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‘We consider the problem of reconstructing sparse symmetric block mod-
els with two blocks and connection probabilities a/n and b/n for inter- and
intra-block edge probabilities, respectively. It was recently shown that one
can do better than a random guess if and only if (a — b)2 > 2(a + b). Using
a variant of belief propagation, we give a reconstruction algorithm that is op-
timal in the sense that if (a — b)2 > C(a + b) for some constant C then our
algorithm maximizes the fraction of the nodes labeled correctly. Ours is the
only algorithm proven to achieve the optimal fraction of nodes labeled cor-
rectly. Along the way, we prove some results of independent interest regard-
ing robust reconstruction for the Ising model on regular and Poisson trees.

1. Introduction.

1.1. Sparse stochastic block models. Stochastic block models were introduced
more than 30 years ago [13] in order to study the problem of community detec-
tion in random graphs. In these models, the nodes in a graph are divided into two
or more communities, and then the edges of the graph are drawn independently
at random, with probabilities depending on which communities the edge lies be-
tween. In its simplest incarnation—which we will study here—the model has n
vertices divided into two classes of approximately equal size, and two parameters:
a/n is the probability that each within-class edge will appear, and b/n is the prob-
ability that each between-class edge will appear. Since their Introduction, a large
body of literature has been written about stochastic block models, and a multi-
tude of efficient algorithms have been developed for the problem of inferring the
underlying communities from the graph structure. To name a few, we now have
algorithms based on maximum-likelihood methods [27], belief propagation [10],
spectral methods [21], modularity maximization [2] and a number of combinato-
rial methods [7, 9, 11, 15].
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Early work on the stochastic block model mainly focused on fairly dense
graphs: Dyer and Frieze [11]; Snijders and Nowicki [27]; and Condon and Karp [9]
all gave algorithms that will correctly recover the exact communities in a graph
from the stochastic block model, but only when a and b are polynomial in n.
In a substantial improvement, McSherry [21] gave a spectral algorithm that suc-
ceeds when a and b are logarithmic in #; this had been anticipated previously by
Boppana [5], but his proof was incomplete. McSherry’s parameter range was later
equalled by Bickel and Chen [2] using an algorithm based on modularity maxi-
mization.

We also note that related but different problems of planted coloring were studied
in Blum and Spencer [4] in the dense case, and Alon and Kahale [1] in the sparse
case.

The O (logn) barrier is important because if the average degree of a block model
is logarithmic or larger, it is possible to exactly recover the communities with high
probability as n — oo. On the other hand, if the average degree is less than loga-
rithmic then some fairly straightforward probabilistic arguments show that it is not
possible to completely recover the communities. When the average degree is con-
stant, as it will be in this work, then one cannot get more than a constant fraction
of the labels correct.

Despite these apparent difficulties, there are important practical reasons for con-
sidering block models with constant average degree. Indeed, many real networks
are very sparse. For example, Leskovec et al. [18] and Strogatz [28] collected and
studied a vast collection of large network datasets, many of which had millions of
nodes, but most of which had an average degree of no more than 20; for instance,
the LinkedIn network studied by Leskovec et al. had approximately seven million
nodes, but only 30 million edges. Moreover, the very fact that sparse block models
are impossible to infer exactly may be taken as an argument for studying them: in
real networks one does not expect to recover the communities with perfect accu-
racy, and so it makes sense to study models in which this is not possible either.

Although sparse graphs are immensely important, there is not yet much known
about very sparse stochastic block models. In particular, there is a gap between
what is known for block models with a constant average degree and those with an
average degree that grows with the size of the graph. Until recently, there was only
one algorithm—due to [8], and based on spectral methods—which was guaranteed
to do anything at all in the constant-degree regime, in the sense that it produced
communities which have a better-than-50% overlap with the true communities.

Despite the lack of rigorous results, a beautiful conjectural picture has recently
emerged, supported by simulations and deep but nonrigorous physical intuition.
We are referring specifically to work of Decelle et al. [10], who conjectured the
existence of a threshold, below which is it not possible to find the communities bet-
ter than by guessing randomly. In the case of two communities of equal size, they
pinpointed the location of the conjectured threshold. This threshold has since been
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rigorously confirmed; a sharp lower bound on its location was given by the au-
thors [25], while sharp upper bounds were given independently by Massoulié [20]
and by the authors [24].

1.2. Our results: Optimal reconstruction. Given that it is not possible to com-
pletely recover the communities in a sparse block model, it is natural to ask how
accurately one may recover them. In [25], we gave an upper bound on the recovery
accuracy; here, we will show that that bound is tight—at least, when the signal to
noise ratio is sufficiently high—by giving an algorithm which performs as well as
the upper bound. Our main result may be stated informally as follows.>

THEOREM 1.1. Let pg(a, b) be the highest asymptotic accuracy that any al-
gorithm can achieve in reconstructing communities of the block model with param-
eters a and b. We provide an algorithm that achieves accuracy of pg(a, b) with
probability tending to 1 as n — oo, provided that (a — b)?/(a + b) is sufficiently
large.

To put Theorem 1.1 into the context of earlier work [20, 24, 25] by the au-
thors and Massoulié, those works showed that pg(a,b) > 1/2 if and only if
(a — b)* > 2(a + b); in the case that pg(a,b) > 1/2, they also provided algo-
rithms whose accuracy was bounded away from 1/2. However, those algorithms
were not guaranteed (and are not expected) to have optimal accuracy, only nontriv-
ial accuracy. In other words, previous results have shown that for every value of
a, b such that (a —b)? > 2(a + b) there exists an algorithm that recovers (with high
probability) a fraction g (a, b) > 1/2 of the nodes correctly. Our results provide an
algorithm that [when (a — b)? > C(a + b) for a large constant C] recovers the
optimal fraction of nodes pg(a, b) in the sense that it is information theoretically
impossible for any other algorithms to recover a bigger fraction.

Our new algorithm, which is based on belief propagation, is essentially an al-
gorithm for locally improving an initial guess at the communities. In our current
analysis, the initial guess is provided by a previous algorithm of the authors [24],
which we use as a black box. We should mention that standard belief propaga-
tion with random uniform initial messages and without our modifications and also
without a good initial guess, is also conjectured to have optimal accuracy [10].
However, at the moment, we do not know of any approach to analyze the vanilla
version of BP for this problem.

As a major part of our analysis, we prove a result about broadcast processes on
trees that may be of independent interest. Specifically, we prove that if the signal-
to-noise ratio of the broadcast process is sufficiently high, then adding extra noise

3 An extended abstract stating the results of the current paper [23] appeared in the proceedings of
COLT 2014 (where it won the best paper award).
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at the leaves of a large tree does not hurt our ability to guess the label of the root
given the labels of the leaves. In other words, we show that for a certain model on
trees, belief propagation initialized with arbitrarily noisy messages converges to
the optimal solution as the height of the tree tends to infinity. We prove our result
for regular trees and Galton—Watson trees with Poisson offspring, but we conjec-
ture that it also holds for general trees, and even if the signal-to-noise ratio is low.

We should point out that spectral algorithms—which, due to their efficiency, are
very popular algorithms for this model—empirically do not perform as well as BP
on very sparse graphs (see, e.g., [17]). This is despite the recent appearance of two
new spectral algorithms, due to [17] and [20], which were specifically designed for
clustering sparse block models. The algorithm of [17] is particularly relevant here,
because it was derived by linearizing belief propagation; empirically, it performs
well all the way to the impossibility threshold, although not quite as well as BP.
Intuitively, the linear aspects of spectral algorithms (i.e., the fact that they can
be implemented—via the power method—using local linear updates) explain why
they cannot achieve optimal performance. Indeed, since the optimal local updates
(those given by BP) are nonlinear, any method based on linear updates will be
suboptimal.

1.3. Dramatis personae. Before defining everything carefully, we briefly in-
troduce the three main objects and their relationships.

e The block model detection problem is the problem of detecting communities in
a sparse stochastic block model.

e In the tree reconstruction problem, there is a two-color branching process in
which every node has some children of its own color and some children of the
other color. We observe the family tree of this process and also all of the colors
in some generation; the goal is to guess the color of the original node.

e The robust tree reconstruction problem is like the tree reconstruction problem,
except that instead of observing exactly the colors in some generation, our ob-
servations contain some noise.

The two tree problems are related to the block model problem because a neigh-
borhood in the stochastic block model looks like a random tree from one of the
tree problems. This connection was proved in [25], who also showed that tree re-
construction is “easier” than the block model detection (in a sense that we will
make precise later). The current work has two main steps: we show that block
model detection is “easier” than robust tree reconstruction, and we show that—for
a certain range of parameters—robust tree reconstruction is exactly as hard as tree
reconstruction.

2. Definitions and main results.

2.1. The block model. 1n this article, we restrict the stochastic block model to
the case of two classes with roughly equal size.
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DEFINITION 2.1 (Stochastic block model). The block model on n nodes is
constructed by first labeling each node + or — with equal probability indepen-
dently. Then each edge is included in the graph independently, with probability
a/n if its endpoints have the same label and b/n otherwise. Here, a and b are
two positive parameters. We write G(n, a/n, b/n) for this distribution of (labeled)
graphs.

For us, a and b will be fixed, while » tends to infinity. More generally, one may
consider the case where a and b may be allowed to grow with n. As conjectured
by [10], the relationship between (a — b)? and (a + b) turns out to be of critical
importance for the reconstructability of the block model.

THEOREM 2.2 (Threshold for nontrivial detection [20, 24, 25]).  For the block
model with parameters a and b, it holds that:

e If (a —b)? < 2(a+Db) then the node labels cannot be inferred from the unlabeled
graph with better than 50% accuracy (which could also be done just by random
guessing).

e If (a —b)?> > 2(a +b) then it is possible to infer the labels with better than 50%
accuracy.

2.2. Broadcasting on trees. Our study of optimal reconstruction accuracy is
based on the local structure of G(n, a/n, b/n), which requires the notion of the
broadcast process on a tree.

Consider an infinite, rooted tree. We will identify such a tree T with a subset
of N*, the set of finite strings of natural numbers, with the property that if v € T
then any prefix of v is also in 7. In this way, the root of the tree is naturally
identified with the empty string, which we will denote by p. We will write uv for
the concatenation of the strings # and v, and Ly (u) for the kth-level descendents
of u; that is, Ly(u) = {uv € T : |v| = k}. Also, we will write C(«) C N for the
indices of u’s children relative to itself, that is, i € C(u) if and only if ui € L (u).

DEFINITION 2.3 (Broadcast process on a tree). Given a parameter n % 1/2
in [0, 1] and a tree T, the broadcast process on T is a two-state Markov process
{04 : u € T} defined as follows: let o, be 4+ or — with probability % Then, for
each u such that o, is defined, independently for every v € L1 (u) let o, = 0, with

probability 1 — n and o, = —0o, otherwise.

This broadcast process has been extensively studied, where the major question
is whether the labels of vertices far from the root of the tree give any information
on the label of the root. For general trees, this question was answered definitively
by Evans et al. [12], after many other contributions including [3, 16]. The com-
plete statement of the theorem requires the notion of branching number, which we
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would prefer not to define here (see [12]). For our purposes, it suffices to know
that a d-ary tree has branching number d and that a Poisson branching process
tree with mean d > 1 has branching number d (almost surely, and conditioned on
nonextinction).

THEOREM 2.4 (Tree reconstruction threshold [12]). Let0 =1 —2n and d be
the branching number of T'. Then

Elo, | ow:u € Li(p)] — 0
in probability as k — oo if and only if d9* < 1.

The theorem implies in particular that if 46> > 1 then for every k there is an
algorithm which guesses o, given oy, (p), and which succeeds with probability
bounded away from 1/2. If d6% < 1 there is no such algorithm.

2.3. Robust reconstruction on trees. Janson and Mossel [14] considered a ver-
sion of the tree broadcast process that has extra noise at the leaves.

DEFINITION 2.5 (Noisy broadcast process on a tree). Given a broadcast pro-
cess o on a tree T and a parameter § € [0, 1/2), the noisy broadcast process on T
is the process {7, : u € T} defined by independently taking 7, = —o,, with proba-
bility é and t, = o, otherwise.

