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Abstract

There is a recent surge of interest in identifying the sharp recovery thresholds for cluster recovery
under the stochastic block model. In this paper, we address the more refined question of how
many vertices that will be misclassified on average. We consider the binary form of the stochastic
block model, where n vertices are partitioned into two clusters with edge probability a/n within
the first cluster, ¢/n within the second cluster, and b/n across clusters. Suppose that as n — oo,
a=0>b+ u\/l;, ¢ = b+ vV/b for two fixed constants w,v, and b — oo with b = n°1). When
the cluster sizes are balanced and p # v, we show that the minimum fraction of misclassified
vertices on average is given by Q(v/v*), where Q(z) is the Q-function for standard normal, v*
is the unique fixed point of v = % + %E[tanh(v + /vZ)], and Z is standard normal.
Moreover, the minimum misclassified fraction on average is attained by a local algorithm, namely
belief propagation, in time linear in the number of edges. Our proof techniques are based on
connecting the cluster recovery problem to tree reconstruction problems, and analyzing the density
evolution of belief propagation on trees with Gaussian approximations.
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1. Introduction

The problem of cluster recovery under the stochastic block model has been intensely studied in
statistics Holland et al. (1983); Snijders and Nowicki (1997); Bickel and Chen (2009); Cai and Li
(2014); Zhang and Zhou (2015); Gao et al. (2015), computer science (where it is known as the
planted partition problem) Dyer and Frieze (1989); Jerrum and Sorkin (1998); Condon and Karp
(2001); McSherry (2001); Coja-Oghlan (2005, 2010); Chen et al. (2014); Anandkumar et al. (2014);
Chen and Xu (2014), and theoretical statistical physics Decelle et al. (2011a); Zhang et al. (2012);
Decelle et al. (2011b). In the simplest binary form, the stochastic block model assumes that n
vertices are partitioned into two clusters with edge probability a /n within the first cluster, ¢/n within
the second cluster, and b/n across the two clusters. The goal is to reconstruct the underlying clusters
from the observation of the graph. Different reconstruction goals can be considered depending on
how the model parameters a, b, ¢ scale with n (See Abbe and Sandon (2015) for more discussions):

e Exact recovery (strong consistency). If the average degree is {2(logn), it is possible to exactly
recover the clusters (up to a permutation of cluster indices) with high probability. In the case
with two equal-sized clusters, and a = ¢ = alogn/n and b = flogn/n for two fixed
a, > 0, a sharp exact recovery threshold (y/a — /B)? > 2 has been found in Mossel
et al. (2015b); Abbe et al. (2014) and it is further shown that semi-definite programming
can achieve the sharp threshold in Hajek et al. (2014); Bandeira (2015). The threshold for
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two unequal-sized clusters is proved in Hajek et al. (2015a). Exact recovery threshold with
a fixed number of clusters has been identified in Hajek et al. (2015a); Yun and Proutiere
(2014a); Agarwal et al. (2015), and more generally in Abbe and Sandon (2015); Perry and
Wein (2015) with heterogeneous cluster sizes and edge probabilities.

o Weak recovery (weak consistency). If the average degree is €2(1), one can hope for misclas-
sifying only o(n) vertices with high probability, which is known as weak recovery or weak
consistency. In the setting with two approximately equal-sized clusters and a = c, it is shown
in Yun and Proutiere (2014b); Mossel et al. (2015b) that weak recovery is possible if and only
(a—b)2/(a+b) — cc.

e Correlated recovery (non-trivial detection). If the average degree is O(1), exact recovery
or weak recovery becomes hopeless as the resulting graph under the stochastic block model
will have at least a constant fraction of isolated vertices. Moreover, it is easy to see that
even vertices with constant degree cannot be labeled accurately given all the other vertices’
labels are revealed. Thus one goal in the sparse graph regime is to find a partition positively
correlated with the true one (up to a permutation of cluster indices), which is also called non-
trivial detection. In the setting with two approximately equal-sized clusters and a = c, it was
first conjectured in Decelle et al. (2011a) and later proven in Mossel et al. (2015a, 2013b);
Massoulié (2014) that correlated recovery is feasible if and only if (a — b)? > 2(a + b). A
spectral method based on the non-backtracking matrix is recently shown to achieve the sharp
threshold in Bordenave et al. (2015).

In practice, one may be interested in the finer question of how many vertices that will be mis-
classified on expectation or with high probability. In the two equal-sized clusters setting, previous
results on exact recovery, weak recovery, and correlated recovery provide conditions under which
the minimum fraction of misclassified vertices on average is o(1/n), o(1), and strictly smaller than
1/2, respectively. By assuming (a — b)?/(a + b) — oo, recent work Zhang and Zhou (2015);
Gao et al. (2015) showd that the expected misclassified fraction decays to zero exponentially fast
and gives a sharp characterization of the decay exponent under a minimax framework. However,
all these previous results do not shed light on the important question of when it is possible to mis-
classify only e fraction of vertices on expectation, for any finite ¢ € (0,1/2). To the best of our
knowledge, it is an open problem to find a closed-form expression of the expected misclassified
fraction in terms of the model parameters. In this paper, we give such a simple formula in the
special case of two approximately equal-sized clusters. Specifically, suppose that

a:b—l—\/g'u’ C:b+\/5y’ b—>OO, b:nO(l)’ (1)

for two fixed constants p, v. We further assume that y # v so that the vertex degrees are statisti-
cally correlated with the cluster structure, and hence the name of the degree-correlated stochastic
block model. We show that the minimum fraction of misclassified vertices on average is given
by Q(v/v*), where Q(z) is the Q-function for standard normal, v* is the unique fixed point of
v = W & Py nad IS [tanh(v 4+ y/vZ)], and Z is standard normal. Moreover, the minimum
expected misclassified fraction can be attained by a local algorithm, namely belief propagation
(BP) algorithm (See Algorithm 1), in time O(nb?). The local belief propagation algorithm can
be viewed as an iterative algorithm which improves on the misclassified fraction on average step
by step; running belief propagation for one iteration reduces to the simple thresholding algorithm
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based on vertex degrees. It is crucial to assume i # v for the above results to hold, otherwise it is
well-known (see e.g. Kanade et al. (2014)) that no local algorithm can even achieve the non-trivial
detection. Nevertheless, under a slightly stronger assumption that b — oo and b = o(logn), we
show that if ;1 = v with |u| > 2, local belief propagation combined with a global algorithm capable
of non-trivial detection when || > 2, attains the minimum expected misclassified fraction Q(v/7)

in polynomial-time, where v is the largest fixed point of v = %E [tanh(v + /v Z)].

When the clusters sizes are unbalanced, i.e., one cluster is of size approximately pn for p €
(0,1/2), we give a lower bound on the minimum expected misclassified fraction, and an upper
bound attained by the local belief propagation algorithm. However, we are unable to prove that the
upper bound matches the lower bound. In fact, numerical experiments suggest that there exists a
gap between the upper and lower bound when the cluster sizes are very unbalanced, i.e., p is close
to 0.

Our proofs are mainly based on two useful techniques introduced in previous work. First, in the
regime (1), the observed graph is locally tree-like, so we connect the cluster recovery problem to re-
construction problems on trees, and for the tree problems, the optimal estimator can be computed by
belief propagation algorithm. Such connection has been investigated before in Mossel et al. (2015a,
2013a); Mossel and Xu (2015). Second, we characterize the density evolution of belief propaga-
tion on trees with Gaussian approximations, and as a result, we get a recursion with the largest
fixed point corresponding to a lower bound on the minimum expected misclassified fraction, and
the smallest fixed point correspond to the expected misclassified fraction attained by the local belief
propagation algorithm. Density evolution has been widely used for the analysis of multiuser de-
tection Montanari and Tse (2006) and sparse graph codes Richardson and Urbanke (2008); Mezard
and Montanari (2009), and more recently has been introduced for the analysis of finding a single
community in a sparse graph Montanari (2015). As a final piece, we prove that in the balanced
cluster case, the recursion has a unique fixed point using the ideas of symmetric random variables
Richardson and Urbanke (2008); Montanari (2005) and the first-order stochastic dominance, thus
establishing the tightness of the lower bound and the optimality of the local BP simultaneously.

We point out that local algorithm by itself is a thriving research area (see Lyons and Nazarov
(2011); Hatami et al. (2012); Gamarnik and Sudan (2014) and the references therein). Intuitively,
local algorithms are one type of algorithms that make decision for each vertex just based on the
neighborhood of small radius around the vertex; these algorithms are by design easy to run in a
distributed fashion. Under the context of community detection, local algorithms determine which
community each vertex lies in just based on the local neighborhood around each vertex (see Monta-
nari (2015) for a formal definition). Recent work Mossel and Xu (2015) shows that with the aid of
extra noisy label information on cluster structure, the local algorithms can be optimal in minimizing
the expected misclassified fraction in the stochastic block model. In comparison, we show that when
the vertex degrees are correlated with the cluster structure, the local algorithms can be optimal even
without the extra noisy label information.

In closing, we compare our results with the recent results in Montanari (2015); Hajek et al.
(2015b), which studied the problem of finding a single community of size pn in a sparse graph.
When v = 0, i.e. b = c, the stochastic block model considered in this paper, specializes to the single
community model studied in Montanari (2015), and the recursion of density evolution derived in
this paper reduces to the recursion derived in (Montanari, 2015, Eq. (36)). It is shown in Montanari
(2015); Hajek et al. (2015b) that the local algorithm is strictly suboptimal comparing to the global
exhaustive search when p — 0. In contrast, we show that if p = 1/2, the local algorithm is optimal
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in minimizing the expected fraction of misclassified vertices as long as 1 # v, and give a sharp
characterization of the minimum expected misclassified fraction.

Parallel Independent Work Zhang et al. (2015) independently studied the problem of cluster
recovery under the degree-correlated stochastic block model with multiple clusters. Based on the
cavity method and numerical simulations, it is shown that with at most four clusters of unequal sizes
but same in and out degrees, the non-trivial detection threshold phenomenon disappears, making the
minimum fraction of misclassified vertices on average a continuous function of model parameters.
In comparison, in the regime (1) with two equal-sized clusters and ;1 # v, we give a more precise
answer, showing that the fraction of misclassified vertices on average is Q(\/@F ), where v* is the

unique fixed point of v = % + %E [tanh(v + \/vZ)]. Moreover, it is shown in Zhang
et al. (2015) that with more than four clusters of unequal sizes, there exists a regime where two
stable fixed points coexist, with the smaller one corresponding to the performance of local belief
propagation, and the larger one corresponding to the performance of belief propagation initialized
based on the true cluster structure. We find that the same phenomenon also happens in the case
of two clusters with very unbalanced sizes and different in and out degrees (See Section 2.4 for
details).

We recently became aware of the work Deshpande et al. (2015), who studied the problem of

cluster recovery under the stochastic block model in the symmetric setting with two equal-sized
(a—b)?

