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Abstract— Motivated by various data science applications
including de-anonymizing user identities in social networks,
we consider the graph alignment problem, where the goal is to
identify the vertex/user correspondence between two correlated
graphs. Existing work mostly recovers the correspondence by
exploiting the user-user connections. However, in many real-
world applications, additional information about the users,
such as user profiles, might be publicly available. In this
paper, we introduce the attributed graph alignment problem,
where additional user information, referred to as attributes,
is incorporated to assist graph alignment. We establish both
the achievability and converse results on recovering vertex
correspondence exactly, where the conditions match for certain
parameter regimes. Our results span the full spectrum between
models that only consider user-user connections and models
where only attribute information is available.

Index Terms— Graph theory, statistics, inference algorithms.

I. INTRODUCTION

HE graph alignment problem, also known as graph

matching problem or noisy graph isomorphism problem,
has received increasing attention in recent years, brought into
prominence by applications in a wide range of areas [l],
[2], [3]. For instance, in social network deanonymization [4],
[5], two graphs are given, each of which represents the
user relationship in a social network (e.g., Twitter, Facebook,
Flickr, etc.). One graph is anonymized and the other graph has
user identities as public information. Then the graph alignment
problem, whose goal is to find the best correspondence of the
two graphs with respect to a certain criterion, can be used
to de-anonymize users in the anonymous graph by finding
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the correspondence between them and the users with public
identities in the other graph.

The graph alignment problem has been studied under var-
ious random graph models, among which the most popular
one is the Erdds—Rényigraph pair model (see, e.g., [6], [7],
[8]). In particular, two Erd6s—Rényi graphs on the same vertex
set, G1 and G, are generated in a way such that their edges
are correlated. Then G; and an anonymous version of Ga,
denoted as GY, are made public, where G is modeled as
a vertex-permuted G5 with an unknown permutation. Under
this model, typically the goal is to achieve the so-called exact
alignment, i.e., recovering the unknown permutation and thus
revealing the correspondence for all vertices exactly.

A fundamental question in the graph alignment problem
is: when is exact alignment possible? More specifically, what
conditions on the statistical properties of the graphs are
required for achieving exact alignment when given unbounded
computational resources? Such conditions, usually referred to
as information-theoretic limits, have been established for the
Erd6s—Rényi graph pair in a line of work [6], [7], [8], [9]. The
best known information-theoretic limits are proved in [8] and
[9], where the authors establish nearly matching achievability
and converse bounds.

In many real-world applications, additional information
about the anonymized vertices might be available. For exam-
ple, Facebook has user profiles on their website about each
user’s age, birthplace, hobbies, etc. Such associated informa-
tion is referred to as attributes (or features), which, unlike user
identities, are often publicly available. Then a natural question
to ask is: Can the attribute information help recover the vertex
correspondence? If so, can we quantify the amount of benefit
brought by the attribute information? The value of attribute
information has been demonstrated in the work of aligning
Netflix and IMDb users by Narayanan and Shmatikov [10].
They successfully recovered some of the user identities in the
anonymized Netflix dataset based only on users’ ratings of
movies, without any information on the relationship among
users. In this paper, we incorporate attribute information to
generalize the graph alignment problem. We call this problem
the attributed graph alignment problem.

To investigate the attributed graph alignment problem,
we extend the current Erdés—Rényi graph pair model and
we refer to this new random graph model as the attributed
Erd6s-Rényi pair model G(n,p;m,q). For a pair of graphs,
G and (o, generated from the attributed Erd6s—Rényi pair
model, each graph contains n user vertices and m attribute
vertices (see Figure 1). Here, the user vertices represent the
entities that need to be aligned; while the attribute vertices
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user vertex [ )
attribute vertex O

user-user edge
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Fig. 1. Example of attributed Erdés—Rényi graph pair: Graph G1 and G2 are
generated on the same set of vertices. Anonymized graph G, is obtained
through applying IT* = (1)(2,3) only on V. of G2 (permutation IT* is
written in cycle notation).

are all pre-aligned, reflecting the public availability of the
attribute information. There are two types of edges in each
graph, i.e., edges between user vertices and edges between
user vertices and attribute vertices. Here, edges between user
vertices represent the relationship between users (e.g., friend-
ship relations in a social network); edges between user vertices
and attribute vertices encode the side information attached to
each user (e.g., user profiles in a social network). These two
types of edges are correlatedly generated in the following way:
for a user-user vertex pair (4, ), the edges connecting them
follow a distribution p = (p11, P10, Po1, Poo), Where p1; is the
probability that ¢ and j are connected in both G; and G2, and
D10, Po1, Poo represent the three remaining cases respectively:
1,7 are only connected in G1, only connected in G2, and not
connected in neither GG; nor Go; for a user-attribute vertex
pair, the edges connecting them are generated in a similar way
following a distribution g = (q11, ¢10, 901, 900)- This random
process creates an identically labeled graph pair (G, G2) with
similarity in both the graph topology part (user-user edges)
and the attribute part (user-attribute edges). The graph G, is
then anonymized by applying a random permutation on its
user vertices and the anonymized graph is denoted as Gj.
Under this formulation, our goal of attributed graph alignment
is to recover this unknown permutation from G; and G, by
exploring both the topology similarity and attribute similarity.

Under our attributed Erdés—Rényi pair model, we use the
maximum a posterior (MAP) estimator for aligning (G1, G5),
and establish the achievability and converse results for exact
alignment. To get an intuitive understanding of how the
existence of attribute information contributes to exact graph
alignment, we present a simplified result by restricting the
graph parameters to a certain regime, while deferring the
general result to Section III. In this regime we assume that
the correlation coefficient of the user-user edges is at least
Q(%) and correlation coefficient of the user-attribute

/
edges is at least Q(%) Together with two other

conditions on the edge sparsity, we establish the following
asymptotically matching achievability and converse results as
n — 0o (See Corollary 1 for the formal statement).
o If np11 + mqgy1 — logn — oo, then there exists an
algorithm that achieves exact alignment with high prob-
ability (w.h.p.).

5911

mqia

/Poozl

e Erd&s—Rényi
Seeded

Bipartite

qoo =1

logn + w(1) np11

Fig. 2. The green region in the figure is information theoretically achievable
and the shaded grey region is not achievable. The three lines in the figure
represent three specialized settings: the blue line (correlated Erd&s—Rényi
model) is obtained by setting goo = 1; the yellow line (seeded Erdés—Rényi
model) is obtained by setting p = g; the red line (correlated bipartite model)
is obtained by setting ppo = 1. Their intersections with the achievable and
non-achievable region give the information-theoretic limits of the correlated
Erd6s—Rényi model, seeded Erd6s—Rényi model and the correlated bipartite
model separately.

o If mp11 + mgi1 — logn — —oo, then no algorithm
guarantees exact alignment w.h.p.

The achievability and converse results are illustrated in
Figure 2. Here, npy1 is the average number of common users
between (G; and G that are connected to an identical user
vertex, and mgq; is the average number of common attributes.
Intuitively, the key quantity np;1 + mgqi1 (average common
vertex degree) quantifies the topology and attribute similarity
between (G; and G,. The above results simply show that if
this similarity measure is large enough, then exact alignment is
achievable, or otherwise no algorithm can exactly recover the
true alignment. It is also worth noting that the average common
vertex degree in attribute mgqq; highlights the extra benefit
from attribute information, compared to the achievability result
np11 — logn — oo when the attribute is not available.

From the information-theoretic limits we derive for the
attributed graph pair, we could obtain information-theoretic
limits on other existing random graph models as special cases
(see Figure 2). Below we highlight how the specializations of
our results compare with the existing graph alignment litera-
ture under three specialized settings. The detailed comparison
is given in Section IV.

o Specializing our model by setting gopg = 1, we remove
the effect of the attribute vertices and get the correlated
Erd6s—Rényi graph pair model.

Our specialized results recover the information-theoretic
limits on Erd6s—Rényi graph alignment in [9].

o Specializing our model by setting p = g, we can then
treat the m attribute vertices as pre-aligned user vertices
and obtain the seeded Erd6s—Rényi model. Our specialized
result reveals certain achievable and converse region that
is unknown in the literatures [9], [11], and [12].

o Specializing our model by setting pgy = 1, we remove
all of the user-user edges and obtain the correlated bipar-
tite graph pair model. Our specialized achievability result
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recovers the best-known achievable region for bipartite
alignment in the literature [13], and reveals certain con-
verse region that is unknown in [13].

The main contributions of this paper are summarized as
follows.

1) Model Formulation. We propose the attributed Erd6s—
Rényi pair model, which incorporates both the graph
topology similarity and the attribute similarity. Such model
formulation allows us to align graphs with the assistance of
publicly available side information. Moreover, our model
serves as a unifying setting in the graph alignment literature
and includes several popular models as its special cases.

2) Information theoretic limits. We establish achievability
and converse results on exactly aligning random attributed
graphs, where the conditions are tight under certain param-
eter regimes.

Our results span the full spectrum from the traditional
Erd6s—Rényi pair model where only the user relationship
networks are available to models where only attribute
information is available, unifying the existing results in
each of these settings.

When specialized to the seeded graph alignment and
bipartite graph alignment models, our result reveals certain
achievable and converse region that is unknown in the
literature.

3) Proof techniques. The proof techniques for the achiev-
ability results are mainly inspired by the previous study
on Erdés—Rényi graph alignment [9]. For the converse
results, we study the phase-transition phenomenon on the
existence of indistinguishable vertex pairs, which may be
of independent interest.

A. Related Work

The exact graph alignment problem has been studied under
various random graph models. One of the most popular
random graph models is the correlated Erd6s—Rényi pair
model G(n,p), which generates simple graph pairs without
any side information. Under this model, the optimal alignment
strategy, derived from the MAP estimator, is enumerating
all possible permutations in order to make the two graphs
achieve the maximum edge overlap. While the optimal strategy
requires exponential time complexity, numerous studies have
proposed polynomial-time approaches that exactly solve the
graph alignment problem with high probability [14], [15], [16],
[17], [18].

Here, we do not attempt to provide further detailed dis-
cussions on efficient algorithms, but focus on surveying the
information-theoretic limits of exact alignment. Currently, the
best-known information-theoretic limits on Erd6s—Rényi graph
alignment are shown in [8] and [9] by analyzing error event
of the MAP estimator. In [9], the authors prove achievability
in the regime n(,/p11poo — /P1oPo1)* > (2 + €) log n. Under
certain sparsity conditions, they also show that the achievable
region can be improved to np1; > logn + w(1). In [8], the
authors consider a special case of the Erd6s—Rényi graph pair
model called symmetric subsampling model. In this model, it is
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assumed that

p11 = ps®, po1 = pro = ps(1 — ), poo = 1 — 2ps + ps®
(1

for some p,s € [0,1]. Under this model, the authors prove
the achievability in the regime n(,/p11poo — \/p10p01)2 >
(1 + €)logn. For the converse, [9] proves that the permu-
tation cannot be exactly recovered with high probability if
np11 < logn — w(1l) by showing the existence of isolated
vertices in the intersection graph G A G3. Under the general
Erd6s—Rényi graph pair model, [8] shows the impossibility of
exactly recovering the permutation in the regime n(,/p11poo —
VP1opo1)? < (1 — €)logn by showing the existence of
permutations that fails the MAP estimator by swapping two
vertices. To summarize the aforementioned results, matching
achievability and converse for exact recovery is derived under
certain sparsity assumptions in [9], and for the special case
of the symmetric subsampling model, [8] provides almost
tight achievability and converse bounds, with a gap of width
2elogn between the established bounds. Closing the gap for
the general Erd6s—Rényi graph pair model is still an open
problem.

Recently, there has been a growing interest in studying
graph alignment with side information. For example, in the
seeded alignment setting, the side information appears in
the form of a partial observation of the latent alignment.
For the seeded graph alignment problem, there have been a
number of studies concentrating on designing polynomial-time
algorithms with performance guarantees [11], [19], [20]. Some
other more general settings treat any form of side information
as vertex attributes and formulate this as the attribute graph
alignment problem [21].

There is a line of empirical studies on the attributed graph
alignment [21], [22], [23], yet, to the best of our knowledge,
there is no known result on information-theoretic limits on
graph alignment with attribute information.

II. MODEL

In this section, we describe the attributed Erd&s—Rényi
graph pair model. Under this model formulation, we formally
define the exact attributed graph alignment problem. An illus-
tration of the model is given in Figure 1.

A. User Vertices and Attribute Vertices

We first generate two graphs, G; and G5, on the same vertex
set V. The vertex set V consists of two disjoint sets of vertices,
the user vertex set V, and the attribute vertex set V,, i.e.,
YV = V. U V,. Assume that the user vertex set V), consists of
n vertices, labeled as [n] £ {1,2,3,...,n}. Assume that the
attribute vertex set V, consists of m vertices, and m scales as
a function of n.

B. Correlated Edges

To describe the probabilistic model for edges in G; and G,
we first consider the set of user-user vertex pairs &, 2P, xV,
and the set of user-attribute vertex pairs £, = V, x V.. Then for
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each vertex pair e € £ £ £, U &,, we write Gy (e) = 1 (resp.
Gz(e) = 1) if there is an edge connecting the two vertices
in the pair in Gy (resp. G2), and write G1(e) = 0 (resp.
G2 (e) = 0) otherwise. Since we often consider the same vertex
pair in both G; and G3, we write (G, G2)(e) as a shortened
form of (G1(e), Ga(e)).

The edges of G; and G, are then correlatedly generated
in the following way. For each user-user vertex pair e € &,
(G1,G2)(e) follows the joint distribution specified by

W.p. P11,

P1o,
Po1,
Poo,

)

(1
_ )@
(G120 =1 g 0]

W.p.