We observe that the noise present in o and the noise present in T have qualita-
tively different roles, since the noise present in o propagates down the tree while
the noise present in T does not. Janson and Mossel [14] showed that the range of
parameters for which o, may be nontrivially reconstructed from o, is the same as
the range for which o, may be nontrivially reconstructed from 7, . In other words,
additional noise at the leaves has no effect on whether the root’s signal propagates
arbitrarily far. One of our main results is a quantitative version of this statement
(Theorem 2.11): we show that for a certain range of parameters, the presence of
noise at the leaves does not even affect the accuracy with which the root can be
reconstructed.

2.4. The block model and broadcasting on trees. The connection between the
community reconstruction problem on a graph and the root reconstruction problem
on a tree was first pointed out in [10] and made rigorous in [25]. The basic idea is
the following:

e A neighborhood in G looks like a Galton—Watson tree with offspring distribu-
tion Pois((a + b)/2) [which almost surely has branching number d = (a+b)/2].
e The labels on the neighborhood look as though they came from a broadcast

process with parameter n = ﬁ.
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. —b)? .

e With these parameters, 6%d = g(’afz) , and so the conjectured threshold for com-
munity reconstruction is the same as the proven threshold for tree reconstruc-
tion.

This local approximation can be formalized as convergence locally on average,
a type of local weak convergence defined in [22]. We should mention that in the
case of more than two communities (i.e., in the case that the broadcast process has
more than two states) then the picture becomes rather more complicated, and much
less is known; see [10, 25] for some conjectures.

2.5. Reconstruction probabilities on trees and graphs. Note that Theorem 2.4
only answers the question of whether one can achieve asymptotic reconstruction
accuracy better than 1/2. Here, we will be interested in more detailed information
about the actual accuracy of reconstruction, both on trees and on graphs.

Note that in the tree reconstruction problem, the optimal estimator of o,
given oy, (p) is easy to write down: it is simply the sign of X, ; :=2Pr(o, =
+ | oL,(p)) — 1. Compared to the trivial procedure of guessing o, completely at
random, this estimator has an expected gain of

E|Pr(o, =+ | 01,(p) — 3| = 3E[[Elo, | o1,(n]1]]-

It is now natural to define:

DEFINITION 2.6 (Tree reconstruction accuracy). Let T be an infinite Galton—
Watson tree with Pois((a + b)/2) offspring distribution, and n = a%b. Consider
the broadcast process on the tree with parameter n and define

1 . 1
2.1 pT(a,b)=§+klggoE Pr(o*p=+|oLk(p))—5 )

In words, pr(a, b) is the probability of correctly inferring o, given the “labels at
infinity”.

Note that by Theorem 2.4, pr(a, b) > 1/2 if and only if (a — b)? > 2(a + b).

We remark that the limit in Definition 2.6 always exists because the right-hand
side is nonincreasing in k. To see this, it helps to write pr(a, b) in a different way:
let /,LZ_ be the distribution of o7, (,) given o, = + and let u; be the distribution of
OLi(p) given o, = —. Then

E[Pr(op =+ | 01,(0) = 3| = 3drv (i 1150

where dtvy denotes the total variation distance. Next, note that since labels at levels
k' > k are independent of o, given o7, (,),

Pr(op, =+101,(p) =Pr(op =+ 0L1(0)s OLis1(0)s OLisa(0)s - - -)-
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Hence, if we set v,j to be the distribution of {aLk, (p) : kK’ > k} and similarly for Vs
we have

E[Pr(o, =+ 0L,(0) = 3| = 3y (57, v)-

Now the right-hand side is clearly nonincreasing in k, because v,j 1 can be ob-
tained from v; by marginalization.

One of the main results of [25] is that the graph reconstruction problem is at least
as hard as the tree reconstruction problem in the sense that for any community-
detection algorithm, the asymptotic accuracy of that algorithm is bounded by

pr(a,b).

DEFINITION 2.7 (Graph reconstruction accuracy). Let (G,o) be a labeled
graph on n nodes. If f is a function that takes a graph and returns a labeling of it,
we write

1

1 1
acc(f, G,a)=§+‘221((f(G))v=av)— 5

for the accuracy of f in recovering the labels o. For ¢ > 0, let

PG.nea,b) = Sl;p sup{p : Pr(acc(f, G,0) > p) > ¢},

where the first supremum ranges over all functions f, and the probability is taken
over (G,o0) ~G(n,a/n,b/n). Let

pG(aa b) = hm limsup pG,}’l,é‘(as b)7
e—>0 n—o0

where the limit exists because pg. . (a, b) is monotonic in €.

One should think of pg(a, b) as the optimal fraction of nodes that can be recon-
structed correctly by any algorithm (not necessarily efficient) that only gets to ob-
serve an unlabeled graph. More precisely, for any algorithm and any p > pg(a, b),
the algorithm’s probability of achieving accuracy p or higher converges to zero as
n grows. Note that the symmetry between the 4+ and — is reflected in the definition
of acc (e.g., in the appearance of the constant 1/2), and also that acc is defined to
be large if f gets most labels incorrect (because there is no way for an algorithm
to break the symmetry between + and —).

An immediate corollary of the analysis of [25] implies that graph reconstruction
is always at most as accurate as tree reconstruction.

THEOREM 2.8 (Graph detection is harder than tree reconstruction [25]).

pc(a,b) < pr(a,b).
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We remark that Theorem 2.8 is not stated explicitly in [25]; because the authors
were only interested in the case (a — b)? < 2(a + b), the claimed result was that
(a—b)2<2(a+b) implies pg(a, b) = % However, a cursory examination of the
proof of [25], Theorem 1, reveals that the claim was proven in two stages: first,
they prove via a coupling argument that pg(a, b) < pr(a, b) and then they apply
Theorem 2.4 to show that (a — b)? < 2(a + b) implies pr(a,b) = 3.

2.6. Our results. In this paper, we consider the high signal-to-noise case,
namely the case that (a — b)? is significantly larger than 2(a + b). In this regime,
we give an algorithm (Algorithm 1) which achieves an accuracy of pr(a, b).

THEOREM 2.9. There exists a constant C such that if (a — b)? > C(a + b)
then

pG(a,b) = pr(a,b).

Moreover, there is a polynomial time algorithm such that for all such a,b and
every ¢ > 0, with probability tending to one as n — oo, the algorithm reconstructs
the labels with accuracy pg(a, b) — €.

We will assume for simplicity that our algorithm is given the parameters a and b.
This is a minor assumption because a and b can be estimated from the data to
arbitrary accuracy [25], Theorem 3.

A key ingredient of Theorem 2.9’s proof is a procedure for amplifying a clus-
tering that is a slightly better than a random guess to obtain optimal clustering. In
order to discuss this procedure, we define the problem of “robust reconstruction”
on trees.

DEFINITION 2.10 (Robust tree reconstruction accuracy). Consider the noisy

tree broadcast process with parameters n = aL—i—b and § € [0,1/2) on a Galton—
Watson tree with offspring distribution Pois((a + b)/2). We define the robust re-

construction accuracy as
. | P 1
pr(a,b) = 5t lslgllflzfl}{rggf]E Pr(o, =+ | T1,(p) — 5|

Our main technical result is that when a — b is large enough then in fact the
extra noise does not have any effect on the reconstruction probability.

THEOREM 2.11. There exists a constant C such that if (a — b)2 > C(a + b)
then

pr(a,b) = pr(a,b).

We conjecture that the robust reconstruction accuracy is independent of & for
any parameters, and also for more general trees; however, our proof does not nat-
urally extend to cover these cases.
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2.7. Algorithmic amplification and robust reconstruction. The second main
ingredient in Theorem 2.9 connects the community detection problem to the robust
tree reconstruction problem: we show that given a suitable algorithm for providing
a better-than-random initial guess at the communities, the community detection
problem is easier than the robust reconstruction problem, in the sense that one can
achieve an accuracy of pr(a, b).

THEOREM 2.12. For all a and b, pg(a,b) > pr(a,b). Moreover, there is
a polynomial time algorithm such that for all such a,b and every & > 0, with
probability tending to one as n — 00, the algorithm reconstructs the labels with
accuracy pr(a,b) —e.

Combining Theorem 2.12 with Theorems 2.8 and 2.11 proves Theorem 2.9. We
remark that Theorem 2.12 easily extends to other versions of the block model (i.e.,
models with more clusters or unbalanced classes); however, Theorem 2.11 does
not. In particular, Theorem 2.9 may not hold for general block models. In fact, one
fascinating conjecture of [10] says that for general block models, computational
hardness enters the picture (whereas it does not play any role in our current work).

2.8. Algorithm outline. Before getting into the technical details, let us give
an outline of our algorithm: for every node u, we remove a neighborhood (whose
radius r is slowly increasing with n) of # from the graph G. We then run a black-
box community-detection algorithm on what remains of G. This is guaranteed to
produce some communities which are correlated with the true ones, but they may
not be optimally accurate. Then we return the neighborhood of u to G, and we
consider the inferred communities on the boundary of that neighborhood. Now, the
neighborhood of u is like a tree, and the true labels on its boundary are distributed
like o7, (4). The inferred labels on the boundary are hence distributed like 77, ()
forsome 0 <4 < %, and so we can guess the label of # from them using robust tree
reconstruction. (In the previous sentence, we are implicitly claiming that the errors
made by the black-box algorithm are independent of the neighborhood of u. This
is because the edges in the neighborhood of u are independent of the edges in the
rest of the graph, a fact that we will justify more carefully later.) Since robust tree
reconstruction succeeds with probability pr regardless of §, our algorithm attains
this optimal accuracy even if the black-box algorithm does not.

To see the connection between our algorithm and belief propagation, note that
finding the optimal estimator for the tree reconstruction problem requires comput-
ing Pr(oy | T2, w)). On a tree, the standard algorithm for solving this is exactly
belief propagation. In other words, our algorithm consists of multiple local appli-
cations of belief propagation. Although we believe that a single global run of belief
propagation would attain the same performance, these local instances are easier to
analyze.
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Finally, a word about notation. Throughout this article, we will use the letters
C and c to denote positive constants whose value may change from line to line.
We will also write statements like “for all k > K(6,8)...” as abbreviations for
statements like “for every 6 and § there exists K such that forall k> K ....”

3. Robust reconstruction on regular trees. Our main effort is devoted to
proving Theorem 2.11. Since the proof is quite involved, we begin with a some-
what easier case of regular trees which already contains the main ideas of the proof.
The adaptation to the case of Poisson random trees will be carried in Section 4.

First, we need to define the reconstruction and robust reconstruction probabili-
ties for regular trees. Their definitions are analogous to Definitions 2.6 and 2.10.

DEFINITION 3.1. Let o be distributed according to the broadcast process with

parameter 1 on an infinite d-ary tree. Let T be distributed according to the noisy
broadcast process with parameters 1 and § on the same tree. We define

’

1
Pr(o, =+ oL, p) — 3

1 .
preg(d7 n = 5 +kling>loE

Pr(o, =+ t0,(0) — >

. Lo 1
preg(d7 n = 5 + lzﬁlgll?zﬂ}crgg(l)fE ‘

THEOREM 3.2. Consider the broadcast process on the infinite d-ary tree
where ifu € L1(v) then Pr(o, =0,) = %(1 +0) (equivalently Elo,0,] = 0). There
exists a constant C such that if 0 > C then

ﬁreg(d» n = Preg(d» n.

3.1. Magnetization. Define
Xux = Pr(o, =+ | ULk(u)) — Pr(oy = — | ULk(u))y
Xk = E(Xu,k | oy =+).

Here, we say that X, ; is the magnetization of u given oy, (,). Note that by the
homogeneity of the tree, the definition of x; is independent of u. A simple ap-
plication of Bayes’ rule (see Lemma 1 of [6]) shows that (1 + E|X, «|)/2 is the
probability of estimating o, correctly given o, (p).