2(a+b)(1—(a+b)/2n)

b)(1 — (a + b)/2n) — oo, a sharp characterization of the per-vertex mutual information between

the vertex labels and the graph is given in terms of i and v, where @ is the largest fixed point of v =

clusters and @ = c. By assuming that — u for a fixed constant p and (a +

“TQE [tanh(v + /vZ)]. In comparison, we show that the minimum fraction of vertices misclassified
on expectation is given by Q(1/7) and it is attainable in polynomial time with an additional technical
assumption that b = o(log n). Interestingly, the point (a) of Lemma 6.1 in Deshpande et al. (2015)
is a special case of Lemma 14 with p = 1/2 in our paper. The proof of Lemma 6.1 given in
Deshpande et al. (2015) and the proof of Lemma 14 given in this paper are similar: both used
the ideas of symmetric random variables Richardson and Urbanke (2008); Montanari (2005). One
slight difference is that to prove the concavity of the mapping in the recursion when p = 1/2, we
used the first-order stochastic dominance, while Deshpande et al. (2015) computes the second-order
derivative.

2. Model and Main Results

We consider the binary stochastic block model with n vertices partitioned into two clusters, where
each vertex is independently assigned into the first cluster with probability p € (0, 1) and the second
cluster with probability p £ 1—p.! Each pair of vertices is connected independently with probability
a/n if two vertices are in the first cluster, with probability ¢/n if they are in the second cluster, and
with probability b/n if they are in two different clusters. Let G = (V, E) denote the observed graph
and A denote the adjacency matrix of the graph GG. Let o denote the underlying vertex labeling such
that o; = + if vertex 7 is in the first cluster and o; = — otherwise. The model parameters {p, a, b, ¢}

1. Notice that the cluster sizes are random and concentrate on pn and (1 — p)n. A slightly different model assumes
that the vertices are partitioned into two clusters of deterministic sizes, exactly given by pn and (1 — p)n. The two
models behave similarly, but for ease of analysis, we focus on the random cluster size model in this paper.
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are assumed to be known, and the goal is to estimate the vertex labeling ¢ from the observation of
(. More precisely, we have the following definition.

Definition 1 The reconstruction problem on the graph is the problem of inferring o from the obser-
vation of G. The expected fraction of vertices misclassified by an estimator & is given by

L1 .
pa(@) = > P{oi #5i}. ()
=1

Let pg, denote the minimum expected misclassified fraction among all possible estimators based on

G.

The optimal estimator in minimizing the error probability P {o; # 7;} is the maximum a posterior
(MAP) estimator, which is given by 2 X 1(p(s,— 1 |G}>P{o;=—|G}} — 1, and the minimum error
probability is given by 3 — 2E [|[P{0; = +|G} — P {0; = —|G} |]. Hence, the minimum expected

misclassified fraction py; is given by

P =3~ g LB [Pl = +16) ~P (o= =[G} ]
1 1
= 5~ 5ElP{oi = +|G} = P{oi = |G} ]I, ©)

where the second equality holds due to the symmetry among vertices. In the special case with p =
1/2 and a = c, the two clusters are symmetric; thus p;, = 1/2 and one can only hope to estimate o
up to a global flip of sign. In general, computing the MAP estimator is computationally intractable
and it is unclear whether the minimum expected misclassified fraction pf, can be achieved by some
estimator computable in polynomial-time.

Throughout this paper, we assume that p is fixed and focus on the regime (1). As the average
degree is n°M | it is well-known that a local neighborhood of a vertex is a tree with high proba-
bility. Thus, it is natural to study the local algorithms. More precisely, we consider a local belief
propagation algorithm to approximate the MAP estimator in the next subsection.

2.1. Local Belief Propagation Algorithm

Our local belief propagation algorithm is given in Algorithm 1. Specifically, let i denote the set

of neighbors of 7, and F(z) = 1 log (Zii’;‘;jgg). Let d, = pa + pband d_ = pb + pc denote the

expected vertex degree in the first and second cluster, respectively. Define the message transmitted
from vertex ¢ to vertex j at t-th iteration as

—dy +d- _
t + t—1
Ri ;= — Z F(R,Z,), “)
Le0i\{j}
with initial conditions R, ;= 0foralli e [n] and j € 0i. Then we define the belief of vertex u at
t-th iteration R!, to be
—dy +d- _
Rl = —"—+ > F(R). (5)
Ledu
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Algorithm 1 Belief propagation for cluster recovery

: Input: n € N, p € (0,1), a/b, ¢/b, adjacency matrix A € {0,1}"*", and t € N.
 Initialize: Set R{ ,; = O foralli € [n] and j € 9.

1
2
3: Run ¢ — 1 iterations of message passing as in (4) to compute Rf;lj foralli € [n] and j € 0i.
4
5

: Compute R! for all i € [n] as per (5).

: Return ofyp with ohp (i) = 2 x Lipes_p) — 1, where o = 3 log 725

As we will show in Section 3.1, the message passing as in (4) and (5) exactly computes the log
likelihood ratio for a problem of inferring o, on a suitably defined tree model with root u. Moreover,
in the regime (1), there exists a coupling such that the local neighborhood of a fixed vertex u is the
same as the tree model rooted at u with high probability. These two observations together suggest

that R!, is a good approximation of % log %, and thus we can estimate o, by truncating RY,

at the optimal threshold —p = % log 177’), according to the MAP rule.

We can see from (4) that in each BP iterations, each vertex i needs to compute |J7| outgoing
messages. To this end, i can first compute R! according to (5), and then subtract F’ (R;;lz) from R}
to get R!_, ; for every neighbor j of i. In this way, each BP iteration runs in time O(m), where m is
the total number of edges. Hence G5 can be computed in time O(tm).

Finally, notice that Algorithm 1 needs to know the parameters {p,a/b,c/b}. For the main
results of this paper continue to hold, the values of the parameters are only needed to know up to
o(1) additive errors. In fact, there exists a fully data-driven procedure to consistently estimate those

parameters, see e.g., Hajek et al. (2015a)[Appendix B].

2.2. Main Results

The following theorem characterizes the expected fraction of vertices misclassified by ohp as
n — o0; it also gives a lower bound on the minimum expected misclassified fraction as n — oc.
Furthermore, in the case p = 1/2 and p # v, 8}t3p achieves the lower bound as ¢ — oo after
n — 00.

Theorem 2 Assume p € (0,1) is fixed and consider the regime (1). Let

h(v) = E [tanh(v + V0Z + ¢)]

where Z ~ N(0,1) and ¢ = 3 log ﬁ. Let A = ’)(“7;”')2 and 0 = p(“g”)2 + (17%{;)1/2' Define v
and v to be the smallest and largest fixed point of

v =0+ Ah(v),

respectively®. Define (v : t > 0) recursively by vg = 0 and vy = 0 + Ah(vy). Let Gsp denote
the estimator given by Belief Propagation applied for t iterations, as defined in Algorithm 1. Then

2. The existence of fixed points of v — 6 + Ah(v) follows from Brouwer’s fixed-point theorem and the fact that
h(v) < 1.
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limy o0 v = v, (pp — pr)? /4 < v < T < (pp® + pr®) /4, and

Jim po(@he) =00 (“F ) + 1= 0 (“F)

liminf p¢; > pQ (U\J/rf) +(1-p)Q (U_ SO) :

where Q(z) = f;_oo ﬁeﬂﬁﬂdy. Moreover, if p=1/2 and p # v, then v =T = v*, and thus

lim lim pe(opp) = lim pg = Q(Vv"),

t—o00o n—o0

where v* is the unique fixed point of v = % + %E [tanh(v 4+ /vZ)].

If pu # pv so that the vertex degrees are statistically correlated with the cluster structure, we
have v > 0 and thus lim;_, lim, 00 pc(0hp) > min{p,1 — p}. Hence, the local application of
BP strictly outperforms the trivial estimator, which always guesses the label of all vertices to be +1
if p > 1/2and —1if p < 1/2. In the balanced case p = 1/2, the local BP achieves the minimum
expected misclassified fraction. Numerical experiments further indicate that the local BP is still
optimal in the unbalanced case provided that p is not close to 0 or 1; however, we do not have a
proof (See Section 2.4 for more discussions).

If ppu = pv, then v = 0 and thus

pQ <v\%p> +(1-pQ <v\;§(p> =min{p,1 - p}.

In this case, our local application of BP cannot do better than the trivial estimator. In fact, the local
neighborhoods are statistically uncorrelated with the cluster structure, and one can further argue that
no local algorithm can achieve non-trivial detection (see e.g. Kanade et al. (2014)). Although local
algorithms are bound to fail, there might still exist some efficient global algorithms which achieve
the minimum expected misclassified fraction. The following theorem shows that this is indeed the
case when p = 1/2, y = v and b = o(log n).

Theorem 3 Assume p=1/2,a =c=0b+ Vb for some fixed constant pi, and b — oo such that
b = o(logn). For an estimator o based on graph G, define the fraction of vertices misclassified by
o as

1 - -
i = —mi 1, 5. 1, 4 = .
0(07 0) n min {; {o#Ti}» ; {Uz?éo'z}} (6)
If || > 2, then

lim infE[0(,0)] = Q (ﬁ) : )
n—,oo o
where the infimum ranges over all possible estimators & based on graph G; © > 0 is the largest
2
fixed point of v = - E [tanh(v 4+ /v Z)] . Moreover, there is a polynomial-time estimator such that
for every € > 0, it misclassifies at most @) (\/5) — € fraction of vertices on expectation.
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In contrast to (2), the fraction of vertices misclassified by & is defined up to a global flip of signs
of & in (6). This is because in the case p = 1/2 and a = ¢, due to the symmetry between + and
—, o and —o have the same distribution conditional on graph G. Thus, it is impossible to reliably
estimate the sign of o based on graph G.

Note that || = 2 corresponds to the Kesten-Stigum bound Kesten and Stigum (1966). It is
shown in Mossel et al. (2015a) that if |u| < 2, correlated recovery is impossible and thus the min-
imum expected misclassified fraction is 0; Remarkably, Massoulié (2014); Mossel et al. (2013b);
Bordenave et al. (2015) prove that correlated recovery is efficiently achievable if || > 2. Our
results further show that in this case with b — oo and b = o(log n), the minimum expected misclas-
sified fraction is @) (ﬁ) and it can also be attained in polynomial-time. The proof of Theorem 3 is
mainly based on two observations. First, it is shown in Mossel et al. (2013a) that the local BP is able
to improve a clustering that is slightly better than a random guess to achieve the minimum expected
misclassified fraction if |x| > C for a universal constant C' > 0. Second, we find that if |u| > 2,

the recursion v = ”TQIE [tanh(v + y/vZ)] derived in the density evolution analysis of local BP has
only two fixed points: 0 and v > 0, where 0 is unstable and o is stable. These two results together
establish that if |u| > 2, then running the local BP for ¢ iterations with a correlated initialization
provided by a non-trivial detection algorithm is able to attain the minimum expected misclassified
fraction @ (V) as t — oc.

