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ABSTRACT
Online social networks o↵ering various services have become
ubiquitous in our daily life. Meanwhile, users nowadays are
usually involved in multiple online social networks simulta-
neously to enjoy specific services provided by di↵erent net-
works. Formally, social networks that share some common
users are named as partially aligned networks. In this paper,
we want to predict the formation of social links in multiple
partially aligned social networks at the same time, which is
formally defined as the multi-network link (formation) pre-
diction problem. In multiple partially aligned social net-
works, users can be extensively correlated with each other
by various connections. To categorize these diverse connec-
tions among users, 7 “intra-network social meta paths” and
4 categories of “inter-network social meta paths” are pro-
posed in this paper. These “social meta paths” can cover a
wide variety of connection information in the network, some
of which can be helpful for solving the multi-network link
prediction problem but some can be not. To utilize useful
connection information, a subset of the most informative“so-
cial meta paths” are picked, the process of which is formally
defined as “social meta path selection” in this paper. An
e↵ective general link formation prediction framework, Mli
(Multi-network Link Identifier), is proposed in this paper
to solve the multi-network link (formation) prediction prob-
lem. Built with heterogenous topological features extracted
based on the selected“social meta paths” in the multiple par-
tially aligned social networks, Mli can help refine and dis-
ambiguate the prediction results reciprocally in all aligned
networks. Extensive experiments conducted on real-world
partially aligned heterogeneous networks, Foursquare and
Twitter, demonstrate that Mli can solve the multi-network
link prediction problem very well.

Categories and Subject Descriptors
H.2.8 [Database Management]: Database Applications-
Data Mining
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1. INTRODUCTION
Nowadays, online social networks with specific character-

istics have become an essential part in our daily life. Users
in online social networks can usually enjoy a wide variety of
social services, e.g., establish social connections with friends,
write online posts, check in at locations. Meanwhile, social
networks which provide these various services can usually
contain heterogeneous information, which include multiple
kinds of information entities, e.g., users, posts and locations,
and complex links among these entities, e.g., social links
among users [25, 26] and location checkin links between users
and locations [26].
Via these diverse links in online social networks, users can

be connected with each other closely. Consider, for example,
given two users, Alice and Bob, who both have checked in at
the“Lincoln Memorial” in Foursquare1, the location checkin
links “Alice�Lincoln Memorial�Bob” can form a path from
Alice to Bob in the network. Formally, the sequences of links
starting and ending with users in online social networks are
defined as the social paths. The length of social paths is
defined as the number of links that constitute them. For
instance, path “Alice� Lincoln Memorial� Bob” is a social
path of length 2 connecting Alice and Bob in Foursquare.
In all possible connections among users, social links, which

are one kind of social paths of length 1 as well, among users
have received lots of attention in recent years [21, 22, 23].
The problem of predicting social links to be formed in the
near future based on a snapshot of online social networks
is formally defined as the social link (formation) prediction
problem. Many concrete social services in social networks
can be cast as social link prediction problems, e.g., friend
recommendation. Meanwhile, as pointed out in [25], users’
“loyalty” to a social network is positively correlated to the
number of friends they have in the network. As a result,
social link formation prediction problem, which can help in-
troduce more social connections for users, can be very im-
portant for online social networks.
Traditional link prediction problems which aim at predict-

ing one single kind of links in one network [16, 20, 24, 3] have
been studied for many years. Dozens of di↵erent link pre-
diction methods have been proposed so far [1, 14, 19, 16, 20,
24, 3]. Conventional link prediction methods usually assume

1https://foursquare.com

http://www.cs.uic.edu/~jzhang2/publication.html
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解く問題：multiple partial aligned 
networks の同時リンク予測
■ リンク予測 (Link Prediction) 
• e.g. 「友達かも」 
• 「未来にリンクが張られるかどうか」を予測する 

■ ＋ 複数ネットワーク 
■ ＋ 一部接続されている
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複数のネットワークを連携させる理由

■ New network problem [25, 26] 
• リンク予測で用いられてきた従来の特徴量 (e.g. common 
neighborhoods) は、既存のネットワークから十分な情報を取り出
せる (既存ネットワークが十分密) であることを仮定 

• 新しい地理的領域やコミュニティでは, social network は疎 
!

