S,T', let SAT =
(S\T)U(T\ S) denote the set difference. For an m x n matrix M, let ||M|| and ||M||p
denote its spectral and Frobenius norm, respectively. Let o;(M) denote its singular values
ordered decreasingly. For any S C [m],T C [n], let Mgy € RSIXITI denote (Mij)ies jer
and for m = n abbreviate Mg = Mgg. For a vector z, let |z|| denote its Euclidean
norm. We use standard big O notations, e.g., for any sequences {a,} and {b,}, a, =
©(by) or a, =< by, if there is an absolute constant ¢ > 0 such that 1/c < a,/b, < c. All
logarithms are natural and we use the convention Olog0 = 0. Let ® and @ denote the
cumulative distribution function (CDF) and complementary CDF of the standard normal
distribution, respectively. For € € [0, 1], define the binary entropy function h(e) = elog% +
(1 —€)log 7. We say a sequence of events &, holds with high probability, if P {£,} — 1
as n — o0o. Denote the Kolmogorov-Smirnov (KS) distance between distributions p and v

by dis(p,v) £ supger [u((—00, 2]) — v((—o00, z])].

2. Algorithms and main results

To avoid a plethora of factors ﬁ in the notation, we describe the message-passing algorithm
using the scaled version

A= \}EW. (4)

Under Assumption 1, the entries A;; are subgaussian with proxy variance ', mean 0 or 2=,

and variance % for (i,7) ¢ C* x C*. This section presents algorithms and theoretical guar-
antees for the symmetric model (2). Extensions to the asymmetric case for the biclustering
problem (1) are given in Section 5.2.

1

Let f(-,t): R — R be a scalar function for each iteration ¢. Let Qf: ; denote the message

transmitted from index ¢ to index j at iteration ¢t + 1, which is given by

0l = S AufOh 0. ViAie ] (5)
Le[n]\ {47}
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with the initial conditions 69 _,; = 0. Moreover, let HfH denote index i’s belief at iteration
t + 1, which is given by

0 = Y Auf(0ht). (6)
tein\ i}

The form of (5) is inspired by belief propagation algorithms, which have the natural non-
backtracking property: the message sent from i to j at time ¢ + 1 does not depend on the
message sent from j to ¢ at time ¢, thereby reducing the effect of echoes of messages sent
by j.

To present an informal derivation of the state evolution equations, which track the
asymptotic distributions of the messages, let us postulate the following assumptions: Sup-
pose that for each fixed ¢, as n — oco: (a) the empirical distribution of (6! : i € C*) converges
to N(pe, 77) and the empirical distribution of (6¢ : i € [n]\C*) converges to N(0,77); (b)
{GZH]} are independent of A; (c) 07, ; ~ 6. Then it follows from (6) and K = o(n) that for
any 1 € C*,

B[00 {0 e 2 Y ElAal £(B01)
een]\{s}
=0 X S0
LeC*\{i}
(a),(c)

n—)oo

\FE[ [l +71Z,t)],

and for any i € [n],

(b)
var (67 [ {0, 02 1) €30 var (An) f(0),,,1)?
ten]\{1}
1
= Z F(07i,1)* + o(1)
te[n]\(C*u{i})

OO, B [f(n2.1)7],

n—oo
where Z represents a generic standard normal random variable. Since the conditional means
and variances have deterministic limits, those are also the limits of the unconditional means
and variances. Therefore, we get the following recursive equations for ¢ > 0:

pes1 = VAR [f (e + 72, 1)] (7)
m1 =E [f(1Z,1)%], (8)

where the initial conditions are pg = 79 = 0. Following (Deshpande and Montanari, 2015),
we call (7) and (8) the state evolution equations. The heuristic derivation of state evolution
equations given above is certainly not rigorous mainly due to the dependency between 6 _, ;s
and A. In Section 6, we present a rigorous justification of state evolution equations via the
moment method following (Deshpande and Montanari, 2015). A crucial fact that we exploit
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is the non-backtracking property of the message passing rule (5), which has the effect of
reducing the dependency between 6! _,;’s and A.

Suppose, for the time being, that message distributions are Gaussian with parameters
accurately tracked by the state evolution equations. Then it is reasonable to estimate C*
by selecting those indices 7 such that GfH exceeds a given threshold. More specifically,
classifying an index ¢ based on 0?“ boils down to testing two Gaussian hypotheses with
signal-to-noise ratio ’;Z—Ill This gives guidance for selecting the functions f(-,t) based on py
and 7; to maximize ‘;:—Ll For ¢ = 0 any choice of f is equivalent, so long as f(0,0) > 0.
Without loss of generality, for ¢ > 1, we can assume that the variances are normalized,
namely, » = 1 (e.g., we take f(0,0) = 1 to make 71 = 1) and choose f(-,t) to be the

maximizer of
max{Elg(u + 2)]: Elg(2)%) = 1} Q

where Z ~ N(0,1). By change of measure, E[g(u: + Z)] = E[g(Z)p(Z)], where

dN (s, 1) pe—p /2
=0 =% t/=, 10
Clearly, the best g aligns with p and we obtain
Fz,t) = LC N oI (11)
E[p*(Z)]

With this optimized f, we have 7z = 1 and the state evolution (7) reduces to

pert = VAE [f (e + Z,8)] = Ve 7,

or, equivalently,
2
Wiy = At (12)

Therefore if A > 1/e, then (12) has no fixed point and hence p; — oo as t — oc.

Directly carrying out the above heuristic program, however, seems challenging. To
rigorously justify the state evolution equations in Section 6, we rely on the the method of
moments, requiring f to be a polynomial, which prompts us to look for the best polynomial
of a given degree that maximizes the signal-to-noise ratio. Denoting the corresponding state
evolution by (i, 7), we aim to solve the following finite-degree version of (9):

max{E[g(1i; + Z)]: E[g(Z)?] = 1,deg(g) < d}. (13)

As shown in Lemma 7, this problem can be easily solved via Hermite polynomials, which
form an orthogonal basis with respect to the Gaussian measure, and the optimal choice,
denoted by f4(-,t), is the best degree-d Le-approximation of the the likelihood ratio (10),
which can be obtained by normalizing the first d + 1 terms in the orthogonal expansion
of (10). Compared to (Deshpande and Montanari, 2015, Lemma 2.3) which shows the
existence of a good choice of polynomial that approximates the ideal state evolution (12)
based on Taylor expansions, our approach is to find the best message-passing rule of a given
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degree which results in the following state evolution that is optimal among all polynomial
f of degree d:

d ~o

~ 2
M%—i—l =A ﬁ (14)
k=0

For any A > 1/e, there is an explicit choice of the degree d depending only on A denoted
by d*()\),° so that iy — oo as t — oo and the state evolution (14) for fixed ¢ correctly
predicts the asymptotic behavior of the messages when n — oco. Therefore, as discussed
above, C' produced by thresholding messages 6!, is likely to contain a large portion of C*,
but since K = o(n), it may (and most likely will) also contain a large number of indices not
in C*. Following (Deshpande and Montanari, 2015, Lemma 2.4), we show that the power
iteration® (a standard spectral method) in Algorithm 1 can remove a large portion of the
outlier vertices in C.

Combining message passing plus spectral cleanup yields Algorithm 1 for estimating C*
based on the messages 6%, with theoretical guarantees given in Theorem 1.

Algorithm 1 Message passing

1: Input: n, K e N, 4 >0, A € R™*" d*,t* € N, and s* > 0.

2: Initialize: 9?%;‘ = 0 for all i, j € [n] withi # j and 69 = 0. For ¢ > 0, define the sequence
of degree-d* polynomials f4«(-,t) as per Lemma 7 and fi; in (14).

3: Run ¢* — 1 iterations of message passing as in (5) with f = f;« and compute 0 for all
i € [n] as per (6).

4: Find the set C = {i € [n] : 01" > [+ /2}.

5: (Cleanup via power method) Recall that A5 denotes the restriction of A to the rows

and columns with index in C. Sample " uniformly from the unit sphere in RICl and
compute vt = Azul/||Azul|| for 0 < ¢ < [s*logn] — 1. Let © = ul"1°8"1 Return C,
the set of K indices ¢ in C' with the largest values of |t;].

Theorem 1 Fiz A\ > 1/e. Let K and pu depend on n in such a way that p>K?/n — X
and Q(y/n) < K < o(n) as n — oo. Suppose either C* is deterministic with |C*| = K,
or C* is random such that |C*|/K — 1 in probability as n — oo. Suppose Assumption 1
holds for some v > 0. Let d = d*(\) as in (28). For every n € (0,1), there exist explicit
positive constants t*, s*, c depending on \,n and v such that Algorithm 1 returns C satisfying
|6AC’*| < nK, with probability converging to one as n — 0o, and the total time complexity
is bounded by c(n, \,y)n?logn, where c(n, \,7y) — oo as either n — 0 or A\ — 1/e.

Remark 2 Algorithm 1 requires the knowledge of the parameter A to define the sequence of
polynomials fg«(-,t) and fiz, and the knowledge of the parameter K in the spectral cleanup

5. See (28) and Remark 9 for the expression.

6. As far as statistical utility is concerned, we could replace @ produced by the power iteration by the
leading singular vector of A, but that would incur a higher time complexity because singular value
decomposition in general takes O(n3) time to compute.
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step. To avoid the need to know K, we can simply replace the last step of the spectral clean-
up (involving choosing the K coordinates of the largest magnitude of u) by applying k-means
with k = 2 on the set {|u;| : i € 6} See Appendix C for details. With this modification,
Theorem 1 continues to hold as long as X (or a lower bound thereof) is known in order to
set the degree d* and the iteration number t*.

Remark 3 As pointed out in (Deshpande and Montanari, 2015, Remeark 2.5), the effective
stgnal-to-noise ratio A can be potentially improved by a suitable entrywise pre-processing of
the observed matriz W. In particular, in (4) we let A;; = g(Wij) for some transformation
function g : R — R. The optimal transformation g in the Gaussian case for which v =1 is
given by the maximizer of

1

max {Elytu-+ 2)] - Bl(2)] B [o(27] = 1 }.

In view of (9) and (10), the optimal transformation is the scaled likelihood ratio:

AN (k1) jj—h?
o (v ) 1) = ey ()

Aij =

and the signal-to-noise ratio \ is increased to

2
A= LS <e“2 - 1) :

n
If the resulting A;; is subgaussian with scale O(1/n), then Theorem 1 still applies. However,
even if the results extend, in the regime of K > \/n which we are mostly interested in, we
have i1 — 0 and X = M1 + o(1)), and thus pre-processing cannot boost the signal-to-noise
ratio asymptotically.

After the message passing algorithm and spectral cleanup are applied in Algorithm 1,
a final linear-time voting procedure is deployed to obtain weak or exact recovery, leading
to Algorithm 2 next. As in (Deshpande and Montanari, 2015), we consider a threshold
estimator for each vertex i based on a sum over C given by r; = Zj & A;;. Intuitively, r;

can be viewed as the aggregated “votes” received by the index ¢ in 6, and the algorithm
picks the set of K indices with the most significant “votes”. To show that this voting
procedure succeeds in weak recovery, a key step is to prove that r; is close to ZjeC* Ajj.

If 4 = O(1) as in (Deshpande and Montanari, 2015), given that [CAC*| = o(K), the error
incurred by summing over C' instead of over C* could be bounded by truncating Ajj to a
large magnitude. However, for u — 0 that approach fails. Our approach is to introduce the
clean-up procedure in Algorithm 2 based on the successive withholding method described
in (Hajek et al., 2017) (see also (Condon and Karp, 2001; Mossel et al., 2014) for variants
of this method). In particular, we randomly partition the set of vertices into 1/ subsets.
One at a time, one subset, say .5, is withheld to produce a reduced set of vertices S¢, on
which we apply Algorithm 1. The estimate obtained from S¢ is then used by the voting
procedure to classify the vertices in S. The analysis of the two stages is decoupled because
conditioned on C*, the outcome of Algorithm 1 depends only on Agc, which is independent
of Agge used in the voting.
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Algorithm 2 Message passing plus voting

L: Input: n, K € N, p >0, A€ R"™*" § € (0,1) with 1/5,nd € N, d*,t* € N, and s* > 0.

2: Partition [n] into 1/ subsets Sy of size nd randomly.

3: (Approximate recovery) For each k =1,...,1/§, run Algorithm 1 (message passing for
approximate recovery) with input (n(1 — 4), [K (1 — §)], , Ase, d*, 17, s*) which outputs
Ch.

4: (Clean up) For each k = 1,...,1/0 compute r; = Zje@ A;j for all i € S and return
(', the set of K indices in [n] with the largest values of ;.

The following theorem provides a sufficient condition for the message passing plus voting
cleanup procedure (Algorithm 2) to achieve weak recovery, and, if an additional sufficient
condition is also satisfied, exact recovery.

Theorem 4 Suppose K and i depend on n in such a way that “ZH—KQ — X for some fixed
A>1/e, and Q(y/n) < K < o(n) as n — oo. Suppose Assumption 1 holds for some v > 0
and |C*| = K. Let 6 > 0 be such that Ae(1 — ) > 1. Define d* = d*(\(1 —9)) as per (28).

Then there exist positive constants t*, s*, ¢ determined explicitly by 0, A and ~y, such that

1. (Weak recovery) Algorithm 2 returns C" with |C'AC*|/K — 0 in probability as n —
00.

2. (Exact recovery) Furthermore, assume that

VK
lim inf a > 7.
n—00 \/210gK+\/2logn

Let § > 0 be chosen such that for all sufficiently large n,

Ku(l —24)
, > 1.
V2EK~Tlog K + /2K~log(n — K) + 6VK

Then Algorithm 2 returns C' with P{C'" # C*} — 0 as n — oo.

min {Ae(l —9)

The total time complexity is bounded by c(6, A, y)n?logn, where ¢(d, \,7) — oo as § — 0 or
A—1/e.