2.3. Proof Ideas

The proof of Theorem 2 is based on two useful tools. First, we connect the cluster recovery problem
to the reconstruction problem on trees. Second, we use the density evolution with Gaussian approx-
imations to give a sharp characterization of error probabilities of tree reconstruction problems, in
terms of fixed points of a recursion.

e To bound from below the minimum expected misclassified fraction, we bound the error prob-
ability of inferring o, for a specific vertex u. Following Mossel et al. (2015a), we consider
an oracle estimator, which in addition to the graph structure, the exact labels of all vertices
at distance exactly ¢ from u are also revealed. As in Mossel et al. (2015a), it is possible to
show that the best estimator in this case is given by BP for ¢ levels initialized using the exact
labels at distance ¢. In contrast, the expected fraction of vertices misclassified by the local BP
algorithm approximately equals to the error probability of inferring o, solely based on the
neighborhood of vertex u of radius ¢, without having access to the exact labels of vertices at
distance .

e We characterize the density evolution of the local BP and the BP lower bound using Gaussian
approximations, and get a recursion with the largest fixed point corresponding to the BP
lower bound, and the smallest fixed point corresponding to the expected fraction of vertices
misclassified by the local BP as ¢ — oo. In the balanced cluster cases, we further show that
there is a unique fixed point for the recursion, and thus the BP lower bound matches the
expected fraction of vertices misclassified by the local BP.

2.4. Numerical Experiments and Open Problems

In the case with p = 1/2 and p # v, we show that v = 6 + Ah(v) has a unique fixed point and
thus the local BP is optimal; the key idea is to prove that i (v) is concave in this case. Numerical
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Figure 1: Numerical calculations of h’(v) (y axis) versus v € [0,6] (x axis) with different p. It
shows that i (v) is concave when p > 0.2 and h(v) becomes convex for v small when p < 0.1.
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Figure 2: The plot of § + Ah(v) (y axis) versus v (x axis) in the case p = 0.01. Left frame: p = 50
and v = 0; right frame: p = 40 and v = 1.5. It shows that v = 8+ Ah(v) has three fixed points: The
smallest one is v corresponding to the performance of local BP; the largest one is v corresponding
the lower bound on expected misclassified fraction; the intermediate one is unstable.

calculations, depicted in Fig. 1, show that h(v) is still concave if p > 0.2, suggesting that the local
BP is still optimal in roughly balanced cluster size cases. However, h(v) becomes convex for v
small when p < 0.1.

It is intriguing to investigate when v = 6 + Ah(v) has a unique fixed point. If p = 0.01,
numerical experiments, depicted in Fig. 2, shows that v = 6 + Ah(v) may have multiple fixed
points, suggesting that the local BP may be suboptimal. However, in the case with © = v and
p # 1/2, numerical experiments indicate that there is always a unique fixed point.

Conjecture 4 If 1 = v, then v = 0+ Ah(v) has a unique fixed point for all p € (0,1/2)U(1/2,1).
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Notice that in the case with 4 = vand p = 1/2,6 = 0, A\ = p?/4, and h(v) = E [tanh(v + 0 Z)].
We have shown in Lemma 14 that h is non-decreasing, concave, and lim,_,g h’'(v) = 1. Thus if
|pe| < 2, there is a unique fixed point at zero, which is stable; if || > 2, there are two fixed points:
one is zero which is unstable and the other is v > 0 which is stable.

2.5. Notation and Organization of the Paper

For any positive integer n, let [n] = {1,...,n}. For any set T" C [n], let |T'| denote its cardinal-
ity and T denote its complement. We use standard big O notations, e.g., for any sequences {a,, }
and {b,}, a,, = ©(b,) if there is an absolute constant ¢ > 0 such that 1/¢ < a,/b, < c. Let
Bern(p) denote the Bernoulli distribution with mean p and Binom(n, p) denote the binomial distri-
bution with n trials and success probability p. All logarithms are natural and we use the convention
0log 0 = 0. We say a sequence of events &, holds with high probability if P{&,,} — 1.

The rest of this paper is organized as follows. Section 3 focuses on the inference problems on
the tree model. The analysis of the belief propagation algorithm on trees and the proofs of our main
theorems are given in Section 4. The proofs of auxiliary lemmas can be found in Appendix A.

3. Inference Problems on Galton-Watson Tree Model

In this section, we first introduce the inference problems on Galton-Watson trees, and then relate it
to the cluster recovery problem under the stochastic block model.

Definition 5 For a vertex u, we denote by (T, T) the following Poisson two-type branching process
tree rooted at u, where T is a {£} labeling of the vertices of T. Let T,, = + with probability p and

Tu = —1 with probability p, where p = 1 — p. Now recursively for each vertex i in T, given its
label 7; = +, i will have L; ~ Pois(pa) children j with 7; = + and M; ~ Pois(pb) children
J with T; = —; given its label 7; = —1, i will have L; ~ Pois(pb) children j with T; = + and

M; ~ Pois(pc) children j with Tj = —.

For any vertex i in Ty, let T} denote the subtree of T,, of depth ¢ rooted at vertex i, and 97T}
denote the set of vertices at the boundary of 7. With a bit abuse of notation, let 74 denote the
vector consisting of labels of vertices in A, where A could be either a set of vertices or a subgraph
in T,,. We first consider the problem of estimating the label of root u given the observation of 77
and Ty7:. Notice that the labels of vertices in T=1 are not observed.

Definition 6 7he detection problem on the tree with exact information at the boundary is the prob-
lem of inferring T, from the observation of T\ and Tort- The error probability for an estimator
7u(Ty, Tort ) is defined by

pre(Tu) = pP {7y = —|10 = +} + pP {70 = +|7u = —}.

Let p}, denote the minimum error probability among all estimators based on T! and ToTt -

The optimal estimator in minimizing py+, is the maximum a posterior (MAP) estimator, which can
be expressed in terms of log likelihood ratio:

ML = 2 X Liag>—p) — 1,

10
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where

P{T-t T t|7" = +}
1 i 'oTHI"
Af £ 5 10g : )
P{T¢, morelri = — }
forall ¢ in T}, and ¢ = % log fpp. Thus, the minimum error probability p., is given by
1

1
2 ot [P {ru = +IT 7ory } = P{ru = =|T0, 7omy } [] - ®

We then consider the problem of estimating 7, given observation of T?’. Notice that in this case
the true labels of vertices in 77! are not observed.

*
Pt =

Definition 7 The detection problem on the tree is the problem of inferring T, from the observation
of TL. The error probability for an estimator 7, (T:) is defined by

qrt (Tu) = pP{7y = — |70 = +} + PP {70 = +|70 = —} .
Let g7, denote the minimum error probability among all estimators based on T:.

In passing, we remark that the only difference between Definition 6 and Definition 7 is that the exact
labels at the boundary of the tree is revealed to estimators in the former and hidden in the latter. The
optimal estimator in minimizing ¢/, is the maximum a posterior (MAP) estimator, which can be
expressed in terms of the log likelihood ratio:

T™MAP = 2 X Lipt >} — 1,

where
I s 110 IP’{7Z]TU +}
2 P{T 7. = —
forall ¢ in T}, and ¢ = % log fpp. The minimum error probability g7, is given by
. 1 1

o0 = 5 — B [[P{r = +T0} —P{m = —ITi} [] 9)
If d. = d_, then the distribution of T} conditional on 7, = + is the same as that conditional
on 7, = —. Thus, I'Y, = 0 and the MAP estimator reduces to the trivial estimator, which always

guesses the label to be + if p > 1/2 and — if p < 1/2, and ¢}, = min{p, p}. If d; # d_, then
T, becomes statistically correlated with 7, and it is possible to do better than the trivial estimator
based on T%.

For the tree model, the likelihoods can be computed exactly via a belief propagation algo-
rithm. The following lemma gives a recursive formula to compute A! and I'}; no approximations
are needed. Let 07 denote the set of children of vertex .

Lemma 8 Recall F(z) = 1 log <e2xpa+ﬁb)‘ Fort >0,

e2% pb+pc
—dy +d_
t+1 _ O+ t
AT =——+ Z'F(Aj), (10)
JjEDL
—dy +d_
ri+t = % + > F(IY), (11)
jedi
with A) = oo if 7; = + and AY = —co if 7; = —; TV = 0 for all i.

11
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3.1. Connection between the Graph Problem and Tree Problems

For the reconstruction problem on graph, recall that pc(chp) denote the expected fraction of ver-
tices misclassified by o as per (2); p is the minimum expected misclassified fraction. For the
reconstruction problems on tree, recall that p7., is the minimum error probability of estimating 7,
based on 7! and Tor: s per (8); gy, is minimum error probability of estimating 7,, based on T
as per (9). In this section, we show that in the limit n — oo, pg(ﬁgp) equals to g7, and py; is
bounded by p7., from the below for any ¢ > 1. Notice that g7, and p7, depend on n only through
the parameters a, b, and c.

A key ingredient is to show that G is locally tree-like with high probability in the regime b =
n°M . Let G!, denote the subgraph of G induced by vertices whose distance to u is at most ¢ and
let G!, denote the set of vertices whose distance from w is precisely ¢. In the following, for ease
of notation, we write 7’ as T" and G!, as G' when there is no ambiguity. With a bit abuse of
notation, let o 4 denote the vector consisting of labels of vertices in A, where A could be either a
set of vertices or a subgraph in GG. The following lemma proved in Mossel et al. (2015a) shows that

we can construct a coupling such that (G*, o) = (T, 77+ ) with probability converging to 1 when
bt = no),

Lemma9 Fort = t(n) such that b* = n°Y), there exists a coupling between (G, o) and (T, )
such that (G, oqt) = (T, 7p+ ) with probability converging to 1.

Suppose that (G, ot) = (T, 77+ ) holds, then by comparing BP iterations (4) and (5) with the
recursions of log likelihood ratio I'* given in (11), we find that R!, exactly equals to T , i.e., the BP
algorithm defined in Algorithm 1 exactly computes the log likelihood ratio I, for the tree model.
Building upon this intuition, the following lemma shows that p; (chp) equals to G @S — 00.

Lemma 10 Fort = t(n) such that bt = n°"),
: ~t Lk —
7}1};0 lpc(@Bp) — a1+ = 0.

Proof In view of Lemma 9, we can construct a coupling such that (G?,05¢) = (T, 7p¢) with
probability converging to 1. On the event (G, o¢) = (T, 77t ), we have that R!, = T"%,. Hence,

pc(Ghp) = @ + o(1), (12)

where o(1) term comes from the coupling error. [ |

The following lemma shows that pg; is lower bounded by p7.. as n — oc.