■ → multiple partial aligned networks でのリンク予測 [25, 26] 
• 多くの場合, ユーザは他のSNSを利用している 
• 情報が潤沢な (かもしれない) 他のSNS (social network) の情報
を利用 (transfer) したい

4
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multiple (partial) aligned networks のリン
ク予測の既存手法 [25, 26] の問題点
■ anchor users (両方のSNSを利用しているユーザ) にしか適用できな
い 

■ Network difference problem [15, 23] 
• 異なるネットワークは異なる特性を持つため, 情報を転移させると
性能が落ちることがある 

• …という問題を解決しきれていない

5
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■ 問題設定： 
multiple partial aligned networks の同時リンク予測 

■ 提案手法： 
• PU (Positive Unlabeled) Link Prediction 
• Meta Path ベースの特徴量 
• 特徴量の選別 
• → Multi-Network Link Prediction Framework 

■ 実験
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教師データの扱い：PU Link Prediction

■ Supervised link prediction ? 
• 与えられた social networks のエッジ (Positive link) は疎 
• エッジが張られていない頂点の組を negative とすると 
• negative links >> positive links 

9
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教師データの扱い：PU Link Prediction

■ Supervised link prediction ? 
• 与えられた social networks のエッジ (positive link) は疎 
• エッジが張られていない頂点の組を negative とすると 
• negative links >> positive links 

■ PU (Positive Unlabeled) link prediction 
• エッジが張られていない頂点の組は unlabeled と考えるべき 
• positive links と unlabeled links が与えられた半教師あり学習と
考える 

• → unlabeled の中から reliable negative を探したい

10
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Reliable Negative リンクの抽出

!
!
!
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!
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!

■ Spy の中で最も Negative っぽいもの 
…よりも更に Negative なものを, Reliable Negative とする． 

■ Spy Technique has been proposed: [13](CIKM 2013). 
■ [28] (ICDM 2011) apply this technique to graph mining area.
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■ 問題設定： 
multiple partial aligned networks の同時リンク予測 

■ 提案手法： 
• PU (Positive Unlabeled) Link Prediction [13][28] 
• Meta Path ベースの特徴量 
• 特徴量の選別 
• → Multi-Network Link Prediction Framework 

■ 実験
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特徴量をどう取り出すか

13

Heterogeneous Information
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Meta Path：グラフの "パス" の拡張 
ノードやエッジの種類を考える
■ "Meta Path: A Key to Mining Heterogeneous Information 
Networks" (Jiawei Han, Univ. of Illinois) 

■ いままでの path: 「あるかないか」「パス長」 
• "Alice --(follow)--> Bob --(follow)--> Eve" 
• Path: * → * → * 

■ 色々な種類のノード、色々な種類のエッジがあれば、パスにも色々な
種類が考えられる 
• "Alice --(checkin at)--> Kyoto Univ. --(checkin at -1)--> Bob" 
• Meta Path: User → Location → User

14
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SNSのNetwork Schema

15

Intra-network social meta paths
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Intra-network Social Meta Path

■ Homogeneous Intra-network Social Meta Path 
■ 同種のノードを繋ぐパス
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For a given heterogeneous online social network, e.g., G, to
describe its structure more clearly, we define its schema to be
S

G

= (T,R), where T , R are the sets of node types and link
types in G. For example, if G = (V,E), where V = U[P [L
contains user, post and location nodes, E = E

u,u

[E
u,p

[E
p,l

contains the social links, write links and location links, then
S

G

= (T,R), T = {User, Post, Location} and R = {Social
Link, Write Link, Location Link}. A complete schema of
networks studied in this paper is shown in Figure 1. In
network G, nodes can be connected with each other via ex-
tensive paths consisting of various links. To categorize all
possible paths in heterogeneous networks G, we define the
concept of intra-network meta path based on schema S

G

as
follows:
Definition 8 (Intra-Network Meta Path): Based on the

given the network schema, S
G

= (T,R), � = T1
R

1��! T2
R

2��!
· · ·

Rk�1����! T

k

is defined to be a meta path in network G,
where T

i

2 T, i 2 {1, 2, · · · , k} and R

i

2 R, i 2 {1, 2, · · · , k�
1}.
Meanwhile, depending on types of nodes and links that

constitute it, � can be divided into two di↵erent categories.
Definition 9 (Homogeneous and Heterogeneous Intra-Network