We may also define the noisy magnetization Y:

Yu,k =Pr(o, =+ | TLk(u)) — Pr(oy, = — | TLk(u))a
3.1)
Yk = E(Yu,k | oy =+).

As above, (1+E[Y), x|)/2 is the probability of estimating o, correctly given 77, ().
In particular, the analogue of Theorem 2.11 for d-ary trees may be written as fol-
lows.
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THEOREM 3.3.  There exists a constant C such that if6*d > C and § < % then

lim E|X, ] = lim E|Y,].
k— 00 k—o00

Our main method for proving Theorem 3.3 (and also Theorem 2.11) is by study-
ing certain recursions. Indeed, Bayes’ rule implies the following recurrence for X
(see, e.g., [26]):

[Ticcu (46 Xuik—1) — [iccun (1 — 6 Xuik—1)
[Ticcwy( +0Xuin—1) + [liccwy (1 — 0 Xui—1)

The same reasoning that gives (3.2) also shows that (3.2) also holds when every
instance of X is replaced by Y. Since our entire analysis is based on the recur-
rence (3.2), the only meaningful (for us) difference between X and Y is that their
initial conditions are different: X, o = £1 while Y, o = (1 — 2§). In fact, we will
see later that Theorem 3.3 also holds for some more general estimators Y satisfy-
ing (3.2).

(32) Xu,k =

3.2. The simple majority method. Our first step in proving Theorem 3.3 is
to show that when 62d is large, then both the exact reconstruction and the noisy
reconstruction do quite well. While it is possible to do so by studying the recur-
sion (3.2), such an analysis is actually quite delicate. Instead, we will show this by
studying a completely different estimator: the one which is equal to the most com-
mon label among oy, (,). This estimator is easy to analyze, and it performs quite
well; since the estimator based on the sign of X, x is optimal, it performs even
better. The study of the simple majority estimator is quite old, having essentially
appeared in the paper of Kesten and Stigum [16]; however, we include most of the
details for the sake of completeness.

Suppose d6? > 1. Define S, ; = > veL, () Ov and set Suk = > vely) Tv- We
will attempt to estimate o, by sgn(S, ) or sgn(Sp ©); when 62d is large enough,
these estimators turn out to perform quite well. We will show this by calculating
the first two moments of S, x and Su «; we write ET and Var™ for the conditional
expectation and conditional variance given o, = +. The first moments are trivial,
and we omit the proof.

LEMMA 3.4.
E*S, = 6kd*,
E*S,r = (1 —28)6%a.

The second moment calculation uses the recursive structure of the tree. The
argument is not new, but we include it for completeness.
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LEMMA 3.5.
O2d)k —1
Vart S, ; = 4n(1 — n)d* ———,
ar p.k 77( 77) ezd 1
g 0*d)* —1

+T . _agk 2
Var™ S, =4d"6(1 —68) +4(1 —28)"n(1 —n) 74— 1

PROOF. We decompose the variance of S; by conditioning on the first level of
the tree:

(3.3) Var™ S,  =EVart (S, k|01, ...,00) + Vart E(Sp x| o1, ..., 04).

Now, Spk =Y yer, Suk—1, and Sy x_1 are i.i.d. under Pr'. Thus, the first term
of (3.3) decomposes into a sum of variances:

EVart (S, | o1,....,00) = Y EVart(Syx—1|0,) =d Vart (Sp 1)

uel

For the second term of (3.3), note that (by Lemma 3.4), E(S, x—1 | oy) is Od)k1
with probability 1 — 5 and —(0d)*! otherwise. Since E(Sy k-1 | o) are indepen-
dent as u varies, we have

Vart B(S, 1 | 01, ..., 04) =4dn(1 — n)(@d)* 2.
Plugging this back into (3.3), we get the recursion
Var™ Sp k= d Var™t Spk—1+4dn(l — n)Od)* 2.

Since Vart Sp,0 =0, we solve this recursion to obtain

k
Vart S, =d Y 4n(l — n)(@d)*2d""
(3.4) =
=4(1 )dkkf(ezd)@—4 (1 —patCD ]
=4 nzzo =dn(l —md" =3

To compute Var™t S k> we condition on S, i : conditioned on S, x, S 0.k 18 @ sum
of ¥ i.i.d. terms, of which (d* + S, x)/2 have mean 1 — 28, (@* — S, x)/2 have
mean 26 — 1, and all have variance 45 (1 — §). Hence, ]E(S“k | Sx) = (1 —26)S, and
Var(§k | ) = 4dks(1 = §). By the decomposition of variance,

Vart (5;) = BT (4d*8(1 — 8)) + Var™((1 — 28) Sy
gt 02d)k — 1
02d —1 "’

where the last equality follows from (3.4) and the fact that Var(aX) = a? Var(X).
O

=4d*5(1 — 8) +4(1 —28)*n(1 — n)



2224 E. MOSSEL, J. NEEMAN AND A. SLY

Taking k — oo in Lemmas 3.4 and 3.5, we see that if 6%d > 1 then

Var+ Sk
(E*S)? | k=00 4n(1 — 1)
~ - —.
Vart 5 02d
(E*5p)?
By Chebyshev’s inequality,
4n(l —
liminfPrt (s, > 0) > 1 — 1A =m
k— 00 0%d

In other words, the estimators sgn(Sy) and sgn(gk) succeed with probability at
least 1 — % as k — oo. Now, sgn(Y, ;) is the optimal estimator of o,
given 7z, and its success probability is exactly (1 +E|Y, |)/2. Hence, this quan-
tity must be larger than the success probability of sgn(§k) [and similarly for X and
sgn(Sy)]. Putting this together, we arrive at the following estimates: if 62d > 1 and

k > K () then

10n(1 —n)
(3.5) BIXpulz 11— — 0,
10n(1 —n)

Now, given that o, = +, the optimal estimator makes a mistake whenever
X,k < 0; hence, Pr+(Xp,k <0) <(1-E|X,«])/2.Since X, > —1, this implies
Cn( —n)

0%d
We will use this fact repeatedly, so let us summarize in a lemma.

Et X,k >E" X, 4l —=2Pr (X, 0 <0)>1—

LEMMA 3.6. There is a constant C such that if@zd > 1 and k > K () then

Cn(l—n)
Et*X,p>1—-— 1
k= 62d

Cn(1—mn)
+
B oz l=—p

By Markov’s inequality, we find that X, x is large with high probability:
LEMMA 3.7. There is a constant C such that for all k > K (8) and all t > 0

N _1
Pr(Xu,kzl—z@‘au_Jr)zl—Ct ,

Ui _ -1
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As we will see, Lemma 3.6 and the recursion (3.2) are really the only properties
of Y that we will use. Hence, from now on Y, x need not be defined by (3.1).
Rather, we will make the following assumptions on Y, k.

ASSUMPTION 3.1. Thereisa K = K (§) such that for all kK > K, the following
hold:
1y _ Tliecwy0+0Yyi 1) =Tliccoy(1—0Yui k)
s Pkt = e U0 0 0 Tiec o 1—0Yui0) °
2. The distribution of Y, x given o, = + is equal to the distribution of —Y, x
given o, = —.
3. EtYp > 1— % for some constant C.

We will prove Theorem 3.3 under Assumption 3.1. Note that part 2 above im-
mediately implies

E(Yui,k loy =+) = QE(YL”"]{ | oui =+).
Also, part 3 implies that Lemma 3.7 holds for Y.

3.3. The recursion for small 6. Our proof of Theorem 3.3 proceeds in two
cases, with two different analyses. In the first case, we suppose that 6 is small (i.e.,
smaller than a fixed, small constant). In this case, we proceed by Taylor-expanding
the recursion (3.2) in 6. For the rest of this section, we will assume that X and Y
satisfy parts 1 and 2 of Assumption 3.1, and that xi, yr > 5/6 for k > K (§). This
restriction will allow us to reuse most of the argument in the Galton—Watson case
(where part 3 of Assumption 3.1 fails to hold, but we nevertheless have xi, yx >
5/6).

PROPOSITION 3.8. There are absolute constants C and 6* > 0 such that if
d6? > C and 6 < 6* then for allk > K (0, d, 6),

E(Xp 41— Yprs1)? < %E(Xp,k — Y, 0%

Note that Proposition 3.8 immediately implies that if 462 > C and 6 < 6* then
E(Xyr — Yp’k)2 — 0 as k — oo, which implies Theorem 3.3 in the case that
6 <6*.

In proving Proposition 3.8, the first step is to replace the right-hand side of (3.2)
with something easier to work with; in particular, we would like to have something
without X in the denominator. For this, we note that

a—b 1—-b/a 2

a+b 1+b/a 1+bla
Hence, if a = [[;(1 + 6 Xyi k), b =T1;(1 —6Xyi k), and @’ and b’ are the same
quantities with Y replacing X, then
a—b a -V
a+b d+b

(37) |Xu,k+l - Yu,k+l| =

1 1
=2 — .
‘l—i-b/a 1+b'/a
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Using Taylor’s theorem, the right-hand side can be bounded in terms of [(b/a)P —
(b’ /a’)P| for some 0 < p < 1 of our choice.

LEMMA 3.9. Forany0 < p <1andany x,y >0,

1 1
P E
I+x 1+yl"p

PROOF. Let f(x) = ﬁ and g(x) = x?. By the fundamental theorem of
calculus, the proof would follow from the inequality | f/(x)| < p~'g’(x). Now,
| f/(x)| = ﬁ and g’(x) = px?~!. Whenx > 1, we have | f'(x)| <x~ % <xP~!,
while if x < 1then |f'(x)| <1 <xP~!. O

As an immediate consequence of Lemma 3.9 (for p = 1/4) and (3.7),

1—0Xui i\ 1 —0Yuix\'/*
(38) 1Xuks1 — Yk 1|58‘(||7’) —(||7*) ‘
e e S THOXuik AR

Next, we present a general bound on the second moment of differences of prod-
1-6X ui,k

170X )1/ 4 and similarly for

ucts. Of course, we have in mind the example A; = (
B;and Y;.

LEMMA 3.10. Let (Ay, By), ..., (Aqg, Bg) be i.id. copies of (A, B). Then
d 2
E(]_[ A -] Bi> <dm?'(EA* —EB?)? + 2dm?~'E(A — B)?,

where m = max{EAZ, EB?}.

PROOF. Lete =E(A; — B;)?, so that EA; B; = J(EA? + EB? — ¢). Then

d d 2 d d d
IE(HAi—HBi) =E[]|A?+E[] B —2E]] AiBi
i=1 i=1

i=1 i=1 i=1

d 2 2
EA2 + EB? —
(3.9) = (EAY? + ) ]‘[ ;

2

By a second-order Taylor expansion, any twice differentiable f satisfies f(x) +
fF=<2f((x+y)/2)+ }T(x — y)?>max; f”(z), where the maximum ranges over
z between x and y. Applying this for f(x) = x¢ yields

EA%+EB? —&\4
:(EAZ)"JF(EBZ)"_z(;) .

EA2 +E32>d
> .

(EA%)? + (EBY)! <d®m?2(EA> —EB?)* + 2(
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Hence,
EA% + EB%\¢ EAZ+EB? — ¢\
(3.9) <d’m?2(EA? —EB?)* + 2<+> _ 2(%)
<d’m?2(BA2 —EB?)* + 2dm? e,

where the second inequality follows from a first-order Taylor expansion of the
function f(x) =x¢ around x = (EA2+EB?)/2. O

As we said before, we will apply Lemma 3.10 with A; = (} 6 X, ")1/ 4 and
Bi = (5 +9Y”’ £)1/4 To make the lemma useful, we will need to bound ]EA E32
and their dlfference First, we will bound IEA2 and E32 In other words, we w111

bound
E 1 —0Xuik
1+9Xui,k

and the same expression with Y instead of X.

LEMMA 3.11. There is a constant 6* > 0 such that if xi, yr > 5/6 then
6%x
E(A2 |0, =+4) <1— —%,
4
62
E(B? | 0, = )<1—%

PROOF. First, note that for sufficiently small x,
A+0(1—x+ 22 =1 +001 —2x + 8524 0(x ))

=1 —x+%x2+0(x3) >1—x,
which may be rearranged to read

I—x <1 n 5,
—x 4 -x“.
1+x ™~ 8
Now, if 6* is sufficiently small then we may apply this with x = 6 X,,; ¢, obtaining
E(A? |0y =+) <1 —E@Xuik | 0w =+ + 3EO>X5; | 0w = +).