Lemma 11 Fort = t(n) such that bt = n°™),

lim sup (pg; — pipe) > 0.
n—oo
We pause a while to give some intuition behind the lemma. To lower bound pg,, it suffices to
lower bound the error probability of estimating o,, for a given vertex u based on graph G. To this
end, we consider an oracle estimator, which in addition to the graph structure, the exact labels of
all vertices at distance exactly ¢ from u are also revealed. We further show that once the exact

12
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labels at distance ¢ are conditioned, o, becomes asymptotically independent of the labels of all
vertices at distance larger than ¢ from u. Hence, effectively the oracle estimator is equivalent to
the MAP estimator solely based on the graph structure in G?, and the exact labels at distance ¢. By
the coupling lemma, G, is a tree with high probability, and thus the error probability of the oracle
estimator asymptotically equals to p7.

4. Gaussian Density Evolution

In the previous subsection, we have argued that in the limit n — oo, pg(GtBP) equals to q}t, and
pg; is bounded by p7., from the below. In this section, we analyze recursions (10) and (11) using
density evolution analysis with Gaussian approximations, and derive simple formulas for p7., and
@y in the limit n — oo. Afterwards, we give the proof of Theorem 2.

Notice that Ff is a function of Tit alone. Since the subtrees {Tf}z’eau conditional on T, are inde-
pendent and identically distributed, {I": };c5,, conditional on 7,, are also independent and identically
distributed. Thus, in view of the recursion (11), FZ can be viewed as a sum of i.i.d. random vari-
ables. When the expected degree of u tends to infinity, due to the central limit theorem, we expect
that the distribution of T, conditional on 7, is approximately Gaussian. Moreover, the construction
of the subtree Tit conditional on 7; is the same as the construction of Tﬁ conditional on 7,,. There-
fore, for any i € Ou, the distribution of I't conditional on 7; is the same as the distribution of I/,
conditional on 7. Similar conclusions hold for Af as well.

Let Z!. (W) denote a random variable that has the same distribution as ', (A!)) conditional
on 7, = *. The following lemma provides expressions of the mean and variance of Zi and Z°.

Recall that A = W and 6 = p(”gy)2 + (1_?)”2.

Lemma 12 Forallt > 0,

E [Z{7'] = £0 £ AE [tanh(Z} + ¢)] + O(b™/?), (13)
var (Zi1) = 0 + AE [tanh(Z} + ¢)] + omb1/?). (14)

Recall that (v; : ¢t > 0) satisfies vg = 0 and
Vey1 = 0 + A(vr) = 0 + AE [tanh(vy + /ui Z + ],
where Z ~ N(0, 1). Similarly, define (w; : t > 1) byw; =0 + X = W and
wir1 = 0 4+ Ah(wy) = 0 + AE [tanh(w; + Jwi Z + ] .
The following lemma shows that for any fixed ¢ > 0, Z!, and W are approximately Gaussian.

Lemma 13 Foranyt > 0, as n — oo,

t
sup ‘]P’ { Z%Ut < x} —-P{Z <z} ‘ =012, (15)

Similarly, for anyt > 1, as n — oo,
Wt
sup ‘P{Hwt < x} -P{Z <z}
T v Wt

13

=0~ 1/?). (16)
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Before proving Theorem 2, we also need a key lemma, which shows that & is continuous and
non-decreasing, and h is concave if ¢ = 0.

Lemma 14 h(v) is continuous on [0, 00) and for v € (0, +00),
h'(v) =E[(1 - tanh(v + voZ + ¢)) (1 = tanh? (v + V0 Z + ¢))] > 0. (17)
Furthermore, if o = 0, then h/(v) > h/(w) for 0 < v < w < 0.

Finally, we are ready to prove Theorem 2 based on Lemma 13 and Lemma 14.
Proof [Proof of Theorem 2] In view of Lemma 13,

lim P{Tt > —plr, = -V =0 (2%
Jim PAT, > ol = —} Q(m ,

. +¥
lim P{T% < —plr, =+ =@ (& .
An PAT, < —¢ln = +} Q(m

Hence, it follows from Lemma 10 that

. ~t R T * Ut+U
Jim pg(opp) = lim g7 = E [Q( NG ﬂ ,

where U = —¢ with probability 1 — p and U = ¢ with probability p.
We prove that vy > v for ¢ > 0 by induction. Recall that

vo =0 < (pp — pv)?/4 =0 + Mh(vg) = v1.

Suppose v;+1 > v holds; we shall show the claim also holds for ¢ + 1. In particular, since h is
continuous on [0, co) and differential on (0, 00), it follows from the mean value theorem that

vir2 = Vet = A (h(vpg1) — h(vr)) = A (2) (Vp41 — r),

for some x € (vg,ve41). Lemma 14 implies that ' (z) > 0 for 2 € (0, ), it follows that v, 4o >
ve4+1. Hence, vy is non-decreasing in . Next we argue that v; < v for all £ > 0 by induction,
where v is the smallest fixed point of v = 6 + Ah(v). For the base case, vg = 0 < v. If v; < v,
then by the monotonicity of h, vi41 = 6 + Ah(vy) < 6 + Ah(v) = v. Hence, v; < v and thus
lim; oo v; < w. By the continuity of A, lim;_, v; is also a fixed point of v = 6 + Ah(v), and
consequently lim;_, o, v; = v. Therefore,

lim lim pg(chp) = tlggo lim ¢;+ =E [Q (U+ U)] .

t—00 n—00 n—o00 \/ﬁ

Next, we prove the claim for pg,. In view of Lemma 13,

lim P{A}, > —¢lru=—}=Q <wt_90> ;

n—oo £/ Wt
. t _ - o wt+90
Jim P{A], < cplru—+}—Q< o )

14
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Hence, it follows from Lemma 11 that

. wt-l-U
lim inf pg; > 1 e =E :
it = i o <2 [0 (" )|

Recall that wy = 6 + \ > w;. By the same argument of proving v; is non-decreasing, one can show
that w; is non-increasing in t. Also, by the same argument of proving v; is upper bounded by v, one
can show that wy is lower bounded by v, where 7 is the largest fixed point of v = 6 4+ A\h(v). Thus,
limy oowy =vand v < wy = 0 + X = (pu? + pv?) /4. Therefore,

liminf p, = hm liminf p5; > lim hm th =E [Q <U + U>] .

n—00 =00 N—00 t—00 NG

If p = 0and p # v, then v; > 0 and Lemma 14 shows that i’ (v) > h/(w) forall 0 < v < w < 0.
Since v1 = 6 + Ah(0) > 0 and v = 6 + Ah(v), it must hold that AR/ (v) < 1. Thus AR/ (v) < 1
for all v > v and consequently § + Ah(v) < v for all v > v. Hence, v = v = v*, where v* is the
unique fixed point of v = % + %E [tanh(v + /vZ)] . Therefore,

liminf py > lim lim = lim lim = hm lim o VU*).
n—o00 be = t—o00 n—)ooth t—o00 n—o00 th t—o00 —><>opG( BP) Q( )
Since p{, is the minimum expected misclassified fraction, it also holds that limsup,, . pg; <

limy, 00 pi(Ghp) for all ¢ > 1 and consequently -

li lim i
imsuppg; < lim lim pc(Tgp)-

Combing the last two displayed equations gives that

lim pf = hm hm pG(UBP) Q(Vv).

n—oo

4.1. Degree-Uncorrelated Case

As remarked in Section 2.2, in the case pu = pv, the vertex degrees are statistically uncorrelated
with the cluster structure, and no local algorithms is capable of non-trivial detection. However, it
is still possible that local algorithms combined with some efficient global algorithms achieve the
minimum expected misclassified fraction. In this subsection, we show that it is indeed the case, if
p=1/2, p = v with |u| > 2, and b = o(logn). The algorithm as described in Algorithm 2 is
introduced in Mossel et al. (2013a) and we give the full description for completeness.

Notice that Algorithm 2 runs in time polynomial in n. The algorithm consists of two main steps.
First, we apply some global algorithm to get a correlated clustering when || > 2, for example, the
algorithm studied in Mossel et al. (2013c). Then, we apply the local BP algorithm to boost the
correlated clustering in the first step to achieve the minimum expected misclassified fraction. To
ensure the first and second step are independent of each other, for each vertex u, we first withhold
the (¢ — 1)-local neighborhood of w, and then apply the global detection algorithms on the reduced
set of vertices. The clustering on the reduced set of vertices is used as the initialization to the local

15
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Algorithm 2 Local Belief propagation Plus Correlated Recovery

1: Input: n € N, a =¢,b > 0, p = 1/2, adjacency matrix A € {0,1}"*"™, ¢ € N.

2: Take U C V to be a random subset of size |/n]. Let u, € U be a random vertex in U with at
least %neighbors in V\U.

3: Foru € V\U do

1. Run a polynomial-time estimator capable of correlated recovery on the subgraph induced
by vertices not in G~ and U, and let W, and W, denote the output of the partition.

2. Relabel W, and W, such that if a > b, then u, has more neighbors in W, than W,,";
otherwise, u. has more neighbors in W, than W,F. Let a,, denote the fraction of vertices
misclassified by the partition (W7, W,).

3. Foralli € OGY and j € OGY !, define R} ,; = Jlog 1% if i € W\, and R ,; =
—glog =2 if i e W,

t—1

4. Run ¢ — 1 iterations of message passing as in (4) to compute I2;_

7.

for all u’s neighbors

5. Compute R, as per (5), and let 55p(u) = + if R!, > —¢; otherwise let 5hp (u) = —

4: Foru € U, let 0hp(u) equal to + or — uniformly at random. Output 5.

belief propagation algorithm running on the withheld (¢ — 1)-local neighborhood of u. In this way,
the outcome of the global detection algorithm based on the reduced set of vertices is independent of
the edges between the withheld ¢-local neighborhood of u and the reduced set of vertices, as well as
the edges within the withheld set.

There is also a subtle issue to overcome. We run the global detection algorithm once for each
vertex, and the global detection algorithm cannot reliably estimate the sign of the true o due to
the symmetry between + and —. Therefore, different runs of the global detection algorithm may
have different estimates of the sign of 0. We need a way to coordinate different runs of the global
detection algorithms to have the same estimate of the sign of ¢. To this end, a small random subset
U is reserved and a vertex of high degree u, in U is served as an anchor. In every runs of the global
detection algorithms, we relabel the partition if necessary, to ensure that u, will always have more
neighbors with estimated + labels than neighbors with estimated — labels if @ > b, and the other
way around if a < b.

Finally, we caution the reader that in addition to the model parameters a, b, after each run of
the global detection algorithm, the algorithm requires knowing «,,, which is the fraction of vertices
misclassified by the partition (W,5, W, ). In the main analysis, we assume the exact value of a, is
known for simplicity. One can check that only an estimator &, = o, 4+ o(1) with high probability
is needed for Theorem 3 to hold. In Appendix B, we give an efficient and data-driven procedure to
construct such a consistent estimate of a,.

Next, in the limit n — oo, we give a lower bound on the minimum expected misclassified
fraction, and an upper bound attainable by 0. Then we show that the lower and upper bound
match with each other in the double limit, where first n — oo and then ¢ — oo.