)

1)
0) w.p.
1)

(0,0) w.p.

where D11, P10, Po1, Poo are probabilities that sum up to 1. For
each user-attribute vertex pair e € &,, (G1,G2)(e) follows the
joint probability distribution specified by

(1,1)
(1,0)
(0,1)
(0,0)

w.p.
w.p.
Ww.p.
w.p.

q11,
q10,

(G1,Ga)(e) = 3

qo1,
400,

where ¢11,q10,901,Goo are probabilities that sum up to 1.
The correlation between G1(e) and Gz(e) is measured by the
correlation coefficient defined as

o) & __CoUGi(€),Ga(e))
Var[Gr (0)]VarlGa(e)]

where Cov(G1(e),Ga(e)) is the covariance between Gy(e)
and Gz(e) and Var[G1(e)] and Var[Gz(e)] are the variances.
We assume that G1(e) and Gz(e) are positively correlated,
i,e., p(e) > 0 for every vertex pair e. Across different vertex
pair e’s, the (G, G2)(e)’s are independent. Finally, recall that
there are no edges between attribute vertices in our model.

For compactness of notation, we represent the joint distri-
butions in (2) and (3) in the following matrix form:

p= <p11 p10) and q= <Q11 (J10> )
Po1  Poo qo1  qoo
We refer to the graph pair (G1,G2) as an attributed Erd8s—

Rényi pair G(n, p, m, q). Note that this model is equivalent to
the subsampling model in the literature [6].

C. Anonymization and Exact Alignment

In the attributed graph alignment problem, we are given
G1 and an anonymized version of G, denoted as G5. The
anonymized graph G) is generated by applying a random
permutation IT* on the user vertex set of G5, where the
permutation IT* is unknown. More explicitly, each user vertex
i in Gg is re-labeled as IT*(¢) in GY%. The permutation IT*
is chosen uniformly at random from S,,, where S,, is the set
of all permutations on [n]. Since Gy and G% are observable,
we refer to (G1,G%) as the observable pair generated from
the attributed Erd6s—Rényi pair G(n, p, m, q).

Then the graph alignment problem, i.e., the problem of
recovering the identities/original labels of user vertices in the
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anonymized graph GY, can be formulated as a problem of
estimating the underlying permutation IT*. The goal of graph
alignment is to design an estimator 7(G1, G5) as a function of
G1 and G}, to best estimate IT*. We say 7(G1,GY) achieves
exact alignment if #(G1,G%) = IT*. The probability of error
for exact alignment is defined as P(#(G1, G%) # II*). We say
exact alignment is achievable with high probability (w.h.p.) if
there exists 7 such that lim, o, P(7(G1,G) # II*) = 0.

D. Reminder of the Landau Notation

Notation Definition
f(n) = w(g(n)) Tim il = oo
f(n) = olg(n)) lim Pl =0
f(n) =0(g(n)) lim sup |£EZ§| < o0
Fn) = 9(g(n) lim inf 4291 >
f(n) =0(g(n)) fn)=0(g(n)) and f(n) = Q(g(n))

III. MAIN RESULTS

In this section, we state the achievability results (Theorem 1
and Theorem 2) and the converse result (Theorem 3). To better
demonstrate the benefit from attribute information, we also
present a simplified version of the results under certain sparsity
and correlation assumptions as Corollary 1.

Throughout the remainder of the paper, we define

Yu 2 (/P11P00 — v/P1oPo1)’ 4
Vo £ (V11900 — V/q10901)>- 6]

Theorem 1 (General Achievability): Consider the attributed
Erd8s—Rényi pair G(n, p;m, q). If

%nwu +mi, —logn = w(l), (6)

then the MAP estimator achieves exact alignment w.h.p.
Theorem 2 (Achievability in Sparse Region): Consider the
attributed Erd6s—-Rényi pair G(n, p;m, q). If

p11 =0 (k’%) 7 7
P10 + po1 = O (@) 7 )
oo =0 () ©)

np11 + mp, —logn = w(1), (10)

then the MAP estimator achieves exact alignment w.h.p.
Theorem 3 (Converse): Consider the attributed FErdds—
Rényi pair G(n, p;m,q). If

—nlog(l —2p11 + 2p§1) —mlog(l —2q11 + 2qf1)
—2logn — —o0,

1L

then for any estimator, the probability of error is bounded away
from zero.

To better illustrate the benefit of attribute information in
the graph alignment problem, we present in Corollary 1 a
simplified version of our achievability result by adding certain
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conditions on the sparsity and correlation of the two graphs.
To make the notation compact, we consider the equivalent
expression from the subsampling model, where

P11 Pi1o
Po1  DPoo
Psu,1 (1 — su2) )

_ DPSu,15u,2
p(]- - Su,l)su,Q p(]- - Su,1)<1 - Su,Z) + 1- p

and
q11 410
qgo1  qoo
_ 4Sa,15a,2 qsa,l(l - 5a,2)
q(]- - Sa,l)sa,Q Q(l - Sa,l (]- - 53,,2) + ]- —q '

Under the subsampling model, the generation of GG; and G is
modelled as a two-step random process. We first generate a
base graph GG, where an edge exists between each user-user
pair with probability p and an edge exists between each
user-attribute pair with probability ¢g. To generate graph Gy,
each user-user edge in G is kept with probability s, ; and
each user-attribute edge in G is kept with probability s, ;.
Similarly G5 is generated by keeping each user-user edge in
G with probability s, 2 and each user-attribute edge in G' with
probability s, 2. A random permutation is then applied on the
user of G5 to generate GG. As a mild restriction on the sparsity
of the graphs, we assume that the base graph edge probabilities
p and ¢ are not going to 1, i.e.,

1—¢=06(1).

(12)
13)

Moreover, we assume the following bounds on the vanishing
speed of subsampling probabilities s, 1, Su,2, Sa,1 and S, 2

1 4
Sui5uz = O <(°g”)> , (14)
n
1 3
Sa18a2 = O (W‘")> . (15)
m
Corollary 1 (Simplified Achievability): Consider the
attributed ~ ErdGs-Rényi  pair  G(n,p;m,q).  Under
conditions (12)-(15), we have tight achievability and

converse for exact recovery. That is if

np11 +mqi1 — logn — oo, (16)
then the MAP estimator achieves exact alignment w.h.p, and
if

np11 +mqi1 —logn — —oo, (17)
then the error probability of any estimator is bounded away
from zero.

The proof of Corollary 1 can be found in Appendix F.
We visualize the matching achievability and converse results
under conditions (12)-(15) in Figure 2. How to close the gap
in the case where at least one of (12)-(15) is not satisfied is
an open problem.
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IV. COMPARISON

In this section, we specialize our main results (Theorems 1,
2, and 3) on exact alignment of the attributed Erd6s—Rényi pair
model to three closely related graph alignment problems: the
Erd6s—Rényi graph alignment, the seeded Erd6s—Rényi graph
alignment, and the bipartite graph alignment. We compare
them with the best-known results in the literature. The main
purpose of this comparison is to illustrate that our general
results on the attributed graph alignment problem can recover
most of the best-known existing results on these three spe-
cialized problems, and improve the state-of-the-art in certain
cases. While it is possible that the best-known results can be
further improved to get sharper bounds, this refinement is not
the main focus of our comparison.

A. Erdds—Rényi Graph Pair

The correlated ErdGs-Rényi pair model G(n,p) is the
setting most commonly studied for graph alignment tasks
that consider only graph topology similarity [6], [7], [8], [9],
[14]. This model generates graph pairs that contain only user
vertices. For a pair of graphs GG1, G2 obtained from this model
G(n,p), we use V, to denote their vertex set and |Vy| = n.
The edges in G; and G5 are generated jointly in the following
way: for a pair of users e € (V;), we have

(1,1) w.p. p11,
(1,0) w.p. p1o,
(0,1) w.p. po1,
(0,0) w.p.

(G1,G2)(e) = (18)

Poo-

The anonymized graph GY is obtained by applying a random
permutation IT* on the vertices of Go. This model can be
specialized from the attributed graph pair model by setting
the number of attributes m = 0 or ¢oo = 1. For aligning
the correlated Erd6s—Rényi pair, the best-known information-
theoretic limits are established in [8] and [9] and we state the
combined results here for ease of comparison.

Theorem 4 (Best-Known Information Theoretic Limits
[8], [9]): Consider the correlated Erd6s—Rényi pair G(n, p).

Achievability If

ny, > 2logn + w(l), (19)
or
=0 (k) (20)
P10+ por = O (@) ; 2n
o). o
np11 = logn + w(1), (23)
then the MAP estimator achieves exact alignment w.h.p.
Converse If there exist a constant € € (0,1) such that
ny < (1 —€)logn, (24)
or
npi1 < logn —w(1), (25)
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then for any estimator, the probability of error is bounded away
from zero.

Remark 1: We point out that in the dense regime, i.e.,
at least one of conditions (20), (21) and (22) is not satisfied,
Theorem 4 in [8] provides a tighter achievability result.
However, as we mentioned in the introduction, the result
is limited to the symmetric subsampling model (1). In this
section, we focus on the comparison under the general Erd&s—
Rényi pair model, so the result from Theorem 4 in [8] is not
listed as one of the best known information theoretic limit.
On the other hand, the converse result in [8] is not limited to
the symmetric subsampling model. Thus, we include the result
as equation (24) in Theorem 4.

We now specialize the attributed Erdés—Rényi pair model
to the correlated Erdés—Rényi pair by setting goo = 1.
Theorems 1, 2, and 3 simplify to the following.

Theorem 5 (Specialization from attributed Erds—Rényi
pair): Consider the attributed ErdGs—Rényi pair G(n, p; m, q)
with qoo = 1.

Achievability: 1f

ny > 2logn + w(l), (26)
or
p11 =0 <loin) ; (27)
P10 + po1 = O (loén) ; (28)
PioPo1 1
P11Poo o <(1°g")3) ’ 9
np11 = logn + w(1), (30)

then the MAP estimator achieves exact alignment w.h.p.
Converse: If

np1 < logn — w(1),

then for any estimator, the probability of error is bounded away
from zero.

Remark 2: When specialized to the Erd6s—Rényi pair
model, our achievability result recovers the best-known achiev-
ability result from [8] and [9], while our converse result is a
strict subset of that given by conditions (24) and (25). To see
the achievability results in Theorems 4 and 5 are equivalent,
we observe that the difference between the region character-
ized by (20)—(23) and the region characterized by (27)—(30) is
given by pi; = w(lOTgl”) and p1; = O(@). However, under
the assumptions (28) and (29), we know that pgg = 1 — o(1)
and BOPOL — (1), If p;; = w(h’%), then these further

PooP11
imply that 1, = (1 + o(1))pupoo = w(%%), ie., the
difference between the two regions falls in the achievable
region characterized by (26). Thus, the achievability region
in Theorem 5 is exactly the same as that in Theorem 4. For
the converse, it is an open question whether a converse result
for the attributed Erd6s—Rényi pair model can be established,
which recovers condition (24) when specialized to the Erd6s—

Rényi pair model.

B. Seeded Erdds—Rényi Graph Pair

In the seeded graph model G(n,m,p), a pair of graphs
G1, Gy are generated from the correlated Erd6s—Rényi pair
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model G(n-+m, p). Then the anonymized graph G is obtained
by applying a random permutation on the vertices of Go.
In addition to knowing G and GY, in the seeded graph setting,
we are also given the true alignment on a set of the user
vertices, which is known as the seed set ;. The number of
aligned pairs in Vs is a fixed number m. The seeded alignment
problem has been studied by [5], [11], [19], [24], and [25].1
Moreover, achievability results on unseeded graph alignment
problem also trivially imply achievability results on seeded
graph alignment problem. To the best of our knowledge,
the best information-theoretic limits of the seeded alignment
problem are given by [9], [11], and [12]. For the simplicity of
our discussion, we focus only on the symmetric subsampling
model (1) with sparsity conditions

(logn)?
p=1 @(l)ands—Q( NG )
Theorem 6 (Best-Known Information-Theoretic Limits in
the Sparse and Symmetric Regime [9], [11], [12]): Consider
the seeded ErdGs—Rényi graph pair G(n, m, p) satisfying con-
ditions (1) and (31).
Achievability from [9]: Assume

€1y

(n+m)p11 = log(n+m) +w(1). (32)

Then the unseeded MAP estimator achieves exact alignment
w.h.p.
Achievability from [12]: Assume s = ©(1) and p = o(1).
1) In the regime where mpi; = Q(logn), if for a constant
€ > 0, we have

(n+m)p11 > (1+¢)logn, (33)

then the ATTRRICH algorithm in [12] achieves exact
alignment w.h.p.

2) In the regime where mpi; = o(logn), if for a constant
7 > 0, we have

np11 = logn + w(1), (34)
2logn
7log(p11/(p11 + p10)?)’
then the ATTRSPARSE algorithm in [12] achieves exact

alignment w.h.p.

mpi1 > (35)

Converse from [11] Consider the seeded Erd6s—Rényi graph
pair G(n,m,p). If

(n+m)p1; <log(n+m)+O(1) and m = O(n),

then for any estimator, the probability of error is bounded away
from zero.

Remark 3 (Efficient Algorithms for Seeded Graph Align-
ment): We comment that the seeded graph alignment
algorithms proposed in [11] and [12] can be implemented
polynomial-time, while the unseeded MAP estimator in [9]
requires exponential time to implement. Under the seeded
graph alignment problem, the best-known feasible range of

'In the literature, both random [5] and deterministic [24] seed sets are
considered. Here, we focus on the deterministic seed set setting which is
closely related to our attributed Erd6s—Rényi pair model.
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graph parameters for achieving exact recovery by efficient
algorithms is given together by [11] and [12].

To compare the best-known information-theoretic limits of
the seeded Erdés—Rényi alignment with our results, we spe-
cialize the attributed Erdés—Rényi pair model by setting p = q,
where m attribute vertices are pre-aligned seeds. Notice that
a small difference between the G(n,p;m,p) model and the
seeded model G(n, m,p) is that there are no edges between
the seeds in the specialized model but those edges exist in
the seeded model. Such distinction may lead to a difference
in the design of seeded graph alignment algorithms (e.g.
algorithms from [11] exploit seed-seed edges). It turns out
that such seed-seed edges have no influence on the optimal
MAP estimators for the two models, which leads to the next
lemma.

Lemma 1: The information-theoretic limits on exact align-
ment in the seeded ErdGs—Rényi pair model G(n,m,p) and
the information-theoretic limits on exact alignment in the
specialized attributed Erd8s—Rényi pair model G(n, p;m,p)
are identical.

