Proceedings of Machine Learning Research vol 196:1-25, 2024 37th Annual Conference on Learning Theory

Information-Theoretic Thresholds for the Alignments of Partially
Correlated Graphs

Dong Huang HD23 @MAILS.TSINGUA.EDU.CN
Center for Statistical Science, Tsinghua University

Xianwen Song SXW20@MAILS.TSINGHUA.EDU.CN
Qiuzhen College, Tsinghua Universiy

Pengkun Yang YANGPENGKUN @ TSINGHUA.EDU.CN
Center for Statistical Science, Tsinghua University

Editors: Shipra Agrawal and Aaron Roth

Abstract

This paper studies the problem of recovering the hidden vertex correspondence between two corre-
lated random graphs. We propose the partially correlated Erdds-Rényi graphs model, wherein a pair
of induced subgraphs with a certain number are correlated. We investigate the information-theoretic
thresholds for recovering the latent correlated subgraphs and the hidden vertex correspondence. We
prove that there exists an optimal rate for partial recovery for the number of correlated nodes, above
which one can correctly match a fraction of vertices and below which correctly matching any pos-
itive fraction is impossible, and we also derive an optimal rate for exact recovery. In the proof
of possibility results, we propose correlated functional digraphs, which partition the edges of the
intersection graph into two types of components, and bound the error probability by lower-order
cumulant generating functions. The proof of impossibility results build upon the generalized Fano’s
inequality and the recovery thresholds settled in correlated Erd6s-Rényi graphs model.
Keywords: Graph alignments, information-theoretic thresholds, Erdés-Rényi random graphs, par-
tial recovery, exact recovery

1. Introduction

Recently, there has been a surge in interest in the problems of detecting graph correlations and the
alignments of two correlated graphs. These questions have emerged across various domains. For
instance, in social networks, determining the similarity between friendship networks across different
platforms has garnered attention (Narayanan and Shmatikov, 2008, 2009).

In the realm of computer vision, where 3-D shapes are often represented as graphs with adja-
cency matrices, the identification of whether two graphs represent the same object holds significant
importance in pattern recognition and image processing (Berg et al., 2005; Cour et al., 2006). In
computational biology, the representation of biological networks as graphs aids in understanding
and quantifying their correlation (Singh et al., 2008; Vogelstein et al., 2011). Furthermore, in natu-
ral language processing, the ontology alignment problem involves representing each sentence as a
graph, with nodes denoting words. The task of determining whether a given sentence can be inferred
from the text directly relates to graph matching problems (Haghighi et al., 2005). Numerous graph
models exist, with the Erdés-Rényi random graph model being a prominent example, as proposed
by Paul and Alfréd (1959) and Gilbert (1959):
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Definition 1 (Erdds-Rényi graph) The Erdds-Rényi random graph is the graph on n vertices where
each edge connects with probability 0 < p < 1 independently. Let G(n,p) denote the distribution
of Erdds-Rényi random graphs with n vertices and edge connecting probability p.

While there are inherent disparities between the Erdés-Rényi random graph model and networks
derived from real-world scenarios, comprehensively understanding the Erd6s-Rényi graphs remains
profoundly significant. This understanding serves as a pivotal step in transitioning from solving
detection and matching problems on Erdds-Rényi graphs to addressing challenges inherent in prac-
tical applications. The graph alignment problem entails identifying latent vertex correspondences
between two graphs based on their structures. Following Pedarsani and Grossglauser (2011), for
two random graphs G, G with vertex sets V(G1), V(G2) and edge sets E(G1), E(G2), a typical
correlated graph model is correlated Erd6s-Rényi random graph model:

Definition 2 (Correlated Erds-Rényi graphs) Ler 7 denote a latent bijective mapping from V (G1)
to V(G2). We say a pair of graphs (G1,G3) are correlated Erdds-Rényi graphs if both marginal
distributions are G(n, p) and each pair of edges (uv, w(u)mw(v)) for u,v € V(G1) follows the cor-
related bivariate Bernoulli distribution with correlation coefficient p.

Given observations on GG; and G4 under the correlated Erd6s-Rényi graphs model, the goal is
to recover the latent vertex mapping 7. To quantify the performance of an estimator 7, we consider
the following two recovery criterion:

* Partial recovery: given a constant 6 € (0, 1), we say 7 succeeds for partial recovery if
{v e V(G1) i m(v) = &(v)}] = 6|V (G1)l- M
* Exact recovery: we say 7 succeeds for exact recovery if
m(v) =7(v), VveV(Gy). (2)

The information-theoretic thresholds for partial and exact recoveries of m between two corre-
lated Erd6s-Rényi graphs have been extensively studied in the recent literature.

 Fartial Recovery. Ganassali et al. (2021) presented an impossibility result for partial recov-
ery in the sparse regime characterized by constant average degree and correlation. Hall and

Massoulié (2023) showed that np(p V p) = log (1 + g) V 1 suffices for partial recovery,
while n 2 d(p + p — pp||p) log n is necessary, where d(p||q) denotes the Kullback-Leibler
(KL) divergence between Bernoulli distributions with mean p and g, respectively. The recent
work Wu et al. (2022) settled the sharp threshold for dense graphs with p%p = n~°") and the
thresholds within a constant factor for sparse ones with p%p = n~%1)_ For the sparse case,
Ding and Du (2023b) proved a sharp threshold when p%p = n—ote() for o € (0, 1].

» Exact Recovery. Based on the properties of the intersection graph under a permutation T,
(Cullina and Kiyavash, 2016, 2017) showed that the Maximal Likelihood Estimator (MLE)
achieves exact recovery and established an information-theoretical lower bound with a gap
of w(1). The results are sharpened by Wu et al. (2022) where the sharp threshold for exact
recovery are derived.
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While numerous studies have extensively investigated recovery procedures within the correlated
Erd6s-Rényi graphs model, it is however imperative to recognize that the signal present in many
graph structures from realistic models is often inferior to that within the correlated Erd6s-Rényi
graph. This discrepancy emerges as many nodes in realistic graphs do not have corresponding nodes
in the second correlated graphs. To offer a resolution to this concern, we propose the following
model where on part of the nodes from two graphs are correlated.

Definition 3 (Partially correlated ErdGs-Rényi graphs) Let S* C V(G1) be a latent subset of
vertices and T* be a latent injective mapping from S* to V (Gs). We say a pair of graphs (G1,G2)
are partially correlated Erdds-Rényi graphs if both marginal distributions are G(n, p) and each pair
of edges (uv, 7 (u)m*(v)) for u,v € S* follows the correlated bivariate Bernoulli distribution with
correlation coefficient p.