Remark 5 Theorem 4 ensures Algorithm 2 achieves exact recovery if both (15) and A > 1/e
hold; it is of interest to compare these two conditions. Note that

vK 2
K =Vex " :
V2Iog K + +/2logn 8eK'logn (1 + y/log K/logn)

Hence, if liminf,_,o Klogn/n > 1/(8ey), then liminf, ,- log K/logn = 1; thus (15)
implies A\ > 1/e and hence (15) alone is sufficient for Algorithm 2 to succeed. If instead
limsup,,_,., K'logn/n < 1/(8ey), then X\ > 1/e implies (15) and thus X > 1/e alone is
sufficient for Algorithm 2 to succeed. The asymptotic regime considered in (Deshpande and
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Montanari, 2015) entails K = ©(y/n), in which case the condition X\ > 1/e is sufficient for
exact recovery, as shown in (Deshpande and Montanari, 2015). The idea of upgrading weak
recovery to exact recovery via a local voting procedure has also appeared in (Abbe et al.,
2016; Mossel et al., 2015; Abbe and Sandon, 2015; Yun and Proutiere, 2015) under the
context of stochastic block models with community sizes scaling linearly in n. As shown in
(Hajgek et al., 2017, Corollary 4) in the Gaussian case for which v =1, the condition (15),
with strict inequality replaced by greater than or equal, is necessary for exact recovery.

We finish this section by discussing the connections and distinctions to the previous work
(Deshpande and Montanari, 2015). Versions of Theorems 1 and 4 are given in (Deshpande
and Montanari, 2015) for the case K = O(y/n) and u = ©(1). We extend the range of
K to Q(y/n) < K < o(n), showing that the message passing plus a cleanup procedure
achieves the optimal exact recovery threshold in the Gaussian case with sharp constants if
K > (8% + 0(1))1()’;”. The algorithms and proofs are nearly the same; we comment here on
the main difficulties we encountered when allowing K//n — oo and p — 0.

First, a key ingredient in the proof of Theorem 1 is Lemma 6. Its proof is based on
the moment method and a larger K requires modification of bounds from (Deshpande and
Montanari, 2015) used in calculating the moments of messages, i.e., E [(Hf %j)m} for fixed
m € N, by a more careful counting argument. We refer the interested readers to Remark 31
right after the proof of Lemma 6 for more details.

Secondly, after the message passing algorithm and spectral cleanup are applied in Al-
gorithm 1, a final cleanup procedure is applied to obtain weak recovery or exact recovery
(when possible). As in (Deshpande and Montanari, 2015), we consider a threshold estima-
tor for each vertex i based on a sum over C. If K = ©(y/n) as assumed in (Deshpande and
Montanari, 2015), then A being a constant implies that the mean pu is bounded away from
zero. In this case if [CAC*| = o(K), the error incurred by summing over C instead of over
C* could be bounded by truncating A;; to a large magnitude p and bounding the difference
of sums by ﬁ‘C*A(/Z’\‘ = o(K) <« puK. However, for K > \/n with vanishing u this approach
fails. Instead, we rely on the cleanup procedure in Algorithm 2 which entails running Al-
gorithm 1 for 1/0 times on subsampled vertices. A related difference we encounter is that
if K is large enough then the condition A\ > 1/e alone is not sufficient for exact recovery,
but adding the information-theoretic condition (15) suffices.

Lastly, the method of moments requires f(-,t) to be a polynomial so that the exponential
function (11), which results in the ideal state evolution (12), cannot be directly applied. It
is shown in (Deshpande and Montanari, 2015, Lemma 2.3) that for any A > 1/e and any
threshold M there exists d* = d*(\, M) so that taking f to be the truncated Taylor series of
(11) up to degree d* results in the state evolution fiy which exceeds M after some finite time
t*(A\, M); however, no explicit formula of d*, which is needed to instantiate Algorithm 1,
is provided. Although in principle this does not pose any algorithmic problem as d* can
be found by an exhaustive search in O(1) time independent of n, it is more satisfactory to
find the best polynomial message passing rule explicitly which maximizes the signal-to-noise
ratio for a given degree (Lemma 7) and provides an explicit formula of d* as a function of
A only (Remark 9).

10
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3. Statistical optimality and computational considerations
3.1 Comparison with information-theoretic limits in the Gaussian case

As noted in the introduction, in the regime K = O(n), a thresholding algorithm based on
row sums provides weak and, if a voting procedure is also used, exact recovery whenever
it is informationally possible in the Gaussian case. In this subsection, we compare the
performance of the message passing algorithms to the information-theoretic limits on the
recovery problem in the regime (3). Throughout this section we restrict attention to the
Gaussian case, such that Z;; ~ N(0,1) and v = 1. Also, for converse results, we assume
the true community C* is a subset of [n] of cardinality K selected uniformly at random.
Notice that the comparison here takes into account the sharp constant factors. Information-
theoretic limits for the biclustering problem are discussed in Section 5.1.

Weak recovery The information-theoretic threshold for weak recovery has been deter-
mined in (Hajek et al., 2017, Theorem 2), which, in the regime of (3), boils down to the
following: If

... Kp?
lim inf —
n—oo 4log e

> 1, (16)

then weak recovery is possible; conversely, if weak recovery is possible, then

2

R flog 2

This implies that the minimal signal-to-noise ratio for weak recovery is

n

K
)\Z(4+e);logK

for any € > 0, which vanishes in the sublinear regime of K = o(n). In contrast, in the regime
of (3), message passing (Algorithm 1) demands a non-vanishing signal-to-noise ratio, namely,
A > 1/e, to achieve weak recovery. No polynomial-time algorithm is known to succeed if
A < 1/e, suggesting that computational complexity might incur a severe penalty on the
statistical optimality when K = o(n).

Exact recovery When the submatrix size satisfies (3), if (15) with v = 1 holds, then
exact recovery is possible; conversely, if exact recovery is possible, then

. VKpu
lim inf >
n—oo /2log K + +v/2logn

(18)

See (Hajek et al., 2017, Corollary 4). This implies that the minimal signal-to-noise ratio
for exact recovery is

)\2(24—6)% (\/logn+\/logK)2 (19)

for any € > 0. Consequently, we find that the critical submatrix size for which message
passing (plus cleanup) can achieve optimal exact recovery is @. Specifically,

11
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e K = w (1 oam ) In this regime, the right hand side of (19) goes to oo and hence
the minimal signal-to-noise ratio for exact recovery is much higher than that of weak
recovery via message passing, namely, 1/e. Thus, exact recovery can be attainable in
polynomial-time by message-passing plus voting clean-up (Algorithm 2).

o K = @(logn logn’ the right hand side of (19) is at least

1/e if p > g and strictly less than 1/e otherwise. In view of Theorem 4, we conclude
that message passing plus voting cleanup (Algorithm 2) achieves the sharp threshold

of exact recovery if
1 n
K> 1 . 2
(86 ol )> logn (20)

). In this regime, the right hand side of (19) is o(1). No polynomial-

). In this regime, if we let K =

o K = 0(
time algorithm (including semidefinite programming relaxation (Hajek et al., 2016))
is known to achieve weak, let alone exact, recovery, when A\ = o(1).

logn

A counterpart of this conclusion for the biclustering problem is obtained in Remark 20
in terms of the submatrix sizes.

3.2 Comparison with the spectral limit

It is reasonable to conjecture that A > 1 is the spectral limit for recoverability by spectral
estimation methods. This conjecture is rather vague, because it is difficult to define what
constitutes spectral methods. Nevertheless, some evidence for this conjecture is provided
by (Deshpande and Montanari, 2015, Proposition 1.1), which, in turn, is based on results
on the spectrum of a random matrix perturbed by adding a rank-one deterministic matrix
(Knowles and Yin, 2013, Theorem 2.7).

The message passing framework used in this paper itself provides some evidence for
the conjecture. Indeed, if f(z,0) = 1 and f(x,t) = x for all ¢ > 1, the iterates 6° are
close to what is obtained by iterated multiplication by the matrix A, beginning with the all
one vector, which is the power method for computation of the eigenvector corresponding
to the principal eigenvalue of A.” To be more precise, with this linear f the message
passing equation (5) can be expressed in terms of powers of the non-backtracking matriz
B e R()*(%) associated with the matrix A, defined by Bey = Acy ey 1{ey—f1} (e 15}, Where
e = (e1,ez) and f = (f1, f2) are directed pairs of indices. Let ©' € R*™1) denote the
messages on directed edges with ©Y = 0, . Then, (5) simply becomes ©' = B'1. To
evaluate the performance of this method, we turn to the state evolution equations (7) and
(8), which yield sy = A2 and 7, = 1 for all ¢ > 1. Therefore, by a simple variation of
Algorithm 1 and Theorem 1, if A > 1, the linear message passing algorithm can provide
weak recovery.

For the submatrix detection problem, namely, testing u = 0 (pure noise) versus p > 0,
as opposed to support recovery, if A is fixed with A > 1, a simple thresholding test based

7. If we included 4,5 in the summation in (5) and (6), then we would have §* = A’1 exactly. Since the
entries of A are Op(1/4/n), we expect this only incurs a small difference to the sum for finite number of
iterations.

12
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on the largest eigenvalue of the matrix A provides detection error probability converging to
zero (Féral and Péché, 2007), while if A\ < 1 no test based solely on the eigenvalues of A
can achieve vanishing probability of error (Montanari et al., 2015). It remains, however, to
establish a solid connection between the detection and estimation problem for submatrix
localization for spectral methods.

3.3 Computational barriers in the Gaussian case

A recent line of work (Kolar et al., 2011; Ma and Wu, 2015; Chen and Xu, 2014; Cai
et al., 2017) has uncovered a fascinating interplay between statistical optimality and com-
putational efficiency for the recovery problem and the related detection and estimation
problem.® Assuming the hardness of the planted clique problem, rigorous computational
lower bounds have been obtained in (Ma and Wu, 2015; Cai et al., 2017) through reduction
arguments in the Gaussian case. In particular, it is shown in (Ma and Wu, 2015) that
when K = n® for 0 < a < 2/3, merely achieving the information-theoretic limits of de-
tection within any constant factor (let alone sharp constants) is as hard as detecting the
planted clique; the same hardness also carries over to exact recovery in the same regime.
Furthermore, it is shown that the hardness of estimating this type of matrix, which is both
low-rank and sparse, highly depends on the loss function (Ma and Wu, 2015, Section 5.2).
For example, for K = O(y/n), entry-wise thresholding attains an O(logn) factor of the
minimax mean-square error; however, if the error is gauged in squared operator norm in-
stead of Frobenius norm, attaining an O(y/n/logn) factor of the minimax risk is as hard
as solving planted clique. Similar reductions have been shown in (Cai et al., 2017) for exact
recovering of the submatrix of size K = n® and the planted clique recovery problem for any
0<a<l.

The results in (Ma and Wu, 2015; Cai et al., 2017) revealed that the difficulty of sub-
matrix localization crucially depends on the size and planted clique hardness kicks in if
K = n!'=9W_ In search of the exact phase transition point where statistical and computa-
tional limits depart, we further zoom into the regime of K = n'=°(1). We showed in (Hajek
et al., 2016) no computational gap exists in the regime K = w(n/logn), since a semidefinite
programming relaxation of the maximum likelihood estimator can achieve the information
limit for exact recovery with sharp constants. The current paper further pushes the bound-

ary to K > 2 —(& +0(1)), in which case the sharp information limits can be attained in

nearly linear-time via message passing plus clean-up. However, as soon as K < == (8i —€)
gn \8e
for any € > 0, a gap emerges between the statistical limits and the sufficient condition of

message passing plus clean-up, given by A > 1/e.

4. Proofs of algorithm correctness

We first justify the state evolution equations via the following key lemma, which establishes
the asymptotic normality of the empirical distribution of messages with mean and variance
given by (7) and (8). A version of this lemma is proved in (Deshpande and Montanari,

8. The papers (Kolar et al., 2011; Ma and Wu, 2015; Chen and Xu, 2014; Cai et al., 2017) considered the
biclustering version of the submatrix localization problem (1).

13



HAJEK, WU AND XU

2015) by assuming p = (1) and K = O(y/n). The proof is given in Section 6 using the
method of moments, closely following (Deshpande and Montanari, 2015).

Lemma 6 Let f(-,t) be a finite-degree polynomial for each t > 0. Let K and u depend on

n such that # = A\ for some A > 0 and Q(y/n) < K < o(n). Suppose Assumption 1 holds
for some v > 0, and suppose either C* is deterministic with |C*| = K, or C* is random
such that |C*|/K — 1 in probability as n — oo. Let A= W/\/n and set 6. = 0. Consider

i—7J

the message passing algorithm defined by (5) and (6). Then for each fized t, as n — oo,

1
dKS <|(j*| Z 592, N(Ht,TE)) £> 0,

1€C*

1 2y | 2
dxs <n—|C*| Z Ogt» N(0, 7 )) =0,

i¢C*

where py and Ty are defined in (7) and (8), respectively; ﬁ > icc+ Ot and ﬁ Zigc* Opt
are the empirical distributions of 0! for i € C* and i ¢ C*, respectively.

Next we prove Theorems 1-4. Lemma 6 implies that if i € C*, then 0} ~ N '(u¢, 77); if
i ¢ C*, then 6! ~ N(0,77). Ideally, one would pick the optimal f(z,t) = e*(*=#) which
result in the optimal state evolution p;41 = Veli/2 and 7 = 1 for all ¢ > 1. Furthermore,
if A > 1/e, then puy — oo as t — 0o, and thus we can hope to estimate C* by selecting the
indices i such that 6! exceeds a certain threshold. The caveat is that Lemma 6 needs f to
be a polynomial of finite degree. Next we proceed to find the best degree-d polynomial for
iteration ¢, denoted by fy(-,t), which maximizes the signal to noise ratio.