Proof: See Appendix B. (I

Based on Lemma 1, we directly obtain the achievability
and converse results on seeded graph alignment from The-
orems 1, 2, and 3 by setting p = q. In the following,
we demonstrate that the specialized result reveals certain
achievable and converse region for seeded graph alignment
that is unknown in the literature.

Theorem 7 (Specialization from attributed Erdds—Rényi
pair): Consider the attributed Erd6s—Rényi pair G(n, p; m, p).

Achievability: 1f

(n+m)yy > 2logn + w(l), (36)
or
=0 (58], (37)
P10 +po1 = O (@) ; (38)
% ~0 (ﬁ) , (39)
npi1 + my, = logn + w(1), (40)

then the MAP estimator achieves exact alignment w.h.p.
Converse: If

(n+m)pi <logn —w(l),

then for any estimator, the probability of error is bounded away
from zero.

Moreover, if the two seeded graphs G and G satisfy the
two assumptions (1) and (31), then we have the following
matching achievability and converse results.

Corollary 2 (Threshold for sparse seeded Erddos—Rényi
pair): Consider the seeded Erd6s—Rényi pair model G(n, m, p)
under conditions (1) and (31).

Achievability: 1f

(n+m)p11 > logn + w(1), 41)

then the MAP estimator achieves exact alignment w.h.p.
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Converse: If

(n+m)p11 <logn —w(l), (42)

then for any estimator, the probability of error is bounded away
from zero.
Proof: See Appendix G. ]

Remark 4: In Corollary 2, we obtain asymptotically tight
achievability and converse for seeded graph alignment under
the symmetric subsampling model satisfying conditions (1)
and (31).

Remark 5 (Comparison between achievability results):
The achievability result in Corollary 2 reveals certain
achievable region that is unknown in the literatures [9] and
[12]. In the regime of mpy; = Qlogn), if (n + m)p1y is
at least logn + w(1) but less than log(n + m) + w(1) and
(1 + €)logn for any constant ¢, exact alignment is known to
be achievable by Corollary 2, but not by Theorem 6. In the
following, we present an example which is in the achievable
region of Corollary 2, but not in the achievable region of
Theorem 6. Assume that

9 _logn + loglogn

m=mn", pi1 = , and pg1 = p1p = 0.

m+n
We see that condition (41) holds because (n+m)p11 = log n+
loglogn = logn+w(1). Moreover, condition (31) is satisfied
because s = 1 in this case. However, condition (32) (n +
m)p11 = log(n +m) + w(1) in Theorem 6 does not hold
because (n + m)p1; < 2logn < log(n + m) + w(1), and
condition (33) (n+m)p11 > (1+¢€)logn in Theorem 6 does
not hold because (n + m)p1; = logn + loglogn < (1 +
€) log n for any positive constant e. So this example lies in the
achievable region of Corollary 2, but not in that of Theorem 6.

However, we comment that the improvement mentioned
above is natural. In [9], the seedless graph alignment problem
is considered. The results in [9] is included in the comparison
because its achievable region for seedless graph alignment
trivially implies achievable region for seeded graph alignment.
When specializing the region in [9] to the scenario of seeded
graph alignment, both seed vertices and non-seed vertices
are viewed as vertices to align, and hence resulting in the
log(m+mn) terms on the right-hand side of (32). However, the
identities of the seed vertices are already known, and there
are actually just n non-seed vertices to align. This causes the
natural improvement to the logn term on the right-hand side
of (41). Moreover, note that this improvement is non-negligible
only when m = w(n), i.e., the number of seeds greatly
surpass the number of non-seeds. The improvement beyond
the achievable region in [12] is natural as well. This is because
the MAP estimation studied in this work requires exponential
computational time, while the algorithms in [12] can be
implemented in polynomial time. To make the comparison fair,
we also mention that there exists certain known achievable
region that is not covered by Corollary 2.

Remark 6 (Comparison  Between  Converse Results):
Corollary 2 includes certain converse region in the regime
m = w(n), while the converse region in Theorem 6 is
exclusive to the regime m = O(n). To make the comparison
fair, we comment that the converse bound of Theorem 6
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strictly contains the converse region of Corollary 2 in the
regime of m = O(n).

C. Bipartite Graph Pair

In the bipartite graph pair model G(n, m, q), each graph is
a bipartite graph on two disjoint set of vertices, i.e., the user
vertex set V), and attribute vertex set V,. The edges between
the two set of vertices are generated in a correlated way: for
e €V, XV,

w.p.
w.p.
w.p.
w.p.

q11,

q10,

(G1,G2)(e) = (43)

qo1,
q00-

The anonymized graph G, is obtained by applying a random
permutation IT* only on the user vertex set of G5. Aligning
such correlated bipartite graph is also known as a special
case of the database alignment problem [13]. The best-known
information-theoretic limits of database alignment are studied
in [13]. We restate the achievability and converse results
from [13] when specialized to the case of bipartite graph pair
alignment in Theorem 8.

Theorem 8 (Best-Known  Information-Theoretic ~ Limits
[13]): Consider the bipartite graph pair model G(n,m, q).

Achievability: If

—% log(1 — 2¢) > logn + w(1), (44)

then the MAP estimator achieves exact alignment w.h.p.

Converse: If

— % log(1 - 24) < (1 - (1) logm, (45)
then for any estimator, the probability of error is bounded away
from zero.

Remark 7: In [13], the left-hand side of both inequalities
in Theorem 8 are stated in a different, yet equivalent, form.
To state it, we need to introduce two definitions. Let A =
fx?ﬁ f“ﬁ be a 2 x 2 probability matrix with all non-negative
entries and Agg + A1 + Ao + A1 = 1. We define A®F
to be a 2¢ x 2F probability matrix with rows and columns
both indexed by {0,1}*, and for a,b € {0,1}*, we have
A®R = TIF_ A, .. Matrix A®F is called the kth fensor
pr(;duct of A. For a probability matrix A and an integer
Il > 2, we define the order-l cycle mutual information of
A to be I7(A) = L logtr((ZZT)"), where Z is a matrix
with same dimension as A and Z;; = \/A;; for any index
pair (é,7). In [13], the left-hand side of both inequalities are
given as 1I5(Q®™), where Q = %9 &1 . According to [13],
the cycle mutual information satisfies a nice property that
IS(Q®™) = mI$(Q). Furthermore, we can calculate the 2-
cycle mutual information of @ as I5(Q) = —log(1 — 2¢,),
which implies that 215(Q®™) = — 2 log(1 — 2¢,).

To compare our results with the best-known database align-
ment information-theoretic limits, we specialize the attributed
Erd6s—Rényi pair model to the bipartite graph pair by remov-
ing all of the edges between user vertices, i.e., pgo = 1.
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Correspondingly, we obtain the following achievable and con-
verse result on bipartite graph alignment from Theorems 1
and 3.

Theorem 9 (Specialization from attributed Erds—Rényi
pair): Consider the attributed Erd6s—Rényi pair G(n, p; m, q)
with Poo = 1.

Achievability: If

m, > logn + w(1), (46)
then the MAP estimator achieves exact alignment w.h.p.
Converse: If
mqi1 < logn — w(1), 47)

then for any estimator, the probability of error is bounded away
from zero.

Remark 8: The MAP estimator for bipartite graph align-
ment can be implemented by solving an assignment problem
using the Hungarian method within polynomial time [26].

Remark 9 (Comparison between achievable regions):
The achievable region in Theorem 9 is a strict subset
of the achievable region in Theorem 8. This because
—%log(l — 2¢,) > map,. However, in the derivation
steps (69)—(71) of Theorem 1, we were replacing the
logarithm term by applying log(1 + z) < . Without this
step of loosening the bound, equation (46) can be replaced
by —% log(l — 21,) > logn + w(1), which is the same
as equation (44). Therefore, although the achievability
region (46) in Theorem 9 does not directly recover the
achievable region (44) in Theorem 8, it can be improved
to the achievable region (44) by a slight modification of
derivations steps (69)—(71).

Remark 10 (Comparison Between Converse Regions): The
converse result (47) in Theorem 9 includes certain region
that is not covered by the best-known converse region for
bipartite alignment (45) in Theorem 8. This new region stems
from the difference between the —(1)logn term on the
right-hand side of (45) and the —w(1) term on the right-hand
side of (47). To illustrate the improved region, consider an
instance of the parameters satisfying q;1 = %
goo = 1 — q11, 901 = q10 = 0 and m = w(logn). Because
mqi1 = logn — loglogn < logn — w(1), this instance of
parameters is in the converse region given by (47). However,
this instance is out of the converse region (45), because

m m
-3 log(1 —2¢,) = -3 log(1 — 2(v/q11900 — v/@01¢10)%)

m
=5 log(1 — 2qooq11)

i

m
> 52%0%1

= (logn —loglogn)(1 — o(1))
> (1 —-Q(1))logn.
To make the comparison fair, we comment that there also

exists certain converse region given by (45), which is not
covered by (47).

V. PROOF OF CONVERSE STATEMENT

In this section, we give a detailed proof for Theorem 3.
Let (G1, G2) be an attributed Erd6s—Rényi pair G(n, p;m, q).
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In this proof, we will focus on the intersection graph of G; and
(2, denoted as GG1 A G2, which is the graph on the vertex set
YV =V, UV, whose edge set is the intersection of the edge
sets of G; and G2. We say a permutation 7 on the vertex set
V, is an automorphism of Gy A G if a user-user pair (3, j)
is in the edge set of G; A Gy if and only if (7(7),n(j)) is
in the edge set of G; A Go, and a user-attribute pair (i, a)
is in the edge set of Gi A Gy if and only if (7(i),a) is in
the edge set of G1 A Gs i.e., if m is edge-preserving. Note
that an identity permutation is always an automorphism. Let
Aut(G1 A G3) denote the set of automorphisms of G1 A Gs.
By Lemma 2 below, exact alignment cannot be achieved w.h.p.
if Aut(G1 A G3) contains permutations other than the identity
permutation. This allows us to establish conditions for not
achieving exact alignment w.h.p. by analyzing automorphisms
of Gl A GQ.

Lemma 2: Let (G1,G2) be an attributed Erd6s—Rényi pair
G(n,p;m, q). Given |Aut(G1AG2)|, the probability that MAP
estimator succeeds is at mf)st ANt (GiAG) ‘

The proof of Lemma 2 is deferred to Appendix C.

In the proof of Theorem 3, we will further focus on the
automorphisms given by swapping two user vertices. To this
end, we first define the following equivalence relation between
a pair of user vertices. We say two user vertices ¢ and j
(i # j) are indistinguishable in G1 N\ G4, denoted as i = j,
if (G1 AG2)((3,v)) = (G1 AN G2)((j,v)) for all v € V. Tt is
not hard to see that swapping two indistinguishable vertices
is an automorphism of G; A G, and thus |Aut(G1 A Ga) \
{identity permutation}| > |{indistinguishable vertex pairs}|.
In the lemma below, we establish the sharp threshold for the
existence of indistinguishable vertex pair.

Lemma 3 (Sharp Threshold for Indistinguishable Pair):
Let (G1,G2) be an attributed Erd6s—Rényi pair G(n, p; m, q)
and let G = G1 A Go. If

—nlog(1 — 2p11 +2p3;) — mlog(1 — 2q11 + 247,)

—2logn — —o0, (48)

then with high probability, there exists at least one pair of
indistinguishable vertices.
Conversely, if

—nlog(1 — 2p11 + 2p7,) — mlog(1 — 2q11 + 247,)

—2logn — oo, (49)

then with high probability, there exists no indistinguishable
vertex pairs.

The proof of Lemma 3 is deferred to the end of this section.
We complete the proof of Theorem 3 based on Lemma 3 in
the following.

Theorem 10 (Converse): Consider the attributed Erd0s—
Rényi pair G(n, p;m,q). If

—nlog(l — 2p11 + 2p%,) — mlog(1 — 2q11 + 2¢3,)
—2logn — —o0,

(11

then for any estimator, the probability of error is bounded away
from zero.

Remark 11: A novelty in the converse proof is that we
show the existence of indistinguishable user pairs under the

IEEE TRANSACTIONS ON INFORMATION THEORY, VOL. 70, NO. 8, AUGUST 2024

attributed Erd6s—Rényi graph pair model, while the converse
proof in [9] shows the existence of isolated vertices under the
Erd6s—Rényi graph pair model. The reason why we take a
different approach from [9] is because (11) cannot guarantee
the existence of isolated user vertices with high probability.
To see this, let us consider the example of p1; = 0'51%
logn and ¢1; = 0.49. In this case, (11) is satisfied because
—nlog(1—2p11 +2pf;) —mlog(l —2qu1 +247;) < 2npu +
2mqi1 = 1.98logn, where the inequality follows because
—log(1 — 2z + 22%) < 2z for any > 0. It is not hard
to see that the expected number of isolated vertices can be
calculated as n(1 — p11)" (1 — gi1)™. It follows that

)

P(3 an isolated vertex )

< E[# isolated vertices]

=n(1—p)" (1 —qu)"

< exp(logn — (n — 1)p1; +10g0.51 x logn)

= exp(logn — 0.5logn + log 0.51 x logn)

~ exp(—0.17logn) — 0,
i.e., the expected number of isolated vertices goes to zero.
So with high probability, there exist no isolated vertices in the
graph.