16
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Recall that the fraction of vertices misclassified by & is defined up to a global flip of signs of
o as in (6). The following lemma shows that the minimum expected misclassified fraction is still
lower bounded by p7.,. Its proof is very similar to the proof of Lemma 11. The key new challenge
is that E [O(0, )] does not reduce to the error probability of estimating o,, for a given vertex u
directly.

Lemma 15 Fort = t(n) such that b* = n°W),

lim sup <ing [O(0,7)] —p}t> >0,

n—oo o
where p., is defined in (8) under the tree model with p = 1/2 and a = c defined in Definition 5.

In the following, we relate the expected fraction of vertices misclassified by 5 as defined in
Algorithm 2 to an estimation problem on the tree model. In particular, consider the tree model with
p = 1/2 and a = c as defined in Definition 5. Fix an o € [0,1/2]. Let 7; = 7; with probability
1 — aand 7; = —7; with probability for «, independently for all ¢ € T),. Then Tor: is a a-noisy
version of Ty7:. Let gpt o, denote the minimum error probability of inferring 7, based on T! and
Tor: - The optimal estimator achieving gr+ , is the MAP estimator given by

?MAP =2 X 1{f52—<,0} — 1,
where
o1 P{TEFenin = 11}
I't2 " log :
P{T! Pl = —1}

for all ¢ in T’,. The minimum error probability g7 ,, is given by

~ 1 (~ 1 (~
Irt o0 = §P{FZ < —p|Ty = +} + 51@{1“5 > —p|Ty = —}
1 1

=5 3E [P {7 = +IT Fory |} — P{ru = —|T0, Tors } ]

It follows from the definition that g7 , is non-decreasing in a.. Also, gt o = pj if @ = 0 and
qrt,o = G if @ = 1/2. The following lemma shows that the fraction of vertices misclassified by
ohp as defined in Algorithm 2 is asymptotically no larger than gz 4, for some « € [0,1/2).

Lemma 16 There exists an o € [0, 1/2) such that for t = t(n) with bt = n°(1),
limsup (E [O(0,05p)] — 47t ) < 0.
n—oo

The following lemma gives a characterization of the distribution of fz based on the density
evolution with Gaussian approximations.

Lemma 17 Let Zi and Z_, denote a random variable that has the same distribution as fz con-

ditioning on 7, = + and 7, = —, respectively. For any t > 1, as n — 00,
Zﬁc$ut ’
sup |P{ =2 <2 —P{Z <2} | =00 1/?), 18
" { T <ot Pz <a}| =007 1s)

where uq = % and upy1 = "TQE [tanh(ut + \/ZTtZ)]

17
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We are ready to prove Theorem 3 by combing Lemma 15, Lemma 16, and Lemma 17.
Proof [Proof of Theorem 3] In view of Lemma 17, for ¢ > 0,

lim P {fg > 0|, = —} = lim P {fg <0, = +} = Q(v/wr),

n—oo n—o0

It follows from Lemma 16 that there exists an o € [0, 1/2) such that

limsupE [O(c, 3p)] < lim Gt = Q(v/a0).

n—oo

Let 2(v) = E [tanh(v 4+ v/vZ)] . In view of Lemma 14, & is non-decreasing and concave in [0, 00),

and lim,_,g h'(v) = 1. Notice that h(0) = 0, and thus 0 is a fixed point of v = “TQE(U) Moreover,

by the mean value theorem, for v > 0, h(v) = h(0) + I/ (£)v for some £ € (0, v). Thus “72%(1)) =
%2%’ (¢)v. By the assumption that 2 > 2, and lim,_,o 1/ (v) = 1, it follows that there exists a v, > 0

such that “ZQE(U) > v for all v € (0,v,). Furthermore, h(v) < 1 and hence “Tzﬁ(v) < v for all v

. L . 27 . _
sufficiently large. Since h is continuous, v = £-h(v) must have nonzero fixed points. Let 7 denote

the smallest nonzero fixed point. Then v > 0, “TQ%(U) > v for all v € (0,7), and “72%’ () < 1.
Because / is concave, i/ (v) < h/(v) for all v > ©. Thus %E(v) > v for all v > v. Therefore, v is
the unique nonzero fixed point and also the largest fixed point. It follows that if u; < T, then {u;} is
a non-decreasing sequence upper bounded by v. If u; > T, then {u;} is a non-increasing sequence
lower bounded by w. Since u; > 0, it follows that lim; ., u; = v. Hence,
limsupinf E [O(0,5)] < lim limsupE [O(0,55p)] < lim lim Gre, = Q(V). (19)
o t t—00 Nn—00 ’

n—oo O —0  n—oo

It follows from Theorem 2 and Lemma 15 that

lim inf inf E [O(0,5)] > lim lim ph = Q(V7). (20)
n—oo g t—00 n—o0
The theorem follows by combining the last two displayed equations. |
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Appendix A. Additional Proofs
A.1. Proof of Lemma 8

By definition, AY = 400 if 7; = + and AY = —c0 if 7; = —, and 'Y = 0 for all i. We prove the
claim for Ff with ¢ > 1; the claim for A§ with ¢ > 1 follows similarly.

A key point is to use the independent splitting property of the Poisson distribution to give an
equivalent description of the numbers of children of each type for any vertex in the tree. Instead of
separately generating the number of children of each type, we can first generate the total number
of children and then independently and randomly select the type of each child. For every vertex ¢
in Ty, let N; denote the total number of its children. If 7; = + then V; ~ Pois(d.), and for each
child j € 0i, independently of everything else, 7; = + with probability pa/d and 7; = — with
probability pb/d., where d = pa + pb. If 7, = — then N; ~ Pois(d_), and for each child j € 04,
independently of everything else, 7; = + with probability pb/d_ and 7; = + with probability
pc/d_, where d_ = pb + pc. With this view, the observation of the total number of children N;
of vertex ¢ gives some information, and then the conditionally independent messages from those
children give additional information on 7;. Specifically,

t
i+l — llogP{TitH’Ti = +} @ llog P {Ni|ri = Zl g2 ) {T Imi = }
B e R A A e

—
=
=

_d+_|_d7 1 d+ 1 er{i}P{Tj:x‘TZ‘:-F}IP{T;‘Tj:x}
- jeoi er{i}P{Tj =x|m; = —}P{T;‘Tj = a:}

_ o palP Tl-f|7" = + pbP THT‘ =—
) d+ + d 4= Z log { ! J } { t J }
2 2 fer? pbP {T}|rj = +} + 3 pcP {T}|7; = —}

—
3]
~

—
S
=

—d++d_+ Zl Jpa—i-pb
2 Jeaz e? pb+pc

where (a) holds because N; and T} for j € Ou are independent conditional on 7;; (b) follows
because N; ~ Pois(dy) if ; = + and N; ~ Pois(d-) if 7, = —, and Tjt is independent of
7; conditional on 7;; (c) follows from the definition of T}, as 7; ~ 2 * Bern(pa/d4) — 1 (resp.
2 % Bern(pb/d_) — 1) conditional on 7; = + (resp. —); (d) follows from the definition of I‘;.

A.2. Proof of Lemma 11

We will show that as n — o0, pg; is bounded by p}t from the below for any ¢ > 1. Before that,
we need a key lemma which shows that conditional on (G*, 055t ), o, is almost independent of the
graph structure outside of G*. The proof is similar to that of (Mossel et al., 2015a, Proposition 4.2)
which deals with the special case p = 1/2 and a = c¢. The key challenge here is that when p # 1/2
or a # c, the overall effect of the non-edges depends on ¢ and some extra care has to be taken (see
(23) for details).
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Lemma 18 For t = t(n) such that b* = n°W | there exists a sequence of events &, such that
P{&,} — lasn — oo, and on event &,,

P{ow=2z|G" 055t} = (14 0o(1))P{oy = 2|G,0pct}, Vxe {£}. (21)
Moreover, on event &,, (G, a¢qt) = (T, 7p+) holds.

Proof Recall that G is the subgraph of G induced by vertices whose distance from w is at most .
Let A! denote the set of vertices in G*~1, B! denote the set of vertices in G, and C? denote the set
of vertices in G but not in G*. Then A'UJG" = B and A'UIG' UC" = V. Define s4 = > 4t 0
and s¢ = Y ;o 04 Let

En={(0c,G") : [sc| <n%%|B| < 0™, (G 0g) = (T", 7))

By the assumption b* = n°(), it follows that (G, o) = (T, 77¢) and | B] = n°(!) with probability
converging to 1 (see (Mossel et al., 2015a, Proposition 4.2) for a proof). Note that s¢ = 2X — |C|
for some X ~ Binom(|C], p). Letting o, = n°, in view of the Bernstein inequality,

—ap /4
P{lsc— (20— 1)|C|| > an} =P{|X = p|C|| > an/2} < 2¢ 102+enT3 = o(1),

where the last equality holds because |C| < n and «,/+/n — oo. In conclusion, we have that
P{&,} — lasn — occ.
To prove that (21) holds, it suffices to show that on event &,,,

P{ow =z|G" 056t} = (14 0(1)P {on = 2|G", 09gt,0¢}, Vo € {+}. (22)
In particular, on event &,

P{oy = 2|G,09ct} = Y _P{ow = z,00|G, 0901}

oc

= ZP{UC‘Ga UaGt}P{O_U = $|G, UaGtaJC}
oc

= P{oc|G,09c:} P {ow = 2|G", 096, 00}
oc

= (1 + 0(1))P {Uu = .T‘Gt, Uagt} s

where the third equality holds, because conditional on (G?, oyqt,0¢), oy is independent of the
graph structure outside of G*; the last equality follows due to (22). Hence, we are left to show the
desired (22) holds.

Recall that G = (V, E). For any two sets U, Uy C V, define

(I)U1,U2 (Gv U) = H ¢uv(G70')a
(u,v)€U1><U2

where (u, v) denotes an unordered pair of vertices and

( a/n ifo, =0, =+, (u,v) € E
¢/n ifoy, =0,=—,(u,v) € E
b/n if oy # 0y, (u,v) € E
l—a/n ifo,=0,=++,(u,v) ¢ £
1—c¢/n ifoy=0,=—,(u,v)¢ E
1—-0b/n ifoy # oy, (u,v) ¢ E

¢uv(G7 L, U) =
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Then the joint distribution of ¢ and G is given by
P{J, G, &} = 2_n(I)B’B (I)C7C q)aGt,C (I)A7C-

Notice that A and C are disconnected. We claim that on event &, ® 4 ¢ only depend on o¢ through
the o(1) term. In particular, on event &,,

@A’C(G, O') == H d’uv(Ga U)

(u,v)EAXC
Al+s4)(|Cl+sc) /4 Al—s4)(|C|—s¢)/4 (IAllC]=sasc)/2
:(1_3)0 [+54)(ICl+s0)/ (1_£><| |—s4)(ICl—s¢)/ <1_b>
n n n
a P(1Al+s.4)[C1/2 e AllAl=s)lCl/2 b\ (AlIC1=sa2p=1)IC])/2
= (o) (1-7) (1-7) (1 - n>
2 (1+0(1))K(0a,|C]), (23)

where the second equality holds because © € A and v € C implies that (u,v) ¢ E and thus ¢,
is either 1 — a/n, 1 — ¢/n, or 1 — b/n, depending on o, and o,; the third equality holds because
(IA] + [sal)lsc — (2p — 1)|C|| < 2an|B| = o(n); the last equality holds for some K (o4, |C)
which only depends on o4 and |C|. As a consequence,

P{O‘, G,gn} = (1 + 0(1))2—71 K(UA, , |CD CI)B,B (I)C,C’ (I)aGt,C .
It follows that

P{ow=x,G" 0ogr,00,En} = (1+0(1))27" Y K(0a,|C|) 5

TA\{u}
and thus
P{oy,=2,G" 0o, En} = ZP {ow=2,G" 0sct,00,En}
oc
=1 +0(1)27" Y K(04,|C)) @8> 1{jss|<nos}-
TA\{u} oc

By Bayes’ rule,

]P’{au = (lZ,Gt,O'agt,Sn}
P{G" g, En}
2o a K(04,|C]) ®p.5
>0 K(0a,|C]) @55
P {au =x,Gt opa, Uc,gn}
P{Gt osqt,00,En}
=(14o0o(1))P {au = JJ‘Gt,O'ant,O'C,gn} .