Recalling the assumption that x; > 5/6, we have

5 302
L= E@Xuik | ow=+) + dEO Xy p low=+) < 1= 0%+ —x
02
=1—-—x.
4

The same argument applies to B;, but using Y; instead of X;. [
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3.4. The EA? — EB? term. In this section, we will bound the [EA2 — EB?|
term in Lemma 3.10, bearing in mind that the bound has to be at most of order 64
in order for d*(EA% — EB?)? to be a function of d#2. Note that the distribution
of A; conditioned on o, = + is equal to the distribution of 1/A; conditioned on
o, = —. Hence,

E(A7 | oy =+) = (1 = DE(A} | oui = +) + nE(A] | 04 = —)

(3.10) ' 2
=E((1 —mA; +nA; " |owi =+).
Now,
- 1= 0Xuix 2 (14+6Xui\'?
1= mMA2 4 A 2= (1= <_u> (_u)
(1 —=mA; +nA; (1—=mn) T 0Xie T 0%
1= —0Xu 146X,
(3.11) _ (=m)( ui k) + 11+ 0Xui 1)

VA +0Xui 0 —0X, 1)
1—02X,; 1

Ji-ex,

(recalling in the last line that 6 = 1 — 2n).

LEMMA 3.12. There is a 0* > 0 such that if 0 < 6™ then

d 1-6% 5
— <30
dx /1 —02x2

forall x e [—1,1].

PROOF. By a direct computation,
d 1-0%  0%x(1—0%x)712(1 —0%x) — 621 — 62x?

dx 1 —02:2 1 — 0252
Since |x| <1, we have
d 1-—6% - 6%(1 —0>)~1/2(1 4+ 6%) + 02
dx V1 —0252| — 1—62
_ 20 —0H7 121407 +1
1—62 '

The result follows because 1 — 62 and 1 + 62 can be made arbitrarily close to 1 by
taking 6* small enough. [J

Now we apply (3.11) with Lemma 3.12 to obtain the promised bound on
EA? —~EB?.
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LEMMA 3.13. There is a 6* > 0 such that for all 6 < 6%,

E(A? — B? | 0w = +) < 36>\ /E((Xuis — Yui)? | ou = +).

PROOF. By (3.10) and (3.11) (and analogously with A replaced by B), we
have

1 —6%2X,; 1 —02Y,;
e
\/1—9 X2, \/1—9 Y2,

For a general function f we have E| f(X) — f(Y)| <E|X — Y| max, |dx |. Apply-

ing this fact with the function f(x) = \/1199—)‘ and the bound of Lemma 3.12,

E(A? — B? | 6, = 4) < 30°E(|Xuik — Yuis| | oui = +)

< 30%\JE((Xuik — Yuid)? | oui = +).
Finally, note that

E((Xuik = Yuir)? 1 owi = +) = BE(Xuik — Yui)? | o = +). O

3.5. Combining the estimates to complete the proof. Next, we combine
Lemma 3.10 with the estimates provided in Lemmas 3.11 and 3.13.

LEMMA 3.14. There is some constant 6* > 0 such that the following holds.
Suppose that X and Y satisfy parts 1 and 2 of Assumption 3.1 and that x, yr > 5/6
for k > K(8). If u has d > 4 children and 6 < 6* then for k > K (8),

E((Xukr1 = Yuir)? |ou=4) _
E((Xu1k = Yu1,60? [ our =+)

for a universal constant C.

C(d*0* + do2)e™4/5,

PROOF. Taking the square of (3.8) and taking the expectation on both sides,
we have

2
E((Xu,k-i—l - Yu,k+1)2 | ouw = < 64E(<1_[ A — 1_[ B; ) ‘ Oy = )

i=1 i=1
Conditioned on oy, the pairs (A;, B;) are i.i.d. and so Lemma 3.10 implies that
E((Xu,k—I—l - Yu,k—l—l)z | oy = +)

(3.12)
< 64d*m?2(a — b)® + 128dm“~'E((A; — B)* |0 = +),



2230 E. MOSSEL, J. NEEMAN AND A. SLY

where
a=E(A} |0y =+),
b=E(B] oy =+),
m = max{a, b}.

Now, if 6* is sufficiently small then the function x +— (%)1/ 4 has derivative
at most 6 for x € [—1, 1]. Hence,

E((A; — B)? | oy = +) < 0" E((Xu1.4 — Yu1.6)* | 0w = +)
(3.13) 2 2
=0"E((Xu1.k — Yu1.6)" | ou1)

provided that 6* is sufficiently small. Define
2=E((Xuk = Y10 1 out) = B((Xu1 & = Yu1,007 | ou1 = +).

By Lemma 3.11 and the assumption that xx, yx > 5/6, if 6* is sufficiently small,
thenm <1— 92/5 < exp(—92/5). Moreover, Lemma 3.13 implies that (a — b)? <
96%7. Plugging these and (3.13) back into (3.12), we have

E((Xu kst — Yurs1)? | 0w = +) < 64(9d%0%07@=2/5 | 24g2e=07@d=1/5)

which proves the claim. [J

PROOF OF PROPOSITION 3.8. If 62d is sufficiently large, then Lemma 3.6
implies that x, yx > 5/6 for k > K (8); hence, the conditions of Lemma 3.14 are

satisfied. Finally, if d6? is large enough then the right-hand side in Lemma 3.14 is
at most % ]

3.6. The recursion for large 6. To handle the case in which 6 is not small, we
require a different argument. In this case, we study the derivatives of the recur-
rence, obtaining the following result.

PROPOSITION 3.15. Forany 0 < 6* < 1, there is some d* = d*(0*) such that
forall >0*,d>d*, andk > K(0,d,§),

EIXp k41 = Your1] < 3EIX, 1 — Yy il.

Combined with Proposition 3.8, this proves Theorem 3.3. Indeed, to complete
the choices of parameters we first take 6* to be the universal constant in Proposi-
tion 3.8. Then let d* = d*(6*) be given by Proposition 3.15 (note that d* is also
a universal constant). Finally, choose C to be the maximum of d* and the C from
Proposition 3.8. Now, if 02d > C then either 6 < 6* in which case Proposition 3.8
applies, or 8 > 6* in which case 6 < 1 implies that d > C > d* and so Proposi-
tion 3.15 applies. In either case, we deduce Theorem 3.3.
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Let g : R? — R denote the function

[T, (0 +6x) =TT, (1 — 6x)
[T (1 +6x) + T (1 —6xi)
Then the recurrence (3.2) may be written as X, x+1 = 8(Xu1 ks ---» Xud k). We
will also abbreviate (X1 k, ..., Xua k) by X1, w),k» so that we may write X, y 41 =
8(XLiw.k)-

Define g(x) = ]_[?:1(1 + 6x;) and gr(x) = ]_[?:1(1 — 0x;) so that g can be

; _ 81=8& g 9 _pg_& 9 _ _pn_&
written as g = =~ Since oy = 0 o and o = 0 ox; » We have

(3.14) gx) =

98 _ 9 s1—&
ox;  0x; g1+ &2

g255 — 9152

(3.15) =0~ 2
(g1 +82)

818

(g1 e (1 — 62D
8182 818 __ &
(g14+82)* — g? g1

also have the symmetric bound —8182 < &L Define
(&1+82) 82

g 4 1 —6x;
(1—62x)g1 (1+60x)? ;4 1+6x;"

If |x;] <1, then g; and g5 are both positive, so ; of course, we

hi(x)=4

gl 4 1 +6x;

hy (x)=4 = :
: (1 =0%D)g  (1—0x)7 ;4 1—0x;

hi(x) =min{h; (x), h; (x)}.
By (3.15) and since |0| <1,

(3.16) 28 ).

3)6,'
The point is that if o, = 4 then for most v € L1(u), X, x will be close to 1 and so
hl.JF(XL] ),k) Will be small. On the other hand, if 0, = — then for most v € L (u),

X,k will be close to —1 and so h; (X1, u),x) Will be small.
Note that h:L is convex on [—1, 1]¢ because it is the tensor product of nonnega-

tive, convex functions. Hence, for any x, y € [—1, l]d andany 0 < A < 1,
0
8—?(,\x +(1—2)y)

Xi

<hf (x4 (1 =20)y) <max{h] (x), S ()}

Then the mean value theorem implies that

lg(x) — g <D lxi — yilmax{hf (x), b (»)}.
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Applied for x = X7,k = Xut ks -+ Xua ) and y = Y, )k = Yut ks -,
Yua k), this yields

| Xuk+1 — Yu k1l

(3.17)
< Z | Xui ke — Yui gl max{n (X1, 0.0 b Yrya.0)-
i
Note that the two terms on the right-hand side of (3.17) are dependent on one
another. Hence, it will be convenient to bound h;r(X Li(u),k) by something that
does not depend on X,;. To that end, note that for |x;| < 1, we have 1 4+ 6x; >
1 —6 =2n,and so

4 —0Ox; < 1 1 —0x;

i _ _
(318) hl' (X) (1 +9xl)2 1_[ 1—|—9x]

2
i
Since m; (x) does not depend on x;, it follows that m; (X1, ) k) is independent of
Xui k given o, (and similarly with Y instead of X). Hence, (3.17) implies that

E(\/|Xu,k+1 — Yuktillow =)

(3.19) <ZE | Xuik — Yui k| |O'u—+)

X E(\/max{mi(XLl(u),k)» mi (YL w0} | ou=+).

To prove Proposition 3.15, it therefore suffices to show that E(\/m; (X1, w),) |
oy = +) and E(/m; (Yr,w).k) | o = +) are both small. Since m; (X, @).x) 18
a product of independent (when conditioned on o) terms, it is enough to show
that each of these terms has small expectation. The following lemma will help
bounding these terms.

LEMMA 3.16. For any 0 < 0* < 1, there is some d* = d*(0™) and some A =
A(0™) < 1 such that for all 0 > 0*,d > d* and k > K(0,d, ),

1 —0Xuixk

m ‘ o, = +) < min{k,4nl/4}.
ui,

The proof of Lemma 3.16 is straightforward but tedious, and we postpone it
until the Appendix. Instead, we will now prove Proposition 3.15.

PROOF OF PROPOSITION 3.15. By Lemma 3.16, and the definition (3.18) of
m;, it follows that

E(J/mi (Xuix) | 04 =+) <y~ min{a, n'/4}4~!

(3.20)
1/4}d 5 pd-s,

< min{2,
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In particular, if d*(9*) is sufficiently large then dA%~5 < 1/4 for all d > d*. The
same argument applies with Y replacing X, and hence

(3.2D) E(\/max{mi(XLl(u),k)’ mi (Y, @.k) | ou=+)
By (3.19), we have

IE(\/|Xu,k—|—1 —Yurt1lloy= +) = %E( | Xu ke — Yurlloy= +)a

and so we have proved Proposition 3.15. [

<—.
2

4. Reconstruction accuracy on Galton—Watson trees. In this section, we
will adapt the proof of the d-ary case (Theorem 3.3) to the Galton—Watson case
(Theorem 2.11). Let T C N* be a Galton—Watson tree with offspring distribution
Pois(d). Recall that such a tree may be constructed by taking, for each u € N*,
an independent Pois(d) random variable D,. Then define T C N* recursively by
starting with @ € T and then taking ui € T fori e Nifu e T andi < D,,.

As in Section 3, we let {0, : u € T} be distributed as the two-state broadcast
process on T with parameter 1, and let {7, : u € T'} be the noisy version, with
parameter §. We recall the magnetization

Xy k =Pr(oy, =+ | ULk(u)) — Pr(oy, = — | GLk(u))»
Xk = E(Xu,k | ou =+).

Note that unlike in Section 3, X, x now depends on both the randomness of the
tree and the randomness of o. Hence, x; now averages over both the randomness
of the tree and the randomness of o.