Recall that the Hermite polynomials { Hy : kK > 0} are the orthogonal polynomials with
respect to the standard normal distribution (cf. (Szegd, 1975, Section 5.5)), given by

) = (— W(k)(ﬂﬂ)_tkm —1)i(2i — k k2
) = (s = S e un( ) (21)

where ¢ denotes the standard normal density and ¢¥)(z) is its k-th derivative; in particular,
Hy(x) = 1, Hy(z) = 2, Ha(x) = 2? — 1. Furthermore, deg(Hy) = k and {Hy, ..., Hy} span
all polynomials of degree at most d. For Z ~ N(0,1), E[H,,(Z)H,(Z)] = m!dpm=y and
E[Hg(p + Z)] = p* for all u € R; hence the relative density %(m) = ehe=1/2 admits
the following expansion: 7

00 K
errm/2 _ 5 Hk(g;)%, (22)
k=0 )

Truncating and normalizing the series at the first d+1 terms immediately yields the solution
to (13) as the best degree-d Lo-approximation to the relative density, described as follows:

Lemma 7 Fiz d € N and define 11y according to the iteration (14) with iy = 0, namely,
Ny
e = MGa(@7),  Galp) =) 05 (23)

14
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Define

d
fa(w.t) =) apHy(x), (24)
k=0

~k 2k
where aj, = %(ZZ:O %)_1/2. Then fq(-,t) is the unique mazimizer of (13) and the state
evolution (7) and (8) with f = fy coincides with 7+ = 1 and ps = . Furthermore, for any
d > 2 the equation

Ga(a) = aGy_1(a) (25)
has a unique positive solution, denoted by a}. Let
5= G (26)
and define \] = 1. Then
1. for any d € N and any A\ > N}, jiy — 00 as t — oo and hence for any M > 0,
t"( A\, M) =inf{t: g > M} (27)

is finite;

1/e24-0(1)

2. X 1 1/e monotonically as d — oo according to Xj = 1/e + @)

Remark 8 The best affine update gives \; = 1; for the best quadratic update, a’ = v/2 and

hence \5 = Tl\@ ~ 0.414. More values of the threshold are given below, which converges to

1/e =~ 0.368 rapidly.

d | 1] 2 3 ] 5
Xo [ 104140376 | 0.369 | 0.368

Remark 9 Let

d*(\) =inf{d € N: X < A}, (28)
which is finite for any A > 1/e. Then for any d > d*, iy — o0 ast — co. As \ approaches
the critical value 1/e, the degree d*(X) blows up according to d*(X) = ©(log -/ loglog 1),

as a consequence of the last part of Lemma 7.

Remark 10 (Best affine message passing) For d = 1, the best state evolution is given
by
~2 ~2
Mgy = A1+ 1)
and the corresponding optimal update rule is
1+ ﬁt$
VI+7g
This is strictly better than f(x,t) = = described in Section 3.2 which gives ﬁfﬂ = \i?;
nevertheless, in order to have [iy — oo we still need to assume the spectral limit A > 1.

f1($7t) =

15
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Proof [Proof of Lemma 7| Note that any degree-d polynomial g can be written in terms of

the linear combination: .
t) = Z crHg(z)
k=0

where the coefficients {Ek} sAazitisfy El[¢*(Z2)] = ZZ:O klc = 1. By a change of measure,
Elg(fis + Z)] = Elg(Z)eftZ~1i/?]) = Zi:o cifif, in view of the orthogonal expansion (22).
Thus, to solve the maximization problem (13), it is equivalent to solving

d d
=k . 12 —
Hé%x{g Crly E k.ckl}.
k=0 k=0

By Cauchy-Schwarz inequality, the optimal coefficients and the optimal polynomial fy(-,¢)
are given by (24), resulting in the following state evolution

4\ 12
fipr = VAmax{E[g(ii + 2)]: E[g(2)?] = 1,deg(g) < d} = <>\Z l:,) )

which is equivalent to (23).

Next we analyze the behavior of the iteration (23). The case of d = 1 follows from the
obvious fact that 117, ; = A(7 + 1) diverges if and only if A > 1. For d > 2, note that Gy
is a strictly convex function with G4(0) =1 and G, = G4_1. Also, (G4(a) —aGg_1(a))’ =
—aG’(a) < 0. Thus, Gg(a) —aGq_1(a) is strictly decreasing on a > 0 with value 4 at a = 1
and limit —oo as a — 00, so (25) has a unique positive solution aj; and it satisfies a; > 1.

Furthermore, (G4(a) — aGg-1(a)) ‘ Zk o Ii" so by Taylor’s theorem,
d—
Ga(a) — aGy_1(a) = (a—1 Z (a—1)%),
k=0
yielding
1
ay; =1+ +0(1/(d)?).
d! Zk 0 Ii'

Consider next the values of A such that fi; diverges. For very large A\, G4(a) dominates a/\
pointwise and iy diverges. The critical value of A is when G4(a) and a/\ meet tangentially,
namely,

AGg_1(a) =1, AGg4(a)=a

whose solution is given by a = a}; and A = A}, where

x A 1 . 1
NE G@) ~ Gaa() T G (Dlag — 1) + O((ag — 1)
_ 1 e YR+ O(1/(d?)
T d 1 =1/e+ P
> k=071 T O(1/(d})?) ey i_ol/k!
B 1/e? +o(1)
=Ver Tannr
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Thus, A} is the minimum value such that for all A > A}, AG4(a) > a for all a > 0, so that
starting from any j1; > 0 we have 1i; — oo monotonically. The fact A} is decreasing in d
follows from the fact G4 is pointwise increasing in d. |

Lemmas 6 and 7 immediately imply the following partial recovery results.

Lemma 11 Assume that A\ > 1/e and Q(/n) < K < o(n). Fiz any € € (0,1). Let
M = y/8log(1/€) and run the message passing algorithm for t iterations with f = fg,
d* = d*(\) as in (28), and t = t*(\, M) as in (27). Let C = {i: 08 > [ip+/2}. Then with
probability converging to one as n — oo,

1 ~

?‘CQC*’ZI—G (29)

K(1—¢) <|C| < ne. (30)
Proof Notice that
cnecr =Y Lo s j2}-
€C*

By the choice of f = fyin (24), we have 7, = 1 for all ¢ > 1. It follows from Lemma 6 that

1 ~ — ~
lim —|CNC*| =P {i- + Z > fir- /23, (31)

n—oo

where the convergence is in probability. Notice that we have used d = d*(\) and t = t*(\, M)
defined by (28) and (27) in Lemma 7. Thus p;+ > M = /8log(1/¢) and

P {fie + Z < fir- /2} = Qi+ /2) < e7/% < e,

which, in view of (31), implies (29) with probability converging to one as n — co. Similarly,
Lemma 6 implies that in probability

1, ~ ~ ~
Jim L|O\CH| = B{Z > i 2} = Q- /2) < e (32)
Since K = o(n), we have P{K (1 —¢) < |C| < ne} — 1. [ ]

Although C contains a large portion of C*, since ]5 | is linear in n with high probability,
i.e., |C|/n — Q(fig+/2) by Lemma 6, it is bound to contain a large number of outlier indices.
The next lemma, closely following (Deshpande and Montanari, 2015, Lemma 2.4), shows
that given the conclusion of Lemma 11, the power iteration in Algorithm 1 can remove most
of the outlier indices in C. Its proof is presented in Appendix B.

Lemma 12 Suppose A\ = # > 1/e, K — oo, |C*|/K — 1 in probability, and C is
a set (possibly depending on A) such that (29) — (30) hold for some 0 < € < ey, where
0 < ey <1/2 is determined by 1 — ¢y = 86\/4’}/h(60) + 10veq. Let

2

° T log(VA(1 — €)/(8+/4evh(e) + 10eye))’ (33)
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where h(e) £ elog% + (1 —¢€)log i is the binary entropy function. Then C with |6\ =K
produced by Algorithm 1 returns \6AC*| < n(e, \,v) K, with probability converging to one

as n — 0o, where
4608h(€) + 11520¢

A1 —¢)?

(e, \,y) = 2e+ ey (34)
Proof [Proof of Theorem 1| Given 1 € (0,1), choose an arbitrary € € (0,¢p) such that
n(e, A, y) defined in (34) is at most . With ¢* specified in Lemma 11 and s* specified in
Lemma 12, the probabilistic performance guarantee in Theorem 1 readily follows by com-
bining Lemmas 11 and 12. The time complexity of Algorithm 1 follows from the fact that
for both the BP algorithm and the power method each iteration has complexity O(n?) and
Algorithm 1 entails running BP and the power method for ¢t* and [s*logn] iterations re-
spectively; both t* and s* are constants depending only on 7, A, and ~. |

Proof [Proof of Theorem 4] (Weak recovery) Fix k € [1/6] and let C}; = C*NSy. Define the
n(1—8)xn(1—0) matrix A, = A se, which corresponds to the submatrix localization problem
for a planted community C; whose size has a hypergeometric distribution, resulting from
sampling without replacement, with parameters (n, K, (1 — d)n) and mean (1 — §)K. By a
result of (Hoeffding, 1963), the distribution of |C}| is convex order dominated by the distri-
bution that would result from sampling with replacement, namely, the Binom (n(l —9), %)
distribution. In particular, Chernoff bounds for Binom(n(1 — §), £) also hold for |C}], so

|ICy]/((1 = 6)K) — 1 in probability as n — oo. Note that % — A1 —9) and
ie

A(1 = d)e > 1 by the choice of 0. Let d*(A(1 — §)) be given in (28), i.e.,
d*(A1—=9))=inf{de N: \j < A(1-19)}.
Choose an arbitrary e € (0, €y) to satisfy n(e, A(1 —6),v) <9, i.e.,

4608h(e) + 11520¢
2 <5
TN a—5i—e2 =

Define [i; recursively according to (14) with A replaced by A(1 — ) and fip = 0, i.e.,

) ~ "
figr1 = A(1—9) Z R
k=0

Define t*(d, A, ) according to (27) with M = 8log(1/¢), and s*(J, \,7y) according to (33)
with A replaced by A(1 — ¢). Then Theorem 1 with n and K replaced by n(1 — §) and
[K(1—¢)] implies that as n — oo,

P{|5kac;| <SKfor 1<k < 1/5} 1.

Given (Cj, C}), each of the random variables r;/n for i € Sy, is conditionally subgaussian
with proxy variance at most K+y. Furthermore, on the event, & = {|C,AC}| < 0K},

ICe N C| > |Ck| — |CLACE| = [K(1=68)] — |ChACE| > K(1 — 20).
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Therefore, on the event &, for i € S N C*, r;y/n has mean greater than or equal to
K (1 —26)u, and for i € Sp\C*, r; has mean zero.
Define the following set by thresholding

Ch={ienl:r>(1-25)vVA/2}
The number of indices in Sy incorrectly classified by C N Sy, satisfies (use |Sy| = on):
E [|(CL N SAC™ N Sy)|] < Sne 205,

where the last inequality follows because r; is subgaussian with proxy variance at most
vK /n. Summing over k € [1/6] yields E [|[C.AC*|] < ne~ "/ K), By Markov’s inequality,

2 =o(n
P{ICLACT| > K?/n} < 20K K2 o)

Instead of C!, Algorithm 2 outputs C” which selects the K indices in [n] with the largest
values of r;. Applying the same argument as that at the end of the proof of Lemma 12, we
get |C*AC'| < 2|C*AC!| 4 ||C*| — K|, and hence |C*AC'|/K — 0 in probability.

(Exact recovery) By the union bound and Chernoff’s bound for subgaussian random
variables, the maximum of m subgaussian random variables X; with zero mean and proxy
variance at most v satisfies that

IP’{lr<nia<>7<nXi > ﬁ(x/Qlogm—i—t)} < mexp (— <\/m+t>2/2)
= exp (—t 2logm—t2/2> .

It follows that max;<j<m X; is at most /2ylogm + op(1) as m — oco. Also, for k € [1/6],
|Sx N C*| < |C*| = K and |Si\C*| < |[n]\C*| = n — K. Therefore,

‘min rivn > K(1—28)u—2KvylogK +op(VK (35)

‘max rivn < \/2Kvlog(n — K) + op(VK). (36)

Since k ranges over a finite number of values, namely, [1/4], (35) and (36) continue to hold
with left-hand sides replaced by min;cc+ r;y/n and max;gc 7 \/n, respectively. Therefore,
by the choice of 4, min;cc+ 734/n > max; jem\C* riv/n with probability converging to one as
n — oo and so C' = C* with probability converging to one as well.

(Time complexity) The running time of Algorithm 2 is dominated by invoking Algorithm
1 for a constant number, 1/§, of times, and the number of iterations within Algorithm 1
is (t* + s*logn)n?, with both t* and s* — oo as either § — 0 or A — 1/e. In particular,
the threshold comparisons require O(n?) computations. Thus, the total complexity of Al-
gorithm 2 is as stated in the theorem. |
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5. The Gaussian biclustering problem

We return to the biclustering problem where the goal is to locate a submatrix whose
row and column support need not coincide. Consider the model (1) parameterized by
(n1,n2, K1, K2, 1) indexed by a common n with n — oco. In Section 5.1 we present the
information limits for weak and exact recovery for the Gaussian bicluster model. The sharp
conditions given for exact recovery are from (Butucea et al., 2015), and calculations from
(Butucea et al., 2015) with minor adjustment provide conditions for weak recovery as well.
Section 5.2 shows how the optimized message passing algorithm and its analysis can be
extended from the symmetric case to the asymmetric case for biclustering and compares
its performance to the fundamental limits. As originally observed in (Hajek et al., 2017)
for recovering the principal submatrix, the connection between weak and exact recovery via
the voting procedure extends to the biclustering problem as well. Note that for the sake
of simplicity, we focus on Gaussian biclustering where the noise matrix Z is Gaussian; the
results can be readily extended to the case where Z has subguassian entries as we did in
the symmetric case.

5.1 Information-theoretic limits for Gaussian biclustering

Information-theoretic conditions ensuring exact recovery of both C} and Cj by the maxi-
mum likelihood estimator (MLE), i.e.,

(CME,CYE) = g max > Wi
=81 ey
|C2|=K2 jeC,

are obtained in (Butucea et al., 2015). While (Butucea et al., 2015) does not focus on
conditions for weak recovery, the calculations therein combined with the voting procedure
for exact recovery described in (Hajek et al., 2017) in fact resolve the information limits for
both weak and exact recovery in the bicluster Gaussian model. Throughout this section we
assume that K; = o(n;) for ¢ = 1,2. For the converse results we assume C; is a subset of
[n;] of cardinality K; selected uniformly at random for ¢ = 1,2, with C} independent of C3.