The case S* = V(G1) reduces to a pair of correlated Erdés-Rényi graphs in Definition 2. Under
the model in Definition 3, given S* C V(G;) and the range of 7* denoted by 7* C V(G2), the
induced subgraphs G1[S*] and G2 [T™*] are correlated Erds-Rényi graphs on m vertices. Therefore,
the model can be equivalently constructed by planting correlated Erdés-Rényi graphs over a pair of
independent Erdés-Rényi graphs.

In this paper, we investigate the information-theoretic thresholds for recovering the correlated
nodes S* and the mapping 7*. For notational simplicity, we also refer to the problem as recovering
«* while keeping S* implicit as the domain of 7*. The success criterion is similar to (1) and (2),
where V(G1) shall be replaced by S*. However, due to the potential inconsistency between the
domain of 7* and the estimator 7 : S — V(G2), we define their overlap by:

A lvES NS 7 (v) = 7(v)|

overlap(m*, #t) = 5 . 3)

With the notion of overlap, the success criterion is given by
* Partial recovery: 7 succeeds if overlap(7*, 7r) > ¢ for a given constant § € (0, 1);

* Exact recovery: i succeeds if overlap(7™*, 1) = 1.

1.1. Main Results

In this subsection, we present the main results of the paper. We first introduce some notations for
the presentation of main theorems. Throughout the paper, we assume 0 < p < 1,0 < p < 1,
and the cardinality |S*| = m is known. We further assume p > % since otherwise partial recovery
is impossible by Wu et al. (2022). For a pair of Bernoulli random variables with means p1, p2
and correlation p, their bivariate distribution is denoted as Bern(p1, p2, p). In our model, a pair of
correlated edges (e, 7*(e)) ~ Bern(p,p, p). Define p;; = Ple = i,7*(e) = j] for i,j € {0,1}.
Then

pi1=p"+pp(1=p), pro=po1=(1—pp(l—p), poo=(1-p)*+pp(l—p).

For a pair (e, 7*(e)) both edges present with probability p11, while for m(e) # 7*(e) both e and
7(e) present with probability p?. The relative signal strength present in correlated edges is denoted
by vy £ ’;}% —1= W. It turns out that such reparametrization of the correlation coefficient is

crucial in determining the fundamental limits of the graph alignment problem.
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Let S, denote the set of injective mappings 7 : S C V(G1) — V(G2) with |S| = m. Our
goal is to identify the minimum number of correlated nodes m such that recovery of 7* is possible.
For the possibility results, we consider the estimator defined as

T = argénax Z Luwer@) Ir(wrw)eEGs)- 4)
Te
n,m u;ﬁv

Next, we introduce our main theorems. Define ¢(y) = (1 4 ) log(1 + ) — 1.

Theorem 4 (Partial recovery) For any constant § € (0, 1), there exists constant ¢1(9) such that,
c1(9)logn

when m 2 W,

for any ™™ € S;, ;. the estimator in (4) satisfies

P [overlap(n™,7) > 6] =1 — o(1).

Furthermore, for any ¢ € (0,1), there exists ca2(c,0) such that, when m < %, for any

estimator T,
P overlap(n™,7) < d] > 1 — ¢,

where 7 is uniformly distributed over Sy, p,.

The possibility result is presented in the minimax sense, while the impossibility result is under a
Bayesian model. Hence, the threshold holds for both minimax and Bayesian risks. Theorem 4
implies, for the purpose of partial recovery, the threshold for the number of correlated nodes m
is of the order pg%("y), beyond which partial recovery is possible and below which partial recovery
is impossible. The dependency on the ambient graph order is only logarithmic, while the scale in

terms of p and p is characterized by ﬁ(v)'

2

Theorem 5 (Exact recovery) When m > C ( plzof(:) % 1og(1p/2(5 7))), where C'is a universal con-

stant, for any ™™ € S, m, the estimator in (4) satisfies

P [overlap(7*,7) = 1] = 1 — o(1).

Furthermore, for any ¢ € (0,1), there exists a constant c3 only depending on c such that, when

logn log(l/(p%))) - A
m < c3 (p2 5oy v e , for any estimator i

P [overlap(n™,7) < 1] > 1 —¢,
where 7 is uniformly distributed over S, .

Theorem 5 implies, for the purpose of exact recovery, the threshold for the number of correlated
logn_\, log(1/(p*y))
*(7) Py }
the same rate as for partial recovery described in Theorem 4. Although the logn scaling has been
observed in many other problems on random graphs, under the strong signal regime v = w(1),
cohli e logn log(1/(P*)) 21 _ 10021 >
Theorem 5 highlights a transition from ol O P if log 5 log 5 = logn. In the
latter regime, the difficulty is essentially the recovery of mapping given the sets of correlated nodes
(S*,T™*). See more discussions in Section 4.
In comparison to prior work, our results of partial recovery in Theorem 4 match the thresholds

established in Wu et al. (2022) up to a constant factor in both dense and sparse regimes for the

nodes m is of the order

. Under the weak signal regime 7 = O(1), we obtain

special case S* = V(G;). Furthermore, the threshold log(léﬂ for exact recovery is derived
from addressing the alignment problem for the subgraphs with the additional information on the
domain and range of 7*, which applies the result in Wu et al. (2022).
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1.2. Related Work

Graph sampling. Graph sampling methodologies are often propelled by many practical factors.
Most notably, these encompass data scarcity, high data acquisition costs (Stumpf et al., 2005), and
limited surveys of hidden structures (Lancichinetti and Fortunato, 2009; Yang et al., 2013; Fortunato
and Hric, 2016). In scenarios where observations are sampled from two large networks, it becomes
unrealistic to presume that correlation exists among all nodes within the sampled subgraphs. As a
result, a pair of partially correlated graphs emerge naturally. While the precise number of correlated
nodes may not be accessible, we often have some partial knowledge on the scale. For instance,
when the observations are induced subgraphs of randomly selected nodes, the number of correlated
nodes follows a hypergeometric distribution that concentrates around the mean value.

Besides the recent literature on the graph alignment problem, the correlation detection is another
related topic. Given a pair of graphs, their correlation detection is formulated as a hypothesis test-
ing problem, wherein the null hypothesis assumes independent random graphs, while the alternative
assumes edge correlation under a latent permutation. Barak et al. (2019) proposed a hypothesis test-
ing model for correlated Erdds-Rényi graphs and provided a pseudo-polynomial time algorithm for
detection under certain conditions on the edge connection probability and average degree. Wu et al.
(2023) established the sharp threshold for dense Erdés-Rényi graphs and determined the thresh-
old within a constant factor for sparse Erd6s-Rényi graphs. Ding and Du (2023a) derived the sharp
threshold for sparse Erd6s-Rényi graphs by analyzing the densest subgraph. Additionally, Mao et al.
(2021) proposed a polynomial time algorithm for detection by counting trees when the correlation
coefficient exceeds a constant value. It is natural to ask whether the correlation can be detected
when only a subsample from the graphs is collected. The probabilistic model is similar to the one
present in the current paper, and we leave the exploration as our future work.