Proof: [Proof of Theorem 3] Let X denote the number

of indistinguishable user vertex pairs in G, i.e.,

> K=}

1<j: 1,jEVu

X =

By Lemma 3, we know that P(X = 0) = o(1). Now we
derive an upper bound on the probability of exact alignment
under the MAP estimator, which is also an upper bound for
any estimator since MAP minimizes the probability of error.
Note that by Lemma 2, P(myap = IT¥| X = ) < %H, which
is at most 1/2 when x > 1. Therefore,

P(ﬂ'MAp = H*) = P(7T1\/IAP = H*|X = O)P(X = 0)
+P(mvap =II"|X > DHP(X > 1)

<P(X =0)+ ZP(X > 1)
L ex -0,

which goes to 1/2 as n — oo and thus is bounded away
from 1. This completes the proof that no algorithm can
guarantee exact alignment w.h.p. (|

Proof: [Proof of Lemma 3] Let G; and G5 be an
attributed Erd@s—Rényi pair G(n,p;m,q) and let G = G A
Ga. Let X denote the number of indistinguishable user vertex

pairs in G, i.e.,
> Kli=j}
i<j: i,j€Va
We will firstly show that P(X = 0) — 0 as n — oo if the
condition (48) in Lemma 3 is satisfied.
We start by upper-bounding P(X = 0) using Chebyshev’s
inequality

X =

P(X = 0) < Var(X) _

E[X?] — E[X]?
E[X]2 '

E[X]2

(50)
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For the first moment term E[X], we have

X]= Y Pli=i) =

1<j
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For the second moment term E[X?], we expand the sum as

EX? ) =E|> Wi=j} > Kk=1}
i<j k<l
=E|> Wi=jt+ Y Kli=j}-KEk=1}
i<j ikl i<j, k<l

,7,k,l are distinct

+ Z H‘{i—j—k—l}]

i,7,k,0: 1<g,k<l
{7,7} and {k, [} share one element

_ (Z)P(i =)+ (Z) (;1>P(i =jand k=1)

+6<§)P(i5jzk),

where i, j, k,l are distinct in (52). With (51) and (52), the
upper bound given by Chebyshev’s inequality in (50) can be
written as

(52)

Var(X) 2 Adn—2)Pli=j=k)
EXE  n(n—1PG=j)  n(n—1) PG=J)¢
(n—2)(n—-3)Pli=jand k=1)
+ n(n —1) P(i=j)? 163
To compute P(i = j), we look into the event {i = j}
which is the intersection of A; and As, where 4; = {Vv €
Vu\ {i,j}, G((5,v)) = G((J,v)}, and Ay = {Vu €

Va, G((i,u)) = G((j,w))}. Recall that in the intersection
graph G = G A G4, the edge probability is p;; for user-user
pairs and ¢1; for user-attribute pairs. Therefore,

n—2

n—2\ o o

P(A1) = Z( ; )pﬁ(l —pun)? Y
=0

n—2
=@ +01-p)?)" ",
m m _ .
P(A2) =) <z )Pﬁ(l —pun)?"Y
1=0

= (¢ + (1 —q)?)"

Since A; and A, are independent, we have

P(i=j) (54)
=P(A;1)P(A2)
= (p}+(1— P11)2)n72 (65 + (1 - Q11)2)m
= (-2 +20%)" (1 —2qu +263)" . (55)

Similarly, to compute P(i = j = k), we look into the event
{i = j = k} which is the intersection of events By, By and
By, where By = {G((i,j)) = G((j,k)) = G((i, k))}, B1 =
{0 € Vo \ {i,4.k}, G((i,v)) = G((j,v)) = G((k,v))}, and
By = {Vu € V,, G((i,u)) = G((4,u)) = G((k,u))}. Then,
the probabilities of those three events are

P(Bo) = p3; + (1 —p11)?,
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(v + (L =p)®)"

(¢ + (1 —qu)®)"

Since the events By, By and B are independent, we have
Pi=j=k)
= P(Bo)P(B1)P(Bs)

= h+ 1 =p)®)" (¢ + (1= q)®)”
(1= 3p11 +3p1))" (1 — 3qu1 + 3¢5,)"™

P(B1) =
P(B2) =

To compute P(i = j and k = 1), we look into the event {i =
j and k = [} which is the intersection of Cy, Cy, C], Cy and
CY, where Cy = {G(i,k) = G(j, k) = G@i,1) = G(4,1)},
C1 = {M eV \{i,4,k,1},G(i,v) = G(j,v)}, C| = {Vv €
Va3, 7.k, 1}, G(k,v) = G(l,v)}, Cy = {Yu € V,,G(i,u) =
G(j,uw)} and C) = {VYu € V,,G(k,u) = G(l,u)}. The
probabilities of those events are

P(Co) =p%) +p1 (1 —p11)® +piy (1 — pun)* + (1 — p11)°,
P(C1) =P(C1) = (i, + (1 —p11)*)" %,
P(Cs) = P(Ch) = (¢, + (1 — qu1)>)™.

Since Cy, C1, C, Cy and CY are independent, we have

P(i=jand k=1)
= P(Co)P(C1)P(C1)P(C2)P(Cs)
= P(Co)(piy + (1 = p1))*" (gt + (1 — qu1)*)*™.

Now we are ready to analyze the terms in (53).
We firstly focus on the fraction P(Ejiaf“;le), and show
that it converges to zero. Note that condition (48) implies that
—log(p?; + (1 — p11)?) = o(1). This further implies that
p11 = o(l) or 1 — p;3; = o(l). As a result, we have

2+ (1—p11)? =1—0(1) and P(Cp) = 1 — o(1). It follows

that PU=J and k=D P(Co) — 1. Therefore, we have
P(i=j)? P} +(1—p11)?)*

(”nfg(j‘)?’) P(’_].Tlf ZS —1 — 0 as n — oo. Then we just

need to bound the first two terms in (53). For the first term
W’ plugging in the expression in (55) gives
2
n(n — 1)P(i = j)
=2logn + (n —2)log (1 — 2p11 + 2p3,)
+mlog (1 — 211 +2¢7;) + O(1)
=w(1).

— log

(56)

Here (56) follows from condition (48). Therefore, the first term
in (53) m — 0 as Z 42;33(‘_‘_@
n— 1=7=
Next, for the second term n(n=1) P(=])
4n—-2)Pli=j=k
g (A =2 Pli=j =)
nn—1) P(i=j)?

in (53), we have

1— 2
=logn — (n 3p11 + 3p1y >

—2)lo
)losg ((1 — 2p11 + 2pi)?

1 —3qi1 +3¢%,
—ml 1
s ((1 —2q11 + 2¢3,)? +ow)

1
>logn + §nlog(1 — 2p11 + 2p7))
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(57)
(58)

1
+ imlog(l - 2q11 +2¢5,) + O(1)

=w(1).

1—3z+32>
(1721;5932)2) 2
2 log(1 — 2z + 22?) for any x € [0, 1]. Equation (58) follows
from the condition (48). Hence, the second term in (53) also
converges to 0 as n — oo, which completes the proof for
P(X =0) — 0asn— oc.

Next, we show that P(X > 1) =
From (51) and (55), we know that

Here (57) follows from the inequality — log (

o(1) under condition (49).

n n—2 m
e(x) = (3) (1= 20+ 200" (1 200+ 28
By Markov’s inequality, we have
P(X >1) <E[X]
<exp(2logn + (n—2)1
+m(1—2q11 + 243,))
= exp(—w(1)) = o(1),
where (59) follows by condition (49). O

og(1 — 2p11 + 2p3;)

(59)

VI. PROOF OF THE GENERAL ACHIEVABILITY

In this section, we establish the general achievability result
in Theorem 1. In this proof, we first simplify the optimal
estimator for exact alignment, the MAP estimator, to a min-
imum weighted distance estimator in Lemma 4. We then
analyze the probability analyze the error probability that a
wrong permutation 7 has a lower weighted distance than the
true underlying permutation in Lemma 5. The main idea in
the proof of Lemma 5 is first bounding the error probability
with the probability generating function of the difference of
weighted distance. The generating function is then further
bounded by applying a cycle decomposition to the edge
permutation induced by 7. With these two key lemmas, the
proof of Theorem 1 is then completed by a straightforward
union bound argument. In the following, we state the two key
lemmas and prove Theorem 1 based on them.

To state Lemma 4, we first introduce some basic notation
for graph statistics needed in stating the MAP estimator. For
any attributed graph g on the vertex set V, UV, and any
permutation m over the user vertex set V,, we use m(g)
to denoted the graph given by applying 7 to g. For any
two attributed graphs ¢g; and g» on V, U V,, we consider
the Hamming distance between their edges restricted to the
user-user vertex pairs in &,, denoted as

= W {a1((4,4)) # g2((6,5)) };

(4,5) €€

A"(g1,92) (60)

and the Hamming distance between their edges restricted to
the user-attribute vertex pairs in &,, denoted as

= > W¥{au((i,v) # g2((i,v))}-

(i,0)EEa

A 91792 (61)

Lemma 4: Let (G1,GY) be an observable pair generated
from the attributed Erd6s—Rényi pair G(n, p; m, q). The MAP
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estimator of the permutation IT* based on (G, G%) simplifies
to
Tumap(Gr, Gy)

= argmin{w;
TESH

A (G, mHGY)) + wa AN (G, m T (GY))}

where w; = log (p“”o")

P1oPo1

10g (Q11q00) and

410901

AYGy, 7! =Y {G1((1,9)) # Gh((w (i), 7(5))},
(i,5)€&u

AY(Gy, 7! =Y {G1((i,v)) # Go((m(i),v))}-
(i,v)EE,

In the following lemma, we upper bound the probability that
a permutation has a lower weighted distance than the identity
permutation.

Lemma 5: Let (G1,G2) be an attributed Erd6s—Rényi pair
G(n,p;m, q). For any permutation T, let

57F(G17 Gg) e ’wl(Au(Gl,?T(GQ)) — Au(Gl, Gg))
+ wa (AMGy,m(Ga)) — AMG1, Ga)).

Then when 7 has n — n fixed points, we have

P (57r(G1’ G2) < 0) (1 - Qwu) (1 - de)

We defer the proof of Lemma 4 to Appendlces A, and defer
the proof of Lemma 5 to the end of this section. With these two
lemmas, we are now ready to prove Theorem 1. Proof:
[Proof of Theorem 1] Given the observable pair (G1, G5), the
error probability of MAP estimator can be upper-bounded as

P(fmap (G, Gy) # 1T%)
Z P(7map(G1, Gy) # 7 |IT* = 7*)P(IT* = 7*)

T* GS

\s | > P(rmap(Gr, Gy) # m*[IT* = 7°) (62)
T*ES,
= P (fmapr (G1, G2) # mia|II* = miq) (63)
= P(fmar(G1, Ga) # Tia) (64)
< P(HT&' S Sn \ {Wid},(sﬂ(Gl, GQ) < 0), (65)
where m;q denotes the identity permutation, and
7(G1,Ga) = w1 (AY(G1,7(G2)) — A%(G1, Ga))

+ wa(A*(G1,7(Ga)) — A*(G1,G2)). (66)

Here (62) follows from the fact that IT* is uniformly drawn
from S,,, which implies P(IT* = 7*) = 1/|S,,| for all 7*; (63)
is due to the symmetry among user vertices in G; and Gbs;
(64) is due to the independence between IT* and (G1,Gs);
(65) is true because by Lemma 4, myap(G1, G2) minimizes
the weighted distance, and myap # miq only if there exists a
permutation 7 such that m # mg and 6,(G1,G2) < 0.

Now to prove that (6) implies that the error probability
in (65) converges to 0 as n — oo, we further upper-bound
the error probability as follows

P(3m € Sy \ {ma}, 0(G1,G2) <0)

< ) P(0.(G1,Gy) <0)
mE€Sn\{mia}

(67)
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D

N=27ESn 7

< Z |Sn.7| max {P(6,(G1,G2) <0)}

TESh, A
n=2

< Zn max {P(6,(G1,G2) <0)}.

TESh, 7

3-(G1,G2) <0) (68)

Here (67) follows from directly applying the union bound.
In (68), we use S, 5 to denote the set of permutations
on [n] that contains exactly (n — n) fixed points. In the
example of Figure I, the given permutation IT* = (1)(23)
has 1 fixed point and (1)(23) € Ss . Furthermore, we have
|Sni] = (%) (7)) < n™, where !72, known as the number of
derangements, represents the number of permutations on a set
of size n such that no element appears in its original position.
With the upper bound in Lemma 5, we have

(E|7T €S, \{Wid} Or (Gl,Gz) < 0)

<Zn (1= 2¢y)"
—Z( (1-2p,)"

For this geometry series, the negative logarithm of its common
ratio is

(1 - 2%)

Fa-w)E) L @)

—logn — n-2 log (1 — 2¢,) — 1og (1 —24,)
—logn + ”T_Qwu + b, (70)
= w(1). 1)

Here we have ¢, = (/P11poo — v/P1opo1)® < 1/4 and
Ya = (\/@11900 — \/Choq(n)2 < 1/4. Therefore, (70) follows
from the inequality log (1 + ) < x for z > —1. Equation (71)
follows from condition (6) by noting that ¢, is no larger
than 1. Therefore, the geometry series in (69) converge to
0 as m — oo. This completes the proof that MAP estimator
achieves exact alignment w.h.p. under condition (6). (]

Proof: [Proof of Lemma 5] To prove the upper bound
on P(6,(G1,G2) < 0) in Lemma 5, we will use the method
of generating functions. We first introduce our construction
of a generating function and how it can be used to bound
P(0-(G1,G2) < 0). We then present several properties of
generating functions (Facts 1, 2, and 3), which will be needed
to finish the proof of Lemma 5.

A generating function for the attributed Erdds—Rényi pair:
For any graph pair (g, h) that is a realization of an attributed
Erd6s—Rényi pair, we define a 2 x 2 matrix (g, k) as follows
for user-user edges:

M1o>
Hoo )’

H11
h) =
(g, h) (Mm
where pi; = > ce W{gle) = i,h(e) = j}. Similarly,
we define v(g, h) as follows for user-attribute edges:
Vi1 Vio
h) =
v(g,h) (Vm z/oo)’
where v;; = ZeegaH‘{g(e) =1i,h(e) =4}

5921

Now we define a generating function for attributed graph
pairs, which encodes information in a formal power series. Let
z be a single formal variable and « and y be 2 x 2 matrices
of formal variables where

901)
Y1)’

x = Too To1 and y = Yoo
10 T11 Y10

Then for each permutation 7, we construct the following
generating function:

h h), v(g,h
Az, y, » z Z (9:h) g9 h) v (9:h) — (72)
g€{0,1}¢ he{0,1}¢
where
w(g,h) A oo | Mot | H10 | K11
T 3300 "Tor " Tip P11 s
u(g h) & Vo1 V1o Vi1
= Y00’ Yoi' Y10t Y1

Note that in the above expression of A(x, y, z), we enumerate
all possible attributed graph pairs (g, h) as realizations of the
random graph pair (G1, G2). For each realization, we encode
the corresponding (g, h),v (g, h) and (g, h) in the powers
of formal variables x, y and z. By summing over all possible
realizations (g, h), the terms having the same powers are
merged as one term. Therefore, the coefficient of a term
207 xMyY represents the number of graph pairs that have
the same graph statics represented in the powers of formal
variables.