Let
K2,
No= 2P fori=1,2.
n;

Theorem 13 (Weak recovery thresholds for Gaussian biclustering)

If

K1 K
lim inf H 172

n—o0 \/Q(Kl log(nl/Kl) +K2 log(ng/Kg)) ” 1, (37)

then both CY and C35 can be weakly recovered by the MLE. Conversely, if both CT and C5
can be weakly recovered by some estimator, then

K1 K
lim inf ,u 1772

n—00 \/Q(Kl log(nl/Kl) + Ko log(ng/Kg) =1 (38)
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If C5 (CF) can be weakly recovered, one can further obtain exact recovery of C; (C3)
via a voting cleanup procedure similar to Algorithm 2; it uses the method of successive
withholding. We give the voting procedure in Algorithm 3 for exact recovery of C} based
on weak recovery of C5; exact recovery of C'5 based on weak recovery of Cf is analogous.

Algorithm 3 Weak recovery of C3 plus cleanup for exact recovery of C7

L. Input: ny,n9, K1, K2 € N, u >0, A e R"*"2 4 € (0,1) with 1/6,n16 € N.

2: (Partition) Partition [n;] into 1/§ subsets Sy of size n;d randomly.

3: (Approximate recovery) For each k = 1,...,1/4, let Aj denote the restriction of A to
the rows with index in 57, run an estimator capable of weak recovery of C5 with input
(n1(1 —9),n2, [K1(1 —9)], K2, u, Ax) which outputs Coy.

4: (Clean up) For each k =1,...,1/§ compute r; = Zje@k A;; for all i € Sy, and return

C1, the set of K indices in [n1] with the largest values of r;.

Theorem 14 (Exact recovery thresholds for Gaussian biclustering)
If for some small 6 > 0, C5 can be weakly recovered even if a fraction ¢ of the rows of the
matriz are hidden, and if

P \/KQ/L
lim inf
n—oo /2log K1 + v/2logny

then CT can be exactly recovered by the voting procedure. Conversely, if C| can be exactly
recovered by some estimator, then

> 1, (39)

P vV KQ/J/
lim inf >
n—oo /2log K1 + v/2logny
Similarly, if for some small § > 0, CT can be weakly recovered even if a fraction ¢ of the
columns of the matriz are hidden, and if

(40)

. VvVEiu
lim inf
n—oo /2log Ko + v/2log no

then C5 can be exactly recovered by the voting procedure. Conversely, if C5 can be exactly
recovered by some estimator, then

(41)

P \/Klﬂ
lim inf >
n—oo /2log Ky + /2log nsy

The proofs of Theorems 13 and 14 are given in Appendix D. The sufficient conditions
involving ¢ in Theorem 14 require a certain robustness of the estimator for weak recovery.
If the rows indexed by a set S, with S C [n1] and |S| = dnq, are hidden, then the observed
matrix has dimensions 11 (1—0) X ng and the planted submatrix has K; —|SNCY| =~ K1(1—0)
rows and K5 columns. It is shown in (Hajek et al., 2017, Section IV.B) that the MLE has
this robustness property for weak recovery of a principal submatrix, and a similar extension
can be established for weak recovery for biclustering. The estimator used is the MLE based
on the assumption that the submatrix to be found has shape Kj(1 — ¢§) x Ky. With that
extension in hand, the following corollary is a consequence of the two theorems, and it
recovers the main result of (Butucea et al., 2015).

(42)
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Corollary 15 If (37), (39), and (41) hold, then C} and C5 can both be exactly recovered
by the MLE. Conversely, if exact recovery is possible, then (38), (40), and (42) hold.

‘We conclude this subsection with a few remarks on Theorems 13 and 14:

1. If n; = n9 and K; = Ko, the sufficient conditions and the necessary conditions for
weak and for exact recovery, respectively, are identical to those in (Hajek et al., 2017)
for the recovery of a K x K principal submatrix with elevated mean, in a symmetric
n X n Gaussian matrix. Basically, in the bicluster problem the data matrix provides
roughly twice the information (because the matrix is not symmetric) and there is
twice the information to be learned, namely C7 and C3 instead of only C*, and the
factors of two cancel to yield the same conditions. It therefore follows from (Hajek
et al., 2017, Remark 7), that if n; = ny and K3 = Ky < ni/g, then (37) implies (39)
and (41); in this regime, (37) alone is the sharp condition for both weak and exact
recovery.

2. If \; = KEHQ are two fixed positive constants and if K < Ko, then (37) holds for all
sufﬁcientlyl large n, so weak recovery is information theoretically possible. In contrast,
our proof that the optimized message passing algorithm provides weak recovery in this
regime requires (A1, A2) € G, where G is defined in (52) in the next subsection.

5.2 Message passing algorithm for the Gaussian biclustering model

Suppose n; — oo and Q(/n;) < K; < o(n;) for i € {0,1}, as n — oo. The belief propagation
algorithm and our analysis of it for recovery of a single set of indices can be naturally adapted
to the biclustering model.

Let f(-,t) : R — R be a scalar function for each iteration ¢. To be definite, we shall
describe the algorithm such that at each iteration, the messages are passed either from the
row indices to the column indices, or vice-versa, but not both. The messages are defined as
follows for t > 0 :

1

(t even) efig—\/? > Wief (0 it), Vi€ [ml,j € [ng) (43)
%e[m]\{j}

(todd) 0L =— S Wyf(Bl,. 1), Ve lnalicl, (44)

Jj—t
\/TT tefm]\{s}

with the initial condition 69 ., = 0 for (¢,i) € [n2] x [n1]. Moreover, let the aggregated
beliefs be given by

(t even) g1 = f > Wif(0)5,t), Vi€ [m] (45)
L€no)
(t Odd) oLt = Z Wf] 0@4}]71:)7 Vj € [nQ] (46)

J
f S

Recall \; = Z” for i = 1,2. Suppose as n — oo, for ¢ even (odd), 6! is approximately
N (p, ) for i € C’1 (i € C3) and N(0,73) for i € [nl]\C1 (1 € [ng]\C'Q) Then similar to
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the symmetric case, the update equations of message passing and the fact that 6! , i~ 6!
for all ¢, 5 suggest the following state evolution equations for ¢ > 0:

VXE [f(ue + 1eZ,t)] t even
pir1 = (47)
\/AlE[f(Mt + 72, t)] t odd
1 =E [f(rZ,t)?]. (48)
The optimal choice of f for maximizing the signal-to-noise ratio ’;f—:ll is again f(x,t) =

e®t=Hi With this optimized f, we have .41 = 1 and the state evolution equations reduce
to

)\26”? t even
2
— 49
Hi+1 {Aleu? t odd (49)

with ug = 0.

To justify the state evolution equations, we rely on the method of moments, requiring
f to be polynomial. Thus, we choose f = fy(-,t) as per Lemma 7, which maximizes the
signal-to-noise ratio among all polynomials with degree up to d. With f = f;, we have
T++1 = 1 and the state evolution equations reduce to

. AoGy(1i?) t even
Aty = " (50)
MGy(i7) todd

k
where Gy(p) = Zi:o &r.
Combining message passing with spectral cleanup, we obtain the following algorithm for
estimating C7 and C5.

Algorithm 4 Message passing for biclustering

1: Input: ny,n9, K1, Ko € N, up >0, W e Rm*"2 d* ¢ N, t* € 2N, and s* > 0.

2: Initialize: 09 ,, = 0 for (£,i) € [n2] x [n;]. For ¢ > 0, define the sequence of degree-d*
polynomials fg=(-,t) as per Lemma 7 and iy according to (50).

3: Run t* iterations of message passing as in (43) and (44) with f = f4+ and compute 9;?*
for all i € [n1] as per (45) and Hg*“ for all j € [n2] as per (46).

4: Find the sets Cy = {i € [my] : 0" > Jip=/2} and Co = {j € [ng] : 01T > fipn11/2}.

5: (Cleanup via power method) Denote the restricted matrix Wes, 6, by W. Sample

uniformly from the unit sphere in RI€1! and compute u!t2? = WW Tut /ﬂwautH, for t
even and 0 <t < 2[s*log(ning)| — 2. Let u = u2ls"1og(nmin2)] Return Cf, the set of K,
indices i in C} with the largest values of |i;]. Compute the power iteration with wTw
for odd values of ¢ and return Cs similarly.

We now turn to the performance of Algorithm 4. Let

G ={(\,A2) : e — oo}, (51)
Ga = {(M,A2) : fir — oo} (52)
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As d — o0, Gg(p) — et uniformly over bounded intervals. It suggests that if (A1, A2) € G,
then there exists a d*(\1, A2) such that (A1, A\2) € Gy and hence fiy — oo as t — 0o. The
following lemma confirms this intuition.

Lemma 16 Ford > 1, Gg C Ggi1 with Gy = {(A1,A2) : A2 > 1}, and U G4 =G.

Proof By definition, Gi(z) = 1+ « and thus for ¢ even, fi7 , = A (1 + (1 + 7).
As a consequence, iy — oo if and only if A\{Ay > 1, proving the claim for G;. Let
da(z) £ MGa(A2Gy(z)) so that [7,, = ¢a(f7) for t even . The fact Gg C Gap1 C G
follows from the fact ¢4(x) is increasing in d and ¢4(x) < ¢(z), where ¢ is defined in Re-
mark 17. To prove UP Gy = G, fix (A1, A2) € G. It suffices to show that (A1, A2) € G4 for d
sufficiently large. Since ¢o(z)/2? — o0 as x — oo, there exists an absolute constant xg > 1
such that ¢g4(z) > 22 whenever z > xo and d > 2. Let to be an even number such that
p#, > xo. Since ¢q(x) converges to ¢(x) uniformly on bounded intervals, it follows that the
first to/2 iterates using ¢4 converge to the corresponding iterates using ¢. So, for d large
enough, ﬁtzo > x0, and hence, for such d, i — o0 as t — 00, 50 (A1, A2) € Gq. [ |

A2

14
0.8 +
0.6 +
0.4+

0.2 +

: : : : : M
0.2 0.4 0.6 0.8 1

Figure 1: Required signal-to-noise ratios by Algorithm 4 for biclustering.

Remark 17 Clearly G is an open subset of Ri and G is an upper closed set. Let 0G
denote its boundary and let ¢(x) = \e’2®", so that pi o = ¢(u?) for t even. Note that
(M1, A2) € 9G if and only if the function is such that for some x > 0, ¢(x) = x and
¢ (x) = 1. Since ¢'(x) = ¢(x)y, where y = A2e®, it follows that vy = 1 where x = A\eY.
Therefore, it is convenient to express the boundary of G in the parametric form

G = {(ze™V* 7)1z > 0}.

It follows that (1/e,1/e) € OG and {(A1,A2) € R2 : Mg > e 2}\{(1/e,1/e)} C G (see
Fig. 1 for an illustration). Boundaries of Gq can be determined similar to (25) (see Fig. 2
for plots).
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2.0

0.5

00— Ty
0.0 0.5 1.0 15 2.0

Figure 2: Boundaries of the regions G4 for d = 1, 2, 3; as d increases, G4 converges to G in
Fig. 1.

The correctness proof for the spectral clean-up procedure in Algorithm 4 is given by
Lemma 18 below with s* defined by (56); it is similar to Lemma 12 used in Theorem 1 but
applies to rectangular matrices and uses singular value decomposition.

Lemma 18 Suppose

v K1 Ko >i
Vni+4/n2 T co

ICY
K;

(53)

for some cg > 0. Fori=1,2, suppose that — 1 in probability and C; is a set (possibly

depending on W ) such that
i\é-mc*pl— (54)
K; ! ih= ¢
Ki(1—€) <|Cy| < nye (55)

hold for some 0 < € < €y, where €y depends only on cy. Let

-1
&= <log1—e—30m/h(6)—|—e> (56)

3cor/h(e) + €

where h(e) = elog% + (1 —¢)log %_6 is the binary entropy function. Then C; returned by
Algorithm 4 satisfies ]@ACﬂ < n(e)K; for i = 1,2, with probability converging to one as
n — oo, where

9 h(e) +¢€

77(6) = 26 —+ 65000 m

(57)

With Lemma 18, we are ready to show that the bicluster message passing algorithm
(Algorithm 4) approximately recovers C} and C5, provided that (A1, A2) € G.
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Theorem 19 Fix A1, A2 > 0. Suppose Kzf — N, K1 =< Ky, and Q(/n;) < K; < o(ny)
as n — oo, for i = 1,2. Consider the model (1) with |C}|/K; — 1 in probability as
n — 00. Suppose (A1, 2) € G and define d*(A\1,\2) as in (59). For every n € (0,1), there
exist explicit positive constants t*, s* depending on (A1, A2,n) such that Algorithm 4 returns
|@ NCF > (1 —n)K; fori=1,2 with probability converging to 1 as n — oo, and the total
running time is bounded by c(n, A1, A2)ninglog(ning), where c¢(n,\1,A2) — oo as either
17— 0 or (A1, \2) approaches 0G.

Remark 20 (Exact biclustering via message passing) If the assumptions of Theorem 19
hold and the voting condition (39) (respectively, (41)) holds, then CY (respectively, C3) can
be exactly recovered by message passing plus a voting procedure as described in Algorithm 3.
Similar to the analysis in the symmetric case, whenever information-theoretic sufficient
conditions for exact recovery (39)—(41) imply the sufficient condition of message passing for
weak recovery, i.e., (A1, 2) € G defined in (52), there is no computational gap for exact
recovery.

To be more precise, consider K; = 15&71 fori=1,2. Then (39) and (41) are equivalent
to \; > 8p;. Thus, whenever Ki and Ks are large enough so that (8p1,8p2) lies in the
closure cl(G), or more generally,

Kalogm cl(G), (58)

<lim inf lim inf 3

n—oo ni n—oo n9

K1 1
2 ogm) el

then Algorithm 4 plus voting achieves the information-theoretic exact recovery threshold
with optimal constants. This result can be viewed as a two-dimensional counterpart of (20)
obtained for the symmetric case.