Efficient algorithms and computational hardness. Numerous algorithms have been developed
for the recovery problem. For example, Yartseva and Grossglauser (2013) analyzed the percolation
graph matching algorithm, Barak et al. (2019) analyzed the problem using subgraph matching tech-
niques, and Mossel and Xu (2020) obtained an algorithm for the seeded setting based on a delicate
analysis of local neighborhoods. However, these algorithms may be computationally inefficient.
There are several polynomial-time algorithms for recovery, catering to different regimes correla-
tion coefficients p. These include works by Babai et al. (1980); Bollobas (1982); Dai et al. (2019);
Ganassali and Massoulié (2020); Ding et al. (2021); Mao et al. (2023a,c); Ding and Li (2023); Mu-
ratori and Semerjian (2024). For instance, Mao et al. (2023c) proposed a polynomial-time algorithm
for recovery by counting chandeliers when the correlation coefficient p > /a, where o ~ 0.338
is the Otter’s constant introduced in Otter (1948). Additionally, Ding and Li (2023) introduced an
efficient iterative polynomial-time algorithm for sparse Erd&s-Rényi graphs when the correlation
coefficient is a constant.

It is postulated in (Hopkins and Steurer, 2017; Hopkins, 2018; Kunisky et al., 2019) that the
framework of low-degree polynomial algorithms effectively demonstrates computation hardness of
detecting and recovering latent structures, and it bears similarities to sum-of-square methods (Hop-
kins et al., 2017; Hopkins, 2018). Based on the conjecture on the hardness of low-degree polynomial
algorithms, Mao et al. (2021) proved that there is no polynomial-time test or matching algorithm

when the correlation coefficient satisfies p? < m. Furthermore, Ding et al. (2023a) showed
1+o(

computation hardness for detection and exact recovery when p = n™ 1) and the correlation co-
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efficient p < /a, where a@ =~ 0.338 is the Otter’s constant, suggesting that several polynomial
algorithms may be essentially optimal.

The maximal overlap in the form of (4) is a test statistic which aims to identify the mapping that
maximizes the edge correlation between two graphs. It is known that finding the maximal overlap
is an instance of quadratic assignment problem (QAP) (Pardalos et al., 1994), which is NP-hard
to solve or to approximate (Makarychev et al., 2010). There are many studies aiming to detect
or recover latent structures based on the maximal overlap statistics (Cullina and Kiyavash, 2016,
2017; Barak et al., 2019; Mossel and Xu, 2020; Ding et al., 2021; Wu et al., 2022, 2023; Hall and
Massoulié, 2023). Finally, we mention that the recent work Ding et al. (2024) approximated the
maximal overlap within a constant factor in polynomial-time for sparse Erd6s-Rényi graphs, and
Du et al. (2023) established a sharp transition on approximating problem on the performance of
online algorithms for dense Erd6s-Rényi graphs.

Other graph models. Many properties of the correlated Erd6s-Rényi graphs model have been ex-
tensively investigated. However, the strong symmetry and tree-like structure inherent in this model
distinguish it significantly from graph models encountered in practical applications. Therefore, it
is crucial to explore more general graph models. One such model is inhomogeneous random graph
model, where the edge connecting probability varies among edges in the graph (Récz and Sridhar,
2023; Song et al., 2023; Ding et al., 2023b). Besides, geometric random graph model (Wang et al.,
2022; Bangachev and Bresler, 2023; Sentenac et al., 2023; Gong and Li, 2024), planted cycle model
(Mao et al., 2023b, 2024), planted subhypergraph model (Dhawan et al., 2023) and corrupt model
(Ameen and Hajek, 2023) have also been subjects of recent studies.

1.3. Notations

For any n € N, let [n] = {1,2,...,n}. Forany a,b € R, let a A b = min{a,b} and a V b =
max(a,b). We use standard asymptotic notation: for two positive sequences {a,} and {b,}, we
write a,, = O(by,) or a,, < by, if a, < Cb, for some absolute constant C' and for all n; a,, = Q(by,)

or Gy, 2 by, if b, = O(ay); an, = O(by,) or ay < by, if a, = O(by,) and a,, = Q(by,); an = o(by)
or by, = w(ay), if an /b, — 0asn — oco.

For a given graph G, let V() denote its vertex set and E(G) denote its edge set. Let v(G) =
|V (G)| denote the order of G and e(G) = |E(G)| denote size of G. For aset V, let (‘2/) £ Hax,y}:
x,y € V,x # y} denote the collection of all subsets of V' of cardinality two. We also write uv to
denote an edge {u, v}. The induce subgraph of G over a vertex set V' is denoted by G[V]. Given an
injective mapping of vertices 7 : S C V(G1) — V(G2), the induced injective mapping of edges
is defined as 75 : (5) — (V§2)) as 78 (uwv) = 7(u)r(v) for u,v € S. We also succinctly write
7(e) = wF(e) for an edge e when the meaning is clear from the context.

2. Correlated functional digraph

A mapping from a set to itself can be graphically represented as functional digraph (see, e.g., (West,
2021, Definition 1.3.3)). Here we extend the notion to a mapping with different domain and range
sets, where the elements from the two sets are correlated. While our focus in this section is on the
mapping between the edges in G; and (3, the graphical representation can be easily extended to
mappings between two arbitrary finite sets such as vertices.
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Figure 1: Examples of the mapping 7 and the underlying correlation 7*, where the domain and
range of w and 7* could be different.

We first provide an equivalent description of the estimator in (4). Given a domain subset S C
(V(QG 1)) and an injective function 7 : S — (V(g;Q)), we define the intersection graph H, as

V(Hz)=V(Gy), e€ E(H,)ifandonlyife € E(G1)N S andw(e) € E(G2).

The estimator (4) maximizes the size of the intersection graph |E(#,)|. More generally, in our
analysis in Section 3, we need to count the number of edges present in some subset £ C S given by

ENEHD)| =Y Yeenttay = D Leen@n) Ln)er(c2))- 5)

ec& eeE

Due to the correlation between the edges in G; and G2, the counters 1 (e€E(H)} are correlated ran-
dom variables. The main idea is to decompose £ into independent parts. Specially, the correlation
is prescribed by the underlying mapping 7* as illustrated in Figure 1, where the correlated edges
are red dashed lines. To formally describe all correlation relationships, we introduce the correlated
functional digraph of a mapping 7 between a pair of graphs.