P {Ju = .%"Gt,O'aGft,gn} =

= (1+0(1))

= (1+0(1))

Hence, the desired (22) follows on event &,,. |
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Proof [Proof of Lemma 11] In view of the definition of py, given in (3),
1 1
2 2
Consider estimating o, based on G. For any ¢ € N, suppose a genie reveals the labels of all vertices
whose distance from w is precisely ¢, and let Toyacle,+ denote the optimal oracle estimator given by

PG = [P{ou = +|G} —P{ou = —|G}|.

Ooractet () =2 X Lp (o, — 160,00} 2P{ou=—IGrpu}} ~
Let pG(G0racle,t) denote the error probability of the oracle estimator, which is given by
1 1
2 2
Since Toracle ¢ (1) is optimal with the extra information ¢, it follows that pg(Goracle,t) < pg; for

all ¢ and n. Lemma 18 implies that there exists a sequence of events &, such that P {€,, — 1} and
on event &,,

pG(aoracle,t) = ‘]P){O'u = HG,UaGt} - P{Uu = _|G7 UﬁGt} ‘

P{oy = 2|G,09¢t} = (1 + o(1))P{0w = 2|G", 051}, Vo € {£},

and (G',0qt) = (T%, 77¢). It follows that

PG (Goracle,t) = é - %E [P{ow =+G. 006t} = P{ou = —|G, 006} [14g,3] + o(1)
- % B %E [P {ow=+IG" 096} —=P{ou = —IG", 096 } [1(e,}] +o(1)
— % _ %E [|P{ru=+IT" 7or: } — P{ru = —|T", o1 } | 14,3 + 0(1)
_ % _ %E [|P{ru=+T" 7omt } = P{r = —|T", 7o7¢ } |] + 0(1)
= pp +o(1)

Hence,

limsup (pg; — pie) > limsup (pe(Goracle,t) — Pipe) = 0.

n—oo n—oo

A.3. Proof of Lemma 12

We first prove the claims for Z:™!. By the definition of I'!, and the change of measure, we have
E[g(Th)Im = =] = E [g(Th)e 4 |r, = +],

where g is any measurable function such that the expectations above are well-defined. It follows
that

E[g(Z})] =E [g(zi)e—QZi] . (24)
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Define 1(x) £ log(1 4 x) — = + 22 /2. Tt follows from the Taylor expansion that |)(x)| < |z|3.
Then

1 e*pa+pb\ 1. b 1 e?®(pa)/(pb) + 1
Fla) =g los <e2‘”pb+ﬁ6) Tl gl (e%(pb)/(pc) T 1)
L b+710 <1+ v -1 >
2 % BT T e (pe) /(o)
b (e45—1) (46_1) 2 1 48
= S log =+ f(x) - () + 59 (7 = Df ().
where 8 = 1log \/Ifﬁ and f(x) = W(ﬁ)(b)' Since |¢(z)| < |z|® and |f(x)| < 1, it follows
that
Lob o (e¥-1) (46_1) 2 48 3
Fx) = Slog - + = f(a) - ——— @) +0 (| =1]'),  @3)
Therefore, in view of (11),
it = d+ - + Y F(IY)
ledu
—d++d7 N G ) 2t 113
TR g@j llog + (¥ = 1) £(Th) = S A + 0 (1o - 1P) |

By conditioning the label of vertex u is —, it follows that

_ o8 _
E[ZH] = % + %log(b/c)d_ + (21) (pbE [f(Z)] + pcE [f(Z1)])
(1)’
- (PbE [f2(Z4)] + pcE [f2(Z1)]) + O (b\e‘lﬁ - 1|3> .

In view of (24), we have that

pOE [£(Z4)] + peB [f(Z1)] = pbE | f(Z4) (1 + 7224 (pe) /(pb))| = pb, (26)
POE [£(ZL)] + peE [f(Z1))] = pbE [ F2(ZL)(1 + 724 (pe) /(b)) | = pbE [£(Z1)] . 27)

Hence,
—dy+d_ 1 461 48— 1)% pb
E [z = Z9 70 4 log(b/e)d_ + (e )pb B Gl W% [F(Z0)] +0 (blet —1p).
2 2 2 4
Notice that
b c—b\ b—c (b—c)? b—cf?
logg = —log <1 + 2 > = + 552 +0 ( 3 . (28)
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As a consequence,

—dy +d_ +log(b/c)d_ + (e4ﬁ - 1) pb

— b2
= —pa— pb+b+ plc—b) +log(b/e)(b+ plc — b)) + p2< ;

p(b—c)? (b—c)? ac — b? b—c?
TS S G2

=—pa—pb+b+plc—b)+(b—c)—

—c|3
= p(—a+b—c+ac/b)+(1/2 = p)(b—c)*/b+0 <Ib - | )

—c3
= pla—b)(c—b)/b+ (p—1/2)(b— )2 /b+ O (‘b - | )

= puv + (p—1/2)02 + O(b~1/?),

where the last equality holds due to (a — b)/v/b = p and (¢ — b)/v/b = v for fixed constants . and
v. Moreover,

ac — b?)? a— c— a—>b)(c—
<e45—1>2pb:7p( bSb) =p<\/5b+ \/BbJr( 255

and b|e*’ — 13 = O(b~1/2). Assembling the last four displayed equations gives that

2
D) = o+ )+ 0,

B [241) = Lo+ GO PR g 7)) 4 o),

Finally, recall that ¢ = 1 log ﬁ and thus

7) — 1 _ e_x(ﬁ/p)|1—c/b| . _ —1/2
) e | T e Gaf e @ v el = 1~ /MO0 2

It follows that

1 20— 1v*  p(u+v)? 1 _
E Zt+1 — o E b 1/2
e 4 o2z TOT)
—v)? 2p — 1)v/? +v)?
:_p(u8 ) +( p ; e p(u8 ) E [tanh(Z, + ¢)] + O 1/2),
where in the last equality we used the fact that 5 +(13,E = 1(tanh(z) + 1). Recall that A = ’D(“Sﬂ

and = 2& g'/)g + (1_ip W Therefore, we get the desired equality:
E[Z7] = — — AE [tanh(Z'. + ¢)] + O(b~'/3).

Next we calculate var(Z*1). For Y = S°% | X, where L is Poisson distributed, and {X;} are
i.i.d. with finite second moments, one can check that var(Y') = E [L] E [X?]. In view of (11),

var(ZHY) = pbE [F2(Z4)] + pck [F?(21)],
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In view of (25) and the fact that ¢*# — 1 = o(1), we have that

b

2 (e 1) £ + 3 (7 1) (1= Tog(b/e) () + O (1o~ 1P)

1 1
F%(z) = 1 log? <lc)) + ilog
Thus,

b

var(ZHh) = ilog2 <C> d_+ %logg (ew - 1) [PbE [f(Z1)] + pcE [f(Z1)]]

+ i (e - 1)2 (1~ log(b/<)) [oE [F2(Z)] + peE [2(Z1)]] + O (vle™ ~ 1)
Applying (26) and (27), we get that

b(e?f -1 b (e?8 —1)°
var(Z1) :i log? (i) d_ + p(e2) logg + M (1 — log i) E[f(Z})]
+0 (b\ew - 1]3) .

In view of (28), we have that

2
log?(b/c)d_ + 2pb <e4ﬁ — 1) log(b/c) = log?(b/c)(b + p(c — b)) + 2p b log(b/c)

_ (e +2p(b—0)ac_b2 +0 <|b_c|3>

ac

b B2 b2
=2 = 2pv(p+v)+ 001/,

and that

(ac — b*)?

b (¢ —1)" (1 ~10g(v/e) = P20~ tog(b/e)) = o+ 1) +0(1),

Moreover, we have shown that bje*® — 1|3 = O(b~'/2). Assembling the last three displayed equa-
tions give that

var(Z441) = ”42 - £ ”(“; V), ple I Vg [1(20)] + 007).

Finally, in view of (29), we get that

2 2
1y _ Vv pv(ptv) | p(ptv) 1 12
vz ) =g - T B e PO

p(p ; V)2 + (1 _jp)’/2 + p(p "8|_ V)QE [tanh(Zi + 90)] + O(bfl/Q)

= 0+ AE [tanh(Z%, + ¢)] + O(b~1/?).
The claims for Z.™! can be proved similarly as above. We provide another proof by exploiting
+ p y p p y

the symmetry. In particular, note that our tree model is parameterized by (p, a, b, ¢) with labels +
and —. Consider another parametrization (p’, a’, V', ¢') with labels +' and —', where p’ = p, a’ = ¢,
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V=bd=a+ =— —"=+. Let Zfr, and Z!, denote the random variables corresponding to

Z% and Z', respectively. Then, one can check that Zfr, has the same distribution as —Z¢ and Z¢,
has the same distribution as —Zfr. We have shown that

_ s N2 ’ "2 10 "2 ~
]E |:Zt_—‘,l-1:| — _p(lu’ 8 V) 4 (2p Z;I‘)(V) o p(ﬂ ;_V) E [tanh(Zt/—l-(p/)} +O(b71/2)7

where 1/ = all;b/ = %b = v and similarly v/ = p, and ¢/ = —p = 1 log 1_7”. It follows that

_ 2 ~ 2 = 2
R [701] = 2 - v)* _ (2p - Du” _ plu : VR [tanh(Z8 + )] +O(2),  (30)

Applying g(z) = tanh(x — ¢) into (24), we get that

E [tanh(Z + ¢)] + e ¥E [tanh(ZL + ¢)] =E [tanh 7t + ) (1 + e*Q(ZiJ““’))]
[1 224 +<P] —1-e%,
where the last equality by the change of measure: E [ —Z i} 1. Hence,
1 —e 22 —E [tanh(Z% + ¢)] PP pE [tanh(Z% + ¢)]

E [tanh(Z" + ¢)] =

e~ 2 1—p

It follows from (30) that

E [Zi‘rl} _ ﬁ(lu’ — V)2 _ (2ﬁ_ 1):“’2 _ (M+ V)2(p - ﬁ) + P(M + V)QE [tanh(Zﬁ_ + 90)] + O(b—l/Q)

8 4 8 8
— )2 _ 2 2

=0+ AE [tanh(Z! + ¢)] + O(b~1/2).
Finally, note that
var(Z5) = var(Z11) = —E [th,l} +OMB™Y2) =E [21] + 0(b~/2).