Proof [Proof of Theorem 19| The proof follows step-by-step that of Theorem 1; we shall
point out the minor differences. Given A1 and Ao, define

d*()\l, )\2) = inf{d € N: ()\1, )\2) S gd} (59)

By the assumptions of Theorem 19, there exists ¢y > 0 so that (53) holds. Given any
1 € (0,1), choose an arbitrary € € (0, ¢g) such that 7n(e) defined in (57) is at most 7. Notice
that €g is determined by ¢g. Let M = 8log(1/€) and choose

t*(/\l, Ao, M) = inf {t : min{ﬁt,ﬁt+1} > M} . (60)

In view of Lemma 16 and the assumption that (A1, A2) € G, d* is finite. Since (A1, A2) € Gy,
it follows that iy — oo and thus t*(A\1, A2, M) is finite.

The assumptions of Theorem 19 imply that n; < ns. Lemmas 27 - 29 therefore go
through as before, with n in the upper bounds taken to be min{ni, na}, so that \/% < %
This modification then implies that Lemma 6, justifying the state evolution equations, goes
through as before. See Section 6.1 for more details.

Finally, the proof is complete by invoking Lemma 18.
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6. Justification of state evolution equations

In this section we prove Lemma 6. Let f(z,t) = Z;‘i:o qlz" with |g!| < C for a constant C.
Let {Af,t > 1} be i.i.d. matrices distributed as A conditional on C* and let A° = A. We
now define a sequence of vectors {£,¢ > 1} with ¢! € R™ given by

Eri= > AufELnt), Yi#ieln] (61)
ten)\ {i.j}

ff“: Z Aéif(féamt)
een]\{i}

&, =0. (62)

In the definition of &, fresh samples, A!, of A are used at each iteration, and thus the
moments of ¢ in the asymptotic limit are easier to compute than those of §*. Use of
the fresh samples A" does not make the messages (¢!, : i € [n]\¢) independent for fixed
¢ € [n] and fixed t > 2, because at t = 1 the messages sent by any one vertex to all
other vertices are statistically dependent, so at ¢t = 2 the messages sent by all vertices are
statistically dependent. However, we can take advantage of the fact that the contribution
of each individual message is small in the limit as n — oo. Hence, we first prove that ¢!
and @' have the same moments of all orders as n — oo, and then prove the lemma using
the method of moments.

The first step is to represent (0;_,;,0) and (& _,;,&;) as sums over a family of finite
rooted labeled trees as shown by (Deshpande and Montanari, 2015, Lemma 3.3). We next
introduce this family in detail. We shall consider rooted trees T' of the following form. All
edges are directed towards the root. The set of vertices and the set of (directed) edges in
a tree T" are denoted by V(T') and E(T), respectively. Each vertex has at most d children.
The set of leaf vertices of T', denoted by L(T), is the set of vertices with no children. Every
vertex in the tree has a label which includes the type of the vertex, where the types are
selected from [n]. The label of the root vertex consists of the type of the root vertex, and
for every non-root vertex the label has two arguments, where the first argument in the label
is the type of the vertex (in [n]), and the second one is the mark (in {0, ..., d}). For a vertex
v in T, let £(v) denote its type, r(v) its mark (if v is not the root), and |v| its distance
from the root in T'. For clarity, we restate the definition of family of rooted labeled trees
introduced in (Deshpande and Montanari, 2015, Definition 3.2).

Definition 21 Let T denote the family of labeled trees T with exactly t generations satis-
fying the conditions:

1. The root of T has degree 1.

2. Any path (vi,ve, ..., vk) in the tree is non-backtracking, i.e., the types £(v;), (vit1), £(Vit2)
are distinct for all i, k.

3. For a vertex u that is not the root or a leaf, the mark r(u) is set to the number of
children of v.

4. Note that t = max,cr(y |v|. All leaves u with |u| <t —1 have mark 0.
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Let ’Tit_)j C Tt be the subfamily satisfying the following additional conditions:
1. The type of the root is 1.
2. The root has a single child with type distinct from i and j.
Similarly, let T C T be the subfamily satisfying the following:
1. The type of the root is 1.
2. The root has a single child with type distinct from i.

We point out that under the above definition, a vertex of a tree in 7" can have siblings of
the same type and mark. Also two trees in 7* are considered to be the same if and only if
the labels of all vertices are the same, with the understanding that the order of the children
of any given vertex matters. In addition, the mark of a leaf u with |u| = ¢ is not specified
and can possibly take any value in {0,...,d}. The following lemma is proved by induction
on t and the proof can be found in (Deshpande and Montanari, 2015, Lemma 3.3).

Lemma 22

TeT!

i—J
0= S A(T)I(T,q,0)0(T),
TeT}
where’
AT 2 I Acwe)
u—veE(T)
INGERIE | i
u—veE(T)
0(T) = 11 (00— e0)""
u—veE(T)weL(T)
Similarly,
f—>j = Z A(T)F(T> qvt)e(T)’
Telrit—m'
&= ADI(T,q,t)0(T),
TeT!
where

PN t—Juf
AD = I Ay
u—veE(T)

9. Often the initial messages for message passing are taken, with some abuse of notation, to have the form
9?_,j = 0 for all j, and then only the n variables 69 need to be specified. In that case, the expression

for §(T) simplifies to O(T) £ [uerm (eg(u))““).
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Since the initial messages are zero, f(G?_H», 0) = q8. Thus, for notational convenience in
what follows, we can assume without loss of generality that f(x,0) = qJ, i.e., f(x,0) is a
degree zero polynomial. With this assumption, it follows that for a labeled tree T' € T¢,
I'(T,q,t) = 0 unless the mark of every leaf of 1" is zero. If the mark of every leaf is zero,
then 0(T) = 1, because in this case §(7T) is a product of terms of the form 0°, which are
all one, by convention. Therefore, I'(T,q,t)0(T) = I'(T, q,t) for all T € T;. Consequently,
the factor (T') can be dropped from the representations of 07 ,,, 6;, &/, and & given in
Lemma 22. Applying Lemma 22, we can prove that all finite moments of 6! and ¢! are
asymptotically the same. Before that, we need two key auxiliary lemmas.

Let ¢(T),s denote the number of occurrences of edges (u — v) in the tree T with types

(u), l(v) ={r,s}.

Definition 23 For m > 1 and given an m-tuple of trees 11, ..., Ty, let G denote the undi-
rected graph obtained by identifying the vertices of the same type in the trees and removing
the edge directions. Let E(G) denote the edge set of G. Then an edge (r,s) is in E(Q)
if and only if >y~ &(Te)rs > 1, d.e., the number of times covered is at least one. Let Gy
denote the restriction of G to the vertices in C* and G the restriction of G to the vertices
in [n)\C*. Let E(G1) and E(G2) denote the edge set of G1 and Go, respectively. Let Ej
denote the set of edges in G with one endpoint in G1 and the other endpoint in Gs.

Lemma 24 Suppose an m-tuple of trees T1,..., Ty, € Tt has o edges in total, and there
are k different edges (r,s) in E(G1) which are covered exactly once, i.e., > ;21 ¢(Ty)rs = 1.
Then

m

[T AT

{=1

/2

E < c,ukn_

for a consant ¢ independent of n. The same conclusion also holds when replacing A(Ty) by

A(Ty).
Proof By the definition of A(T),

m

|J Een)

/=1

E

<11

i

J<j

E [(Ajj,)Z?:1 ¢(Te)]~j/}

E [(Ajj/)ZT:l ¢>(Te)jj/} |

k

_ ("~

_<ﬁ> > 1
<"y ¢(T£)jj/22

k
< <\';ﬁ> H E [|Ajj,|22n:1 ¢(T€)jj/:|

.7'<J'/¢Z;5n:1 (z’(TZ)jj/ZZ

g(;(\;%)k H (\}ﬁ)ZZn—mm)ﬁ,

J<3" 300 d(Te) ;50 >2

— cuknfa/27
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where the last inequality follows because Z;; are zero-mean subgaussian random vari-

p
] < enP/? and

n

ables with proxy variance v and consequently for 1 < p < a, E [

?|

is an upper bound on y for all n, which is finite!” by the assumptions that K = Q(y/n) and
A=0(1). [ |

p
Zij+p
vn

] < en~P/? where c is a finite constant depending on v, v, and pyax, where pimax

We next define an equivalence relation on the family of m-tuples of trees in 7%, which is
useful for enumerating such m-tuples. Fix a set D C [n] of distinguished types; the notion
of equivalence depends on D. In this paper when we focus on the messages formed by one
vertex {i} we take D = {i} and when we focus on the covariance of messages formed by
two vertices, i and j, we take D = {4, j}.

Definition 25 For D C [n], two m-tuples of trees in T' are equivalent (relative to D) if
there is a permutation of the set of types [n| such that i maps to i for each i € D, C* maps
to C*, so also [n]\C* maps to [n]\C*, such that the following is true: the second m-tuple of
trees is obtained by applying the permutation to the types of the vertices of the first m-tuple
of trees.

To clarify, if two m-tuples of trees are equivalent, in particular, the marks of the two m-
tuples must be the same, and the set of vertices with type ¢ € D is the same. Recall that
for trees to be considered equal, the order of children matters. The same is true when
considering trees to be equivalent relative to D. Thus, for example, if (77,7%) is equivalent
to (T7,T3) and if (T7,T>) has the following property: the first child of the first child of
the root in 77 has the same type as the third child of the second child of the root in 75,
then (77, T%) must have the same property. Furthermore, if the common type for those two
vertices in (77, T») is some i € D, then those two vertices in (77, 73) must also have type
i. If the common type for those two vertices in (77,7%) is some k € C*\D, then those two
vertices in (77, T4) must also have some common type k' € C*\D.

Lemma 26 For a given set of distinguished types D, let S denote the set of equivalence
classes on the family of m-tuples of trees in Tt. Then |S| < ¢ for a constant ¢ dependent on
only m,t,d,|D| (not onn). Moreover, fiz any equivalence class S € S and a representative
m-tuple of trees (T1,...,Ty,) which has t1 and to distinct types in C*\D and [n]\(C* U D),
respectively. Then |S| < K''n'2.

Proof The total number of vertices of an m-tuple (T4, ...,T,,) is bounded by a function of
m, t,d alone and thus independently of n, therefore so are the number of ways to partition
these vertices into subsets of vertices with the same type. For each such subset, we need to
designate whether the type of the vertices in this subset is one of the distinguished types
i€ D, orisin C*\D, or is in [n]\(C* U D). The total number of distinct such designations
is bounded by a function of m, t, d, | D| independently of n. Finally, we need to assign marks
to the vertices of the trees, and the number of distinct assignments is bounded by a function
of m,t,d alone. Hence, |S| is bounded by a function of m, ¢, d alone.

2,2
10. This is where the assumption K = Q(y/n) is used because Kn“ is assumed to be a constant .
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Fix a given equivalence class S € S and a representative m-tuple of trees (71,...,T,)
in S. Consider all the types from [n]\D that appear at least once for some vertex of some
tree in the m-tuple. Then ¢; is the number of such types in C*\D and ¢2 is the number
of such types in [n]\(C* U D). The cardinality of S is at most the product of the number
of partial permutations of length ¢; of elements chosen from C*\D, times the number of
partial permutations of length ¢ of elements chosen from [n]\(C* U D). The conclusion
follows. |

Combining Lemmas 22, 24, and 26, we have the following lemma, showing that all finite
moments of 6! and &! are asymptotically close.

Lemma 27 For any t > 1, there exists a constant ¢ independent of n and dependent on
m,t,d,C such that for any i € [n]:

[E [(65)™] —E[€)™] | < en™ /2.

Proof As explained right after Lemma 22, the assumption that f(x,0) = ¢} implies that
the factor 6(T") can be dropped in the representations given in Lemma 22. Therefore, it
follows from Lemma 22 that for ¢ > 1,

E[6)"] = Y, [[T@a0E |[[[AT)|,

Tty T €T} £=1 =1 i

E(E)™ = > JIr@avE|J]AT)
L/=1

Tlv---vaeﬁt =1

Because the coefficients in the polynomial are bounded by C and there are m trees with
each tree containing at most 1+d+---4+d*~! < (d41)! edges, | [[}~, T(Ty, q, t)| < C™d+D",
Therefore, it suffices to show

>

T1,.... Tm €T}

m

A(TZ) 71/2.
=1

E —E <cn

[TAm)
(=1

L

In the following, let ¢ denote a constant only depending on m,t, d and its value may change
line by line. Recall (G, G1, G2) obtained from a given m-tuple of trees 17, ..., T}, as defined
in Definition 23. We partition set {(71,...,T,,) : Ty € T;'} as a union of four disjoint sets
QU R{ U Ry U Rg, where

1. @ consists of m-tuples of trees (71,...,T,,) such that there exists an edge (r,s) in
E(G2) U E; which is covered exactly once.

2. Ry consists of m-tuples of trees (T1,...,T,,) such that all edges in E(G2) U Ej are
covered at least twice and at least one of them is covered at least 3 times.

3. Ry consists of m-tuples of trees (T1,...,T,,) such that each edge in F(G2) U Ej is
covered exactly twice and the graph G contains a cycle.
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4. Rs consists of m-tuples of trees (T1,...,T,,) such that each edge in E(G2) U Ej is
covered exactly twice and the graph G is a tree.