Bounding P(0(G1,G2) <0) in Terms of the Generating
Function: We first argue that when we set x = p and y = q,
the generating function A(p,q,z) becomes the probability
generating function of 0,(G1,G3) for the attributed ErdGs—
Rényi pair (G1,G2) ~ G(n,p;m,q). To see this, note
that the joint distribution of G; and G2 can be written as
P((G1,G2) = (g,h)) = p*9M g9 Then by combin-
ing terms in A(p,q,z), we have P(0,(G1,G2) = d) =
[z4]A(p, q, 2), where [z9]A(p,q, z) denotes the coefficient
of z% with [29] being the coefficient extraction operator.
We comment that the probability generating function here is
defined in the sense that A(p,q,z) = E[2%(¢1:C2)]. Since
0x(G1, G2) takes real values, this is slightly different from the
standard probability generating function for random variables
with nonnegative integer values. But this distinction does not
affect our analysis in a significant way since 0, (G1, G2) takes
values from a finite set.

Now it is easy to see that

P(0(G1,G2) <0) =Y [z"A(p. q, 2).

d<0

(73)

Cycle Decomposition: We will use the cycle decomposition
of permutations to simply the form of the generating function
A(z,y, 2).

Each permutation 7 induces a permutation on the vertex-
pair set. We denote this induced permutation as 7, where

€. & — & and 7¢((u,v)) = (7(u),7(v)) for u,v € V.
A cycle of the induced permutation 7€ is a list of vertex
pairs such that each vertex pair is mapped to the vertex pair
next to it in the list (with the last mapped to the first one).
The cycles naturally partition the set of vertex pairs, &, into
disjoint subsets where each subset consists of the vertex pairs
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from a cycle. We refer to each of these subsets as an orbit.
For the example given in Figure 1, the induced permutation
on & can divide it into 4 orbits of size 1 (1-orbit): {(2,3)},
{(1,a)}, {(1,b)}, {(1,¢)}, and 4 orbits of length 2 (2-orbit):
{(1,2),(1,3)}, {(2,0), 3, @)}, {(2,0), (3,0)}, {(2,¢), (3, ) }.

We write this partition of £ based on the cycle decompo-
sition as £ = Up>10y, where O}, denotes the kth orbit. Note
that each cycle consists of either only user-user vertex pairs or
only user-attribute vertex pairs. If a single orbit Oy contains
only user-user vertex pairs, we define its generating function
on formal variables z and x as

.Aok (.’B,Z) = Z Z

9€{0,1}%% he{0,1}C

207 (9:h) gora(g:h)

If Oy, contains only user-attribute vertex pairs, we define its
generating function on formal variables z and y as

Ao, (y,2) = > S ohgpen,

9€{0,1}%% he{0,1}k

Here, we extend the previous definitions of ¢,, pu and v
on attributed graphs to any set of vertex pairs. Let £ be
an arbitrary set of vertex pairs. Then we define §, for any
g,h € {0,1}¢ as

h)=wry (¥{g(e) # h(r

ecE'NEy

twn Y (F{gle) £ hr(e)} —K{g(e) £ h(e)}) -

ecE'NE,

£(e)} —H{g(e) # h(e)})

(74)

For g,h € {0,1}¢", we keep u(g,h) and v(g,h) as 2 x
2 matrices as follows:

) v 7V
o) = (B0110) an wign) = (110

Ho1, Koo Vo1, Yoo
where
pij = mij(g,h) 2 Y K{gle) =i,h(e) =}, (79)
c€ENEy
vij =vij(g,h) & Y W{gle) =i, h(e) = j}.  (76)
c€ENE,

We remind the reader that by setting the set of vertex pairs £’
to be &£ these extended definitions on d,, @ and v agree with
the previous definition where g, h are attributed graphs.
Now, we consider the generating functions for two orbits
O, and Oy. If the size of O equals to the size of Oy
and both orbits consist of user-user vertex pairs, then we
claim that Ao, (z, z) = Ao,, (x, 2). This is because to obtain
Ao, (x,2), we sum over all realizations g,h € {0,1}9%,
which is equivalent to summing over g,h € {0,1}%%.
Similarly, if the size of Oy equals to the size of Oy and
both orbits consist of user-attribute vertex pairs, we have
Ao, (y,z) = Ao, (y,2z). To make the notation compact,
we define a generating function A;(x, z) for size [ user-user
orbits and a generating function A;(y,z) for size [ user-
attribute orbits. Let £' denote a general user-user orbit of size
[ and & denote a general user-attribute orbit of size [. Then

Alm,z) & Y Y eehgren (77

9€{0,1}°1" he{0,1}50
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207 (9:h) g (9:h)

Ay, z) 2 (78)

2. X

9€{0,1}°T he{0,1}57

Properties of Generating Functions:
Fact 1: The generating function A(x,y, z) of permutation
7 can be decomposed into

A(mv Y, Z) = H Al(m, Z)t;‘Al(ya Z)t?’

>1

where t}' is the number of user-user orbits of size I, ¢} is the
number of user-attribute orbits of size [.
Fact 2: Let x € R?>*? and z # 0. Then for all [ > 2,
we have Aj(z, 2) < As(z,2)% and Aj(z,z) < Ay(x, 2)2.
We refer the readers to Appendix D for the proof of Fact 1,
and Theorem 4 in [9] for the proof of Fact 2. Combining these
two facts, we get

A($7 Yy, Z) SAl ((L’7 Z)t;]Al (y Z>t<1l

AQ(QI,Z)

nm-—t§

Ay (m,2) T

(79)

Here, in (79), we use t" to denote the total number of user-user
pairs and " = Y, /'l = (5). We have the closed-form
expressions for A; and Ay following from their definition
in (77) and (78)

Ai(z, z) = woo + 710 + To1 + 11, (80)
A1(y,2) = yoo + Y10 + Yo1 + Y11, (81)
Az (x, 2) = (x00 + 10 + To1 + 3311)2

+ 2x00w11 (2271 — 1) + 2210201 (2721 — 1), (82)
Aa(y,2) = (Yoo + Y10 + Yo1 + y11)*

+ 2yooy1 (2°** — 1) + 2y10y01 (2732 = 1). (83)

Moreover, we have Fact 3 which gives explicit upper bounds
on the coefficients of a generating function

Fact 3: For a discrete random variable X defined over a
finite set X, let

O(z) 2E[N] =) P(X =

i€EX

(84)

be the probability generating function of X. Then, for any
je X and z > 0,

[27]®(2) < 277 0(2). (85)
For any j € X and z € (0, 1],

Y lFe(z) <

1<y
ieX

271®(2). (86)

For any j € X and z > 1,

Z[zl]CD(z) < 27I0(2).
i>j
i€X
Proof: [Proof of Fact 3] We write p; £ P(X
proof. For any j € X and z > 0, we have

87)

= 1) in this

ZIB(2) - = pir T —pi=> pir'l >0,
1EX i#£]
ieX

which establishes (85).
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For any j € X and z € (0,1), we have Zigjpi <
i< p;z*~7. Therefore, we have

Z[z D(z2) = Zpi < Zpizi_j < Zpizi_j = 279 ®(2),

i<j i<j i<j i€EX
i€EX ieX i€EX

which establishes (86).
For any z > 1 and j € X, we have ijpi <
>is; piz' 7. Therefore, we have

Z[Z [2(2) = Zpi < Zpizi_j < Zpizi_j =2779(2),

i>j i>j i>j i€X
i€X i€EX ic€X
which establishes (87). O

With the three facts of generating functions stated above,
we are now ready to finish the proof of Lemma 5. For any
m € S, and any z; € (0,1), we have

P (0:(G1,G2) < 0)

=> [z Ap,q. 2

d<0
S A(p7 q, Zl) (88)
< Ai(p, Z)ﬂ/ll(q, )t
As(p,2) 7 Ay(g,2) (89)
< As(p, )’ = Ay(g, )T (90)

In (88), we set z € (0,1), and this upper bound follows from
Fact 3. (89) follows from the decomposition on A(p, g, z)
stated in Fact 1. Equation (90) follows since A;(p,z) =
Ai(q,z) = 1 according to their expression in (80) and (81).
To obtain a tight bound, we then search for z € (0,1) that
achieves the minimum of (90). Following the definition of
Ax(p, z) in (82) and using the inequality a/x + b > 2v/ab,
we have

As(p, z) = 1+ 2poop11 (22 — 1) + 2p1opor (2721 — 1)
> 1 —2poop11 — 2p1opo1 + 4v/Poop11P10Po1
=1- 2(\/17001011 - \/Plopo1)2 21— 29y.

Here the equality holds if and only if %%t = [ ELoBol | Recall
= log (p“p‘m) Therefore, A;(p,z) achieves the

P1op
minimum when z = e~ /4. Similarly, we have

Aa(g,2) = 1+ 2q00q11 (2*2 = 1) + 21001 (2722 = 1)
2 1 =2q00q11 = 2¢10901 + 41/qo0q11410901
=1-2(y/q0q11 — v/q10901)> £ 1 — 2¢,.  (92)

Here the equality holds if and only if z2%2 = 1/%.

oD

that w;

With ws = log (313]33?)’ we have that A(g, ) achieves
the minimum when z = e !/4 Therefore, z = e /4
minimizes (90) and we have

P (6-(G1,G2) <0)

<(U-200) 7 (1-26) 7

S (1 _ 2’(/}11)77,(271 n—2) (1 o de)% (93)
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n(n 2) n-m

< (1 - 2wu) (1 - 2¢m)

In (93), we use the following relations between the number of
fixed vertex pairs t}, t§ and number of fixed vertices

n—mn << n—n +ﬁ
2 == 2 2’

t} = (n—n)m.

(94)

(95)

In the given upper bound of ¢}, ("gﬁ) corresponds to the

number of user-user vertex pairs whose two vertices are both
fixed under 7, and % is the upper bound of user-user vertex
pairs whose two vertices are swapped under 7. In (94), we use
the fact that n < n. |

VII. PROOF OF ACHIEVABILITY IN THE SPARSE REGIME

In this section, we prove Theorem 2, which characterizes
the achievable region when the user-user connection is sparse
in the sense that p;; = O(loi”). We use R to denote the
number of user-user edges in the intersection graph and it
follows a binomial distribution Bin(¢",p11). In the sparse
regime where p;; = O(log ), the achievability proof here
is different from what we did in Section VI. The reason
for applying a different proof technique is that, in this
sparse regime, the union bound we applied in Section VI
on P (3r € S, \ {mia}, 0-(G1,G2) < 0) becomes very loose.
To elaborate on this point, notice that the error of union
bound comes from counting the intersection events multiple
times. Therefore, if the probability of such intersection events
becomes larger, then the union bound will be looser. In our
problem, our event space contains sets of possible realizations
on (G1,G3) and an example of the aforementioned intersec-
tion events is {R = 0} which lays in the intersection of
{6x(G1,G2) < 0} for all 7 € S,,. Moreover, other events
where R is small are also in the intersection of {0, (G1, G2) <
0} for some m € S,, and the number of such permutations
(equivalently the times of repenting when apply union bound)
increases as R gets smaller. As a result, if p;; becomes
relatively small, then the probability that R is small will be
large and thus union bound will be loose.

To overcome the problem of the loose union bound in the
sparse regime, we apply a truncated union bound. We first
expand the probability we want to bound as follows

P(3r € Sp\ {ma}, 0x(G1,G2) <0)

=Y P €8, \{ma},6:(G1,G2) <O R=7r)P(R=r).
r>0

We then apply the union bound on the conditional prob-
ability P (37 € S, \ {mia},0.(G1,G2) <O|R=7r). As we
discussed before, the error of applying union bound directly
should be a function on 7. Therefore, for some small r, the
union bound on P (37 € S, \ {mqa},0:(G1,G2) <O|R=r)
is very loose while for the other 7, the union bound is
relatively tight. Therefore, we truncate the union bound on the
conditional probability by taking the minimum with 1, which
is an upper bound for any probability

P (371’ S, \ {7Tid}>67r<G1; Gg) < OlR = ’I“)
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P (6:(G1,G2) <O|R=r1)}.

= min{1,

2.

€S \{mia}

Through such truncating, we avoid adopting the union bound
when it is too loose and obtain a tighter bound. For example,
given that R = 0, we have P (0,(G1,G2) <0|R=0) =
1 for all @ € &,. Thus, by using the truncated union

bound, we obtain 1 as a the upper bound instead of

(n! — 1). Overall, the key idea of our proof is first derive
P (6-(G1,G2) <O|R =) as a function of r and then apply
the truncated union bound according to how large this con-
ditional probability is. This idea is inspired by [9] and is
extended to the attributed Erd6s—Rényi pair model. We restate
the theorem to prove as follows.