Definition 6 (Correlated functional digraph) Let n* : S* — T™ be the underlying mapping be-
tween correlated elements. The correlated functional digraph of the function m : S — T is con-
structed as follows. Let the vertex set be S U S* UT UT*. We first add every edge e — 7(e) for
e € S, and then merge each pair of nodes (e, n*(e)) for e € S* into one node.

It should be noted that both 7 and 7* are injective mappings under our model. After merging all
pairs of nodes under 7*, the degree of each vertex in the correlated functional digraph is at most two.
Therefore, the connected components consist of paths and cycles, where the self-loop is understood
as a cycle of length one. The connected components are illustrated in Figure 2. Let 7 and C denote
the collections of subsets of £ belonging to different connected paths and cycles, respectively. Note
that the sets from P and C are disjoint. Consequently,

ENEM)| =Y [PNEM )|+ Y 0N EH ),
PeP cecC

where the summands are mutually independent.
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In our model, the edge correlations are assumed to be homogeneous, and hence the distribution
of [PN E(H)| and |C N E(H,)| only depends on the size of the component. Let s} (¢) and 5§ (t)
denote the cumulant generating functions of |P N E(H)| and |C' N E(H,)| with |P| = |C| = ¢,
respectively, and we have

log E {6t|PﬁE(Hﬂ)|} —kFo(t),  logE [et\CﬁE(Hw)\] = K (1).

The lower-order cumulants can be promptly calculated. For instance,

(t)

kS
C
5(t)

log(1 + pr1(e’ — 1)), (6)
log(1 4 2p%(e! — 1) 4 p?, (! — 1)?). )

R

It is however essential to establish upper bounds for higher-order cumulants in terms of lower-order
ones. To this end, we introduce the following lemma.

Lemma7 Foranyp>0,0<p<1,andt >0,

1
k(1) < ing(t) < k$(t) and KY(t) < kS(H) < gﬁg(t), V> 2.
Consequently,
105 E [efre0)] < gy 4 1 (mw - ;Hg@)) | ®)

where L denotes the number of self-loops.

The proof of Lemma 7 is deferred to Section C.1. The special case that both 7 and 7* are
bijective has been studied in Wu et al. (2022); Ding and Du (2023b); Hall and Massoulié (2023),
the correlation relationships under which can be characterized by a permutation (7*)~! o 7. In this
case, the connected components of the functional digraph of permutations are all cycles. However,
in our case, the domain and range of 7 and 7* could be different and we need to deal with delicate
correlations among the edges involving both cycles and paths by Lemma 7.

. e SA e /,—>>~\\\
Ty 2 g
RN & #e)
cre—> ——em(e) c26——>———e7(ey)

Path Cycle Self-loop

Figure 2: The connected components in the correlated functional digraph.
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3. Recovery by maximizing the size of intersection graph

In this section, we prove the possibility results by analyzing the estimator 7 given in (4). By
the optimality condition, it suffices to show that, for any 7* € S, ,,,, we have e(H.+) exceeds
MaX.j(r r+)>7 €(Hrx) with high probability when the underlying correlation is specified by 7*,
where the thresholds 7 = 0 and dm are for exact and partial recoveries, respectively. In the follow-
ing, we fix 7* and provide a general recipe for the upper bound of P« [d(7,7*) = k]. The overall
error probability follows from the summation over the desired range of k.

Let T;; € Sy, denote the set of injections 7 such that d(m, 7*) = k. For m € T}, by definition,
there exists a set of correctly matched vertices (the self-loops in the correlated functional digraph of
7 over the vertices), denoted by Fy £ {v € S*N S : 7*(v) = 7(v)} of cardinality |Fy| = m — k.
The induced subgraphs of H, and H .+ over F. are identical. Therefore,

e(Hr) > e(Hr) <= e(Hr) — e(Hr[Fr]) > e(Hn) — e(Hpx[Fr]).

It should be noted that correlated random variables are contained within the two sides of the inequal-
ity. Nevertheless, for any threshold 7y, either e(H+) — e(H e+ [Fr]) < 7, or e(Hy) — e(Hr[Fr]) >
Tk holds. Therefore, we have the following upper bound:

{d(F,7*) =k} C | {e(Hn) — e(Ha+ [Fx]) < T} U {e(Hx) — e(HalFr]) = 7}

TETk

The first event is indicative of a weak signal, while the latter implies the presence of strong noise.
The crucial result to establish is that, for a suitable threshold 7., both bad events will occur with a
low probability. Here we may pick 75, a function of all other parameters m, k, p, p. For brevity we
also write 7, = 7(m, k, p, p).

Bad event of signal. For a fixed 7 € T, the random variable e(H +) — e(H+[Fy]) counts the
total number of edges among N}, = ("21) — (m; k) = mk(1l — %) pairs of vertices, where each
edge presents independently with probability pi1. Furthermore, F); is a subset of S* of cardinality
m— k. While the size of T, could be large, the total number of possible F; is at most (mnz k) = (7;)

Therefore,

P | {e(Hr) —e(Mne[Fal) <} | <P | |J {e(Har) — e(Hae[F]) < 7}
€Tk FCS*
|F|=m—k

< <TZ>P [Bin(Nk,pn) < Tk] . )]

For 75, < Nip11, the tail of binomial distributions follows from the standard Chernoff bound.

Bad event of noise. The analyses for the noise part is more involved due to the mismatch between
7 and the underlying 7*. Let S, denote the domain of 7, and &, = (52") — (};’r) Then the total
number of edges e(H,) — e(Hr[Fx]|) can be equivalently represented as |, N E(H )|, and the
cumulant generating function has been upper bounded in Lemma 7 thanks to the decomposition
based on the correlated functional digraph. Thus, the error probability can be obtained via the
Chernoff bound by optimizing over ¢ > 0 in (8).
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To this end, we need to upper bound the number of self-loops in (8). For a self-loop over an edge
e = uv, we have m(uv) = 7*(uv). Note that £, excludes the edges in the induced subgraph over
F;. Tt necessarily holds that 7(u) = 7*(v) and 7(v) = 7*(u), which contributes two mismatched
vertices in the reconstruction of the underlying mapping. Since the total number of mismatched
vertices for m € T equals to k, the number of self-loops is at most g Consequently, applying (8)
with the formula of lower-order cumulants (6) and (7) yields the following lemma, whose proof is
deferred to Section C.2.