Combing the last two displayed equations completes the proof.

A.4. Proof of Lemma 13

The following lemma is useful for proving the distributions of Zi and Z! are approximately Gaus-
sian.

Lemma 19 (Analog of Berry-Esseen inequality for Poisson sums (Korolev and Shevtsova, 2012,
Theorem 3).) Let Sq = X1+ --- + Xn,, where X; : i > 1 are independent, identically distributed
random variables with finite second moment, and for some d > 0, Ny is a Pois(d) random variable
independent of (X; : i > 1). Then

B O N . L)
x var(Sd) (E [Xﬂ)

where B [Sg] = dE [X1], var(Sq) = dE [X}], and Cpg = 0.3041.

29



MOSSEL XU

Proof [Proof of Lemma 13] We prove the lemma by induction over . We first consider the base
case. For Zt, the base case t = 0 trivially holds, because Fg = 0 and vy = 0. For W, we need to
check the base case t = 1. Recall that A = oo if 77 = + and A = —o0 if 7, = —. Notice that
F(00) = 3 log(a/b) and F(—oc) = 3 log(b/c). Hence,

Ny
ay="rd £y (1)

u

where conditional on 7, = +, Ny ~ Pois(dy) is independent of {X;}; {X;} are i.i.d. such that
conditional on 7, = +, X; = }log(a/b) with probability (pa)/d; and X; = 3log(b/c) with
probability (pb)/d.i; conditional on 7, = —, X; = log(a/b) with probability (pb)/d_ and X; =
3 log(b/c) with probability (pc)/d_. Taylor expansion yields that

_ a—b\ a-b P —3/2
log(a/b)—log<1+ ; >— ; —2—b+0(b )

B\ b 12
log(b/c)——log(1+cb >— bc+%+0(b_3/2>,

Since F' is monotone,

E[X2] > min{[log(a/b)[%, |log(b/c)} = © <min { el }) — oY)

a—pl3 ST
B (1] < max{]os(a/0)" [log(b/e)) = 0 (=R o),

Thus, in view of Lemma 19, we get that

P < OB ?).

1 _ 1
ng _]}D{ng}

var (W1)

sup
x

By conditioning the label of u is —, it follows from (31) that

1 2 4 52 _
E[WL] = 5 [~ds + d_ +log(a/b)pb+ log(b/c)pc] = —% FOMB™Y2) = —wy + O(b~V/?)

1 1 2 =2
var (W) = i log?(a/b)pb + log (b/c)pb = W + O™ Y2) = w, + 0?2,
where we used the fact that w; = 0 + A = M by definition. Similarly, by conditioning the
label of u is +, it follows that

1 2 = 2
E[Wl] = 5 [—dy +d_ + log(a/b)pa +log(b/c)pb] = W +O(b™Y?) = w, +O(b™1/?)

1 eI L o1/ = 172
var (W) = log (a/b)pa + log (b/c)pb = 1 +O(b ) =w +0((b 7).

Hence, we get the desired equality:

Wl
IF’{ + F w1

~1/2
i <O 7).

sup
xr

gx}—P{ng}
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In view of (10) and (11), A? and I'? satisfy the same recursion. Moreover, by definition, v; and
wy also satisfy the same recursion. Thus, to finish the proof of the lemma, it suffices to show that:
suppose (15) holds for ¢, then it also holds for ¢ + 1. We prove the claim for Z:™!; the claim for
Zfl follows similarly. In view of the recursion given in (11),

Ny
—dy +d-
t+1 _ O+ ,
M = ==+ Z; Y;,
7

where N, ~ Pois(d) is independent of {Y;}; {Y;} are i.i.d. such that Y; = F(Z.) with probability
pb/d_ and Y; = F(Z') with probability pc/d_. Since F is monotone, F/(co) = log(a/b), and
F(—o00) =log(b/c), it follows that

E [Y"] > min{|log(a/b) |, [log(b/c)|*} = Q(b71)
E [[¥[’] < max{|log(a/b)[*, [log(b/c)} = O(b~*).

In view of Lemma 19, we get that

ZH _E [thl}
var (Zt_H)

P <zyp-—P{Z<z}|=00b"1?. (32)

sup
x

It follows from Lemma 12 that

E [Z] = =6 — AE [tanh(Z} + ¢)] + O(b~'/?).
var (Z) = 0 + AE [tanh(Z!, + ¢)] + O(b~ /).

Using the area rule of expectation, we have that
E [tanh(Z} + ¢)]

1 0
— / tanh'(¢)P{Z! + ¢ >t} dt — / tanh'(t)P {Z% + o < t}
0 -1

1 0
/ tanb! (0P {v, + Vo Z + ¢ > £} di — / tanb! ()P {v; + VTiZ + ¢ < £} + O(b~2)
0 1

= E [tanh(v; + /0:Z + )] + O(b~/?).

where the second equality follows from the induction hypothesis and the fact that | tanh’(¢)] < 1.
Recall that v;11 = 0 + AE [tanh(v; + /0 Z + ¢)] . Hence, E [Z"] = —v41 + O(b~/2) and
var (Zt_H) = V1 + O(b_1/2). As a consequence, in view of (32), the desired (15) holds for VASRS
[ |

A.5. Proof of Lemma 14
By definition,

h(v) =E [tanh (v + VvZ + ¢)] .
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Since |tanh(x)| < 1, the continuity of h follows from the dominated convergence theorem. We
next show h’(v) exists for v € (0, c0). Notice that tanh’(z + /2 Z +¢) = (1 — tanh?(z + \/zZ +
©))(1 4+ 2=Y2Z/2) for x € (0, 00), and

| (1 - tanh®(z + V2 Z + ¢)) (L +27122/2)| < 1+ 2712 2|)2.

Since |Z| is integrable, by the dominated convergence theorem, E [tanh’(:v +xZ + go)] exists
and is continuous in x over (0, 00). Therefore, z — E [tanh’(z 4+ /ZZ + ¢)] is integrable over
x € (0,00). It follows that

h(v) =E [tanh(ap) + / tanh'(x + 2 Z + cp)da:} = tanh(y) + / E [tanh'(z + VzZ + ¢)] dz,
0 0
where the second equality holds due to Fubini’s theorem. Hence,
W (v) =E [(1 — tanh2(v + v Z + @) (1 + v*1/2Z/2)} .

Using the integration by parts, we can get that

E [(1 - tanh®(v + v0Z + ¢)) ﬁz]

:/ (1 —tanh?(v + z + ) _$2/2”d
= —v/ (1 —tanh?(v + z + ¢) 12/21’) dz

—v(1 —tanhQ(v—i-:c—HD) e’ /2”

o0
1
+ v/ (1 — tanh?(v + 2 + @)’7e*$2/2”dx
—00

P 2mv

= —20E [tanh(v + VvZ + gp)

1-— tanhQ(v +VVZ + )] .

By combing the last two displayed equations, we get (17).
Next, we prove the concavity of A in the special case with ¢ = 0. We will use the following
equality coming from the change of measure: For & € N,

E [tanh%(\/ﬂZ + v)} =E {tanh%*l(ﬁZ + v)] .
It follows from Lemma 14 that
W(v) =E[(1 - tanh(v + v/vZ)) (1 — tanh*(v + VvZ2))]
=F [(1 — tanhQ(ﬁZ + v))Q}
=E[(1 - tanh? (vo|Z + v3)))*]
where the last equality holds because tanh?(z) is even in . For 0 < v < w < oo and all z € R,

tanh? (Vw |z +Vv|) > tanh? (Vvlz 4+ ).

Thus,

W(o) =E [(1 - tanh? (vo|Z + o))" 2 B [(1 - tant? (Voo |2+ V)] G3)
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Let X =|Z 4+ \/v|andY = |Z + y/w|. Then for any = > 0,
P{X<az}=P{-2-Vov<Z<z—Vu}>P{-2—-Vw<Z<z—Vw}=P{Y <uz}.

Hence, X is first-order stochastically dominated by Y. Since (1 — tanh® (,/wz)) %is non-increasing
in x for x > 0, it follows that

E|(1 - tanb? (vX))*| = E| (1~ tank? (Vary))?]
Thus by (33),
H(0) > E [(1— tanh? (Vo | Z + va|))?] = 0 (w).

A.6. Proof of Lemma 15

The proof is very similar to the proof of Lemma 11; the key new challenge is that E [O(o, 7)] does
not directly reduce to the error probability of estimating o, based on graph G. We need a key
lemma.

Lemma 20 Fix any t > 1 and any two different vertices i and j. For estimator o(G) of o based

on G,
1 1 1L\
B Loy —5) (Yozey —5 )| < (5P ) +oll). (34)

Proof Fix any ¢t > 1. Recall that GY, denotes the subgraph induced by vertices whose distance from
w is at most ¢ and G?, denotes the set of vertices whose distance from u is precisely ¢. Let (13, 7r;)
and (T}, 77;) denote two independent copies of the tree model with p = 1/2 and a = c defined in
Definition 5. The coupling lemma given in Lemma 9 and Lemma 18 can be strengthened so that
there exists a sequence of events &, such that P{€,} — 1 and on event &,, (G¢, ogt) = (1%, rt),

(G}UG;) = (T;7TT]’?),and

P {O‘i, O'j‘G, TaGt O'aG;} =(1+0(1))P {Ui}G, O'aG;;} P {o—j‘G, UaG§} (35)
i {ai\G, aagﬁ} = (1+0(1)P {a,-\Gg, a{,\Gi} (36)
P{Uj|G, aacé} - (1+0(1))IP’{U]-‘G§-,08G§}. (37)

For v = 1, j, define

Xu - ]P){O'u = +|G, O'QGZ} —P {O’u = —‘G’gan}
Yy = ]P){TU = +|T577—8T5} —-P {Tu = _’TivTBTﬁ} .
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Then for any estimator o (G), we have that

E| (Lo = 1/2) (Lo = 1/2)]

=E [E (1520 — 1/2) (1320} — 1/2) |G 0061, 0061 | Lz | +0(1)

~E [E (Uit = 1/2) 1G 006t B[ (15,20, = 1/2) |G 00t | 1iey] +0(1)
E [|Xil|X;]1qe,3] +o(1)

E [[¥il1¥;/146,] +0(1) = ZE[¥II%3] + o)