Theorem 11 (Achievability in Sparse Region): Consider
the attributed Erd6s—Rényi pair G(n, p;m,q). If

P =0 (*52), ™
P10 + Po1 :O(loén>7 3
PioPo1 _ 1
p1iboo o ((log ")3) ’ ©
np11 + m, —logn = w(l), (10)

then the MAP estimator achieves exact alignment w.h.p.
Proof: [Proof of Theorem 2] We discuss two regimes
p11 = O0(%) and w(1) < ppy < O(1EL).
When p1 = O(%), we have ny, < np;; = O(1). Thus,

the sufficient condition (6) for exact alignment in Theorem 1
%w“ + map, —logn = w(1)

is satisfied when condition (10)
np11 + my, —logn = w(1)

is satisfied. By Theorem 1, exact alignment is achievable w.h.p.
Now suppose w(1) < py1 < O 107% ). Note that the number

of edges in the intersection graph of G; and G2 has the
following equivalent representation

R = p1(G1,Gq) = Z W{G1(e) = 1,Ga(e) = 1}.
ec&y
Then, R ~ Bin(t",p11) and E[R] = t"p11 = (5)p11 = w(n).
By the Chebyshev’s inequality, for any constant € > 0,
Var(R) 1—p11 1 1
P(|R—-E > €eE < = =ol|—|.
(1R~ ELR]| > ¢EIR]) < ggrmm = g = ° (n>
In the following, we upper bound the probability of error by
discussing two cases: when R < (1 + €¢)E[R] and when R >
(14 €)E[R]. We have
P (E|7T S Sn \ {Wid}a 57|—(G1, Gg) < 0)
tu
= P (3 € S,\{ma}, 6x(G1,G2) <O|R=7)P(R=r)
r=0
<> P(@Er e S\{ma},0:(G1,G2) <O|R=7)P(R=r)
r<(1+€)E[R]
+ P(|R — E[R]| > €¢E[R))
=Y P(Ir € S,\{ma},0(G1,G2) <O|R=7)P(R=r)
r<(1+e€)E[R]
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+0(1) (96)
L 6
s Z 3n?22P(R =17) 4+ o(1) o7
r<(1+€)E[R]
tv u
= Z 3”225(T)P§1(1 —pu)" "+ o(1)
r<(1+€)E[R]
tu
tu L u
=3n*(1 — 2¢,)" ZO <T>P§1€i(1 —pu)" T+ o(1)
—
2 m - "
= 3n2(1 — 24b,) (p116 w1 - Pn) +o(1) 98)
< 3n?(1—2¢)™ (1 - %Pu)t“ +o(1). ©9)

Here (96) follows from the Chebyshev’s inequality above.
In (97), z6 = exp{—2 + 2 log (1 — 2t,) + O(1)}. This step
will be justified by Lemma 6, which is the major technical step
in establishing the error bound. To apply Lemma 6, we need
the conditions (7) (8) (9) and r = O(E[R]) = O(nlogn) to
hold and we will explain the reason in the proof of Lemma 6.
Equation (98) follows from the binomial formula and (99)
follows from the inequality e — 1 < z. Taking the negative
logarithm of the first term in (99), we have

—log (3n2(1 = 202)™ (1= 2p11)"")
= —2logn — mlog (1 — 2¢,) — t"log (1 — 4an) +0(1)

> _2logn + 2mu + 2P 4 0(1) (100)
n

= —2logn + 2ma, + 2np11 + O(1) (101)

= w(1). (102)

Here, we have (100) follows from the inequality log (1 + z) <
x for x > —1. We get equation (101) by plugging in
t" = (3). Equation (102) follows from the assumption (10)
in Theorem 2. Therefore, we have (99) converges to 0 and so
does the error probability. O

Lemma 6: Let (G1,G2) ~ G(n,p;m,q) and R =
Y ece, K{G1(e) = 1,Gz(e) = 1}. If p satisfies constraints (7)
(8) (9), and r = O(nlogn), then

P(Er € Sp\ {ma},0x(G1,G2) <0|R=7r) < 3nzz§,

where zg = exp{—2- + Zlog (1 — 2¢,) + O(1)}.

Proof: We will establish the above upper bound in three
steps. We denote the set of vertex pairs that are moving under
permutation € as &, = {e € £ : 7¢(e) # e}. Let

R= Y W{Gile)=1,Gs(e) =1}
e€EmNEy

represent the number of co-occurred user-user edges in &,
of G1 A Gs. In Step 1, we apply the method of generating
functions to get an upper bound on P(0,(Gi,G2) < 0 |
R = 7). The reason for conditioning on R first is that
the corresponding generating function only involves cycles
of length [ > 2 and its upper bound is easier to derive
compared with the probability conditioned on R. In Step 2,
we upper bound P(d,(G1,G2) < 0 | R = r) using result
from Step 1 and properties of the Hypergeometric distribution.
In Step 3, we upper bound P(37 € S, \ {mia}, 0. (G1,G2) <
0| R = r) using the truncated union bound.
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tilogn )

Step 1: We prove that for any m € S, 7, 7 = O(—2%),

nL

and z3 = (1 — 2¢,) 2,

p (&,(Gl, Go)<0|R= f) <R (103)

for some z4 = O(loén) and some z5 = O(1).
For the induced subgraph pair on &, x &y, define the
generating function as

A(CD,’!J,Z) = Z Z

g€{0,1}¢m he{0,1}6m

207 (9:h) (g.h) g v (g:h)

(104)

Recall for g,h € {0,1}=, the expression for the extended
d:(g,h), (g, h) and v(g,h) in (74), (75) and (76). We have

h) = wi)_ (K{g(e) # h(x®(e))} —H¥{g(e) # h(e)})

ecEmNEy
+wy Y (K{g(e) # A (e))} — W {gle) # h(e)}).
e€EmNEa

For the 2 x 2 matrices p(g,h) and v(g, h), their entries p;
and v; ; are

pij = pis(g,h) = Y W{gle) =i, h(e) = j},
e€EmNEy

Vij = sz g,h Z Hé{g = iah(e) :J}
e€EMmNE,

Moreover, according to the decomposition of generating func-
tion in Fact 1 and using the fact that £, only contains orbits
of size larger than 1, we obtain

H -Al (y7 z ) !

H.Alscz

1>2 1>2

Alz,y,z

where ¢} is the number of user-user orbits of size [ and ¢} is
the number of user-attribute orbits of size [.

Now, by setting
a (Poo  Poi
P10 Z11P11

and y = q, the generating function A(z11, q, z) contains only
two formal variables x1; and z. Recall the expression of A
in (104). For each g, h € {0,1}=, the term in the summation
of A(x11,q, z) can be written as

r = T11

Z6w(9,h)m11u(g,h)ql'(g7h)

— 2Be(0sh) g (9:) () g (sh)

(9, 1))

where we use GS™ to denote the component of G4 that only
concerns the vertex pair set £, and thus the support of G‘f
is {0,1}6=. The event {(G{™, G5™) = (g,h)} is a collection
of attributed graph pairs (g1, g2) each of which have exactly
the same edges in the vertex pair set &y, as (g, h).

Notice that the fixed vertex pairs £ \ €™ do not have an
influence on §(G1,Gs). The event {R = 7,0,(G1,Ga) =
d} is a collection of attributed graph pairs (g1, g2) such that
ull(gfm,gg“‘) =7 and 5ﬂ(g‘1€"‘,g§m) = d. Then by summing
over all possible g,h € {0,1}¥=, we have

P(0,(G1,Gy) =d, R=7) =

= P((G‘fma Ggm) = Z6ﬂ(g7h)m§:bil(g’h)7

[defl]"i(wlla Y, Z)
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Thus, we can write
p <6ﬂ(G1,G2) <0,R= f)
_ZZ 3711 ﬁcllaqa )
d<0
= Z 2927 H‘Al @11, 2)0 Ai(q, 2)'7
d<0 1>2
< (x11)” Z H-Al x11,2) A(g,2)" (105)
<0 1>2
(@11) " [ [ Ai(@a1, 2) Ai(q, 2) (106)
1>2
< (11) T Ag(@11,2) T As(g,2) (107)

In (105), we set £17 > 0 and the inequality follows from (85)
in Fact 3. In (106), we set z € (0, 1) and this inequality follows
from (86) Fact 3. Inequality in (107) follows from Fact 2,

where
=) 1l =[EaNE
1>2

is the number of moving user-user pairs and
=Yt = |En N & = iim
1>2
is the number of moving user-attribute pairs.

Next, let us lower bound P(R = 7). Note that R ~
Bin(#", p11). We have

pie=r) = (7)ot —pu)™

t'p11 )T fu
> (P ) g :
> <r(1p11) (1 —p11)

where equation (108) follows since (}) > (n/k)"
nonnegative integers k < n.
Now we combine the bounds in (107) and (108) to upper
D _ Pij
bound P (57,(G1,G2) <0|R= 7’) jp—
i,7 € {0,1}. We have

(108)

for any

. Define pj; £ for

P (0:(G1,G2) <O R=7) = P(0r(G1, Ga) g()) R=7)

P(R =

mn 7: r ./42(331172)) /
< 5 _ .
< Aa.7) <$11p'11t“> ( (1 —p11)?

For the first term, similar to what we did in (92), we set z =
e~1/4, which satisfies the condition z € (0, 1) in Fact 3. Recall
the expression of As(y, z) in (83), we have

AQ((L 2)%
= (1 + 2go0q11 (2*"

(109)

£

— 1) + 2q10g01 (277" + 1)) 2

(110)
= (1 - 2qooq11 — 2q10G01 + 4y/Gooqu1dioqor) (111)
= (1 - 2(v@11900 — v/410401) )mzn
— (1200
P (112)
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where (110) follows since goo +go1 +¢qi10+¢11 = 1 and (111)

follows by plugging in z = e~'/* and w, = log %). For
the second term in (109), we set
7l th
pyy = logn ot (113)
Pyt

which is positive. Then, we have

- 7 5 . ) F
<rl> <’"> g( ) C(114)
T11p1 " rlogn + p11t" logn

For the third term in (109), using equation (82) with z =
e~ /4, we have

As (11, 2)
(1—pn)?
PioPor _
(1 —pu+zupn)’ I 2$11p11p00(m 1)
(1= p11)? (1 —pn1)?
. 2p1opor (y/ B2EL — 1)
(1—p11)?

= (14 phiz11)® — 2211011000 — 2010001
+ 2(z11 + 1)V P11PooP1oPo1

<1+ (Plugcll)2 + 2ph 111 (Pho + Por)
+ 2(z11 + 1)/ P11 PooP10P01 >

where the last inequality follows since 1—pf, = po+pp; and

i
—2piophy < 0. Taking logarithm of (%) , we get

{u A2(mllvz)>
2 Jog [ 22112 (115)
9 % ( (1 —=p11)?
1. -
< it (Ph1211)” + 2Py 211 (Pho + Py
+ (@11 + 1)/ PhiPooPioPor s (116)

where (116) follows from the inequality log(1 + x) < . Let
us now bound the three terms in (116).

o For the first term, we have

Eu(pl11$11)2

7logn 2
=t ( u +p11>

~ 72(logn)?

+ 27(logn)p11 + fupfl
7(logn)?3 -
=0 (M-;)) + 27 (logn)py + B9 (117)

n
_0 (F(loin)?’ N 7(logn)? N ﬁ(losn)Q)

(118)
n

=o(F +n),

where (117) follows from the assumption 7 = O(m)

in (103) and (118) follows since py; = O(logT”) ‘and
t" < nn.

o For the second term in (116), we have

tply1(Pho + Por)
= (Flogn + t"p11)(Pro + P01)
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< 7(p1o + po1) logn + nnp11(p1o + po1)

(119)
1—pn

= O(F + 1), (120)

where (119) follows from % < fn and (120) follows
since po1+p1o = O(@), p11 =0 loin), and 1—p1y =
o(1).

e For the third term in (116), we have
t (z11 + 1)/ PhiPhoPoPor
- (Tlogn + p1t®
(Tt )

piptt
~ 7u zu P1op
= (flogn + p1t" +pit )PE)O\/ o0t
P11Poo
. - N P1oPo1
< (flogm + p11nn + piinn)pho (121)
P11Poo
= o(i + ). (122)

Here (121) follows since t* < #An. (122) follows since
Py = Opn) = O (). gy = O(1). and Beter —
1
O ()
In summary, the third term of (109) is upper bounded as

(A2($117 z)
(1= p1u1)?
Finally, combining (112) (114) (123), we have

/2
> <exp{O(F +n)}. (123)

P (&r(Gl,Gg) <0|R= f)

<-200% () ep(O6 )

< (1-29)% <€O(1)> (eo(l)>ﬁ

logn
= i
for some z4 = O(57) and z5 = O(1).
Step 2: We will prove that for any 7 € S, 5 and r =
O(nlogn),

P(6:(G1,G2) <O|R=7) < 28 (124)

for some zg = exp{—2- + 2 log(1 — 2¢,) + O(1)}.

In this step, we will compute P(d,(G1,G2) < 0|R = 1)
through P(6,(G1,G2) < O|R = ), which involves using
properties of a Hypergeometric distribution.

Recall a Hypergeometric distribution, denoted as
Hyp(n, N, K), is the probability distribution of the number
of marked elements out of the n elements we draw without
replacement from a set of size N with K marked elements.
Let ®uyp(z) be the probability generating function for
Hyp(n,N,K) and ®p;i,(z) be the probability generating
function for a binomial distribution Bin(n, £ ). A few useful
properties of the two distributions are as follows.

o The mean of Hyp(n, N, K) is nK/N.

o For all n,N,K € N and z > 0, we have ®pyp(2) <

CI)Bin(Z) [27]
[ <I>Bin(z) = (1 + %(2 — 1))n

Authorized licensed use limited to: Carnegie Mellon University Libraries. Downloaded on April 01,2025 at 20:53:16 UTC from IEEE Xplore. Restrictions apply.



ZHANG et al.: ATTRIBUTED GRAPH ALIGNMENT

In our problem, we are interested in the random variable
R\R = 7. We treat the set of moving user-user vertex pairs
Eu N &y as a group of marked elements in &,. From &,
we consider drawing r vertex pairs and creating co-occurred
edges for each chosen vertex pair. Along this line, the random
variable R|R = r, which is the number of co-occurred edges in
EmNE,, represents the number of marked elements out of the r
chosen elements and it follows a Hypergeometric distribution
Hyp(r,t",#"). From this point and on, we always consider
generating functions ®pyp,(2) and Ppin(z) with parameters
n=r, N=t" K = t". Moreover, from [9, Lemma IV.5],
we have the following upper bound on ®py,(z) for any

€(0,1)

Diayp(2) < exp { 22(~ )} (125)
Now, we are ready for proving (124). We first write
P(0r(G1,G2) <0 | R=r)
=P(6,(G1,G2) <0, R< 7 |R=r)
P(6.(G1,G2) <0,R>7"| R=r). (126)

Here we set 7* = CE[R | R = 1] = Ctu , where C > 0 is
some positive constant to be specified later. Note that " =
() and r = O(nlogn) from the assumption, then we have

o= O(tulogn).
o For the first term in (126), we have

P(0(G1,G2) <O,R<# | R=r)
=Y PR=F|R=r1) P(5:(G1,G2) <O | R=7F)
TP

(127)
< Y P(R=7|R=r)2f22] (128)
A<
< z?z?ZP(R:f | R=r)z]
=0

= 2020 Py (24) (129)

< oo exp {2(=2+ 5 + 2e2) | (130)

= Zg’(eo(l)ﬁ exXp {_2% + n(ilnjl) + O(ﬁ)%}
(131)

<zexp{i(-Z+0(1)} (132)

In (127), we use th~e conditional independence of R and
0:(G1,G2) given R, which can be proved as follows

P(6,(G1,G2) <O|R=7R=r)

P(6x(G1,G2) <O,R=F,R=r)
P(R=7,R=r)
P((SW(GDGQ) §07R:7Z,R—R:7‘_7~)

= P((6:(G1,G2) <O|R =7),

5927

where (133) follows from the fact that §,(G1,G2) and
R are determined by &, while R — R is determined
by those fixed vertex pairs. In (128), we have 7 =
O(tul%) and this inequality follows from (103) from
Step 1. Equation (129) follows from the definition of the
probability generating function for Hyp(r, ¢, £1). (130)
follows form the conclusion about probability generating
function of the hypergeometric distribution in (125) with

z4 € (0,1). (131) is true since z4 = O 10,:1;n and
z5 = O(1). (132) is true since r = O (nlogn).
For the second term of (126), we have
(5 (Gl,G2)<O R>f* |R:’I’)
—Z Gl,GQ <0R:’I:|R:T)
T>T*
=Y P(5:(G1,G2) <O|R=FP(R=7|R=r)
T>T*
(134)

<0@3§n{P( +(G1,G2) <O0|R=7)}P(R>7|R=r).