Meta Path): For a given meta path � = T1
R

1��! T2
R

2��!
· · ·

Rk�1����! T

k

defined based on S

G

, if (T1, · · · , T
k

are all the
same )^ (R1, · · · , R

k�1 are all the same), then � is a ho-
mogeneous meta path; otherwise P is a heterogeneous meta
path.
In this paper, we are mainly concerned about meta paths

connecting user nodes, which can be defined as the intra-
network social meta path.
Definition 10 (Intra-Network Social Meta Path): For a

given meta path � = T1
R

1��! T2
R

2��! · · ·
Rk�1����! T

k

de-
fined based on S

G

, if T1 and T

k

are both the “User” node
type, then P is defined as a social meta path. Depending on
whether T1, · · · , T

k

and R1, · · · , R
k�1 are the same or not,

P can be divided into two categories: homogeneous intra-
network social meta path and heterogeneous intra-network
social meta path.
Based on the schema of networks studied in this paper,

shown in Figure 1, we can define many di↵erent kinds of
homogeneous and heterogeneous intra-network social meta
paths for network G, whose physical meanings and notations
are listed as follows:
Homogeneous Intra-Network Social Meta Path

• ID 0. Follow : User
follow����! User, whose notation is

“U ! U” or �0(U,U).

• ID 1. Follower of Follower : User
follow����! User

follow����!
User, whose notation is “U ! U ! U” or �1(U,U).

• ID 2. Common Out Neighbor : User
follow����!User

follow

�1

������!
User, whose notation is “U ! U  U” or �2(U,U).

• ID 3. Common In Neighbor : User
follow

�1

������! User
follow����! User, whose notation is “U  U ! U” or
�3(U,U).

Heterogeneous Intra-Network Social Meta Path

• ID 4. Common Words: User
write���! Post

contain�����!

Word
contain

�1

�������! Post
write

�1

�����! User, whose notation
is “U ! P !W  P  U” or �4(U,U).

• ID 5. Common Timestamps: User
write���! Post

contain�����!
Time

contain

�1

�������! Post
write

�1

�����! User, whose notation is
“U ! P ! T  P  U” or �5(U,U).

• ID 6. Common Location Checkins: User
write���! Post

attach����! Location
attach

�1

������! Post
write

�1

�����! User, whose
notation is “U ! P ! L P  U” or �6(U,U).

3.1.2 Social Meta Path based Features

Meta paths introduced in the previous part can actually
cover a large number of path instances connecting users in
the network. Formally, we denote that node n (or link l)
is an instance of node type T (or link type R) in the net-
work as n 2 T (or l 2 R). Identity function I(a,A) =(
1, if a 2 A

0, otherwise,

can check whether node/link a is an in-

stance of node/link type A in the network. To consider the
e↵ect of the unconnected links when extracting features for
social links in the network, we formally define the Intra-
Network Social Meta Path based Features to be:
Definition 11 (Intra-Network Social Meta Path based Fea-
tures): For a given link (u, v), the feature extracted for it

based on meta path � = T1
R

1��! T2
R

2��! · · ·
Rk�1����! T

k

from
the network is defined to be the expected number of formed
path instances between u and v in the network:

x(u, v) = I(u, T1)I(v, T
k

)

X

n

1

2{u},n
2

2T

2

,··· ,nk2{v}

k�1Y

i=1

p(n
i

, n

i+1)I((ni

, n

i+1), Ri

),

where p(n
i

, n

i+1) = 1.0 if (n
i

, n

i+1) 2 E

u,u

and other-
wise, p(n

i

, n

i+1) denotes the formation probability of link
(n

i

, n

i+1) to be introduced in Subsection 3.2.
Features extracted based on � = {�1, · · · ,�6} are named

as the intra-network social meta path based social features.
(�0 will be used in Subsection 3.1.4 only.)

3.1.3 Anchor Meta Path

When a network is very new, features extracted based
on intra-network social meta paths can be very sparse, as
there exist few connections in the network. Consider, for
example, in Figure 2, we want to predict whether social link
(A1

, B

1) in network G

1 will be formed or not. Merely based
on the intra-network social meta paths, the feature vector of
extracted for link (A1

, B

1) will be 0. However, we find that
A

1 and B

1 can be correlated actually with various inter-
network paths, e.g., B1 ! B

2 ! A

2 ! A

1, B1 ! B

2 !
F

2 ! A

2 ! A

1 and B

1 ! B

2 ! E

2 ! A

2 ! A

1.
By following this idea, we propose to transfer useful in-

formation from aligned networks with the following anchor
meta path and the inter-network social meta paths to be
introduced in Subsection 3.1.4.
Definition 12 (Anchor Meta Path): Let U

i, U

j be the
user nodes of Gi and G

j respectively and A

i,j be the anchor

links between G

i and G

j . Meta path ⌥ = T1
R

1 �! T2 is an
anchor meta path between network G

i and G

j i↵ T1 = U

i

and T2 = U

j and R1 = A

i,j . The notation of anchor meta
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Intra-network Social Meta Path