We recall that X satisfies the recursion (3.2). As in Section 3, we will let {Y}, 4}
be any collection of random variables which satisfies the same recursion (for large
enough k), and for which Y,  is a good estimator of o, given oy, ().

ASSUMPTION 4.1. There is a K = K(§) and a constant C such that for all
k > K, the following hold:
1. Yy pi1 = HieC(u)(1+9Yui,k)_ni€C(u)(l_eyui,k).
’ [liecw 1+0Yui 1)+ Tiecoy 1—0Yui k)
2. The distribution of Y, x given o, = + is equal to the distribution of —Y, x
given o, = —.
3. With probability at least 1 — e~ over T,

Cn
E(Y, =+,T)>1——.
Yukloy==+,T)= 02d
Note that Assumption 4.1 is the same as Assumption 3.1 except for part 3.
Indeed, the change in part 3 between Assumption 3.1 and Assumption 4.1 points
to the main change, and biggest challenge, in extending our previous argument to
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Galton—Watson trees: unlike for a regular tree, there is always some chance that a
Galton—Watson tree will go extinct, or that it will be thinner and more spindly than
expected. In this case, we will not be able to reconstruct the broadcast process as
well as we might want, even as n — 0.

In any case, in order to prove Theorem 2.11 it suffices to prove that Y satisfies
part 3 of Assumption 4.1 as well as the following theorem.

THEOREM 4.1. Under Assumption 4.1, there is a universal constant C such
that if 0*d > C then limy_, oo E| X, x| = limg— 00 E| Y, £|.

Recall that pr(a, b) is equal to limg_ oo (1 + E| X, «])/2 in the case d = (a +
b)/2 and n =b/(a + b), and that pr(a, b) is equal to limy_, o (1 +E|Y, «[)/2 in
the same case. In particular, Theorem 4.1 immediately implies Theorem 2.11.

4.1. Large expected magnetization. The first step toward extending Theo-
rem 3.3 to the Galton—Watson case is to show that the magnetization of each node
tends to be large.

PROPOSITION 4.2. There is a universal constant ¢ > 0 such that for all k >
K(6.d,9),

1677 —cd
PI'(E(Xpyk |O'p=+,T)Zl—%) Zl—e

and similarly for Y, . Hence, x, yr > 1 — 082—21 —2e—¢d,

Note that the proposition implies that Y satisfies part 3 of Assumption 4.1.

In the regular case, the proof of Lemma 3.6 was based on the fact that a sim-
ple majority vote at the leaves estimates the root well. Here, we will follow Evans
et al. [12] by using a weighted majority vote. For this, we will need to use the ter-
minology of electrical networks, in particular the notion of effective conductance
and effective resistance. An Introduction to these concepts may be found in [19];
the essential properties that we will need are that conductances add over parallel
paths, while resistances add over consecutive paths.

Put a resistance of (1 —62)0~2k on each edge e in T whose child is in gener-
ation k (where p is generation zero). We write %efr(k) for the effective conduc-
tance between p and level k and Zegr(k) for 1/ % (k). Also, attach an additional
“noisy” node to each node at level k, with resistance 45(1 — §)(1 — 28) 202k,
then let e’ff(k) be the effective conductance between the root and these nodes and
let Z.q(k) = 1/€ (k). Note that Gefr(k) and € (k) are random quantities which
depend on the Galton—-Watson tree. The importance of e and 6, for estimating
o, was shown by [12] (Lemma 5.1).
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THEOREM 4.3. There exist weights w(u) such that if Ry = ZveLk(p) w(v)oy
and S =(1—-28)""Yc1,(p) wV)Ty then

E(Rk | 0p) = 0p,

E(Sk | 0p) = 0p,
Var(Ri | 0) = Keti(k),
Var(Sk | o)) = %éff(k).

We mention that w(v) in Theorem 4.3 is proportional to the unit current flow
from p to v; for our work, however, we only need to know that it exists and that it
can be easily computed.

Consider the estimators sgn(Ry) and sgn(Sy) for o,. By Chebyshev’s inequality,

1
Cet (k)

and similarly Pr(R; <0 | 0, = +) < 1/€ (k). In particular, if we can show that

Getr(k) and %’ff(k) are large, we will have shown that sgn(Sx) and sgn(Ry) are
good estimators of o,. Since sgn(Xy ,) and sgn(Yy, ,) are the optimal estimators
of o, given, respectively, o7, () and 7z, (p), this will prove that x; and yy are large.
Note that this is exactly the same method that we used to show that x; and yj
are large in the d-regular case; the difference here is that we need to consider a
weighted linear estimator instead of an unweighted one.

Pr(Sk <00, =+) < Var(Sx) = Zesr(k) =

LEMMA 4.4. There is a universal constant ¢ > 0 such that for all k >
K(6.d,9),

0%d .
Pr(%eff<k> > —) > e,
161

6%d
( eff(k) = ?> > e,
n

PROOF. The proof is by a recursive argument. Note that %f(0) = oo and
‘Ke’ff(O) = (48(1 —8)~"'(1 = 28)~2 > 0. We will write the rest of the proof only
for Gesr, but the same argument holds with € replacing st everywhere. Let
ox—1 = min{(4n)~', M} where M is the largest median of %eer(k — 1) [in the case
of %er(0), M is any positive value]. Now fix k and let Zy, Z, ... be independent
copies of Gegr(k — 1). Then Pr(Z; > a,—1) > 1/2 for all i.

Now, the first k levels of a Galton—Watson tree consist of a root with Pois(d) in-
dependent subtrees of k — 1 levels each. For each child i, the conductance between
i and Li_; (i) is distributed like 82 Z; (the factor 62 arises because at each level of
the tree the conductances are multiplied by an extra factor of 62). Since the edge
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between p and i has conductance 62(1 — 62)~!, the conductance between p and
Lj_1(7) is distributed like
1 0%z
0227 +672(1-02) (1-69)Zi+1

Summing over the children of p, we see that %es(k) has the same distribution as

Pois(d) Pois(d)

2. .
§O ez N oz
= (- 02)Z; +1 Pt dnZ; +1
Recall that Pr(Z; > ax—1) > 1/2 and op—1 < (477)_1. Hence, ax—1/(@4nog—1 +
1) > ax—1/2, and so
Pois(d)
Get(k) > 07 Y Wzzan
i=1
92 Pois(d)
== 2 Wziza )@

i=1

02—
- k—1

Up—1
dnog—1 +1

Pois(d/2).

Now, there is a universal constant ¢ > 0 such that Pr(Pois(d/2) <d/4) < e—cd;
hence

4.1 Pr(Geir(k) < 0%dag_1/4) < e 4.

In particular, if d is sufficiently large then ¢~ < 1/2, and hence every median
of Gegr(k) is larger than szak_1/4. In particular, oy > min{(4n)_1, szak_1/4}.
Hence, if §2d > 4 and k is sufficiently large then o > (4n)~!. Applying this
to (4.1) completes the proof for %esr(k), and an identical argument applies to
Cle(k). O

Now Proposition 4.2 follows directly from Theorem 4.3 and Lemma 4.4.

4.2. The small-0 case. The proof of Proposition 3.8 extends fairly easily to
the Galton—Watson case. The weakening of Lemma 3.6 to Proposition 4.2 makes
hardly any difference because the proof of Proposition 3.8 only needed x; > 1/2.

PROPOSITION 4.5. Consider the broadcast process on a Poisson Galton—
Watson tree. Then there are absolute constants C and 6* > 0 such that if do*>C
and 6 < 6* then for all k > K (0,d, ),

E(Xp i1 — Yo rs)? < SEX ok — Yp )2
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PROOE. Let D be the number of children of u, so that D ~ Pois(d). If §2d
is sufficiently large then Proposition 4.2 implies that x4, yx > 5/6 and so applying
Lemma 3.14 conditioned on D yields

2
E((Xukt1 — Yurt1)? | D, 0, =+) < C(D*0* + Do*)e P/,
< Cle?*D/10,

where z = E((X,1.x — Yu1.4)? | 041 = +). Now we integrate out D. Since D ~
Pois(d), its moment generating function is Ee'P = e =D, Setting t = —62/10,
we have ¢’ <1+ 1¢/2 forall € [0, 1]; hence,

Ee!D < 1d/2 =e—92d/20
That is,
E((Xukt1 — YuiiD)? | o =4) < CzEe™"D/10 < C7e07d/20,

In particular, the right-hand side is smaller than z/2 if 62d is sufficiently large. [

4.3. The large-60 case. We now give an analogue of Proposition 3.15 in the
Galton—Watson case.

PROPOSITION 4.6. For any 0 < 6* < 1, there is some d* = d*(0*) such that

for the broadcast process on the Poisson mean d tree it holds that for all 6 > 6*,
d>d* andk > K(,d,3),

EIXp k01 = Ypurt] < 3E/1X, k= Yy il

This completes the proof of Theorem 4.1 (by the same argument that followed
Proposition 3.15).

4.3.1. The case where one child has large error. Our eventual goal is to prove
Proposition 3.15 by a similar analysis of the partial derivatives of g that led to
the proof of Proposition 3.15. In this section, however, we will deal with one case
where the derivatives of g cannot be controlled well. First, we introduce a param-
eter ¢ = e(d) > 0 that will be specified later. Next, fix a vertex u# and let €2 be
the event that all children i of u satisfy |X,; x — Yuix| < ¢&. On 2, we will ana-
lyze derivatives of g; off 2 we have the following lemma (recalling that D is the
number of children of u).

LEMMA 4.7. For any 0 < 6* < 1, there exist ¢, C > 0 such that if n < c,
0 e€[6* 1), and 0%d > C then for any ¢ > Qand k > K(0,d, )

c __
E (/1 Xusr1 = Yursilloe | D) < ﬁl)e PE X ik = Yui k| 1 Xy~ Yo ¢}
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PROOF. First, we condition on D; we may then write
D

Lo < 11Xy oY il>e)-
i=1

Hence,

E(\/|Xu,k+1 — Yuk+1llge | D)

’)

= DE(/IXu k1 = Yk 1 11Xy s—Yuusl>e) | D).

where the equality follows because all the terms in the sum have the same distri-
bution. Now we will condition on X,; x and Y,; x, and we will show that on the
event {| X,; xYui k| > €} we have

D
< E(Z \/lXu,k—H — Ykt 111 Xy g~ Yui | > €}
i=1

4.2) DE(\/|Xukt1 = Yusr1] | D. Xuik Yuik) < CDe™P.

After bounding 1 < &~'/2,/[X,i x — Yuix| on the event {|X,; «Yui k| > &} and then
integrating out X,,; x and Y,; x, the proof will be complete.

Now we prove (4.2). Condition on o,,, and suppose without loss of generality
that o, = +. If #°d is sufficiently large then Proposition 4.2 implies that (condi-
tioned on o, = +) every child j # i of u independently satisfies

Pr(Xujxk=z1—nlo,=+)=7/8.

If we condition also on D, Hoeffding’s inequality implies that there is a constant
¢ > 0 such that with probability at least e =P 2, at least 3/4 of u’s children j satisfy
Xujk = 1 —n. The remaining children (which possibly include i) satisfy X, x >

—1, and so on this event

D __ , _ _ 3D/4 D/4
A 1 QXu],k<(1 6(1 77)) <1+9> < (3n)3D/Ay-D/4

/_:11+9Xw-,k_ 14+06(1 —n) 1-0
Now, X, x+1 = };—2‘ > 1 —2A, and so we conclude that

D2
Pr(Xuup1 =1 =232 9P | Xy p, Yiikow =+.D) = 1 —e™P".