Here (134) follows from the conditional indepen-
dence of §,(G1,G2) and R given R. To find this
maximum probability, we consider the extreme case.
Recall that §, = w1 (AY(G1,7(Ge)) — A*(G1,Gs)) +
’wQ(Aa<G1,TF<G2)) — Aa(Gl,Gg)) We have that
wy(A*(G1,7(Ga)) — A*(G1,Gy)) is independent of R.
From the upper bound on generating function in (107),
we consider 7 consisting of only 2-cycles. Since
AY(Gy,7(Ge)) — A" (G1,G2) > 0 only if there
exist user-user vertex pairs such that (Gy(e), Ga(e)) =
(1,1) and (G1(7€(e))Ga(n(e))) = (0,0), we have
AY(Gq,7(Ge)) — AY(G1,G2) < 0 with probability
1 given R = 0. Therefore, given R = 0 the probability
that 6, < 0 is maximized. We have

Olgax {P(6x(G1,G2) <O | R=17)}
< P(6:(G1,G2) <0 | R=0)

P (135)

| /\

where (135) follows from (103) in Step 1 with 7 = 0.
Now we get

(5 (Gl,G2)<0R>’I" |R—’I“)
< §z5P(R>r*|R:r)

= zyzp [zi]Q)Hyp(z) (136)
i>T*
< z?zg’z_’z* Dyyp(2) (137)
< 282027 Bpin(2) (138)
= ol (1 + - 1)) (139)
<2202 exp {%(z — 1)} (140)
= 2027 exp {4* + (e 1)} (141)
=L exp B (-C—1+0)} (142)
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< 2028 exp { 7:((: 12)) —1l+4e } (143)
<zlexp{i(Z(-C—1+4e)+0(1))} (144)
=o(zFexp{n (-2 +0(1))}) (145)

In (136), ®pyp(2) is a probability generating function for
Hyp(r,t*,t%). In (137), we set z > 1 and the inequality
follows from (87) in Fact 3. In (138), ®pi,(2) is a
probability generating function for Bin(r, i—:) and this
inequality follows from the property of a Hypergeometric
distribution. (139) follows from the definition of ®p;, ().
(140) follows form the inequality 1 + x < e®. In (141),
we set z = e. In (142), we plug in 7* = Ortt‘, where
C' is larger than (e — 1). In (143), we use the relation
> "("2 2 from (94) and ¢* = (7). In (144), we plug
in z5 = O(1). (145) is true because we can always
find C' > e + 1 such that (144) is exponentially smaller

than (132).
We conclude that the second term of (126) is negligible
compared with the upper bound of the first term given in (132).
Combining the two terms, (126) can be bounded as

P(6x(G1,G2) <0 | R=r)
< exp {n ( 2r + 3 log(1

= 2%

—2¢,) +0(1))}

Step 3: We now establish the desired error bound
P(Ar € Sp \ {ma},0.(G1,G2) <0 | R=7r) < 3n%22,

where zg = exp{—2- + 2 log(1 — 2¢,) + O(1)}.

When nzg > 2/3, we have
P(3m € S \ {mia},6x(G1,G2) <0 | R=r) <1 <3n’.
Now assume that nzg < 2/3. We can bound

(HWES \{T(id} 5 (Gl,GQ) §O|R:7”)

<Z > P(6:(G1,G2) <O | R=) (146)
N=27ESy »

< Z [ S, max {P( 6x(G1,G2) <0 | R=r)}

< Z |Sn, 128 (147)
n=2

<> nag (148)
n=2

< (nze)?

- 1- TLZ6

< 3n? 26, (149)

where (146) follows from the union bound, (147) follows from
inequality (124) proved in Step 2, (148) follows since |S,, 7| <

n™, and (149) holds since nzs < 2/3.
In summary, 3n?z2 is always an upper bound on the
conditional probability. This completes the proof of Lemma 6.
d
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VIII. CONCLUSION AND FUTURE WORK

In this paper, we proposed the attributed Erd6s—Rényi pair
model to study the effect of publicly available side information
for graph alignment. We established information-theoretic lim-
its for exact alignment, including achievability and converse
conditions that match for a certain range of parameters. These
conditions can be used to quantify the effect of side infor-
mation. We also specialized our results to three well-studied
graph alignment models for comparison.

There are many more interesting questions to ask about
the attributed graph alignment problem. Here we give some
example directions. As discussed in Section III, our achiev-
ability conditions and converse conditions do not match in
the most general scenario. We conjecture that the converse
conditions can be potentially improved, especially given the
recent developments on tighter converse conditions for the
Erd6s—Rényi pair model in [8]. Moreover, the achievability
results in this work is based on the MAP estimator, which has
no polynomial-time implementation. Therefore, a natural ques-
tion is whether there is any efficient algorithms for attributed
graph alignment, and whether there is any fundamental gap
between the achievable region by efficient algorithms and
the information-theoretic achievable region. This question is
partially answered in the concurrent work [12] by proposing
two efficient algorithms for attributed graph alignment and
analyzing their feasible region. Another direction that is worth
further investigation is graph alignment under more general
attributed graph models. Our model has assumed that the
user-attribute edges are independent of the user-user edges.
However, in the social network example, users attending the
same institute are more likely to be friends than users attending
different institutes. Therefore, it would be interesting to con-
sider graph models in which user-attribute edges are correlated
with user-user edges, and to investigate how the correlation
affects graph alignment. We comment that a starting point can
be the multiplicative attribute graph model proposed in [28],
where the probability of a user-user edge depends on the
product of individual attribute-attribute similarity.

APPENDIX A
MAP ESTIMATOR

In this section, we derive the expression of the MAP for the
attributed Erd6s—Rényi graph pair model G(n, p;m, q).

Lemma 7: Let (G1,GY) be an observable pair generated
from the attributed Erdés—Rényi pair G(n, p; m, q). The MAP
estimator of the permutation IT* based on (G, G%) simplifies
to

mapr(G1, GY)

= argmin{w; A"(Gy, 7
TES,

“H(GY) + wa A (Gr, mH(GY))}

where w1 = log (”“I’OO) = log (q“qoo) and
Piopo1 q10901

AY(Gy, = > H{G1((i,)) # Go((r (i), 7()))},
(i,4)EE

AYNGy, 1! =Y H{Gi((i,v)) # Gh((n(i),v))}-
(i,v)EE,
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Proof: Let (g1,9%) be a realization of an observable
pair (G1,G%) from G(n,p;m,q). Then the posterior of the
permutation II* can be written as:

P(IT" = 7|Gy = g1, G5 = g5)

:P(Gl = gl,GIQ = gé|H* = W)P(H* = 7T)
P(G1 = g1,G5 = g3)

xP(G1 = g1,Gh = g4|IT* =) (150)
=P(G1 =g1,G2=7""(g})) (151
_ H péfjij(glaﬂil(gé))q;‘ij(gl17771(95)). (152)

(4,5)€{0,1}2

Here equation (150) follows from the fact that IT* is uniformly
drawn from S, and P(G1 = g1, G4 = g5) does not depend
on 7. Equation (151) is due to the independence between II*
and (Gl, GQ)

To further simplify equation (152), note that the total
number of edges in a graph is invariant under any permu-
tation. We define 3"(G;) as the total number of user-user
edges in graph Gp and (B“(7~1(G%)) for graph 7~ 1(G5).
Similarly, we define 32(G1) and (7~ 1(G%)) as the total
number of user-attribute edges for graph G; and 7~ 1(G5),
respectively. Recall our definitions on Hamming distance
AY Gy, 77 YGY)) and p(Gy,7m1(G%)), and notice that
AY(Gy, 7 (GY)) = p10+01. Moreover, we have 3%(G1) =
fi11 + pio and BU(Go) = B*(m~H(G5)) = par + por- Then,
for the user-user set &,, we have

_ BUG) + B TH(GY)  AYNGL N (GY))

H11

2 2

_ BYGL) = BTN (GY) | AY(G, T (GY))
H10 = 9 + 5

_ BTN (GY)) =BG | AY(GL T H(GY))
o1 = 9 + 5

_(n\_BG) + B (nH(GY) AYGy, T H(GY))
Moo = 9" 5 - D) .
Similarly, for the user-attribute set &,, we have
AYGy, 7 HGY) = vio + vor, BYGL) = v + vio

and ($%(G) = B*(7~1(G%)) = v11 + vo1. Therefore, we get
the following.

B Gy + ("N (GY))  AMGL T H(GY))

= 2 - 2
_ (Gr) - B (GY)) n A (G, H(GY))
V1o = 2 2
S B (n1(GY)) — f*(Gh) n AGy, 7 H(GY))
01 2 2
PG HA(NGY)  AMGL T HGY))
Voo = nm D) B .

Since (%(G1), (771 (GY)), *(G1), and §*(x~1(GY)) do
not depend on mw, we can further simplify the posterior as
follows

P(IT* = 71|G1 = G1, Gl = Gb)

o H p%”(cl,w*(c'z» iu;j(Gm*l(GéD
(i,)€{0,1}2
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_AYGy, 7T lGEh) _A%G; T 1(Gh)
o (Pupoo) 2 <q11qoo)
P1oPo1 410901
(153)
A Gy, H(GY)) w0y Aa(Gml(Gé))}
2 2 ’

=exp { —wW1

(154)

where w; £ log (M) and wy £ log (M . Note that
P1oPo1 410901

wi > 0 and wy > 0 since we assume that the edges of G and
G are positively correlated. Therefore, of all the permuta-
tions in S, the one that minimizes the weighted Hamming
distance w1 AY(G1, 7 H(Gh))+w A% (G, 7~ 1(GY)) achieves
the maximum posterior probability. ]

APPENDIX B
PROOF OF LEMMA 1

Recall that when we specialize the attributed Erd6s—Rényi
pair model by setting p = g, we can treat the m attributes as
m seeds. The only difference between the G(n, p; m, p) model
and the seeded model G(n, m,p) is that there are no edges
between seeds in the specialized model, but those edges exist
in the seeded model. Here, we show that this distinction has no
influence on the information-theoretic limit of exact alignment.
To see this, we prove that the optimal estimator for the seeded
Erd6s—Rényi pair—the MAP estimator—also simplifies to
minimizing the Hamming distance of the user-user edges and
user-seed edges.

Lemma 8: Let (G1,GY) be a pair of graphs generated from
the seeded Erd6s—Rényi pair G(n, m,p). The MAP estimator
of the permutation II* based on (G, G%) simplifies to

7map (G, GY)

= argmin{A"(G1, 7 (GY)) + A* (G, 7 HGH))},
ﬂ'eSn

where

AYGy,m N (Gh)) = D> K{G1((i,§)) # Gy ((x (i), 7(5)))},
(4,7) €€
AGr,mH(Gh)) = Y H{G1((1,v)) # Gh((x(i),v))}-

(i,v)EE,
Proof: To start, we have the posterior of the underlying

permutation.

P(IT" = |Gy = g1,G5 = g5)

_ P(G1=g1,G = g5|II* = m)P(II* = 7)
a P(G1 = g1,G5 = g3)

x P(G1 = g1,G5 = go|lT" =)

=P(G1 = g1,G2 =71 (g3)).

Here (155) follows since II* is uniformly drawn. (156) follows
since IT* is independent of G; and G5. For ease of notation,
we use g3 to denote 7~ 1(g5). Then according to the seeded
graph model in Section II, we have

P(G1=01,G2=93)

_m11(91,93), poo(g1,95) p10(91,95) Ho1(91,95)
=P11 Poo P1o Po1 .