■ Heterogeneous Intra-network Social Meta Path 
■ 別種のノードを繋ぐパス

17

For a given heterogeneous online social network, e.g., G, to
describe its structure more clearly, we define its schema to be
S

G

= (T,R), where T , R are the sets of node types and link
types in G. For example, if G = (V,E), where V = U[P [L
contains user, post and location nodes, E = E

u,u

[E
u,p

[E
p,l

contains the social links, write links and location links, then
S

G

= (T,R), T = {User, Post, Location} and R = {Social
Link, Write Link, Location Link}. A complete schema of
networks studied in this paper is shown in Figure 1. In
network G, nodes can be connected with each other via ex-
tensive paths consisting of various links. To categorize all
possible paths in heterogeneous networks G, we define the
concept of intra-network meta path based on schema S

G

as
follows:
Definition 8 (Intra-Network Meta Path): Based on the

given the network schema, S
G

= (T,R), � = T1
R

1��! T2
R

2��!
· · ·

Rk�1����! T

k

is defined to be a meta path in network G,
where T

i

2 T, i 2 {1, 2, · · · , k} and R

i

2 R, i 2 {1, 2, · · · , k�
1}.
Meanwhile, depending on types of nodes and links that

constitute it, � can be divided into two di↵erent categories.
Definition 9 (Homogeneous and Heterogeneous Intra-Network

Meta Path): For a given meta path � = T1
R

1��! T2
R

2��!
· · ·

Rk�1����! T

k

defined based on S

G

, if (T1, · · · , T
k

are all the
same )^ (R1, · · · , R

k�1 are all the same), then � is a ho-
mogeneous meta path; otherwise P is a heterogeneous meta
path.
In this paper, we are mainly concerned about meta paths

connecting user nodes, which can be defined as the intra-
network social meta path.
Definition 10 (Intra-Network Social Meta Path): For a

given meta path � = T1
R

1��! T2
R

2��! · · ·
Rk�1����! T

k

de-
fined based on S

G

, if T1 and T

k

are both the “User” node
type, then P is defined as a social meta path. Depending on
whether T1, · · · , T

k

and R1, · · · , R
k�1 are the same or not,

P can be divided into two categories: homogeneous intra-
network social meta path and heterogeneous intra-network
social meta path.
Based on the schema of networks studied in this paper,

shown in Figure 1, we can define many di↵erent kinds of
homogeneous and heterogeneous intra-network social meta
paths for network G, whose physical meanings and notations
are listed as follows:
Homogeneous Intra-Network Social Meta Path

• ID 0. Follow : User
follow����! User, whose notation is

“U ! U” or �0(U,U).

• ID 1. Follower of Follower : User
follow����! User

follow����!
User, whose notation is “U ! U ! U” or �1(U,U).

• ID 2. Common Out Neighbor : User
follow����!User

follow

�1

������!
User, whose notation is “U ! U  U” or �2(U,U).

• ID 3. Common In Neighbor : User
follow

�1

������! User
follow����! User, whose notation is “U  U ! U” or
�3(U,U).

Heterogeneous Intra-Network Social Meta Path

• ID 4. Common Words: User
write���! Post

contain�����!

Word
contain

�1

�������! Post
write

�1

�����! User, whose notation
is “U ! P !W  P  U” or �4(U,U).

• ID 5. Common Timestamps: User
write���! Post

contain�����!
Time

contain

�1

�������! Post
write

�1

�����! User, whose notation is
“U ! P ! T  P  U” or �5(U,U).

• ID 6. Common Location Checkins: User
write���! Post

attach����! Location
attach

�1

������! Post
write

�1

�����! User, whose
notation is “U ! P ! L P  U” or �6(U,U).