Fix any (T1,...,T) € Q and let (7, s) be an edge in E(G2) U E(J) which is covered exactly
once. Since E[A,s] = 0 and A,s appears in the product [[,~, A(T¢) once, it follows that
E[IT/%, A(T)] = 0. Similarly, E [[Tj~, A(T;)] = 0. Therefore, it is sufficient to show that
for j =1,2,3,

m

ITAm)

(=1

E —E < en~1/2,

>

(TlvmaTm)ERj

ITAm)
(=1

First consider R;. Further, divide Ry according to the total number of edges in T1,..., T,
and the number of edges in E(G1) which are covered exactly once. In particular, for
a=1,...,md+1)" and k = 0,1,...,a, let Ry 4y denote the subset of R; consisting of
m-~tuples of trees 11, ..., T}, such that there are o edges in 11, ..., T,, and there are k edges
in F(G1) which are covered exactly once. It suffices to show that

> [TAT)
/=1

(T17"'7Tm)€R1,a,k
Fix o, k and an m-tuple of trees (T1,...,Ty,) € Ry ok It follows from Lemma 24 that

m

[TAm)

=1

E ~E <en V2, (63)

E < epFn=o/2, (64)

|J Een)
/=1

Throughout the proof of this lemma, let D = {i} be the set of distinguished types for
defining equivalence classes as specified in Definition 25. We consider breaking R o down
into a large number of smaller sets, where each set is an equivalence class. While large, it
follows from Lemma 26 that the number of these smaller sets depends on m,t, d, but not
on n. Hence, it suffices to upper bound |S| for any given equivalence class S C Ry . It
follows from Lemma 26 that |S| < K™n"2, where n; is the number of vertices in G} with
types in C*\{i} and ng is the number of vertices in G with types in [n]\(C* U {i}).

We further upper bound n; and ng. The graph G is connected (because all the trees
have a root of type i), so n; 4+ ng (the number of vertices of G minus one) is less than or
equal to the number of edges in GG. The number of edges in G is at most k + O‘_Tk_l because
there are k edges in GG covered once, and the rest are covered at least twice, with one edge
covered at least three times. So ny +ns < k + Q_Tk_l Also, since k of the edges in G have
both endpoints in C*, and the vertices of Gy have types in [n] — C*, there are at most
O‘_Tk_l edges in G with at least one endpoint in G5. Moreover, since (G is connected, each
connected component in GG is connected by at least one edge to a vertex in G1. Therefore,

ny < |V(G2)| < O‘_Tk_l The bound K™n? is maximized subject to nq +ng < k + Q_Tk_l
a—k—1

and ny < O‘_Tk_l by letting equality hold in both constraints, yielding |S| < K*n™ 2
Combining with (64) shows that

> [T AT
/=1

(T1:~-~7Tm)€S

k
E < c,ukn_o‘/QKknaigil =c <MK> n~Y? < enl2, (65)

vn
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where we’ve used the fact that % is bounded independently of n. In a similar way, it can
be shown that

> E([A®)] | <en™?
(Ty,....Tm)€S (=1
and thus
> E|JTA@)| -E(|J[A@)| | < en 2 (66)
(T1,...;Tm)ES (=1 /=1

Since the number of equivalence classes S does not depend on n, (63) follows.

Next consider Ry. The previous argument carries over with a minor adjustment on the
step of upper bounding 71 and ng. In particular, define Ry, ) accordingly as Rj . and
then consider an equivalence class S C Ry o1 corresponding to some representative m-tuple
in Ry k. The number of edges in G is at most k + QT% because there are k edges in G
covered once, and the rest are covered at least twice. Since G has ni 4+ no + 1 vertices,
is connected, and has a cycle, ny + ns is less than or equal to the number of edges of G
minus one, so n; + ng < k + Q_TM Also, since k of the edges in G have both endpoints
with types in C*, and V3 has types in [n] — C*, there are at most O‘Tfk edges in G with at
least one endpoint in V5. Moreover, since G is connected, each connected component in Go
is connected by at least one edge to a vertex in G;. Therefore, no < |V(G2)| < O‘Tfk The
bound K™n™ is maximized subject to these constraints by letting equality hold in both
constraints, yielding |S| < K*1n%". So |S|pkn—a/2 < (%)k/f( <¢/K < cen~'/?) and
the reminder of the proof for bounding the contribution of Ry is the same as for R; above.

Finally, consider Rj3. It suffices to establish the following claim. The claim is that for
any m-tuple such that G has no cycles, if two directed edges (¢ — b) and (¢ — d) map to
the same edge in G, then they are at the same level in their respective trees (their trees
might be the same). Indeed, if the claim is true, then for any m-tuple (T1,...,7,,) in R3
and any pair {r,s} C [n], AL, appears in [[;, A(T}) for at most one value of ¢, so that
BT A(To)] = E [T}, A(Ty)] -

We now prove the claim. Let {r, s} denote the edge in G covered by both (a — b) and
(c = d), i.e. {l(a),l(b)} = {l(c),l(d)} = {r,s}. First consider the case that £(b) = ¢(d).
Let uy,...,u; denote the directed path in the tree containing b that goes from b to the
root of that tree, so b = u; and wuy is the root of the tree. Since there are no cycles in G,
and hence no cycles in the set of edges {{{(u1),€(u2)},...,{l(uk—1),4(uk)}}, (viewed as a
simple set, i.e. with duplications removed) it follows from the non-backtracking property
that £(u1),...,¢(u) are distinct vertices in G. That is, (¢(uy),...,~¢(ux)) is a simple path

in G. Similarly, let vi,...,vy denote the path in the tree containing d that goes from d
to the root of that tree, so d = v; and vy is the root of that tree. As for the first path,
((v1),...,¢(vx)) is also a simple path in G. Since the roots of all m trees have the same type,

l(uy) and £(vys) are the same vertex in G. Therefore, ({(uy),. .., 0(ug), l(vg—1),...,€(v1))
is a closed walk in GG that is the concatenation of two simple paths. Since G has no cycles
those two paths must be reverses of each other. That is, k = k" and ¢(u;) = £(v;) for all j,
and hence (a — b) and (¢ — d) are at the same level in their trees.
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Consider the remaining case, namely, that ¢(b) = ¢(c). Let uq, ..., u be defined as be-
fore, and let vq,..., v denote the path in the tree containing c¢ that goes from ¢ to the
root of that tree, so ¢ = vy, d = vo, and vy is the root of that tree. Arguing as before
yields that k = k' and ¢(u;) = ¢(v;) for 1 < j < k. Note that &’ > 2 and so k > 2 and
l(ug) = £(ve) = (d) = £(a). Thus, the types along the directed path a — u; — ug within
one of the trees violates the non-backtracking property, so the case £(b) = ¢(c) cannot occur.
The claim is proved. This completes the proof of Lemma 27. |

The second step is to compute the moments of & in the asymptotic limit n — oo.
We need the following lemma to ensure that all moments of ¢ are bounded by a constant
independent of n.

Lemma 28 For any t > 1, there exists a constant ¢ independent of n and dependent on
m,t,d,C,~y such that for any i,j € [n]

E (&) <e [E[E™]<e
! _,; follows by the similar argument. Since
=0 for all 7 € [n], it follows from Lemma 22 that

[TAm)
/=1

Proof We prove the claim for £!; the claim for &

0 _ po
i—j 9@‘—»]‘

Eleh™ = >, T[rTnatE

Tlv---7Tm€7? =1

Recalling (G, G1, G2) defined as Definition 23 and following the same argument as used for
proving Lemma 27, we can partition set {(7%,...,T) : Ty € T;'} as a union of four disjoint
sets Q U R; U Ry U R3, and show that

> T anE (J[JAT)| =0,

Tyyo T €Q (=1 Le=1 i

and

ﬁF(Tg,q,t) E ﬁA_(Tg) —1/2,

(=1

2.

T1,...TmER1IURS

<cn

Hence, we only need to check R3. Again divide R3 according to the total number of
edges in T1,...,T,, and the number of edges in F(G;) which are covered exactly once.
In particular, R3 = Ui<q<m(dt+1),0<k<af3,ak, Where B3,k is defined in the similar way as
Ry o k. Furthermore, similar to Ry 1, consider dividing R3 ,  into a number of equivalence
classes (defined relative to D = {i}), the number of which depends only on m, t, d, as shown
in Lemma 26. To prove the lemma, it suffices to show that for any such equivalence class
S7

[T Am)

(=1

E

2

(Tla-":Tm)eS

<ec.
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Invoking Lemma 24, we have that

E Hf_l(Tg) < cpfn=o/?
/=1
S0
Z E HA(TZ) < epFn=?|8|
(T, Tm)es | Le=1

Fix a representative m-tuple (71,...,T,,) for S. It follows from Lemma 26 that |S| <
K™n"  where n; is the number of vertices in G with types in C*\{i} and ng is the
number of vertices in G with types in [n]\(C* U {i}).

We can further bound n; and ng in the similar way as we did for |R; o x|, with the only
adjustment being we cannot use the assumption that there exists at least one edge which is
covered at least three times. There are ny + ng + 1 vertices in the connected graph G and,
since the m-tuple is in R3 , 1, there are at most k& + C“T*k edges in G, sony +ng < k+ O‘Tfk

Also, at most O‘Tfk edges of G have at least one endpoint in Vs so ny < 2. Therefore,

2
S| < K™nm < KFp3". 1t follows that

m L K k
Z E H AT)| | < epFnePKFn T =¢ (\;L) <c,
(Ty,..Tm)es | Le=1 n
and the proof is complete. |

We also need the following lemma to show the convergence of ﬁ > ico+(€H)™ in prob-
ability using the Chebyshev inequality.

Lemma 29 Foranyt>1, m>1 and i€ [n],
lim var (1 E (ft)m> =0
n—00 K '
1€C*

: 1 m
lim var 174 Z (&) =0

n—oo
teC\{i}
lim var ! Z Hm]1 =0
n—o0 n v
1€n]\C*

1
lim var | = Z &_)m| =o,

n—oo n
Cen]\(C*U{i})

where the same also holds when replacing &' by 6.
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Proof We prove the first claim; the other claim follows by a similar argument. Notice that

m(éZﬂWﬁ:;2Z(M@W@M—M@MEkwm'

1eC* 1,j€C*

There are K diagonal terms with ¢ = j in the last displayed equation and each diagonal
term is bounded by a constant independent of n in view of Lemma 28. Hence, to prove the
claim, it suffices to consider the cross terms. Since there are (IQ( ) cross terms, we only need

to show that for each cross term with i # j, E [({f)m(ﬁ;)m} —E[(¢H™E [(5;)’”} converges
to 0 as n — oco. Using the tree representation as shown by Lemma 22 yields

[E[)™E)™] —E [ E[E)™] ]
<c Z

Tty T €T T, T, €T

E

=1

where c is a constant independent of n and dependent of m,t,d, .

Let (G,G1,G2) denote the undirected simple graphs obtained from 2m-tuple of trees
(Th, ..., T, Ty,...,T),) as defined in Definition 23. Notice that roots of T1, ..., T, have
type i and roots of 17, ..., T}, have type j, so either G is disconnected with one component
containing ¢ and the other component containing j, or G is connected. In the former case,
there is no edge (r, s) € E(G) which is covered by T, ..., T,, and T}, ..., T, simultaneously
and thus E [[];2, A(T))A(T))] = E [IT}%, A(Ty)| E [H[ LA(T)]. In the latter case, i.e., G
is connected. We partition set {(T4,..., Ty, T1,...,Ty,) : Ty € T}, T, € 7?} as a union of
two disjoint sets Q U R, where

1. @ consists of 2m-tuples of trees such that G is connected and there exists an edge
(r,s) in E(G2) U E; which is covered exactly once.

2. R consists of 2m-tuples of trees such that G is connected and all edges in E(G2) U E;
are covered at least twice.

If (Ty,..., T, T),....T",) € Q, then

[T A AT

l=1

m

1[4 e

m

114

E =0 and E

We are left to check R. Following the argument used in Lemma 27, further divide R
according to the total number of edges in trees and the number of edges in E(G;) which is
covered exactly once. In particular, define R, in the similar manner as R . Invoking
Lemma 24, it can be shown that for any 2m-tuple in R, j,

E|[TAT)AT)]| | < cpbnor?
=1
E A(T)) | E HA(TZ/) < cpfn=o/?
=1 =1
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Furthermore, let D = {4, j} to be the set of distinguished vertices in defining equivalence
classes as specificed in Definition 25, so that R, is divided into a number of equivalence
classes, the number of which depends only on m, ¢, d, by Lemma 26. For any such equivalence
class S C R, 1, it follows from the last displayed equation that

m
> [TAT)
Ty T, T e, Th €S =1
< cukn_o‘/2]5].

There are two distinguished vertices, ¢ and j, in the graph G, corresponding to the
type of the root vertices of the first m trees and the second m trees, respectively. It
follows from Lemma 26 that |S| < K™n"?, where n; is the number of vertices in G with
types in C*\{i,7} and ngy is the number of vertices in Gy with types in [n]\(C* U {7, j}).
There are n; + ng + 2 vertices in the connected graph G and at most k + aT*k edges, so
ni+ne <k-—1+ O‘T_k At most O‘T_k edges have at least one endpoint in V5 and G is

a—k
connected, so ngy < %‘k Thus, S| < K™n" < K*=1n"5 . Hence,

In conclusion, var (# Y ;co+ (€1)™) < ¢/K and the first claim follows. [ ]

E|JTA@)

=1

E + |E

[T AT AT
l=1

E E E

+ [TA@)

l=1

[T AT ATy)
/=1

(Tt yooesTon T} oo 1 )ES

k
< cukn_a/QKk_lnaT_k =c () /K <c/K.

With Lemma 28 and Lemma 29 in hand, we are ready to compute the moments of &°
in the asymptotic limit n — oo.

Lemma 30 For anyt >0, m > 1:

Jim E[(€,)"] =E[(u+7mZ)"], Vi€Cjen]j#i (67)
lim E[(&,,)"] =E[(nZ)™], Vi¢C",j€n]j#i (68)
lim B [(&)"] =E[(m +7Z)™], Vi€l
lim B [(&)"] =E[(nZ)™], Vi¢C”

Proof Below we shall use the following version of the Berry-Esseen central limit theorem.
There is an absolute constant Cy such that if X, Xso,..., X, are independent mean zero
random variables and S,, = X7 + --- + X, then

Sn
P{var(Sn) < :U} — O(x)

where @ is the standard normal CDF; (a) is the original result of Esseen (Esseen, 1942);
(b) follows by Jensen’s inequality.