Lemma8 [f 1, > |E|p? then

Tk:) T |Eslp® kv >

.
Pll€&x N E(Hx)| > 7] < exp (—; log <|5 2 2 2 42+7)

In view of Lemma 8, for 7, > |&;|p?, we can apply the union bound for the probability of
the bad event due to noise. It remains to upper bound the cardinality of 7. We first choose m — k
elements from the domain of 7* and map them to the same value as 7*. Then, the remaining domain
and range of size k and the mapping are selected arbitrarily. Then we obtain

Tl < () ()P <

. k . _ky
where the last step applies the upper bound (Z) < - Since 12+ < eF/*, we have

Pl {e(Hn) —e(HalFe)) = m} | =P | | {I& N E(Hn)| > 7}

TET TET

_ky y ey T Exlp?
s (3o(25) )

: Ex|p?
<nFexp (k) Tk Te _LElPTY g
<n eXp< 5 108 5102 +t3 5 (10)

The following propositions provide sufficient conditions on m for partial and exact recoveries.

Proposition 9 (Upper bound for partial recovery) For any § € (0,1), there exists a constant

c1(9) > 0 such that, when m > %, forany ™ € S, ,, the estimator in (4) satisfies

P [overlap(#, 7*) < 8] < (logn)~ o),
Proposition 10 (Upper bound for exact recovery) There exists a universal constant C' > 0 such

2
that, when m > C (10g(1p/2($ ) plgod%(z)), for any T € S, 1, the estimator in (4) satisfies

Pli £t < exp(—logm) exp(—logn) .
1 —exp(—logm) 1 —exp(—logn)

By Propositions 9 and 10, we prove the possibility results in Theorems 4 and 5. The proofs of
Propositions 9 and 10 are deferred to Sections A and B, respectively.

10
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4. Impossibility results

In this section, we present the impossibility results for the graph alignment problem. Under our
proposed model, the alignment problem aims to recover the domain S* C V(G1), range T* C
V(G2), and the mapping 7* : S* — T™*. When equipped with the additional knowledge on S*
and T, our problem can be reduced to recovery with full observations on smaller graphs, the
reconstruction threshold for which is settled in Wu et al. (2022). The lower bound therein remains
valid when the number of correlated nodes is substituted with m. However, such reduction only
proves tight in a limited number of regimes (see Proposition 12). We will establish the impossibility
results for the remaining regimes by Fano’s method. Two main ingredients of Fano’s method are
outlined as follows:

* Construct a packing set M of the parameter space S,, ,,, such that any two distinct elements
from M differ by a prescribed threshold. Specifically, in partial recovery, the overlap of each
pair is less than §, which is equivalent to ming.s.ec pq d(m, 7') > (1 — 6)m, while in exact
recovery M = S, ,,. The cardinality of M measures the complexity of the parameter space
under the target metric.

* Choose the uniform prior on 7* over M and upper bound the mutual information I (7*; G1, G2).
Given 7*, the conditional distribution of the observed graphs (G, G2) is specified in Defini-
tion 3. For the mutual information, let 77 denote the joint distribution of (G, G2) and Q be
any distribution over (G1, G2), then

I(ﬂ-*; G, GQ) =Ex+ [D(PG1,G2\7T* ||7DG1,G2)] < mfr%XD(PGl,GzhrH QG1,G2)' (11)

The impossibility results follows if I(7*; G1,G2) < clog | M| for some small constant c.

Let Mg denote a packing set under the overlap threshold §. The size of M follows from the
standard volume argument (Polyanskiy and Wu, 2022, Theorem 27.3). For r € [m], let B(w,r) £
{7’ : d(m,7") < r} denote the ball of radius r centered at 7. Then we have

Sl o 1Sl
max, |B(rm, (1 —d)m —1)] — max, |B(x, (1 —8§)m)|

Ms| >

It remains to evaluate the cardinality of S,, ,,, and upper bound the volume of the ball under our

distance metric d. It is straightforward to obtain that |Sy, ,,| = (:1)2771!. Let k£ = dm. Note that all

elements from B(7, m — k) have at least &k common mappings. To upper bound | B(w, m — k)|, we

first choose k elements from the domain of 7w and map to the same value as 7, and the remaining

domain and range of size m — k and the mapping are selected arbitrarily. We get |B(7, m — k)| <
()

" (nik)Q(m — k)!. Consequently,
2
n2k \" on\*
(g)) kt> <€3m2> > <63> : (12)

m—k
2
()t (
kN2
(%) Guor) " (m = &)!
where we use the inequalities that (%)% < (}) < (%2)* and k! > (k/e)*. Fano’s method provides
a lower bound on the Bayesian risk when 7 is uniformly distributed over M, which further lower
bound the minimax risk. The above argument also yields a lower bound when 7 is uniform over

|M;| >

11
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Sp,m via generalized Fano’s inequality (Banerjee et al., 2012, Lemma 20). The following proposi-
tions provide lower bounds for m for partial recovery and exact recovery, and thus prove the lower
bounds in Theorems 4 and 5.

clogn

p2o(v)’

Proposition 11 (Lower bound for partial recovery) For any § € (0,1), if m <
any estimator T,

then for

13
P [overlap(m, 7*) < 0] > 1 — TC

Proof For any 7 with domain S and range 7" such that |S| = |T'| = m, arbitrarily pick a bijection
o : V(G1) = V(G2) such that o|g = 7. Then, the conditional distribution Pg;, ,|» can be
factorized into

Parcalr = | Plem(e)) 11 Q(e,o(e)),
S V(G S
66(2) 66( (21))\(2)
where P ~ Bern(p, p, p) and @ ~ Bern(p, p,0). Pick Q in (11) to be an auxiliary null model under
which G'1 and G2 are independent with the same marginal as P. Then, Q¢, ¢, can be factorized
into
Q61,G, = H Q(e,7(e)) H Q(e,o(e)).
S V(G S
66(2) ee( (21))\(2)

The KL-divergence between the product measures Pg, g, |- and Q¢ ¢, can be expressed as

D (Pg,.coxl1Qar,ce) = (5)D(PI|Q)

for any 7 : S +— T with |S| = |T'| = m. Applying Lemma 16, we obtain

m
max D(Pe, Qe < (5 ) DPIQ) < 25(3)1P00) (13)
Applying generalized Fano’s inequality (Banerjee et al., 2012, Lemma 20) with (12) and (13), we
obtain 9
25 13
Ploverlap(n*,7) < 6] > 1 — M >1- —C,
omlog (6—2) 1)
where 7* is uniformly distributed over Sy, .. [ |

Proposition 12 (Lower bound for exact recovery) Forany c € (0, 1) and any estimator 7, there

exists constant cs only depending on c such that, when m < c3 (pgo(f(:) v ﬁ log (ﬁ))

Plr#n"]>1—c,
where T is uniformly distributed over Sy, .