3.1.2 Social Meta Path based Features

Meta paths introduced in the previous part can actually
cover a large number of path instances connecting users in
the network. Formally, we denote that node n (or link l)
is an instance of node type T (or link type R) in the net-
work as n 2 T (or l 2 R). Identity function I(a,A) =(
1, if a 2 A

0, otherwise,

can check whether node/link a is an in-

stance of node/link type A in the network. To consider the
e↵ect of the unconnected links when extracting features for
social links in the network, we formally define the Intra-
Network Social Meta Path based Features to be:
Definition 11 (Intra-Network Social Meta Path based Fea-
tures): For a given link (u, v), the feature extracted for it

based on meta path � = T1
R

1��! T2
R

2��! · · ·
Rk�1����! T

k

from
the network is defined to be the expected number of formed
path instances between u and v in the network:

x(u, v) = I(u, T1)I(v, T
k

)

X

n

1

2{u},n
2

2T

2

,··· ,nk2{v}

k�1Y

i=1

p(n
i

, n

i+1)I((ni

, n

i+1), Ri

),

where p(n
i

, n

i+1) = 1.0 if (n
i

, n

i+1) 2 E

u,u

and other-
wise, p(n

i

, n

i+1) denotes the formation probability of link
(n

i

, n

i+1) to be introduced in Subsection 3.2.
Features extracted based on � = {�1, · · · ,�6} are named

as the intra-network social meta path based social features.
(�0 will be used in Subsection 3.1.4 only.)

3.1.3 Anchor Meta Path

When a network is very new, features extracted based
on intra-network social meta paths can be very sparse, as
there exist few connections in the network. Consider, for
example, in Figure 2, we want to predict whether social link
(A1

, B

1) in network G

1 will be formed or not. Merely based
on the intra-network social meta paths, the feature vector of
extracted for link (A1

, B

1) will be 0. However, we find that
A

1 and B

1 can be correlated actually with various inter-
network paths, e.g., B1 ! B

2 ! A

2 ! A

1, B1 ! B

2 !
F

2 ! A

2 ! A

1 and B

1 ! B

2 ! E

2 ! A

2 ! A

1.
By following this idea, we propose to transfer useful in-

formation from aligned networks with the following anchor
meta path and the inter-network social meta paths to be
introduced in Subsection 3.1.4.
Definition 12 (Anchor Meta Path): Let U

i, U

j be the
user nodes of Gi and G

j respectively and A

i,j be the anchor

links between G

i and G

j . Meta path ⌥ = T1
R

1 �! T2 is an
anchor meta path between network G

i and G

j i↵ T1 = U
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and T2 = U

j and R1 = A

i,j . The notation of anchor meta

For a given heterogeneous online social network, e.g., G, to
describe its structure more clearly, we define its schema to be
S

G

= (T,R), where T , R are the sets of node types and link
types in G. For example, if G = (V,E), where V = U[P [L
contains user, post and location nodes, E = E

u,u

[E
u,p

[E
p,l

contains the social links, write links and location links, then
S

G

= (T,R), T = {User, Post, Location} and R = {Social
Link, Write Link, Location Link}. A complete schema of
networks studied in this paper is shown in Figure 1. In
network G, nodes can be connected with each other via ex-
tensive paths consisting of various links. To categorize all
possible paths in heterogeneous networks G, we define the
concept of intra-network meta path based on schema S

G

as
follows:
Definition 8 (Intra-Network Meta Path): Based on the

given the network schema, S
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= (T,R), � = T1
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is defined to be a meta path in network G,
where T
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Meanwhile, depending on types of nodes and links that

constitute it, � can be divided into two di↵erent categories.
Definition 9 (Homogeneous and Heterogeneous Intra-Network
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defined based on S

G

, if (T1, · · · , T
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are all the
same )^ (R1, · · · , R

k�1 are all the same), then � is a ho-
mogeneous meta path; otherwise P is a heterogeneous meta
path.
In this paper, we are mainly concerned about meta paths

connecting user nodes, which can be defined as the intra-
network social meta path.
Definition 10 (Intra-Network Social Meta Path): For a

given meta path � = T1
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fined based on S

G

, if T1 and T

k

are both the “User” node
type, then P is defined as a social meta path. Depending on
whether T1, · · · , T

k

and R1, · · · , R
k�1 are the same or not,

P can be divided into two categories: homogeneous intra-
network social meta path and heterogeneous intra-network
social meta path.
Based on the schema of networks studied in this paper,

shown in Figure 1, we can define many di↵erent kinds of
homogeneous and heterogeneous intra-network social meta
paths for network G, whose physical meanings and notations
are listed as follows:
Homogeneous Intra-Network Social Meta Path

• ID 0. Follow : User
follow����! User, whose notation is

“U ! U” or �0(U,U).