The previous argument applies equally well with X replaced by Y; hence, the
union bound implies

Pr(|Xu,k+1 —Yupt1| =4 33D/4T]D/2 | Xuiks Yuik,ou =+, D) >1— 2€_CD2,

On the other hand, we always have the bound | X}, x+1 — Yy k+1] < 2, and so

_ D2
E(\/|Xu,k+1 — Yusor| | Xuiks Yuigr 04 =4, D) <2 33078, P/% 4 0 /pe=cD",



OPTIMAL RECOVERY OF BLOCK MODELS 2239

Now, if n < ¢ for ¢ sufficiently small, the right-hand side is bounded by Ce™<P.
This proves (4.2) in the case that o, = +. To complete the proof, we apply the
symmetric argument conditioned on o, = —. U

4.3.2. An analogue of Lemma 3.16. The proof of Proposition 4.6 proceeds by
analysing the derivatives of the recurrence (3.14). Recalling that these derivatives
involve a large product, an important ingredient in the analysis is a bound on the
expectation of each term. The following lemma is analogous to Lemma 3.16 in the
regular case; an important difference is that Lemma 4.8 does not improve as n — 0.
In fact, as we remarked after Assumption 4.1, we cannot expect such behavior
because of the possibility of extinction.

LEMMA 4.8. For any 0 < 0* < 1, there are some » = L(0*) < 1 and d* =
d*(0*) such that for all ® > 0*,d > d* and k > K (0,d, §),

11— QXui,k

0% |

The same holds with Y replacing X.

We postpone the details of Taylor expansion and approximation to the Ap-
pendix, but we will include here one of the main ingredients of the proof of
Lemma 4.8. The point is that in the Galton—Watson case (unlike the d-ary case) if
d is fixed and n — 0 then we cannot expect X, x to be large (i.e., close to 1) with
probability converging to 1. It turns out to be enough, however, to show that X,
is nonnegative with probability converging to 1.

LEMMA 4.9. There is a constant C such that if 6°d > C then for any k >
K(6.d,59),

(4.3) Pr(X,x <0lou =+) =,

and similarly for Y .

PROOF. We will give the argument for X only (the argument for Y is iden-
tical). First, note that if n > 1/12 then (4.3) follows directly from Proposi-
tion 4.2 if d* is sufficiently large. Hence, we may assume that n < 1/12. Let
Pk = Pri (X, < 0). Then by Proposition 4.2, if C is sufficiently large then
pr <1/12fork > K (5).

Let Z_ be the number of children i of the root with X; ; <0 and Z be the
number with X; x > 1 — n. Consider the quantity

D1—60X,ix

T 11:[1 1+ 9Xui,k’
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and note that X, 4 < 0 if and only if Z > 1. Now, Z is increasing in each X,; x,
and Z only increases if we drop some terms i with X,; x > 0. Hence,

1—6(1 —=\%[146\%
(44) z=(1a—2) (155) =own*.
14+6(1—1n) 1—6
Now, by the definition of py,
Pri(Xix <0)

4.5)
<Pr(X1x<0loy=+)+Pr(oc1=—|0,=+) =pr +n.

Conditioned on 0, and D, Z — Z_ is a sum of i.i.d. variables with values 1, —1,
and 0. Moreover, Proposition 4.2 with d sufficiently large implies that the prob-
ability of X;x > 1 — n is at least 5/6, while (4.5) implies that the probability of
X;x <0isatmost py +n < 1/6. Hence, Hoeffding’s inequality implies that

Prt(Z. —Z_<D/3+1|D)<Ce P,

for universal constants ¢, C > 0. Note also that if Z_ = 0 then Z > 1 and that
in order to have Z_ > 0, there must be some i with X;; < 0. Note also that if
Zy—7Z_>D/3thenZ < 3D17D/3 < (3/4)D/3 < 1. Thus, applying a union bound,
Hoeffding’s inequality, and (4.5),

Pr'(Z>1|D)<Pr"(Zy —Z_<D/3,Z_>0|D)
<DPrt(Zy —Z_<D/3,X14<0]|D)

(4.6)
=DPrt(Zy —Z_<D/3|D, X1, <0)Pr' (X, <0]|D)

<CDe P (n + pp).

Now, if d is large enough (which can be enforced by taking C large) then
I[:7JDe_CD2 < %, which implies that

N+ Dk
D41 = Pr+(Xp,k+1 <0)=Prf(z>1)<

<max{n/2, px/2}.

Recursing with k, we see that limy_, Prt(X 0.k <0) <n/2, which implies that
Prt (X, x <0) < n for sufficiently large k. [J

4.3.3. Analysis of the derivatives of g. Our goal in this section is the following
lemma, for which we recall that €2 is the event that all children i of u satisfy
| Xuik — Yui k| <e.Let 2; be the event that | X,,; x — Yy, k| <e¢.

LEMMA 4.10. Forany 0 < 0* < 1, there are constants ¢, C > 0 such that for
all0 <e < 1/4,alld > d*(0*), and forany k > K(0,d, 3),

E(lay/|Xukst = Yurs1l | D) < CD(™e™P + /e)Elg, /| Xuik — Yuil.




OPTIMAL RECOVERY OF BLOCK MODELS 2241

We begin with an slightly improved version of (3.17): since | Xy k+1— Yu k+1] <
2, we can trivially improve (3.17) to

[ Xuk+1 = Yuk+1l
4.7

D
< Zmin{l | Xuik — Yui kl max{h; (X, w).1), hi Y, w0}
i=1
Note that 1o < lg, for any i (recall that ©; = {|Xyi x — Yui x| < ¢}), and so
[Xu k1 — Yurs1lle

D
<> 1o min{2, |Xyik — Yuikl max{h; (X1, @).0)s hi (Y1, 00,0 }-

i=1
Now, the terms on the right-hand side have identical distributions; hence, taking
conditional expectations gives

E(\/|Xu,k+1 —Yui+1lla | D)

< DE(lg, min{2, \/IXm,k — Yyiklmax{h;(Xr,@.0)s hi (Yr,w).0)}} | D).
Defining

Zx =min{1, \/|Xui,k — Yuiklhi (X1, .00 }

and similarly for Zy, we see that to prove Lemma 4.10 it suffices to show that

E(lg, Zx | D) < C(e'e™P + /&) Elg, /| Xuik — Yuikl,

and similarly for Zy. We will show this by conditioning on X,; x and Y,; x; that is,
we will show the stronger statement that on the event €2,

4.8)  E(Zx|D, Xuix, Yuir) < C(e e P 4+ /&) /| Xuik — Yuikl

(and similarly for Zy).

We split the analysis of Zx and Zy into two cases. The first case is the easy case:
if n is bounded away from zero or | X;; x| and |Y,,; x| are bounded away from 1 then
the denominator in /; is bounded above.

LEMMA 4.11. For any 0 < 0* < 1, there are constants ¢, C > 0 such that for
all e > 0, all d > d*(0*), and for any k > K(0,d, §), if max{| X, k|, |Yuirl} <
1 — & then

D—1

EZx|D, Xyir, Yuin) < ———
( Xl ui,k ut,k)_max{\/ﬁ’g}

|Xui,k - Yui,k|7

and similarly for Zy.
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PROOF. By the definition of 4;, and because |X,; x| <1 —¢,

4 . 1—0Xy;x 14+0X,x
hi(Xui k) < ﬁmln{ﬂ L= 11 < }
max{n, £} i VHOXujn 5 1= 0Xujk

Conditioning on 0, = + and considering the first term in the minimum, Lemma 4.8
implies that

E(\/|Xui,k — Yuiklhi (X 2,00 | Dy Xui ks Yuirks 0u = +)

2)\‘D—l
< N Xuik— Yuirl
= max{\/_’g} | ui,k m,k|

By symmetry, the same bound holds if we condition on o, = —. Recalling that
Zx < \/|Xu,-,k — Yuiklhi (X, w).k), this completes the proof for Zx. The exact
same argument applies to Zy also. [J

If X,ix and Y,,;  are allowed to be arbitrarily close to 1 and 7 is allowed to be
arbitrarily close to zero, then the argument is somewhat more tricky. The basic idea
is that if X,; x is close to 1 then o, is very likely to be +, in which case the denom-
inator in h;r is at least 1 and so hl?L is small. Bad things happen if o,, = — because
then we need to consider /;, which has a small denominator. However, this event
is very unlikely conditioned on X,; x being close to 1, and so its contribution can
be controlled.

LEMMA 4.12. Forany 0 < 6* < 1, there are constants ¢, C > 0 such that for
all0 <e < 1/4, all d > d*(0%), and for any k > K(0,d, ), if | Xuix — Yuikl <€
and max{|Xui,k|’ |Yui,k|} > 1 — ¢ then

E(Zx | D, Xui k> Yuir) < COP™ + e) /| Xuik — Yuikl,

and similarly for Zy.

Before proving Lemma 4.12, note that together with Lemma 4.11 it proves (4.8),
and hence Lemma 4.10.

PROOF OF LEMMA 4.12.  Fix 0* € (0, 1) and take A < 1 satisfying Lemma 4.8.
Since ¢ < 1/4, it follows that X,; x and Y,; x have the same sign. Without loss of
generality, they are both positive; hence, if A = (1 — min{X,; k, Yui k})/2 and
B =1 —max{Xy,;, Yuik})/2 then 0 < B < A < ¢. Note that |X,; x — Yuik|l =
2|A — B]. Now,

I+ Xuik -

Pr(oyi =+ | Xuik, Yuik) = > >1-A,
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and so
Pr(oy, =+ | Xui,k, Yui,k) >1—-A—n.
Since X,; x is positive,
4 ZHI_GX"j’kiélnl_QX”’k
(14+6Xyuix) i 1+6X,k i 1 +60Xyjk
and similarly for Y. By Lemma 4.8, if d* is sufficiently large then

XLk =

E(\/|Xui,k — Yuiklh (X100 | Do Xuiks Yuiok 00 = +)

O0Xuik
(4.9) §4IE(J | Xuik = Yui k] H 1+0ka | D, Xuike Yai k> 04 :+)
uj,

D—1
54)L |Xui,k - Yui,k|»

since the X, ; are independent conditioned on o,. On the other hand, since
Zx >0 we have

E(Zx | D, Xui ks Yui k)
<E(Zx | D, Xuik, Yuik, ou =)
(4.10) + Pr(ow = — | Xuik, Yui k) E(Z | D, Xui ks Yui ks Ou = —)
<E(Zx | D, Xuik, Yui.k, ou =)
+ (A+nEZx | D, Xui ks Yuik, Ou = —).

By (4.9), the first term of (4.10) is bounded by 4A° =1 /[Xy; x — Yuixl.
Next, we consider the second term of (4.10); we will consider the coefficients

A and 7 separately. Now, Zy < \/lXu,-,k — Yuiklh; (X1, @w),x) and

4 Hl+0xuj’k< 1 1—[1+9Xujk
(1 - QXui,k)z i 1 - GXuj,k - maX{ﬂ, B}2 j GXu] k

hi (XL,w).0) =

Then Lemma 4.8 implies that for d* sufficiently large,

E( hi (Xryw),0) | Dy Xui ks Yuik, 0u = —)

1 +9Xuj,k

“4.11 <—
max{n, B} ik 1 —0Xujk

)\‘D—l
<— -
~ max{n, B}
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In particular, we have

UE(Z | D7 Xui,k, Yui,k’ oy = _)

(4.12) < Xk = Yui k E(y BT (X140, | D, X Yai k07

D—1
<A |Xui,k - Yui,k|a

which handles the term in (4.10) involving 7.
Next, we consider the term involving A. If A < 2B then we may use (4.11) for
the bound

)\'D—l 2)\.D_1
)< =T
Alternatively, if A > 2B then |X,;x — Yuik| =2|A — B| > A; since Z < 1, we
have

AE(Z | Xuik Yuid- 0w = =) < A < \JAIXuik = Yuikl < /61 Xuike = Yuil.

@13)  E(Vh (X000 | D Xaiks Yuisks 0 = —

Combining this with (4.13), we have
AB(Z | Xuik: Yui- 0w = =) <max{2A° 71 e} /1 Xuik — Yuik]
in either case. Combining this with (4.12) and going back to (4.10), we have

E(Z | D, Xui k> Yui) < (CAP7V 4+ /&) /1 Xuik — Yuikl,

which completes the proof. [J

4.3.4. Putting it together. Finally, we put together the various cases and prove
Proposition 4.6. First, fix 6* and put ¢ =d 4 The easy case is when 1 > ¢, where
c is the constant from Lemma 4.7. In this case, Lemma 4.11 with & = 0 implies

that
E(Zx | D, Xui ks Yuir) < Ce P /1 Xuik — Yuixl

and similarly for Zy. Taking the expectation over X,,; x and applying (4.7) implies
that

@14 E(/IXuks1 = Yuss1]| D) < CDe™PE /[ Xyi s — Yuil-

Now consider the case where 1 < ¢. By Lemma 4.7 (recalling that ¢ = d %), we
have

E(\/|Xu,k+1 — Yy it1llge | D) < CdzDe_CDElszg\/ [ Xuik — Yuikl.