Proof We first apply the reduction argument. With the additional information on the domain
and range of 7*, our problem can be reduced to the reconstruction of mapping as in Wu et al.
(2022). Applying the lower bound in (Wu et al., 2022, Theorem 4), for a fixed ¢ € (0, 1), when

12
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m(/Poopi1 — \/pmplo)z < (1 — €)logm, we have P [ # 7*] > 1 — o(1) for any estimator 7.
Note that (\/poopi1 — /Po1P10)? = p*(y A~?) < (p?) A (pp). Therefore, when

1 1
"R P <p2(7A72)>’ (o
we have P [ # 7*] > 1 — o(1). Applying Proposition 11 with § = 1/2 yields that, when
logn
" )
we have P [7 # 7*] > 1 — cforc € (0, 1).
When W = n, by (14), exact recovery is impossible, even when m = n. Next we consider

the regime that W < n. When y < 1, we have p?(y A 7?) = p?>v% < p?¢(7), and thus

5)

1 1 < ) logn
——log < .
(Y A?) (Y AY?) )~ pPe(y)
When v > 1, v A 2 = v. By comparing (14) and (15), we derive that exact recovery is impossible

oy < dogn 1o (1
iftm 3 p2o(7) v 2y log <p2“/>' u

5. Discussion and future directions

This paper proposes the partially correlated Erd6s-Rényi graphs model, wherein a pair of induced
subgraphs with a certain size are correlated. We investigate the optimal information-theoretic thresh-
old for recovering the latent correlated subgraphs and the hidden vertices correspondence under our
new model. In comparison with prior work on correlated Erdés-Rényi graphs model, the additional
challenge arises from the unknown location of the correlated subsets. For a candidate mapping m
whose domain may include both correlated and ambient subgraphs, we extend the classical notion
of functional digraph to formally describe the correlation structure among the edges. We observe
from the correlated functional digraph that the independent components consist of cycles and paths.
The graphical representation may be of independent interest for general models.
There are many problems to be further investigated under our proposed model:

* Refined results. The results in the paper could be further refined in various ways, such as
deriving the sharp constants and characterizing the optimal scaling in terms of the fraction §
in partial recovery.

 Efficient algorithms. It is of interest to investigate the polynomial-time algorithms and iden-
tify the computational hardness under our model. More efficient algorithms are also desirable
when the signal is stronger.

* Graph sampling. One motivation of the paper stems from graph sampling as discussed in
Section 1.2. The sampled subgraphs are partially correlated, where the size of correlated
subsets is a random variable depending on the sampling methods. Thus, it is natural to ask
about the sample size needed for reliable recovery.

* Correlation test. The correlation test problem under our model is also highly relevant. It is
interesting to find out whether the detection problem is strictly easier than recovery, both in
terms of the information thresholds and algorithmic developments.

13
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Appendix A. Proof of Proposition 9

Let 7, = Nkpll(l — 77) with

8h(L£ logn
= (m) ' lkgmfl + g . lk:my
' kp11 kmpi1

where h(z) £ —xlogx — (1 —x)log(1 — ) is the binary entropy function. Since h(z)/x decreases

n (0,1), h(xz)/z > h(1 —=6)/(1 =) for1l —6 <z < 1. By Lemma 17.5.1 in Cover and Thomas
(2006), we have (') < exp [mh(k/m)] for any k < m — 1. By (9) and the Chernoff bound (21),
when kK < m — 1, we have

€T

2
m 2 m

When k = m, since N, = mTk (2 — %) > %k, we have

U fetter) —eter ) < | < (1) enp (-T2 ) < e (182,

TETk

Pick ¢1(6) = 100 V %15_6). We then verify the condition in Lemma 14: n < Since

p2o(v) < p*y(1+7) < 1, we get m > ¢1(8) log n. Therefore,

8h(1 — ) logn 8h(1 —0) 1 1
= Licmo1 5 Tk=m < Vv
1 —&)mpy =" m2py ( 1-4 c1(8) ) vmpn

<< 8h(l—-4) , 1 )Wogﬂrv) /A +7) \/log(1+7) /(A7)
= =5

il
4(1+7) "

(1 =108)c1(0)  c1(0) logn logn

Recall the assumption stated in Section 1.1, where it’s asserted that p > n~!, thereby implying

log(1+7) < logn. When'y > 10,n < < < (1+’Y) When v < 10, since log(1+x)———m <0
log(14+7) /(1+ )

forany z > 0, / mp11 \/ “{ng v < \/13@ < 4(1+v)' Therefore, we obtain 1 < ﬁ.

= (1++)(1 —n) > 1. Applying Lemma 8, we derive (10). Combining this

By Lemma 14, |5,,|p2
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with (19) in Lemma 14, we obtain

P { U {e(ta) — e(MolFe]) > Tk}]

TE€TE
Exlp?
<k _Tk Tk T _ |
n exp< log 5102 —1-2 9
N, Nyp®
—thexp {25 (1400 - )11} < e (T 00

Sum over k > (1 — §)m, since Ny > k?m we obtain

Z}P’ = k|

k=dm

<) P { U {e(Hr) — e(Mae[Fr]) < Tk}] +P {U {e(Hy) — e(Hr|Fy]) > Tk}]

k=m €Tk

logn e k = 3 mp*p(v) :
<on(-50) ¢ X ewl-mn (D)4 3 [tew (-0

m—1

2 el (2)]

k=(1-6)m

< _logn exp [—(1 — d)mlogn]
=P 6 1 — exp(—logn)

Combining this with Lemma 15, Zzp‘:(l_&mﬂ‘) [d(r*, %) = k] < (logn)~ o) We finish the
proof.

Appendix B. Proof of Proposition 10
Let 73, = Nip11(1 —n) withn = ( by (9) and the Chernoff bound (21),

P [ U {e(Ma) — e(in [F)) < Tk}] < (’Z) exp <_Nkp2””2).