• ID 1. Follower of Follower : User
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3.1.2 Social Meta Path based Features

Meta paths introduced in the previous part can actually
cover a large number of path instances connecting users in
the network. Formally, we denote that node n (or link l)
is an instance of node type T (or link type R) in the net-
work as n 2 T (or l 2 R). Identity function I(a,A) =(
1, if a 2 A

0, otherwise,

can check whether node/link a is an in-

stance of node/link type A in the network. To consider the
e↵ect of the unconnected links when extracting features for
social links in the network, we formally define the Intra-
Network Social Meta Path based Features to be:
Definition 11 (Intra-Network Social Meta Path based Fea-
tures): For a given link (u, v), the feature extracted for it
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Features extracted based on � = {�1, · · · ,�6} are named

as the intra-network social meta path based social features.
(�0 will be used in Subsection 3.1.4 only.)

3.1.3 Anchor Meta Path

When a network is very new, features extracted based
on intra-network social meta paths can be very sparse, as
there exist few connections in the network. Consider, for
example, in Figure 2, we want to predict whether social link
(A1
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1 will be formed or not. Merely based
on the intra-network social meta paths, the feature vector of
extracted for link (A1
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1) will be 0. However, we find that
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By following this idea, we propose to transfer useful in-

formation from aligned networks with the following anchor
meta path and the inter-network social meta paths to be
introduced in Subsection 3.1.4.
Definition 12 (Anchor Meta Path): Let U
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j be the
user nodes of Gi and G

j respectively and A
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links between G
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Inter-network Social Meta Path

■ anchor link を含むパス＝異種ネットワークを行き来するパス
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特徴量の計算

■ x_Φ(u, v): (u, v) 間の Meta Path Φ による特徴量 
•   
!

•   
!
!
!

■ (u, v) 間の Φ の形の Meta Path の本数 
■ p (formation probability; 将来リンクが張られる見込み確率) で重
み付け
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contains the social links, write links and location links, then
S
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= (T,R), T = {User, Post, Location} and R = {Social
Link, Write Link, Location Link}. A complete schema of
networks studied in this paper is shown in Figure 1. In
network G, nodes can be connected with each other via ex-
tensive paths consisting of various links. To categorize all
possible paths in heterogeneous networks G, we define the
concept of intra-network meta path based on schema S
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follows:
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mogeneous meta path; otherwise P is a heterogeneous meta
path.
In this paper, we are mainly concerned about meta paths

connecting user nodes, which can be defined as the intra-
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Definition 10 (Intra-Network Social Meta Path): For a

given meta path � = T1
R

1��! T2
R

2��! · · ·
Rk�1����! T

k

de-
fined based on S

G
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are both the “User” node
type, then P is defined as a social meta path. Depending on
whether T1, · · · , T
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and R1, · · · , R
k�1 are the same or not,

P can be divided into two categories: homogeneous intra-
network social meta path and heterogeneous intra-network
social meta path.
Based on the schema of networks studied in this paper,

shown in Figure 1, we can define many di↵erent kinds of
homogeneous and heterogeneous intra-network social meta
paths for network G, whose physical meanings and notations
are listed as follows:
Homogeneous Intra-Network Social Meta Path

• ID 0. Follow : User
follow����! User, whose notation is

“U ! U” or �0(U,U).

• ID 1. Follower of Follower : User
follow����! User
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User, whose notation is “U ! U ! U” or �1(U,U).

• ID 2. Common Out Neighbor : User
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User, whose notation is “U ! U  U” or �2(U,U).

• ID 3. Common In Neighbor : User
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follow����! User, whose notation is “U  U ! U” or
�3(U,U).
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• ID 4. Common Words: User
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Word
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write
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�����! User, whose notation
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Time
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attach����! Location
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�����! User, whose
notation is “U ! P ! L P  U” or �6(U,U).

3.1.2 Social Meta Path based Features

Meta paths introduced in the previous part can actually
cover a large number of path instances connecting users in
the network. Formally, we denote that node n (or link l)
is an instance of node type T (or link type R) in the net-
work as n 2 T (or l 2 R). Identity function I(a,A) =(
1, if a 2 A

0, otherwise,

can check whether node/link a is an in-

stance of node/link type A in the network. To consider the
e↵ect of the unconnected links when extracting features for
social links in the network, we formally define the Intra-
Network Social Meta Path based Features to be:
Definition 11 (Intra-Network Social Meta Path based Fea-
tures): For a given link (u, v), the feature extracted for it

based on meta path � = T1
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from
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Features extracted based on � = {�1, · · · ,�6} are named

as the intra-network social meta path based social features.
(�0 will be used in Subsection 3.1.4 only.)