By Lemma 4.10, we have

E(\/|Xu,k+1 — Yussillg | D) <C(d*De P +d2D)Elg,\/IXuik — Yuikl.
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Putting these together, we have

E(,/1Xuks1 — Yuss1] | D)

< C(d4D€_CD + d_zD)E |Xui,k - Yui,k|~

Noting that the right-hand side of (4.15) is larger than the right-hand side of (4.14),
we see that (4.15) holds without extra conditions on 7. Finally, we integrate out D
in (4.15). Since D ~ Pois(d), we have ED = d and EDe~P < e~ for some
constant ¢’ depending on c. In particular, if d is sufficiently large (depending on C
and ¢, which depend in turn on 6*) then
CE(d*De P +d™?D) <

which proves Proposition 4.6.

(4.15)

1
27

S. From trees to graphs. In this section, we will give our reconstruction
algorithm and prove that it performs optimally. It will be convenient for us to
work with block models on fixed vertex sets instead of random ones; therefore, let
G(V*, V™=, p,q) denote the random graph on the vertices V™ UV~ where pairs
of vertices within V't or V™~ are connected with probability p and pairs of vertices
spanning VT and V™ are included with probability g. Note that if V™~ and V' are

chosen to be a uniformly random partition of [n] then G(V*, V~, < %) is simply
G(n,2,2).

Let BBPartition denote the algorithm of [24], which satisfies the following
guarantee, where Vi denotes {v e V(G) : 0y, =i}.

THEOREM 5.1. Suppose that G ~ Gt v-, % %), where |VT| + |V~ | =
n+o), VY| —|V-|=0(/n) and (a — b)? > 2(a + b). There exists some
0<é< % such that as n — 0o, BBPartition a.a.s. produces a partition W+ U
W~ = V(G) such that \WT| = |W~| 4+ o(n) = % +o(n) and |WHAV| < 8n for
somei € {+, —}.

Moreover, BBPartition runs in time 0(n1+"(1)).

REMARK 5.2.  We should point out that [24] only claims Theorem 5.1 when
VT and V~ are uniformly random partitions of [n]; however, one easily de-

duces the result for almost-balanced partitions from the result for uniformly
a=b? _ 1

random partitions: choose & > 0 so that Sath) > T Given a graph G from

G+, v-, %, %), let H be the graph obtained by deleting all but [(1 — &)n] ver-
tices at random from G. If (W™, W™) is the partition of H according to its vertex
labels then one can check that the sizes of W and W™ are contiguous with the
sizes of a uniformly random partition of [(1 — ¢)n]. Hence, the distribution of H is
contiguous with G([(1 — &)n], %, %). The results of [24] then imply that the labels
of H can be recovered adequately (i.e., as claimed in Theorem 5.1); by randomly

labeling the vertices of G that were deleted, we recover Theorem 5.1 as stated.
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Note that by symmetry, Theorem 5.1 also implies that |W~AV/| < 8n for j #
i € {+, —}. In other words, BBPartition recovers the correct partition up to a
relabeling of the classes and an error bounded away from % Note that [WHA V| =
I[W~AVJ|. Let §(G) be the (random) fraction of vertices that are mislabeled.

For v € G and R € N, define B(v,R) ={u € G :d(u,v) < R} and S(v, R) =
{u e G:du,v)=R}. If B(v,R) is a tree (which it is a.a.s.), and 7 is a labeling
T on its leaves, we consider the following estimator of v’s label: first, take K
large enough so that Proposition 4.2 holds for k = K. For u € S(v, R — K), define
Y, k (t) as the sign of S,/((t), where S,/c is given as in the proof of Proposition 4.2.
That is, Y, k(7) is the sign of a weighted sum of the labeling T on S(v, R). For
k> K and u € B(v, R — k), define Y, x(7) recursively by Y, r = ¢(Y1,w),k—1),
where g is given by (3.14). Then Y satisfies Assumption 4.1.

We remark that the reason for taking this two-stage definition of Y is because
we do not necessarily know how much noise there is on the leaves (i.e., §), and
so we cannot define Y by (3.1). Defining Y as we have done avoids the need to
know &, while still satisfying the required assumptions.

Before presenting the algorithm, we will mention one issue that we glossed over
in our earlier sketch: since we will run the black-box algorithm several times, and
since the labels + and — are symmetric, we need some way to break the symmetry
between the various runs of the algorithm. We do this by holding out a single vertex
of high degree (that we call u,) and breaking symmetry according to the sign of
most of its neighbors.

REMARK 5.3. Our analysis of Algorithm 1 will assume that we can com-
pute with arbitrary precision numbers in constant time. However, Propositions 4.5
and 4.6 can also be used to analyze an implementation of Algorithm 1 with finite-
precision arithmetic. Indeed, the only part of Algorithm 1 where continuous quan-
tities appear is in the computation of Y, g, and the main question in the compu-
tation of Y, g is whether the numerical errors accumulate as we repeatedly apply
the recursion g(x) defined in (3.14).

Consider the following finite-precision implementation of the recursion: first,
compute ?ui,k to the desired precision for all children i of u. Then compute
g(?u’ L,(k)) to arbitrary precision, and finally define }A’M,k to be g(?u’ Ly(k)) trun-
cated to the desired precision. Let us see what Proposition 4.5 has to say about this
procedure (Proposition 4.6 has similar consequences for the other range of param-
eters): if X denotes the true magnetizations and the rounding error is bounded by
¢ then

. =~ 2
E(Xyi+1 — Yukt1)? < E(Xuk+1 — 8L a),0) + €)

> 2
<0E)+EXuk+1— 88X, w).0)
<0@e) + 1EXu s — Yur)?,
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Algorithm 1 Optimal graph reconstruction algorithm

I: R« Lmlognj

2: Take U C V to be a random subset of size |/n]

3: Let u, € U be arandom vertex in U with at least \/logn neighbors in V \ U
4 WH W, <o

5: forve V\U do

6: W}, W, < BBPartition(G\ B(v,R—1)\U)

7: if a > b then
8
9

relabel W, W~ so that u, has more neighbors in W, than W,

: else
10: relabel W, W~ so that u, has more neighbors in W~ than W~
11: end if

12: Define £ € {+, —}5V® by &, =i ifu e W!
13 Addvto wiERE)

14: end for

15: for v e U do

16: Assign v to W or W, uniformly at random
17: end for

which implies that the asymptotic accuracy of our finite-precision scheme is within
O (/) of optimal.

As presented, our algorithm is not particularly efficient (although it does run
in polynomial time) because we need to re-run BBPartition for almost every
vertex in V. However, one can modify Algorithm 1 to run in O (n't°() time by
processing o(n) vertices in each iteration (a similar idea is used in [24]). Since
vanilla belief propagation is much more efficient than Algorithm 1 and recon-
structs (in practice) just as well, we have chosen not to present the faster version
of Algorithm 1.

THEOREM 5.4.  Algorithm 1 produces a partition W UW_ =V(G) such
that a.a.s. \WIAV'| < (1 +o(1))n(1 — pr(a, b)) for somei € {+, —}.

Theorem 2.8 implies that for any algorithm, |W:FAV"| > (1 —o(l))n(1 —
pr(a, b)) a.a.s. Hence, it is enough to show that ]EleAVil <A +o))n( —
pr(a, b)). Since Algorithm 1 treats every node equally, it is enough to show that
there is some i such that for every v € V',

(5.1 Pr(ve W) — pr(a,b).

Moreover, since Pr(v € U) — 0, it is enough to show (5.1) for every v € Vi\U.
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The proof of (5.1) will take the remainder of this section. First, we will deal with
a technicality: in line 6, we are applying BBPartition to the subgraph of G
induced by V \ B(v, R — 1) \ U; call this graph G,,. We need to justify the fact that
G, satisfies the requirements of Theorem 5.1. Now, if W =V T\ B(v, R—1)\U
and W=V~ \B(v,R—1)\U then G, ~G(W*, W~, ¢, ) Since

[WH|+|W™|=n—|B,R—1)|— [Vn]
and
IWH =W < [V = [Vl + B, R = D] + L]
<O0n)+|Bw,R—1)

we see that the hypothesis of Theorem 5.1 is satisfied as long as |B(v, R — 1)| =
O(+/n). This is indeed the case; Lemma 4.4 of [25] shows that |B(v, R)| =
O (n'/?) for the value of R that we have chosen.

’

LEMMA 5.5. |B(v,R)|=0®n'"?) a.as.
We conclude, therefore, that Theorem 5.1 applies in line 6 of Algorithm 1.

LEMMA 5.6. There is some 0 <§ < % such that for any v € V\ U, there a.a.s.
exists some i € {+, —} such that |W; AV'| < 8n, with W} defined as in line 6.

5.1. Aligning the calls to BBPartition. Next, letus discuss in more detail
the purpose of u, and line 8. Recall that Algorithm 1 relies on multiple applications
of BBPartition, each of which is only guaranteed to give a good labeling up
to swapping + and —. In order to get a consistent labeling at the end, we need to
“align” these multiple applications of BBPartition.

We will break the symmetry between + and — by assuming, from now on, that
u, is labeled +. Next, let us note some properties of .

LEMMA 5.7. In line 3, there a.a.s. exists at least one u € U with more than
Jlogn neighbors in V \ U; hence, u, is well defined. Moreover, there is some
n > 0 such that a.a.s. at least a (1 4 n)/2-fraction of u,’s neighbors in V. \ U
either are labeled + (if a > b) or — (if a < b). Finally, foranyv € V\ U, uy a.a.s.
has no neighbors in B(v, R — 1).

PROOF. For the first claim, note that every 4 € U independently has more than
Binom([n(1 —&/2)7, %) neighbors in V \ U, and the maximum of /7 such
variables is of order © (logn/loglogn) > /logn.

For the second claim, let d be the number of neighbors that u, hasin V \ U and
note that d = O (logn) a.a.s., because the maximum degree of any vertex in G is
O (logn). Conditioned on d, the number of u,’s +-labeled neighbors in V \ U is
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dominated by Binom(d, a“ﬂ . “T;—l_jd); this is because the neighborhood of u, may
be generated by sequentially choosing d neighbors without replacement from V \
U, where a +-labeled neighbor is chosen with probability a“w times the fraction
of +-labeled vertices remaining. Since |V | =n/2 4+ On'/?) and d = o(n), we
see that u, a.a.s. has at least d (u”w —o(1)) +-labeled neighbors. If a > b, then this
verifies the second claim; if a < b, then we repeat the argument with + replaced
by —.

For the final claim, note that if u, has a neighbor in B(v, R — 1) then u, €
B(v, R). But (by Lemma 5.5) |B(v, R)| = O(n'/3) a.a.s., and so with probability
tending to 1, B(v, R) does not intersect U at all; in particular, it does not con-
tains u,. [

From now on, suppose without loss of generality that o, = +. Thanks to the
previous paragraph and Theorem 5.1, we see that the relabeling in lines 8 and 10
correctly aligns W, with V.

1

LEMMA 5.8. There is some 0 <& < 5 such that for any v € V \ U,

|WjAV+| <én a.a.s., with Wj‘ defined as in line 8 or line 10.

PROOF.  Assume for now that a > b. Just for the duration of this proof, let W,
and W, denote the partition as defined in line 6 of Algorithm 1, while W, and
W, denote the partition defined by line 8 or line 10.