€Tk

By Lemma 14, ﬁ = (14+v)(1 —n) > 1. Applying Lemma 8, we derive (10). Combining this
with (19) in Lemma 14, we obtain

P { U {e(Hn) — e(HalFx)) = Tk}]

€Tk
Exlp?
< 3k _Til Tk Tk |
=N eXp(QOg |5|2+2 2
Nyp? Ny.p?
:n3keXp{— ’;p A1 +7)(1— } ¥ exp [— ; 45(7)}
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Sum over k > 1, since Nj, > "%m and (') < m”, we obtain

NE

P [d(n*,7) = K]
k=1

IN

P U {e(Hn+) — e(Hn [Fr]) <7} | +P U {e(Hr) — e(Hr[Fx]) > 7k}

€Ty €T

e (22E)] + fron (-2252)]

Pick the universal constant C' = 400. Recall that () = (1++) log(1++) —~. When v < 1, since

2 . .
() < 11—7 we obtain p?¢(y) < 16p11n>. Therefore, m > 422(;‘()5)” implies m > %. When
400log(1/p*v)

2
v > 1,since y < 32(1+7) [ﬁ] , we obtain p?y < 32p11n?. Since m > . we have

384logm 12logm mp1119> ) 400 log n
> > . W ——11 ) < — . >
m > SR > Rk Thus we get m exp ( & < exp(—logm). When m > o0

we get n® exp —me¢y) < exp(—log n). Therefore, when m > 400 10g(12/ ) PER), we
X 2 p*y P?¢(v)

IN

M= TM:

i

have

2 2
mexp <— mpém ) < exp(—1logm),n3exp <—meZM> < exp(—logn).

Therefore, Y ;" P [d(7*, ) = k] < 13’3’&2%?%) + liif{;z_loig)n). We finish the proof.

Appendix C. Proof of Lemmas
C.1. Proof of Lemma 7

We first evaluate the moment generating function for paths. Consider a path P of size ¢ denoted
by (e1e2...e.) as illustrated in Figure 3. Foreachi = 1,...,/, define A, ; = lie,cp(c)) and
Bi £ 1(n(c,)eB(G2)}- Then (A, Bi) ~ Bern(p, p, p). By definition (5),

¢ ¢
IPOEH)] =) eer@)yHne)er @)y = O Ai-1Bi.

i=1 i=1

For the sake of notational simplicity, we introduce an auxiliary random variable By that is correlated
with Ag such that (Ag, By) ~ Bern(p, p, p). Then

V4 V4
my £ E['PMEFHI] < B |[] "5 |By... Be| | =E |[]E [e"*P|B;_1Bj]
i=1 =1
V4 V4
- Y JIEBi=bw]]E [etAiflqui_l - bi_l] . (16)
bo,....be€{0,1} =0 i=1
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- m(er) 7(e2) m(ep—1) m(ep)

B& €1 €2 €3 ey

Figure 3: Illustration of a path of size £.

Define M (b;_1,b;) = P[B; = b;]E [etAi—lbi |Bi—1 = bi,l} for b;_1,b; € {0,1} and a matrix

A [Mm, 0) M(O, 1)} _ {p (5 + por (et — 1))}?/25]
M(1,0) M(1,1) p ptpule—1) |’
where p = 1 — p. Recall that P[B; = 1] = p. Then we obtain that
_ 1
me = Z IP)[BO :bO]M(bovb1>"'M(b£—labf) = [pap]Mg |:1:| :
bo,...,be€{0,1}
The trace and determinant of M is
T2Te(M)=14+ppi(e" —1), D =det(M)=ppp(e’ —1) > 0.

Since D < pn(et — 1), the discriminant is T? — 4D > 0. Hence, the matrix M has two distinct
eigenvalues denoted by A; > A2 > 0, and the general term of my is

me = oA 4+ BXS. a17)

The coefficients a and 8 can be determined via the first two terms mg = 1 and m1. Then we get

mep= |-+ ————— - )
“T\2 oy —an) VT2 oyT2—aD) ?
Furthermore, by plugging m; = 1 + p?(e’ — 1), we get T — mq = D and thus m (T — my) > D,

which is equivalent to |2m; — T'| < v/T? — 4D. Therefore, both coefficients «, 8 € (0, 1).
The analysis for cycles follows from similar arguments. Consider a cycle C' of size ¢ denoted

by [e1...es] as illustrated in Figure 4. For each i = 1,...,/, define A; | = lie,cr(c)) and
B; & Lir(e,)eE(G2)}- We also let By = By for notational simplicity. Then (A;, B;) ~ Bern(p, p, p)
fori =0,...,¢ — 1. Following a similar argument as (16), we have
l l
g 2 E[etlCNEG] = > [IPB: =bl][E [etAfflbini_l = b
bi,..,be=bo€{0,1} i=1 i=1

= > M (bo, by )M (b1, bs) ... M(by_1,bo).
bl,..‘,b[=b0€{0,1}

21



HUANG SONG YANG

c1@——>——eom(e;)

v T~

NI 4
_ X
62.—\\—)—/.7['((32)
T i _ g e
7 \\ €1 €2 €3 €r—1 €
30— ——O7(e
“ " m(es) m(ee) mler) m(e2) m(er—2) m(ee—1)

-~

Figure 4: Illustration of a cycle of size /.

Applying the eigenvalue decomposition of M again, we obtain that
g = Tr(MY) = X + 5. (18)

By definition, / (£) = log m, and k$(¢) = log 1i2¢. To upper bound the cumulants, it suffices to
consider my and my. In (17), we have o, 8 € (0,1) and A; > Ao > 0. By monotonicity, it follows
that m, < my and thus

rp (1) < RE(1).
For z € R" and ¢ > 2, we have ||z||¢ < ||z|l2 < ||z|1. It follows from the formula of 77 in (18)
that Th;/ ¢ < ﬁfé/ 2 < my. Equivalently,

KS(t) Y O>2.

|

%,@g(t) <kf(t), rKg(t) <

The last inequality 2x7 () < x$(t) follows by comparing the explicit formula st (t) = log(1 +
p?(e! — 1)) with S (¢) in (7) and using p11 > p?.