3.1.3 Anchor Meta Path

When a network is very new, features extracted based
on intra-network social meta paths can be very sparse, as
there exist few connections in the network. Consider, for
example, in Figure 2, we want to predict whether social link
(A1

, B

1) in network G

1 will be formed or not. Merely based
on the intra-network social meta paths, the feature vector of
extracted for link (A1

, B

1) will be 0. However, we find that
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1 and B

1 can be correlated actually with various inter-
network paths, e.g., B1 ! B
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By following this idea, we propose to transfer useful in-

formation from aligned networks with the following anchor
meta path and the inter-network social meta paths to be
introduced in Subsection 3.1.4.
Definition 12 (Anchor Meta Path): Let U

i, U

j be the
user nodes of Gi and G

j respectively and A

i,j be the anchor
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j . Meta path ⌥ = T1
R

1 �! T2 is an
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j and R1 = A
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For a given heterogeneous online social network, e.g., G, to
describe its structure more clearly, we define its schema to be
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G

= (T,R), where T , R are the sets of node types and link
types in G. For example, if G = (V,E), where V = U[P [L
contains user, post and location nodes, E = E
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contains the social links, write links and location links, then
S

G

= (T,R), T = {User, Post, Location} and R = {Social
Link, Write Link, Location Link}. A complete schema of
networks studied in this paper is shown in Figure 1. In
network G, nodes can be connected with each other via ex-
tensive paths consisting of various links. To categorize all
possible paths in heterogeneous networks G, we define the
concept of intra-network meta path based on schema S

G

as
follows:
Definition 8 (Intra-Network Meta Path): Based on the
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is defined to be a meta path in network G,
where T
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Meanwhile, depending on types of nodes and links that

constitute it, � can be divided into two di↵erent categories.
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Meta Path): For a given meta path � = T1
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defined based on S
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, if (T1, · · · , T
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are all the
same )^ (R1, · · · , R

k�1 are all the same), then � is a ho-
mogeneous meta path; otherwise P is a heterogeneous meta
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In this paper, we are mainly concerned about meta paths

connecting user nodes, which can be defined as the intra-
network social meta path.
Definition 10 (Intra-Network Social Meta Path): For a
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fined based on S
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, if T1 and T
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are both the “User” node
type, then P is defined as a social meta path. Depending on
whether T1, · · · , T
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and R1, · · · , R
k�1 are the same or not,

P can be divided into two categories: homogeneous intra-
network social meta path and heterogeneous intra-network
social meta path.
Based on the schema of networks studied in this paper,

shown in Figure 1, we can define many di↵erent kinds of
homogeneous and heterogeneous intra-network social meta
paths for network G, whose physical meanings and notations
are listed as follows:
Homogeneous Intra-Network Social Meta Path

• ID 0. Follow : User
follow����! User, whose notation is

“U ! U” or �0(U,U).

• ID 1. Follower of Follower : User
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• ID 2. Common Out Neighbor : User
follow����!User

follow

�1

������!
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3.1.2 Social Meta Path based Features

Meta paths introduced in the previous part can actually
cover a large number of path instances connecting users in
the network. Formally, we denote that node n (or link l)
is an instance of node type T (or link type R) in the net-
work as n 2 T (or l 2 R). Identity function I(a,A) =(
1, if a 2 A

0, otherwise,

can check whether node/link a is an in-

stance of node/link type A in the network. To consider the
e↵ect of the unconnected links when extracting features for
social links in the network, we formally define the Intra-
Network Social Meta Path based Features to be:
Definition 11 (Intra-Network Social Meta Path based Fea-
tures): For a given link (u, v), the feature extracted for it
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Features extracted based on � = {�1, · · · ,�6} are named

as the intra-network social meta path based social features.
(�0 will be used in Subsection 3.1.4 only.)

3.1.3 Anchor Meta Path

When a network is very new, features extracted based
on intra-network social meta paths can be very sparse, as
there exist few connections in the network. Consider, for
example, in Figure 2, we want to predict whether social link
(A1

, B

1) in network G

1 will be formed or not. Merely based
on the intra-network social meta paths, the feature vector of
extracted for link (A1
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1) will be 0. However, we find that
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By following this idea, we propose to transfer useful in-

formation from aligned networks with the following anchor
meta path and the inter-network social meta paths to be
introduced in Subsection 3.1.4.
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j respectively and A
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■ 問題設定： 
multiple partial aligned networks の同時リンク予測 

■ 提案手法： 
• PU (Positive Unlabeled) Link Prediction [13][28] 
• Meta Path ベースの特徴量 (inspired by [17] work) 
• Meta Path 
• Intra-network & Inter-network Social Meta Path 

• 特徴量の選別 
• → Multi-Network Link Prediction Framework 

■ 実験
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Meta Path Selection：有用な特徴量の選別

■   
!
!