Recall from Lemma 5.7 that u,, has at least 4/logn neighbors in V \ B(v, R —
1)\ U, of which at least a (1 + n)/2-fraction are labeled +; let d > /Togn be the
number of neighbors that u, hasin V \ B(v,R—1)\ U, and let p > (14 1n)/2 be
the fraction that are actually labeled +. Note that the labeling W, W, produced
in line 6 is independent of the set of u..’s neighbors in V \ B(v, R — 1)\ U, because
Wt and W, depend only on edges within V \ B(v,R — 1) \ U and these are
independent of the edges adjoining u,. That is, conditioned on d, p, W, and
W,~, the neighbors of u, can be generated by taking u.’s +-labeled neighbors
to be a uniformly random set of pd +-labeled vertices and then taking u,’s —-
labeled neighbors to be a uniformly random set of (1 — p)d —-labeled vertices.
Hence, if N;; (for i, j € {+, —}) is the number of u,’s neighbors in vinw!
then conditioned on d, p and W,", N4 is distributed as HyperGeom(dp, |W,” N
V|, |[V*]) and N_ is distributed as HyperGeom(d(1 — p), |W, NV ~|, [V 7).
Since d = o(|VT|) =0(]V~]) and d — oo a.a.s., we have

whrnv* 2dp|WFHnv+

Nisz (1~ 0(1))6117% = (1 — o) 2P OV
winv- 2d(1 — p)|lWHnv-
Ny > (1—o(d(l— MOV g _ ) 2dA =W OV

V=l
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Adding these together, we have
d
(5.2) Nit+Nos=(1—0(D)—(a+p+Q2p~ Dia~p),

where o = [W,FNV*land B=|W, NV~
Now, Lemma 5.6 admits two cases: if i = + then

sn> |WHAVT | =W nVv |+ |W, NV

’

- |Wv+mV*|+g+o(n)—|Wv+m/+

and we conclude that @« — 8 > (% —§ —o(1)))n. A similar argument when i = —
in Lemma 5.6 shows that in that case o« — 8 < —(% — & — o(1))n. In either case,
a+B=({04+0())n/2.

If i =+ in Lemma 5.6, then since p — 1/2 > /2, (5.2) implies

Niy+N_y=(1- 0(1))d(% + @)

a.a.s. Since Ny + N_4 + Ny_ + N__ =d, we have in particular Ny + N_; >
Ni_ + N__ aas., and so u, has most of its neighbors in W, . Hence, W;L =
W, and so Lemma 5.6 with i = + implies the conclusion of Lemma 5.8 holds.
On the other hand, if i = — in Lemma 5.6 then o« — 8 < —(% — 8)n; by (5.2),
Ny_+N__ > Nii+ N_y. Then u, has most of its neighbors in W~ and so
W+ =W, . By Lemma 5.6 with i = —, the conclusion of Lemma 5.8 holds.

Finally, we mention the case a < b: essentially the same argument holds except
that instead of p > (1 + n)/2 we have p < (1 — n)/2. Then i = + implies that
uy has most of its neighbors in W, while i = — implies that u, has most of its
neighbors in W,\. [

5.2. Calculating v’s label. To complete the proof of (5.1) (and hence The-
orem 5.4), we need to discuss the coupling between graphs and trees. We will
invoke a lemma from [25] which says that a neighborhood in G can be coupled
with a multi-type branching process of the sort that we considered in Section 4.
Indeed, let T be the Galton—Watson tree of Section 4 [with d = (a 4+ b)/2] and
let o’ be a labeling on it, given by running the two-state broadcast process with
parameter i = b/(a + b). We write Tg for T N'NF; that is, the part of T which has
depth at most R.

LEMMA 5.9. For any fixed v € G, there is a coupling between (G,o) and
(T,0’) such that (B(v, R), op,r)) = (Tr. U}R) a.a.s.

Armed with Lemma 5.9, we will consider a slightly different method of gener-
ating G, which is nevertheless equivalent to the original model in the sense that
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the new method and the old method may be coupled a.a.s. In the new construc-
tion, we begin by assigning labels to V (G) uniformly at random. Beginning with
a fixed vertex v, we construct B(v, R — 1) by drawing a Galton—Watson tree of
depth R — 1 rooted at v, with labels distributed according to the broadcast pro-
cess. On the vertices that remain [i.e., those that were not used in B(v, R — 1)],
we construct a graph G’ according to the stochastic block model with parameters
a/n and b/n. Finally, we join B(v, R — 1) to the rest of the graph: for every vertex
u € S(v, R—1), we draw Pois(a/(a+ b)) vertices at random from G’ with label o,
and Pois(b/(a + b)) vertices from G’ with label —o,,; we connect all these vertices
to u. It follows from Lemma 5.9 that this construction is equivalent to the original
construction. It also follows from Lemma 5.5 that |G'| > n — O(n'/®) a.a.s.

The advantage of the construction above is that it becomes obvious that the
edges of G’ = G \ B(v, R — 1) \ U are independent of both B(v, R — 1) and the
edges joining B(v, R — 1) to G'. Since W, and W, are both functions of G’ only,
it follows that B(v, R — 1) and its edges to G’ are also independent of W, and W,".
Using this observation, we can improve Lemma 5.9 to include the noisy labels. In
particular, we claim that the labeling £ produced in line 12 of Algorithm 1 has the
same distribution as the noisy labeling t of the noisy broadcast process.

In view of Lemma 5.9, it suffices to condition on o, B(v, R — 1) and G’, and to
show that the conditional distribution of £ is essentially the same as the conditional
distribution of 7 given T and o’ in the noisy broadcast process. Since the edges
joining B(v, R — 1) to G’ are independent of W, and W, for any u € S(v, R—1)
with o, = + we have

a
o)

a
)

b
),

b
)

Moreover, the random variables above are independent as u ranges over S(v, R —
1). Now, if we define § = %|V+AWJ| then Binom(|V*™ N W, |,a/n) and
Pois(a(1 — §)/2) are at total variation distance at most O(n~1/?); here, we are
using the fact that [V+* N W;F| = (1 — 8)n/2 &+ O(n'/?), which follows because
V*, V™ are an equipartition of V(G) and W,", W, are an equipartition of V (G),
which contains all but at most O (y/n) vertices of G. Similarly, we have

#Hw~u:weG op=+8& =+} '\JBinom(W"'ﬁWJr

#Hw~u:weG op=+8& =—} NBinom(W"'ﬂWv_

#{w~u:weG’,aw=—,Sw=—}~Binom(]V_ﬂWv_

#Hw~u:weG op=—& =+} ~Bin0m(|V_ Nnw,

d
#Hw~u:weG oy=+, 8 =+}~Pois(a(l - 8)/2),

d
#Hw~u:weG o,=+, & =—}~Pois(ad/2),
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’ d .
#Hw~u:weG' o,=—,& =—}xPois(b(l —8)/2),
d
#Hw~u:weG opy=—, & =+]}~Pois(h§/2),

where “gv”’ means that the distributions are at total variation distance at most
O(n~'/2). Note that the distributions on the right-hand side are exactly the dis-
tributions of the noisy labels T under the noisy broadcast process. By a similar
argument for o, = —, and a union bound over the O (n'/3) choices for u, we see
that the joint distribution of B(v, R) and {&, : u € S(v, R)} a.a.s. the same as the
joint distribution of Tx and {t, : u € dTg}. Hence, by Theorem 4.1,

lim Pr(Y, r(§) =0y) = pr(a. b).

By line 13 of Algorithm 1, this completes the proof of (5.1).

. 1-6X
APPENDIX: BOUNDS ON E,/ 75%

Because of the form of the recursion (3.14), at various points in our analysis
we require bounds on quantities of the form E %,
on X. These estimates are elementary but tedious to check, and so we have col-

lected them here.

under various assumptions

PROOF OF LEMMA 3.16. By Lemma 3.7, we have
Pr(Xui,k >1—nat|o,=+) > Pr(Xui,k >1—nat|oy=+)—n
Z 1 - t_l - r]s

where o« = C/(#?d) can be taken arbitrarily small if we require 62d to be large.
Fix some ¢ = ¢(6*) > 0 to be determined later. Take t = ¢! n*3/ 4 5o that

)zl—en3/4—n-

Now, suppose that « is small enough so that ae~! < ¢. Then

0”71/4

&

Pr<X21—

(A.T) Pr(X >1—en/*) =1 —en’* —1.

Now consider the function

Note that f(x) is decreasing in x, and hence

Ef(X) = f()Pr(X =s) + f(=DPr(X <),
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for any random variable X supported on [—1, 1] and for any s € [—1, 1]. Applying
this fors =1 — 8)71/4, we have [by (A.1)]

(A2)  Ef(X) < f(1—en"")(1—en™ —n)+ f(=D(en’ +n).

We will now check that if n < % < 1/2 then each term on the right-hand side

of (A.2) can be made strictly smaller than 1/2, and also smaller than 25'/4, by
taking & = £(6*) small enough. This will complete the proof of the lemma.
We consider the term involving f(—1) first:

(A.3) F(=D(en®* +n) =en/*VT—n+/n(1 —n).

On the interval n € [0, #], J/1n(l —mn) is bounded away from 1/2, and

n'/*/T—n is bounded above. Hence, (A.3) is bounded away from 1/2 as long
as £(6%) is small enough. On the other hand, (A.3) is also bounded by 2771/ 4 as
long as e < 1.

Next, we consider the f(1 — en'/#) term of (A.2). Note that (1 — en'/%) >
1 —2n—en'/*and so

2n + enl/4 n
1— 1/4 < < + ( 1/4’
f( e )_\/2—(2n+8n1/4) “V1-—n e

where the second inequality follows from applying a first-order Taylor expansion
to the function /x/(1 — x) near x = n. Here, C is a universal constant because
the assumptions 1 < 1/2 and ¢ < 1 ensure that the derivative of +/x/(1 — x) is
universally bounded on the interval of interest. Thus,

f(l—en'™) (1 —en'* —n) < £(1 —en'/M (1 1)

< Jn(l—n) +Cen'*(1 — ).

As before, on the interval n € [0, %], /11 —n) is bounded away from 1/2,
and n'/4(1 — ) is bounded above. Hence, (A.4) is bounded away from 1/2 as
long as £(6*) is small enough. On the other hand, (A.4) is also smaller than 2n'/4
as long as ¢ is small enough compared to C. [

(A4)

PROOF OF LEMMA 4.8. Fix some ¢ = £(6*) > 0 to be determined. If 6%d is
sufficiently large compared to ¢, Proposition 4.2 implies that

Pr(Xyix >1—¢loy=+)>1—-¢e—Pr(oyi=—|oy=+)>1—¢e—n.
Now, if f is any decreasing function then
Ef(X)<fd—-e)Pr(X=1—¢)
(A.S) + fOPr0<X<1l-—¢)
+ f(=D)Pr(X <0).
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We will apply this with f(x) = ,/1=2%: note that f(0) = 1 and f(—1) =

H—Gx;
_1-6
(1 =n)/n, where n = ==,

Now, we consider two regimes. If /7 > 6*/10, we bound
E(f(Xuik) low=+) <Pr(Xyix >1—elo,=+)f(1—¢)
+Pr(Xuik <1l—¢lou=+)f(=1)
g+

5(1—8—77)f(1—8)+7

10
< =mf=e)+n—m+—.

Now, f(1 —¢) = % + O(¢), and so

E(f (Xuik) low=+) <2y/n(1 —n) + O(e),

where the constants in O(¢e) depend on 6*. Since 24/n(1 — 1) is bounded away
from 1 while n is bounded away from 1/2, it follows that for small enough &
(depending on 6*), E(f (Xyi k) | ou = +) is bounded away from 1.
On the other hand, if ./n < 6*/10 then we use (A.5) and the fact (from
Lemma 4.9) that Pr(X,; x < 0] 0, =4) <2n to bound
Ef(X)=(—-e)f(l—-¢e)+ef(0)+2nf(-1)
<f—e)+e+2/n.

Now, if & < 5 then f(1 —¢) < /T—0%/2<1—06%/4,50

(A.6)

*

0
Ef(X)gl—e*/4+s+2ﬁ§1—2—0+s,

which is bounded away from 1 if ¢ is small enough. [
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