Finally, since the summands over different connected components are independent, it follows
that

logE [e”‘mE(H”)'} = Z /<;|F}>|(t) + Z H\CC|(t)

PeP cec
< L ¢ 1€, ¢ t St
_Z 2“2()+ Z 2"32()+ Z K1 (t)
PeP CeC:|C)>2 cec:|Cl=1

_ el

S 510+ C € €101 = )] (65) - 5x5(0).

where the last equality used fact that |E] = >~ pcp |P| + X cee |C]-

Remark 13 We have two bounds for large ¢ in Lemma 7, namely k5 (t) < k$(t) and k§$(t) <

%H%(i). For the first bound, we apply %log (aXf + BXE) < %log()\f + Xb), where 0 < B < a <
lL,a+ B = 1and \y > Ay > 0. Consequently, \| — 10%2 < %nep(t) < %/ﬂ%(t) < M\ + 10%2.
Hence, the first bound is essentially tight for large (. The second bound, previously used in Wu et al.
(2022), applies the inequality ||x||¢ < ||x||2, which becomes less tight as ¢ increases. Nevertheless,
it suffices for our analysis as the probability of long cycles occurring is relatively small.
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C.2. Proof of Lemma 8
By Lemma 7,

logE [e”g”mE(H” ] |52 d kS (t )+L< T(t) — ;mg(t)> ;

where L denotes the number of self-loops. The self-loop for e only happens when 7(e) = 7*(e).
For uv € (V(QGI))\(F;”), by the definition of Fy, w(u) # 7*(u) or m(v) # 7*(v). Therefore,
m(uv) = 7*(uv) implies that 7(u) = 7*(v) and 7(v) = 7*(u). Since d(7*, 7) = k, we must have
L<k
Applying the formulas (6) and (7) and the fact that p1; < p, we obtain
k5 (t) <log (14 2p°(e' — 1) +p(e' — 1)%)
=log (1+p*(e* = 1)) <p*(e* —1)

and

1 2(p11 — p?)
t) — —kS log |1
RE() — SrS(t) = 2og[ e el T

2(1711 —PQ)] (2) i
2(p11 +p?)] T 2(v+2)’

where (a) is because = + 271 > 2 for any x > 0 and (b) is because log(1 + x) < z for any z > 0.
Therefore, we get

(@) 1
< =
-2

log {1 +

kv

logE [6t\57\—ﬂE(7-l7\—)|:| < @]ﬂ(ezt —-1)+ 74(7 Y

2
For any ¢ > 0, by the Chernoff bound,

[Enl 22ty kY
P[|5ﬂmE(Hn)IZTk]§exp< t7, + P p* (e 1)+4(2+7) :

Pick t = £ log ( ) Then ¢ > 0 by the assumption 7, > |E;|p?. We obtain

|5|

Th Tk e |Exlp? ky
> 1] < -z 5> = ‘
Pll&x NEHx)| = 7k _GXP< 2 log(‘&r]ﬂ) A 2 Jr4(2er

C.3. Proof of Lemma 14

Lemma 14 Recall that ¢(vy) = (1 + v)log(1 + v) — v and n,v > 0. If n <
(1+v)(1—n)>1and

7
) then

PlL=n)(A+7)—1] >

Proof We note that (1++)(1—n) >1+~v—7 > 1and

B(7). 19)

PlA=n)(1+7v) -1 =1+y1-=n)log[(1+7)(1—n)]—[1+7)(1—-n)—1]
=(1—=n)[1+v)log(l1 +7) =]+ (1 +7)(1—n)log(l—n)+mn
>(1=n) [T +y)log(1+7) =]+ A +7)(=n) +n
=(1—=n)[(1+~)log(l +7) =] =17,

23



HUANG SONG YANG

where the last inequality is due to the fact that (1 — z)log(1 — ) + x > 0 forany 0 < x <
1 . 2 2
land 0 < p < ﬁ < 7 Smcelog(l—l—v)—ﬁ > 2(1177)2, we have 7y < 4(1774”)

3 [(1 + ) log(1 + ) — 7). Therefore,

IA

AL =) +7) =1 =1 —=n) [(1+7)log(1+~) =] —nv

where the last inequality is due to 0 < n < m < %. |

C.4. Proof of Lemma 15

Lemma 15 For binary entropy function h(x) = —zlogx — (1 — x)log(1l — ), ¢(x) = (1 +
x)log(1 + x) — = and any constant § € (0,1), when m > logn,

mzl exp [—mh (Z)] < (logn) @

k=dém

Proof We note that

S el ()] < R (3)]

k=dm k=1
(a) m
<2 exp [—klog (?)]
1§k’§%
m —k
<2 Z exp [—klog (?H +2 Z 2
1<k<2logm 2logm<k<7F

(b)
< 2-exp(—logm) - (2logm) 4 2-272108™ < (logn)~1Ho),

where (a) is because h(x) = h(1 — ) and h(z) > —zlogz and (b) is because m > logn. [ |

C.5. Proof of Lemma 16

Lemma 16 For P ~ Bern(p,p, p) and Q ~ Bern(p, p,0), the KL-divergence between P and Q)
can be upper bounded by:

D(P||Q) < 25p*¢().

24



ALIGNMENTS OF PARTIALLY CORRELATED GRAPHS

Proof By direct calculation,

Pa
DIPIQ)= S puston | ey s
{a,b}€{0,1} P p

=[p* + pp(1 — p)] log |1+ - +2p(1 = p)(1 — p)log(1 — p)

+[(1=p)* + pp(1 —p)

<3
0Q
[t
_|_
) X
3
N———

< [p* +pp(1 —p)]log |1+ p(lp_ D) 2p(1 —p)(1 = p) - (=p)
1P
+[(1=p)?+ pp(1 - p)] - s
=[p* + pp(1 — p)] log [1 + p(lp_p)] — pp(1 = p) + p* [2p(1 — p) + p*] .

2(z+1)2

P2 _ pP=p)? o P*[2p(1-p)+p?]

Since log(1 + z) > - + =% forany 2 > 0, we get p2 [(1 + v)log(1 + ) —~] > pw).
25 = 3 > 51 f0r0<p§%,weget

When v < 3, since

D(P||Q) < p? [(1+7)log(1 +7) —~] + p* [2p(1 — p) + p*] < 25p* [(1 +7)log(1 +7) —].

When v > 3, since p? [(1 +7)log(1 +7) — ] > p?>y(log4 — 1) = (log4 — 1)pp(1 — p) and
p? [2p(1 — p) + p*] < 3pp(1 — p), we get

D(P(|Q) < p*[(1 +7)log(1+7) =]+ p” [2p(1 — p) + p°]

< (bgél—l - 1) P (1 +7)log(1 +7) — 4] < 25p* [(1+ ) log(1+7) — ]

Therefore, we get D(P||Q) < 25p2¢(7). [ |

C.6. Proof of Lemma 17
Lemma 17 (Chernoff’s inequality for Binomials) Suppose £ ~ Bin(n, p), denote ;. = np, then

P> (1+0)u] <exp{—p[(1+3)log(l+0)—0l}, (20)

52
PE<(1—0)u] <exp 5 ) (2D

We also have 5
1
> < —_— .

Ple > (10 < oxp 575 @
Proof By Theorems 4.4 and 4.5 in Mitzenmacher and Upfal (2005) we have (20) and (21). Since
(I+9)log(l+4d)—9> %, we obtain (22) from (20). [ |
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