3/4
(Z) Co Zie[n] E [|Xz|3] (? Con1/4 (Zie[n] E [Xﬂ)
T (var(S,)Y? T (var(S,))>/?

sup
z€R

9
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We prove the first two claims, (67) and (68). The other two follow similarly. The proof
is by induction, so suppose (67) and (68) hold for some t and all n > 1. We aim to show
they also hold for ¢ + 1. The above identities hold for the base case t = 0, because &) ;=0
for all ¢ # j and pg = 79 = 0. By the induction hypothesis, Lemma 29, and Chebyshev’s
inequality,

nh—{glo% Z Eo)™ EE (e +72Z)™], Vi€ [n], (69)
LeC*\{i}
Bm ST (L) R[], Vie ) (70)

con
ten]\(C*U{i})

where Z; ~ N(0,1).
Fix an ¢« € C*. Then

lm E|g5A] = im E| Y ALfE)+ Y ALfEL)IR

n—oo

2eC*\{i,j} Le[n]\(C*u{j})
. 1
LeC*\{i,5}
. 1
£ \/th_g)lo g Z f(éé—n)
LeC*\{i}
EVAE[f (e + 7 20)] = puas1, (71)

where the first equality follows from the definition of /! given by (61); the second equality
holds because E [A},] = p/y/n if £ € C* and E [A};] = 0 otherwise; the third equality holds
in view of Lemma 28, the fourth equality holds due to (69) and the fact f is a finite-degree
polynomial; the last equality holds due to the definition of pyy1.

Similarly,
lim_var <f§:§"}—t) = lim Y var (AL S (&) F)
Ce[n]\{i,5}
IR £ 2
—nh_{l(f)loﬁ Z f(&—i) (72)
ee[n]\{i,5}

—im 4 L Y SELy (@)

TN pemiorugy teC*\{i,j}
. 1
2 lim —~ > fEL)? (74)
Len]\C*
g E [f(TtZt)z} = Tt2+17 (75)

where the first equality follows from the conditional independence of A}, f(&}_,;) for £ € [n];
the second equality holds because var(Ay;) = 1/n for all ¢; the third equality is the result
of breaking a sum into two parts, the fourth equality holds in view of Lemma 28 and the
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assumption that K = o(n); the fifth equality holds in view of (70) and the fact f is a
finite-degree polynomial; the last equality holds due to the definition of 7.

Conditional on F;, ffiﬁ —-E [{f:ﬂ is a sum of independent random variables. Therefore,

by the form of the Berry-Esseen central limit theorem noted above,

gl [ gitl |}-t}

11— ’L—)]

var(EH )

1—)

sup |P

zeR

< x‘]—} — O(x)

3/4
Con1/4

IN

Y SEL)E[(4L —E[4L])Y]
<var( ;?:;\ft))m celm\ {5}
3/4

< LS sl (76)
<var( ;?:;.\ft)) " el )

Coc?/An~1/2

where we used the fact E [(A}, — E [A};])*] < en™2, for a constant ¢ depending only on the
constant y appearing in the subgaussian assumption. Taking the limit n — oo and noticing
that var(ftJr1 |F) B 72, and 1 n 2oeein\{j} G LE [f(7:Z)*] (using the same steps as

n (72)-(7 5)), we find the rlghthand side of (76) converges to zero in probability. Thus, in
vieW of (71), (75), and (76), for any = € R,

lim P {ftﬂ < 1’|-7:t} EP {41 + 141211 < 7}

n—oo

It follows by the dominated convergence theorem that

lim P {ffié < 1’} =P{ps1 + 141241 < x}

n—oo

and, since convergence in distribution is preserved under continuous transformations:

lim P { (ffié) < x} =P{(pe+1 + me41Z441)" <z}

n—oo
?Jrl‘)m
i—J
is uniformly integrable, so that convergence in distribution implies convergence of means to
the mean of the limiting distribution. Therefore (67) holds with ¢ replaced by ¢ + 1.

To complete the proof by induction it remains to show (68) holds with ¢ replaced by
t+ 1, so fix i ¢ C*. Following the previous argument, one can easily check that

|: tJrl ’]:t] =0

’L—)]

: P _2
lim var < i f) =T
Ny 00 éz—)‘]| t t+1>

Since E U{Hl mH} < cfor some ¢ independent of n, the family of random variables (£

and that, by the central limit theorem, uniformly bounded m + 1*» moments, and uniform
integrability, (68) holds with ¢ replaced by ¢ + 1. [ |
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Proof [Proof of Lemma 6] We show the first claim; the second one follows analogously.
Fix ¢t > 1. The convergence property to be proved depends only on the sequence of random
empirical distributions of (6! : t € C*) indexed by n. We may therefore assume without loss
of generality that all the random variables (6! : t € C*) for different n are defined on a single
underlying probability space; the joint distribution for different values of n can be arbitrary.
To show the convergence in probability, it suffices to show that for any subsequence {ny}
there exists a sub-subsequence {ny,} such that for j # 1,

hm dks ( Z 591& (e, 7 )) =0, a.s. (77)

¢ jecH

Fix a subsequence ng. In view of Lemmas 27 and 30, for any fixed integer m,
lim B [(6;)™] = E[(pe +7:20)"] -
k—o00

Combining Lemma 29 with Chebyshev’s inequality,

1 m p
lim — " LR ZH)™m 78
kLH;OKkZC;(z) (e + 71 2)™], (78)
which further implies, by a well-known property of convergence in probability, that there
exists a sub-subsequence such that (78) holds almost surely. Using a standard diagonal
argument, one can construct a sub-subsequence {ny,} such that for all m > 1,

Since a Gaussian distribution is determined by its moments, by the method of moments (see,
for example, (Chung, 2001, Theorem 4.5.5)), applied for each outcome w in the underlying
probability space (excluding some subset of probability zero), it follows that the sequence of
empirical distribution of 6! for i € C* weakly converges to N (i, 77), which, since Gaussian
density is bounded, is equlvalent to convergence in the KS distance,!! proving the desired
(77). |

Remark 31 We discuss the difference between the proof of Lemma 6 and that of (Desh-
pande and Montanari, 2015, Lemma 2.2). First, a larger K requires modification of bounds
from (Deshpande and Montanari, 2015) to calculate the moments of messages in Lemmas
27 - 29. In particular, (Hf_m-)m can be expanded as a sum of monomials in terms of Age
for k,¢ € [n]. A larger K implies that in the expansion, there are more monomials con-
taining Age for k, € € C*. That effect is offset by p being smaller. Qur approach is to
balances these two effects by accounting separately the contributions of those Ayy’s which
appear only once in a monomial. Such Agg’s correspond to singly covered edges with both
endpoints in C*. See Lemma 24, as well as Ry o in Lemma 27, R3 o) in Lemma 28, and
R, 1 in Lemma 29. Finally, Lemma 6 is phrased in terms of KS distance while (Deshpande
and Montanari, 2015, Lemma 2.2) is in terms of convergence of expected values of bounded
Lipschitz functions.

11. This follows from the fact that when one of the distributions has bounded density the Lévy distance,
which metrizes weak convergence, is equivalent to the KS distance (see, e.g. (Petrov, 1995, 1.8.32)).
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6.1 Justification of state evolution equations for biclustering

In this subsection, we briefly describe how to generalize the method of moments from
symmetric case to asymmetric biclustering case. Recall f(z,t) = Zfzo ¢ta” with |¢t| < C
for some constant C. Let {W ¢ > 1} be i.i.d. matrices distributed as W conditional on
(Ct,C3) and let W0 = W. Similar to (61), we define a sequence of vectors {¢!,¢ > 1} given
by

1
(t even) ffJ_r,l- = — Z Wi’}f(ﬁé_,i,t), Vi € [n1],7 € [n] (79)
TV iR
(todd) &)= L > WEF(Egt), Vi€ [nalyi € [na, (80)

v tefm\{i}

with the initial condition & ,; = 0 for (£,7) € [na] x [n1]. Moreover, let

(t even) €l = Z WhF(EL . t), Vie|n] (81)
fe[n]
(todd) &' = > WELEEL ), Vi€ [na]. (82)

\/>

ZE[TLl]

The first step is to represent (6;_,;,60;) and (&}, ;,€}) as sums over a family of finite
rooted labeled trees. Abusing notation slightly, we treat elements from [n;] and [ng] as
distinct elements. We define 7% as Definition 21 with an additional constraint: a vertex u
must have type from [nq] if ¢t — |u| is odd and from [no] if ¢t — |u| is even. In particular, all
leaves u with |u| = ¢ must have type from [ng], and the root has type from [n;] if ¢ is odd
and from [ng] if ¢ is even.

The following lemma similar to Lemma 22 can be proved by induction on ¢ similar to

(Deshpande and Montanari, 2015, Lemma 3.3).

Lemma 32

Zﬁj Z AT, q,t),

TeT!

1—J

= Y A(T)I(T,q,1),

TeT}

where

1 1
A2 ] =W 1l —=Wawaw
u—veE(T) \/7T1 u—veE(T) \/772
L(u)€n) L(u)€[n2]
and I'(T,q,t) is defined as before:
_ t Jul
F(Ta q, t) - H r(u)

u—veE(T)
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Similarly,
&t%j = Z A(T)P(Tv q,t),
TeT,
&= AMDI(T,q,1),
TeT!
where

i Lot—u| 1l

A(T) & — - .

" u—wll(T) " WK(U)!(U) u—>1££“(T) \/@WE@),E(U)
t(u)€ni] t(u)ena]

Similar to Definition 23, let G denote the undirected bipartite graph obtained by iden-
tifying the vertices of the same type in the tuple of trees 11, ...,T},, and removing the edge
directions. Note that the vertices of type from [n;] ([n2]) in trees constitute the left (right)
part of G. Let E(G) denote the edge set of G. Let G denote the restriction of G to the
vertices in (C},C5) and Gy the restriction of G to the vertices in ([n1]\C}, [n2]\C5). Let
E(G1) and E(G2) denote the edge set of G and G, respectively. Let E; denote the set of
edges in G with one endpoint in G; and the other endpoint in Go. Then Lemma 24 goes
through as before, with n in the upper bound taken to be min{n;,ns}. Note that in the
definition of A(T'), either W;; is divided by ,/ni or Wj; is divided by ,/n2 depending on
whether i € [n1] or i € [ny]. However, it always holds that \/% < ﬁ and \/% < ﬁ

For a given set of distinguished types D, we can define the equivalence classes on the
family of m-tuples of trees in 7 similar to Definition 25 except that we only allow either
permutations of types in [n1] or permutations of types in [ng]. Then Lemma 26 goes throught
as before, with the upper bound in Lemma 26 changes to

1S < (maX{Kl,Kg})tl (max{nl,ng})t2 ,

where we assume a representative m-tuple of trees (11,...,7T,,) has t; and ty distinct types
in C;UC;\D and [n1]U[n2]\(CTUC5UD), respectively. By assumptions that Aj, Ao = ©(1)
and K1 =< Kp, it follows that n; < ny < n. Furthermore, let K = min{K;, K3}. Then
K1 < Ky < K. Hence, |S| < cK'n!2 for an absolute constant ¢ > 0.

With Lemma 32, modified Lemma 24, and modified Lemma 26, Lemmas 27 - 29 go
through as before. In particular, we still partition set {(74,...,T},) : Ty € T;'} as a union of
four disjoint sets @ U Ry U Ry U R3, and introduce Ry ok, R2.a.k, R3,0.r and R, as before.
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A. Row-wise thresholding

We describe a simple thresholding procedure for recovering C*. For simplicity and infor-
mation theoretic comparisons, we consider the Gaussian case. Let R; = > j W; ; for i € [n].

Then R; ~ N(Kp,n) it i € C* and B; ~ N(0,n) if i ¢ C*. Let C = {z €ln: R > %}
Then E DaAC*]} =nQ ( ) Recall that \ = £ ” . Hence, if

A=w <log %) , (83)

then we have E[|CAC*|] = o(K) and hence achieved weak recovery. In the regime K = n <
(n — K), A = w(log %) is equivalent to A\ — oo, which is also equivalent to Kx? — oo and
coincides with the necessary and sufficient condition for the information-theoretic possibility
of weak recovery in this regime (Hajek et al., 2017, Corollary 2). (If instead n — K = o(n),
weak recovery is trivially prov1ded by C = [n ] ) Thus, row-wise thresholding provides weak
recovery in the regime K =< n < (n — K) whenever information theoretically possible.
Under the information—theoretic condition (15), an algorithm attaining exact recovery can
be built using row-wise thresholding for weak recovery followed by voting, as in Algorithm 2
(see (Hajek et al., 2017, Theorem 3) and its proof). In the regime % log % = o(logn), or
equivalently K = w(nloglogn/logn), condition (15) implies that A = w(log ), and hence
in this regime exact recovery can be attained in linear time O(n?) whenever information
theoretically possible.

B. Proof of Lemma 12

Proof We remind the reader that in this paper we let A = W/\/n so that var(4;;) = 1/n
for i,5 € [n ]andE[ il = p/\/n for 1, jGC’*

Fix a C that satisfies (29) — (30), i.c., |[C N C*| > K(1 —¢) and K(l —€) < |C| < ne.
Let m = |C| and abbreviate the restrlcted matrix Az € RICIXIC] by A. Let 15, € RIC!

cnox & 8
denote the indicator vector of C'N C*. Then the mean of A is the rank-one matrix E[A] =
%1500* 1l 50 o whose largest eigenvalue is “'an*‘ with the corresponding eigen:/ector
vE 1 Let Z =A— E[A] and let u denote the principal eigenvector of A such

Jieno tane
that (u,v) > 0. Note that ||u —v|| = /2(1 — (u,v)) < /2(1 — {u,v)2) = v/2sin 0, where 0

is the angle between u and v. Combining this observation with the sin theorem of (Davis
and Kahan, 1970) yields

Hu—vHS\@sinGg\@min{l, ___IZl }
plCNnCl/vn—|Z|

222 2v2||Z]
T plncl/ve T VAL =e)

(84)

where the last inequality follows from the assumption (29). Observe that Z is a symmetric
matrix such that {Z;;},<; are independent subgaussian random variables with zero mean

43



HAJEK, WU AND XU

and proxy variance y/n. To bound |Z|, we use the following standard concentration
inequality, see e.g.. (Deshpande and Montanari, 2015, Lemma A.3): For any ¢t > 0,

t? 5t2
IP’{IIZIIzt}gzexp<—m( ! ">)

16eym T8 16ym

Note that if

t > \/64eyh(e) + 160eym/n,

¢ 52 ¢
m no log " > " > 2nh(e).
16eym 16ym 32ey

then

By assumption we have K (1—¢€) < m < en. Therefore, by setting § = \/646’)/}1(6) + 160ee,
we have for any fixed C,
P{||Z|| > B} < 2¢7>"(), (85)

The number of possible choices of C that fulfills (30) so that |C| < en is at most > i<ne (1)
which is further upper bounded by ™€) (see, e.g., (Ash, 1965, Lemma 4.7.2)). In view of
(85), the union bound yields ||Z|| < 8 with high probability as n — co.