»M»—wx\r—wu\r—‘

E Y| E[|Y;[] + o(1) = (1/2 = p}«)* + o(1),

where the first and fourth equality follows due to P {€,,} — 1; the second equality holds due to (35);
the first inequality holds due to the fact that P {O’i # z|G, aaGg} is maximized at x = — if X; > 0
and at z = + if X; < 0; the third inequality holds due to (36), (37), (G%,04:) = (T}, T¢), and
(G;, O'G;) = (Tjt , TT;) ; the firth equality follows because (77, 7r7,) and (7}, T;;j) are indepéndent;
the last equality follows because p}., = 1/2 — E[|Y,|] /2 by definition. Hence we get the desired
(34). |

Proof [Proof of Lemma 15] Fix any estimator o(G). Notice that by definition of O(c,0),

O(U U Z {Gi#oi} — ‘
ze[n]
Therefore,
27 1/2
~ 1
E [O(Uv 0)] =;—E Z 1{017502 ' > 5 —-E Z 1{0'17502 ) (38)
’LE [n]
where we used the Cauchy-Schwartz in the last inequality. Furthermore,
2
1 n-1 1 1
E Z {@itoi} ~ =m T E [(1{31#1} - 2) (1{5#02} - 2)} )

ze[n

where we used the symmetry among vertices. Applying Lemma 20, we get that

2

1 1 1 2
E ﬁ Z 1{3«;7501'} - 5 < (2 _th> + 0(1)

i€[n]

Combining the last displayed equation with (38) and noticing that p}., < 1/2, we get the desired
equality E [O(0,7)] > pj. +o(1). Since 7 is arbitrary, it follows that inf; E [O(c, 7)] > ph. +0(1)
and the proof is complete. |
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A.7. Proof of Lemma 16

Before the main proof, we need a key lemma, which gives a recursive formula of ff on the tree
model. Its proof is almost identical to the proof of Lemma 8 and thus omitted.

Lemma 21 Fort > 0,

Tt
_ 1 exp <2F ) a+b
FEH =5 Z log ’

p . 39)
jcoi  exp <2F§) b+a

withfgz%log% ifﬁ-:—l—andf?:—%log% ifT, = —.

LetVt={ieV:0;,=+}and V™ = {i € V: 5; = —}. For an Erd8s-Rényi random graph
with edge probability b/n, it is well-known that if b — oo and b = o(log n), the maximum degree
is at least —25™__ with high probability (see (Hajek et al., 2014, Appendix A) for a proof). Thus,

log(log n/b)

with high probability, at least one vertex in U has more than % neighbors in V\U, so that
Uy 1S well-defined. Due to the symmetry between + and —, without loss of generality, assume that
0w, = -+. By the assumption that || > 2 and b = n°(1/1oglogn) it is proved in (Mossel et al.,
2013a, Lemma 5.7) that there exists an o € (0,1/2) and a polynomial-time estimator such that
for any u € V\U, when we apply the estimator in Step 3.1 of Algorithm 2, its output satisfies
|[WFAVT| < anand |W,7 AV ~| < an after relabeling defined in Step 3.2 of Algorithm 2. Recall
that «, is the fraction of vertices misclassified by the partition (W,", W,,). Thus, a,, < a.

Fix a vertex u € V\U. For all i € 9G!,leto; = +ifi € W,/ and 5; = — if i € W, after
the labeling defined in Step 3.2 of Algorithm 2. It is argued in (Mossel et al., 2013a, Section 5.2)
that for each 7 € 8Gtu, independently at random, o; = o; with probability 1 — «,,, and 0; = —0;
with probability «,,. Consider the tree model (T}, 7) with p = 1/2 and a = ¢, where for each
vertex ¢ € T, independently at random, 7, = 7; with probability 1 — «,, and 7, = —7; with
probability a,,. By the coupling lemma given in Lemma 9, we can construct a coupling such that
(Gh,061,009¢t) = (Th, Trt, Tore ) holds with probability converging to 1. Moreover, on the event
(G, 06t,00ct) = (T}, 7rt, Tart ), we have that Rf, = T in view of the definition of R’ given in
Algorithm 2, and the recursive formula of fz given in Lemma 21. Hence,

P (Gp) = drta, +0(1),

where the o(1) term comes from the coupling error. Since gr: , is non-decreasing in a, it follows
that

pc(G5p) < Qrt o+ o(1).
By the definition of O(7, o) given in (6),

E [O(cBp, 0)] < pc(0hp),

and the lemma follows by combining the last two displayed equations.
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A.8. Proof of Lemma 17

Recall that uy11 = “;]E [tanh(ut + \/tTtZ)} with uq = %. In the case p = 1/2 and p = v,

f=0and A = “72, and hence u; and v, satisfy the same recursion. Also, comparing (39) to (11),
I and T satisfy the same recursion with p = 1/2 and u = v. Therefore, in view of the proof of
Lemma 13, to prove the lemma, it suffices to show that in the base case with t = 1,

Ei:Ful 1
sup [P{ “F = <z —P{Z <z}|=00b"Y?, 40
w { T <ah—P(z<a)| 0w (0
Recall that fg: %log%ifﬂ:Jrand f?:—%log%ifﬁ:—. Also, for all i € Ou,

independently at random 7; = 7; with probability 1 — «, and 7; = 7; with probability «. Let
P %log%,d = b and n = HS%;)O‘
Il = vazdl X;, where conditional on 7, = +, Ny ~ Pois(d) is independent of {X;}; {X;}
are i.i.d. such that conditional on 7, = +, X; = x* with probability 1 — n and X; = —x* with
probability n; conditional on 7, = —, X; = a* with probability 7 and X; = —x™* with probability
1 — n. Taylor expansion yields that

. Thus, in view of the recursion given in (39),

. (1 —2a)(a—0) _
[ 5 +0@0m™h.

By conditioning the label of u is —, it follows that

E [Zl] =—d(1—-2n)x = — (- 2042)((1 _ b)x - _ (1- 2a312b(a —b)? + OB

= —uy +O(b1/?),

var <Z£) =dz? = (1- 2042;)((1 - b)

2+owﬂazm+owﬂ@.

In view of Lemma 19, we get that

21__E[Zi}
var (th)

Hence, we proved (40) for ZL. By symmetry between — and +, the desired (40) also holds for Z}r

sup ’IP’ <zyp-—P{Z<z}|<OWBV?).

x

Appendix B. A Data-driven Choice of the Parameter « in Algorithm 2

Algorithm 2 requires the knowledge of cv,,, which is given by o, = |W,fAV ™| /n = |W, AV ™| /n.
In this section, we show that there exists an efficient estimator a,, such that &, = «, + o(1) with
high probability. Our estimation procedure is given in Algorithm 3.

Lemma 22 Let &, be the output of Algorithm 3. Then with probability converging to 1, o, =
ay, + o(1).
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Algorithm 3 Estimation of «,

1: Take U C V to be a random subset of size |/n] and S C V to be a random subset of size
|n/logb|. Let u, € U be a random vertex in U with at least neighbors in V\U\S.

2: Foru € V\U\S do

2 log(log n/b)

1. Run a polynomial-time estimator capable of correlated recovery on the subgraph induced
by vertices notin G%, ' and U U S, and let W, and W, denote the output of the partition.

2. Relabel W, and W, such that if a > b, then u, has more neighbors in W, than W, ;
otherwise, u, has more neighbors in W, than W.

3. Take T C W, UW, to be a random subset of size [\/n|. Let Top C T denote the set

of vertices with at least W neighbors in S. Let T denote a random subset of T

. . 1

with size | 23" .

4. Run a polynomial-time estimator capable of correlated recovery on the subgraph induced
by vertices not in Gt and U UT. Let W+ and W~ denote the output of the partition.
Relabel (W, W) in the same way as (W,, W, ).

5. Let T1+ consists of vertices i € T} with more neighbors in W than W let T . =

+ |TF Wy |+T] mwﬂ
T1\T;". Define &, = 7]

Proof We assume a > b in the proof; the case a < b can be proved similarly. Let £* = m

For any vertex ¢ in T, let d; denote its number of neighbors in S. Then d; is stochastically lower
bounded by Binom(|S|,b/n). Since |S| = |n/logb], it follows that (see (Hajek et al., 2014,
Appendix A) for a proof)

1
—logP{d; > k*} < ilogn — loglog n.

Because {d;};cr are independent, the cardinality of set Tj is stochastically lower bounded by
Binom(|v/n],logn//n). Therefore, with high probability [Tp| > 1logn and thus T} is well-
defined.

Define the event E; tobe that ;" = Ty NV T and T, =T1NV~. Weclaimthat P{E; } — 1.
In fact, fix any vertex ¢ € T}, suppose o; = + without loss of generality and let A/(¢) denote the set
of its neighbors in V\T'. Let

[WHAVT|/n < dn, |[W AV~| < in.

Then ¢ € [0,1/2). Notice that d; is independent of the partition W and W* Thus, conditional

N (i) N W/ is stochastically lower bounded by Binom(d;, ;3 — (a v %y and [N (i) N W |
(a b)5

). It follows from the Chernoff bound

on d;,

is stochastically upper bounded by Banm(d“ o T
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that conditional on d;,

Nt < @bl owieb2/e)
IP’{\N’(Z)OW | < 2ai) | =° ,

, __ (a=b)d; —Q(di(a—b)?/a?)
A i .
P{\N(z)ﬂW > G <e

Due to d; > k* for all i € Tp, it yields that
P {\/\/(z) AW < [N(i) N W*\} < 9o~ (k" (a—b)?/a?)

Applying the union bound, we get that
2 1 *
P{JicTinVHINGNWH| < INGNW|} < %am (a=b)*/a?)
By the assumption that a — b//a = O(1) and b = o(log n), it follows that

logn _qa( —b)2/a?) logn logn
— a v —=— —Ql——"—]]=0(1
b oC =Ty O blog(log n/b) o(1),

Combing the last two displayed equations gives that with high probability, for all i € T3 N VT,
IN (i) "W*| > |N(i) N W~ | and thus i € T;". Similarly, one can show that with high probability,
foralli e i NV, IN@) N WT| < |N(i) "W~ | and thus i € T} . Hence, P{E1} — 1.

Finally, we show &, = a,, + o(1) with high probability. Let W,, = W,F U W, . Notice that
Ty is randomly chosen and independent of the partition (W, W, ). Hence for i € T, it lies in
(W, nV*)u (W, N'V~) with probability c,. Therefore,

T NVEAW, |+ |TiNn V™ NW,| ~ Binom(|Ty|, o).
Define the event F5 to be

TNV NW |+ TNV NnW,/| _
T |

ay (1 + (b/ log n)1/4) :
Then it follows from the Chernoff bounds that P { 2} — 1. By the union bound, P{E; N Ea} — 1.

Notice that on the event 1 N Es,

s TN VENW |+ TNV AW,
= —
|1

ay, (1 + (b/ logn)1/4) .

Therefore, we conclude that &, = o, + o(1) with high probability. |
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