(155)
(156)

(157)
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In (157), we define

p11(g1,93) Z Hé{ 1]71~7} * Z Hé{ 5% }

1~ lN
ijeve’ ijevs i

+ 2 “‘{Aglj’iggj}+ ) “‘{3}

%
ey jevys i€Vs jevw’

po(gng3) & Y Ko ay+ DK

ey jeys

poi(g1,93) 2 Y “‘{im qg}+z “A{qu”}

i,jevy’

+

Wro g+ D o g
n 15,057 , {
ieve’ jevs ieVe jevu

/ioo(glvgg)é Z 'Hé{gl 93 }+ Z J%{ yé’}

i jevy’ ibjigky i,jEVS 10,1 ]

D S N S N T
{#ti) {#t)

ieyv jeys ikgigty ievs jeyy ibjigy

where V' £V, \ V* is the set of unmatched user vertices and
V? is the set of seed vertices. Notice that the term summing
seed-seed edges is always the same for every m € S, since
we only permute user vertices. Here, we define

111(91, 93) Z Hé{ ,,9".}

,jEV“

+ D “A{qu.}jL > “‘{1.93}

1,1 ~Ji g
ieve jeys ievs,jeyw ’

110(91,95) Z “‘{ 93 }

i jeve iR ik

ey jevs

D DR SR D DI S
(Rt} i)

+ > ué{gl N}+ > J%{}

ikgir ]
ievy jevs icvs jevy

i,jevy

poo(g1,95) 2 Y “‘{gl }
idgid ]
+ “‘{195}+ > “‘{2}

ievy’ jeys #3ir ieys, jevy’
We therefore have
P(G1=g1,G2 = g3)
. puln(gl,gz) ggo(gl,gz )p%g(gl 193 ) gin(gl 193 ) (158)

So far the MAP estimator we derived here is exactly the
same as the estimator for attributed graph alignment. Applying
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Lemma 4, we then get

Tnap (91, 95) = argmin{puyo(g1, 93) + po1(91,95) }-

TES

APPENDIX C
PROOF OF LEMMA 2

Lemma 9: Let (G1,G2) be an attributed Erd6s—Rényi pair
G(n,p;m, q). Given |Aut(G1AG2)|, the probability that MAP
estimator succeeds is at most ARt (G RG]

Proof: 'We assume without loss of generality that the
true underlying permutation IT* us the identity permutation,
i.e., Gy = GY. Recall that from Lemma 4 we have

Tvap(G1, GY)
= argmin{w; A" (G1, 7 1 (GS)) + wa A*(G1, 7 H(GH))},

TES,
where w; = log (L2 ), w, = log (411402 ), and
AY(Gr, N (Gy)) = Y WLGI((0,4)) # Go((m (i), (7))}
(i.5)€Eu
AMG, 7 (@) = Y WG, v)) # Gyl(r(i), v))}-
(i,v)EE,

It suffices to show that for any ¢ € Aut(G; A Gs),
we have A"(G1,G2) = A%(G1,0(G2)) and A*(G1,G2) =
A*(G1,0(G3)). This would imply that permutation o~! has
the same posterior as the identity permutation, and thus the
estimator cannot do better than a random guess between these
permutations.

We firstly show that A"(G1,G2) = A"(G1,0(G2)). Con-
sider a user pair (i,j) € &,. Suppose that Gi(i,j) =

Gq(i,j) = 1, ie, (G AN G2)(i,j) = 1. Because
o € Aut(Gy A Gi), we know that Gi(o(i),o(j)) =
Gs(o(i),0(j)) = 1. So the contribution of (i,j) to

A"(G1,G2) and A*(G4,0(G2)) are both zero. Next we con-
sider the case of (G1 A G2)(4,j) = 0. This includes subcases
of G1(i,j) = 0,Ga(i,5) = 1 and G1(i,§) = 1,Ga(i,j) =
0 and G1(¢,7) = 0,Ga(i,j) = 0. Let S, denote the edge
orbit in the permutation o¢ that contains (i,7). Because
o € Aut(G1 A G3), we know that (G A Ga)(e) = 0 for
each e € S,,. Note that the contribution of e to A"(G1,G2)
is one if Gi(e) = 0,Gz2(e) = 1 or Gi(e) = 1,Gz(e) =
0 and the contribution is zero if Gi(e) = 0,G2(e) = 0.
Therefore, the total contribution of the orbit S, to A"(G1, G2)
is given by the total number of edges in G; and G2 on the
orbit S,. Similarly, the contribution of S, to A"(G1,0(G2))
is the same. Thus, we have A"(G1, G2) = A" (G1,0(G2)).
Secondly, we show that A*(G1,G2) = A*(G1,0(G2)).
Consider a user-attribute pair (i,a) € &,. Then if (G A
G2)(iya) = 1, we have G1(i,a) = Ga(i,a) = G1(o(i),a) =
Go(o(i),a) = 1. So the contribution of (i,a) to A*(G1, Gs)
and A?*(Gp,0(G2)) are both zero. Next, suppose (Gi A
G2)(i,a) = 0. Let S, denote the edge orbit that contains (7, a).
It is not hard to see that the contribution of the user-attribute
pairs in S, to A*(G1, G2) equals to the total number of edges
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in Gy and G5 on S,, and its contribution of A*(G1,0(G2))
is the same. So we have A?*(G1,Gq) = A?*(G1,0(G2)).
O

APPENDIX D
PROOF OF FACT 1

Fact 4: The generating function A(x,y, z) of permutation
7 can be decomposed into

Z) = H Al($7 Z)trAl(ya Z)t?7

1>1

Az, y,

where t}' is the number of user-user orbits of size [, ¢} is the
number of user-attribute orbits of size [.
Proof: Recall the definition of A(x, vy, z) for a given 7

= > >

g€{0,1}¢ he{0,1}¢

257(9.1) 9. 1) (1)

Alz,y, 2

According to the cycle decomposition on 7, we write £ =

U;>10;, where use O; is the ith orbit and there are N orbits
in total. Then we have the following.

Az, y, z)

= >

g€{0,1}¢ he{0,1}¢

Z Z HZ5w(ge,he)mu(ge,hﬁ)yu(ge,he) (159)

g€{0,1}¢ he{0,1}¢ ec&

Z Z Hf(goﬂhoi)

g€{0,1} he{0,1}£ i=1

= > > > ﬁf(go“hoi)

9o, €{0,1}°1 ho, €{0,1}°1 ho €{0,1}9N i=1

507 (9,h) pa(g:h) V(g7h)

(160)

(161)
N
=111 > > flgo, ho,) (162)
i=1 \go,€{0,1}%i hp,€{0,1}%i
N
:HA (z,y,2) (163)
= [T Aule, 22 Ay, 2721 (164)

v
v

Here we use ggs to denote a subset of g that contains only
vertex pairs in £’ and hg to denote a subset of & that contains
only vertex pairs in &', where £’ can be any set of vertex
pairs. In (159), g. (resp. h.) represent a subset of g (resp. h)
that contains a single vertex pair e. In (160), go, (resp. ho,)
represents the subset of g (resp. h) that contains only vertex
pairs in the orbit O;. We define f(go,, ho,) as a function of
go, and ho, where f(go,,ho,) = [.cp, 2°7 (9 gl te)
if O; only contains user-user pairs, and f(go,,ho,) =
[l.co, 20n(geshe)qyv(gehe) if O; only contains user-attribute
pairs. Equation (161) follows because O;’s are disjoint and
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their union is £. Note that f(go,,ho,) only concerns ver-
tex pairs in the cycle O; since for e € O; we have
n€(e) € O;. Then, (162) follows because f(go,,ho,)’s
are independent functions. In (163), we use Ap,(x,y,2)
to denote the generating function for the orbit O; where
Ao, (x,y,z) = Ap,(x,z) if O; contains user-user vertex
pairs; Ao, (x,y, z) = Ao, (y, z) if O, contains user-attribute
vertex pairs. To see why this equation follows, note that if O,
contains only user-user vertex pairs, then

Z Z f(g0i7h0i)

90,€{0,1}9i ho, €{0,1}%i

= Z Z H 2O (geshe) git(geshe)

go, €{0,1}%i ho, €{0,1}9i e€0;

= > X

90,€{0,1}% ho,€{0,1}%i
= Ao, (x, 2).

contains only user-attribute vertex pairs, then

Z Z f(g0;, ho,)

9o, €{0,1}%i hp,€{0,1}9i

— Z Z H 207 (9ehe) v (ge he)

90,€{0,1}%i ho, €{0,1}9i e€O;

= 2 X

90,€{0,1}%i ho, €{0,1}%:

07 (90;:h0;) pr(g0;:h0,;)

IfO

B

SOx(g0;:ho; )yV(goi ho,)

= Ao, (y, 2).
In (164), we apply the fact that orbits of the same size have
the same generating function. ]

APPENDIX E
A USEFUL FACT FOR COROLLARIES 1 AND 2

Fact 5: Consider the subsampling representation of the
graph parameters

(pn p10>
Po1  Poo

_ ( DPSu,15u,2

N p(]- - Su,l)su,Q p(]- - Su,l)(]- -
If 1 —p = O(1), then we have ¢, = O(p11) and ¢, =
p11—O(p11p'/?). The statement holds if we exchange p to q.

Proof: To see ¥, = ©O(p11), we write 1, using
parameters from the subsampling model and we have

psu,l(1 - 511,2)
Su,2) + 1-— p ’

Yu = (v/P11P00 — /P1oPo1)>
= (y/pua((1=p) +p(1 = 50,1)(1 = 50.2))
- \/p Su15u2(1 — su1)(1 — 542))?

—p)p11
p(1—5u,1)(1—5u,2) \/P
1-p

2
(\/1+ (1su,11);1su,2)>
(1 —plpu

5.
p(1— Sul )(1—5y,2) (1— sul (1—5u,2)
<\/1+ =suz) 4 /o >

(165)
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©(1) and

In (165), we have that (1 — p) =
L Therefore,

= o).

p(1—sy 1)(1—sy,2) p(1—sy 1)(1—sy,2)
A [

hy = O(p11).
To see ¥y, = p11 — @(pi’{z
Yu = (v/P11P00 — v/P1opor)’
= p11Poo + P1oPo1 — 24/P11PooP10Po1
= pll((l - p) +p(1 - Su,l)(l - Su,2))
+p28u,lsu,2(1 - Su,l)(l - su,Q)
— P =) 4 p(1 = 51)(1 = 5u2))p(1— s00)(1— 5u2)
= P11 — O(P11P1/2)~

), we take

O

APPENDIX F
PROOF OF COROLLARY 1

A. Achievability

In this proof, we first show that, under the assumptions on
the user-user edges in condition (12) and (14), the achievability
result becomes

np11 + mw, —logn = w(1).

Next, we apply conditions (13) and (15) to bound difference
between q;; and v,, and complete the proof.

For the user-user edge part, we check the two regimes
pi1 = w(lo%) and p;; = O(lo%) separately. If p;; =
w(bf;"), then with the assumption on the user-user edge
density (12), we also have 1, = w(lo%) because v, =
O(p11) (see Fact 5 in Appendix E). Therefore exact alignment
is achievable according to Theorem 1: % + my, —logn =
w(logn) + my, — logn = w(1l). Now we check the case
when py; = O(lo%). We will see that all the conditions in

Theorem 2 are satisfied. Notice that p1g = psy1(1 — sy,2) <

psu,l - 511112 and Po1 = p3u72(1 — Su,l) S p3u72 — fu%.
) 4
Under assumption (14), we know that s,; = Q(@)

4
and s, = Q(@) Because p;; = O(l"%), we have

Po1 = O(Ioén) and p1g = O(loén). Moreover, note that

e )

PSu,15u,2

PioPo1
PooP11

1 4
Because psy 15u2 = O (k’%) and sy 1542 = Q (%),

we have p = O m . Then it follows that the sparsity
conditions in Theorem 2 (7), (8) and (9) are all satisfied.
Therefore, we just need np11 +mi, —logn = w(1) to guaran-
tee that exact alignment is achievable. Combining the two case,
we come to the conclusion that, under the assumptions (12)
(14), the achievability results in Theorem 1 and Theorem 2
simplifies to

np11 + mw, —logn = w(1). (166)

From the above discussion, we further simplify the achiev-
ability results so that it depends only on mp;; and mqi,
which are the two only parameters in the converse bound. Then
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we can show in what regime the achievability and converse
are tight (up to £w(1)). From the achievability in last step:
np11 + m, —logn = w(1l), we then need to determine the
difference between m1), and mgq;;. Firstly, consider the case
when mg11 = w(logn). In this case, we immediately have that
np11 +m, —logn = w(1l) because ¥, = O(q11) by Fact 5.
Now, consider the case when mg;; = O(logn). Suppose
np11 + mgi1 — logn = w(1l) implies maqi1q/? = O(1), then
it implies np11 +map, —logn = w(1) as well. This is because
maqi1 — mab, = O(mqi1q*/?). Therefore, we need to find the
condition for npy;+mqi1—logn = w(1) to imply mqi1¢'/% =
O(1). Because mqi1 = mgsa15a,2 = O(logn), we have

mqii (log ”)3/2

1/2
mqi1q*? = mqu (77”5&’18&,2) =0 (7(74,7,3311%2)1/2)' Con-
dition (15) implies that ms, 15,2 = Q((logn)?), so we have
that mq11¢*/? = O(1), which completes the proof.

B. Converse

In this proof, we will show that
np11 +mqi; —logn — —oo

implies condition (11) in Theorem 3. Note that — log(z? +
(1 —x)?) > 2z for any z € [0, 1]. Therefore, we have

—nlog(pf; + (1 — pu1)?) — mlog(qi; + (1 — q11)?)
< 2np11 + 2magnn < 2logn — w(l),

which completes the proof.

APPENDIX G
PROOF OF COROLLARY 2

A. Proof for the Achievability Condition (41)

Recall that from (166) in the proof of Corollary 1, we have,
under assumptions (12) and (14), our achievability results
(Theorem 1 and Theorem 2) simplify to the following
condition

np11 + m, > logn + oo,

where ¥, — q11 = O(qu1¢"/?).

Now, in the seeded Erd&s—Rényi setting, we have p =
q. Because condition (31) implies conditions (12) and (14),
we obtain the following achievability for seeded alignment

npi1 + mwu > IOgn + w(l)a (167)

where 1, — p11 = O(pllpl/Q)-
For the above achievability condition (167), we show that
it is equivalent to

(n+m)p11 > logn + w(1) (168)

by comparing them in the following three regimes.
1) For the regime (n+m)p1; = w(logn), we show that it is
strictly contained in both (167) and (168). We can easily
see that (n + m)p11 = w(logn) satisfy condition (168).
For condition (167), recall that we have ¢, = ©(p11)
from Fact 5 (cf. Appendix E). Thus, we also have (n +
m)p11 = w(logn) satisfy condition (168).
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2) In the regime (n + m)p11 = O(logn), we have
logn 1/2
wons® =0 (o (155

logn 1/2
=0 logn( 2)
ns

)

where the penultimate equality follows by assump-
tion (14). For the condition (167), we have mi, =
mpi1 — O(mpllpl/z) = mp11 — O(1). Therefore, con-
dition (167) can be simplified to np;; +mp11 > logn +
w(1), which is exactly condition (168).

3) For the regime (n—+m)p11 = o(logn), it is not contained
by neither (167) nor (168).

B. Proof for the Converse Condition (42)

From Theorem 3, we have the converse condition for
attributed Erdés—Rényi alignment

np11 +mgi1 < logn —w(1).

Now, in the seeded Erdés—Rényi setting, we have p = q and
we directly obtain the following converse for seeded alignment

(n+m)p11 <logn — w(l). (169)
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