Throughout the reminder of this proof we assume A and C are fixed with [|Z|| < 8.
Combining with (84), we have,

2V/23
VA(L—¢€)

Next, we argue that either @ or —u is close to u, and hence, close to v by the triangle
inequality. By the choice of the initial vector u°, we can write u® = z/||z|| for a standard
normal vector z € R™. By the tail bounds for Chi-squared distributions, it follows that
|lz|| < 2y/m with high probability. For any fixed u, the random variable (u,z) ~ N(0,1)
and thus with high probability, |(u,2)|*> > 1/logn, and hence

Ju— ol < (86)

[(u, u%)] = [{u, 2)|/]2]| > (2/nlogn) ™. (87)
Replacing u® by —u® would result in replacing u! by —u! for each ¢, and since C returned
by Algorithm 1 only depends on |uf|, replacing u by —u would have no effect on the ouput

C of the algorithm. Thus, we can assume without loss of generality that (u,u’) > 0, and

(87) becomes
(u,u’) > (24/nlogn)~L. (88)

By Weyl’s inequality, the maximal singular value of A satisfies o (ﬁ) > % - p
and the other singular values are at most 8. Let r = %(A) By the assumption that
e < ¢ and A\ > 1/e, we have ﬁ(l —€) > 28. As a consequence, 1 < ﬁ?ie) < 1. Since
ul = Ayl /||Atu]|, it follows that

t <u,u0>u+y
U= 0N+l
[[{u, uP)u + y|
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for some y € R™, depending on ¢, such that |y|| < r'. Hence,

(uu?) + {yu)

K, u0)u + gl
t

(u',u)
(u,u’) —r

= (u,u0) + rt

ort
(u, ul) + rt’

or, equivalently,

4t
t 2 t
- =2(1- < 89
ol =l = 201 = (o)) < (59)
U = gl logn] : « _ 2 . .
Refall that u U . Thus, choosing s os(Val_o/@ay) I (33), we obtain
rls"lognl < n=2 and consequently in view of (88) and (89),
g —ull? < dn <1
~ (2v/nlogn)~t+n-2 ~ n’
for sufficiently large n.
Therefore, by the triangle inequality,
~ ~ _ 2v/2 (a) 3
o=l < fa—ul+ fu—ol <nV2e 222 C B _ap (g

VAL—¢) ~ VAl —¢

where (a) holds for sufficiently large n. Let C, be defined by using a threshold test to
estimate C* based on u: R _
Co={icC:|u|l>r1},

where 7 = 1/ (2\/ ICn C’*|> Note that v; = 2T1{i66’ﬁ6’*}' For any i € C,\(C N C*), we

have |u;| > 7 and v; = 0; for any i € (/\5’ N CN*)\GO, we have |u;| < 7 and v; = 27. Therefore
|w; — ;| > ||ug| — |vil| > 7 for all i € C,A(C'NC*) and thus

@ — | > |CoA(C N CF) |72
In view of (90), the number of indices in C incorrectly classified by C, satisfies
IC,LA(CNCH)| < 4B2C N C*| < 482(C7).

Since |C’*\C:’| < €K, we conclude that IC*AC,| < eK +432%|C*|. Thus, if the algorithm were
to output C, (instead of C) the lemma would be proved.

Rather than using a threshold test in the cleanup step, Algorithm 1 selects the K indices
in C' with the largest values of |u;|. Consequently, with probability one, either 60 c C or
Cc 6’0. Therefore, it follows that

(C*AC| < 2|C*AC,| + ||CF] - K.
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By assumption, |C*|/K converges to one in probability, so that, in probability,

.
[C*AC|

lim sup < 2e + 862 < (e, ), (91)
n—oo
where 7 is defined in (34), completing the proof. |

C. An adaptive variant of Algorithm 1

Recall that the last step of the spectral clean-up of Algorithm 1 involves choosing the K
coordinates of the largest magnitude of u. In order to be adaptive to the cluster size K, in
this section we show that this step can be simply replaced by applying k-means clustering
with k = 2 to {|U;|}, 5 so that Theorem 1 continues to hold. Let w denote an optimal

solution, i.e., a minimizer of ||z — |u|5[| over all z in R/l whose coordinates take at most
two distinct values. Since [u;| is a scalar, w can be easily found by sorting {|u;|}, & in
descending order, and checking all vectors of the form (a,...,a,b,...,b), where a and b
with a > b > 0 are given by the average of the respective set of |u;|’s. Thus w can be found
in time O(nlogn). R

Define C' = {i € C': w; = a}. To show this C fulfills the same performance guarantee as
in Theorem 1, it suffices to modify the proof of Lemma 12 to show that, for any e sufficiently

small, if C C [n] satisfies (29) — (30), then P{% < 77} — 1 as n — oo, where 7 is a
function of € and A such that  — 0 as € — 0 for A fixed. Without loss of generality we may
also assume that N
|C\C™| = Q(K). (92)

This extra condition is fulfilled by the output of the message-passing algorithm with high
probability, because, in view of (32), ]5\0*| = ©(n) with probability tending to one.

Recall that we have shown in (90) that min{||a — v||, ||z + v||} < B,. By the definition
of w, since v > 0 is binary-valued componentwise, we have

I[a] = wll < [[fu] = vl <min{[[a = ol [|u+v[[} < 5o,

and thus
[lw — vl < flw = [ulll + [[[u] = v|]| < 26,.
Define
S:{ieéz‘wi—vi‘zr}, Té%.
24/|C N CH|
Then

S < Jlw —v]|* < 455,
and consequently, |S| < 1653|5’ N C*|. Since By can be made to be sufficiently small by

choosing € to be small, we have |S| < |C N C*. Furthermore, by the assumption that
|C*|/K_— 1 in probability and (92), we have |S| < |[C\C*|. Define T1 = (C'N C*)\S and
To = (C\C*)\S, both of which are non-empty. For each i € T} and j € Tp, we have

wi—wjzvi—vj—]wi—vi]—]wj—vﬂ>27'—T—7':0,
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that is, w; = a > b = w;. Hence, 6A(6 NC*) C S and thus
ICA(C N C*)| < |S| < 1682|C NC*| < 1682|C*.
Since |C*\C| < €K, we have that [CAC*| < eK + 1682|C*|. Therefore,

|IC*AC|

lim sup <e+ 1638.

n—o0

Since By — 0 as € — 0, Theorem 1 holds for the adaptive variant of Algorithm 1.

D. Proofs of Theorems 13 and 14

In the proofs below we use the following notation. We write p, (71, s?) to denote the minimal
average error probability for testing N (u1,02) versus N (po, 02) with priors 71 and 1 — 7y,

where p17 > g and s? = (’LO;%)Z That is,
p, (7, 8%) & mxin{mQ(s —z)+ (1 —m)Q(x)}.

Proof [Proof of Theorem 13] The proof of sufficiency for weak recovery is closely based on
the proof of sufficiency for exact recovery by the MLE given in (Butucea et al., 2015); the
reader is referred to (Butucea et al., 2015) for the notation used in this paragraph. The
proof in (Butucea et al., 2015) is divided into two sections. In our terminology, (Butucea
et al., 2015, Section 3.1) establishes the weak recovery of C} and C3 by the MLE under
the assumptions (37), (39), and (41). However, the assumption (39) (and similarly, (41)) is
used in only one place in the proof, namely for bounding the terms 77 j,, defined therein.
We explain here why (37) alone is sufficient for the proof of weak recovery. Condition (37),
in the notation'? of (Butucea et al., 2015), implies that there exists some sufficiently small

a > 0 such that

a2m

——>1 .
2log(N/n) — o

So (Butucea et al., 2015, (3.4)) can be replaced as: there exist some sufficiently small §; > 0
and «q > 0 such that

(1-61)° 5

5 am > (1+a)log(N/n) > (14 a;)log ((5(]\7—71)) ,

n—k

where we use the assumption 0 < k < (1 — d)n, or n — k > dn. Thus, for large enough n,

ono N—n
< —
dnag N —n
< — =
< exp ( 5 108 < - )) o(1/n),

12. The notation of (Butucea et al., 2015) is mapped to ours as N — ni, M — na, n — K1, m — Ks, and
a— [
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from which the desired conclusion, ;. ,_x)>s, T1,km = 0(1), follows. This completes the
proof of sufficiency of (37) for weak recovery of both C7 and C3, and marks the end of our
use of notation from (Butucea et al., 2015).
The rate distortion argument used in the proof of (Hajek et al., 2017, Theorem 1) shows
that (38) must hold if Cf and C5 are both weakly recoverable.
|

Proof [Proof of Theorem 14| We give the proof for exact recovery of C7; the proof for exact
recovery of C3 is analogous. For the sufficiency part, Recall that in Algorithm 3, the set
[n1] is partitioned into sets, S1, ..., 55 of size n1d. There are 1/4 rounds of the algorithm,
and indices in S, are classified in the k** round. For the k** round, by assumption, given
€ > 0, there exists an estimator C*Qk based on observation of W with the rows indexed by
S; hidden such that \@kAcg | < eKy with high probability. Then the voting procedure
estimates whether ¢ € C} for each 7 € S; by comparing Zje@k W;; to a threshold. This
sum has approximately the N (Kapu, K2) distribution if ¢ € C} and N(0, K2) distribution
otherwise ; the discrepancy can be made sufficiently small by choosing € to be small (See
(Hajek et al., 2017, Theorem 3) for a proof). Thus, the mean number of classification errors
is well approximated by n1p,(K1/n1, Kopu?), which converges to zero under (39), complet-
ing the sufficiency proof for exact recovery of C}. The necessity part is proved in (Butucea
et al., 2015, Section 4.2). [ |

E. Proof of Lemma 18

Proof (Similar to proof of Lemma 12.) We prove the lemma for 6’1;~the proof for 6’2 is
identical. For the first part of the proof we assume that for i = 1,2, C; is fixed, and later

use a union bound over all possible choices of C;. Recall that W5‘1 Gy which we abbreviate

henceforth as W, is the matrix W restricted to entries in Cy x Co. Let Z = W — E[W] and

E[W] = uy/1C1 1 C311Cs 1 Cgfore] (93)

is a rank-one matrix, where v; is the unit vector in RIC! obtained by normalizing the
indicator vector of C; N C7. Thus, thanks to (54), the leading singular value of E[IV] is at
least /K1 K2(1 — €) with left singular vector v; and right singular vector vs.

It is well-known (see, e.g., (Vershynin, 2010, Corollary 5.35)) that if M is an mj X mg
matrix with i.i.d. standard normal entries, then P {||M|| > \/m1 + \/mz + t} < 2¢~t*/2. Ap-
plying this result for m; = |C;|, which satisfies m; < en; by (55), and t = 2y/h(€)(n1 + na),
we have for fixed (Cy, Ch),

P{|IZ]| > (v + /n2)B} < 2e2(mtn2)hle),

where 8 £ 3y/¢+ h(e)). Similar to the proof of Lemma 12, the number of (Cy,C5) that
satisfies (55) is at most e(m+n2)h(€) By union bound, if we drop the assumption that C; is
fixed for i = 1,2, we still have that with high probability, | Z|| < (/n1 + /n2)5.
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Denote by u the leading left singular vector of Wél & such that (u,v1) > 0. Then, letting
0 denote the angle between u and w1,

o>

121l @227

W) oz (E[W])) " [~ @7
(7 () = (B[7])),
where (a) follows from Wedin’s sin-6 theorem for SVD (Wedin, 1972), and (b) follows

from o9 <E [WD = 0 and Weyl’s inequality oy (W) > o1 (E[W]) — || Z]|. In view of (93),
conditioning on the high-probability event that || Z]|| < (y/n1 + y/n2)5, we have

(a)
|u—v1]| < V2sin() < v2min

IN

_ 2V28(n + ma) _ 2V2e08
T p(l-eVKi Ky — 1—¢€’

where the last inequality follows from the standing assumption (53).

(94)

[l — ]

Next, we argue that u or —u is close to u, and hence, close to v; by the triangle
inequality. By (88), the initial value u® € Rl satisfies |(u,u®)| > (2v/n1logng)~" with
high probability, and without loss of generality we can assume as in the proof of Lemma 12
that (u,u’) > (2y/n1logni)~!. By Weyl’s inequality, the largest singular value of W is at
least p1v/ K1 Ko(1—€)—(y/n1++/ny) B3, and the other singular values are at most (y/n14+/ny) 3.
In view of (53), igg — 1> 1 for all € < €y, where ¢y > 0 depends only on cy. Let A\; and

Ao denote the first and second eigenvalue of WWT in absolute value, respectively. Let

r = MXo/A1. Then r < (172’6;06)2. Since for even t, u! = (V[N/WT)t/QuO/H(WN/WN/T)t/ZuOH, the

same analysis of power iteration that leads to (89) yields

47,.t/2
t 2 t
HU - UH - 2(1 - <u ,’LL>) < <’U,,’U,0> _i_,rt/g'

Since 1 = u?[*" 19871 and s* = (log %)*1, we have r[s"198™1 < 572 and thus | (@, u)?| >

1—n;! and consequently, |luu' — (@) " ||2 = 2 — 2 (u,a)* < n'. Similar to (90), applying
(94) and the triangle inequality, we obtain

2\/5005 3cof3
ERVAYE RS IV Ve

@ —ll < |la@ —ull + u = vl < n7'/2

= Bo, (95)

By the same argument that proves (91), we have lim sup,,_, ., \CfA@ﬂ/Kl < 2e+8432 < n(e)
with 7 defined in (57), completing the proof. |
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