■ X_i: Meta Path Φ_i に対応する特徴量を実現値とする確率変数 
■ Y: ラベル (将来リンクが生成されるかどうかを表す) 
■ 将来リンクが生成されるかどうかを表す確率変数とのmi(相互情報量)
が大きな特徴量のみ残す 
!

■ → network difference problem (違う種類のネットワークから
情報を転移すると性能が落ちることがあるよ問題) の解消
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Figure 2: Meta Path across Aligned Networks.

path from G

i to G

j is ⌥(U i

, U

j) and the length of ⌥(U i

, U

j)
is 1.

3.1.4 Inter-Network Social Meta Paths

Based on the definition of anchor meta path, we can de-
scribe the inter-network paths from B

1 to A

1 in Figure 2
with the following inter-network meta path.
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In this paper, we are concerned about inter-network meta

path starting and ending with users, which are named as the
inter-network social meta path. The 4 specific inter-network
social meta paths used in this paper include:
Category 1: ⌥(U i

, U

j)�(�(U j

, U

j)[�0(U
j

, U

j))�⌥(U j

, U

i),
whose notation is  1(U

i

, U

i);
Category 2.: (�(U i

, U

i)[�0(U
i

, U

i))�⌥(U i

, U

j)�(�(U j

, U

j)[
�0(U

j

, U

j)) �⌥(U j

, U

i), whose notation is  2(U
i

, U

i);
Category 3.: ⌥(U i

, U

j)�(�(U j

, U

j)[�0(U
j

, U

j))�⌥(U j

, U

i)�
(�(U i

, U

i) [ �0(U
i

, U

i)), whose notation is  3(U
i

, U

i);
Category 4.: (�(U i

, U

i)[�0(U
i

, U

i))�⌥(U i

, U

j)�(�(U j

, U

j)[
�0(U

j

, U

j))�⌥(U j
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tation is  4(U
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where �(U i

, U

i)[�0(U
i

, U

i) = {�0(U
i

, U

i), · · · ,�6(U
i

, U

i)}
denote the 7 intra-network social meta paths of network G

i

introduced in Subsection 3.1.1.
Let  = { 1, 2, 3, 4}.  is a comprehensive inter-

network social meta path set and features extracted based
on can transfer information for both anchor users and non-
anchor users from other aligned networks. For example, in
Figure 2, by following path “B1 ! B

2 ! A

2 ! A

1”, we
can go from anchor user B

1 to anchor user A

1 and such
path is an instance of  1(U

1
, U

1); by following path C

1 !
A

1 ! A

2 ! D

2 ! D

1, we can go from non-anchor user C

1

to anchor user D

1, which is an instance of  2(U
1
, U

1); in
addition, by following path C

1 ! A

1 ! A

2 ! B

2 ! B

1 !
E

1, we can go from non-anchor user C

1 to non-anchor user
E

1, which is an instance of  4(U
1
, U

1).

3.1.5 Social Meta Path Selection

As introduced in Section 1, information transferred from
aligned networks is helpful for improving link prediction per-
formance in a given network but can be misleading as well,
which is called the network di↵erence problem. To solve
the network di↵erence problem, we propose to rank and se-
lect top K features from the feature vector extracted based

+
+ +

+

+
+
+

—
—

—
— —

—
—

+
+

+
+ +

+
+

Spy Positive Links Unlabeled Links

Reliable Negative Links

classification !
boundary

Feature Space

{P-Spy {U
{Spy

P N

P N

{RN
✏

{Spy
{U

training set

test set

classification results

Figure 3: PU Link Prediction.

on the intra-network and inter-network social meta paths,
[xT

�,x
T

 ]
T , from the multiple partially aligned heterogeneous

networks.
Let variable X

i

2 [xT

�,x
T

 ]
T be a feature extracted based

on a meta path in {�, } and variable Y be the label. P (Y =
y) denotes the prior probability that links in the training set
having label y and P (X

i

= x) represents the frequency that
feature X

i

has value x. Information theory related measure
mutual information (mi) is used as the ranking criteria:

mi(X
i

) =
X

x

X

y

P (X
i

= x, Y = y) log
P (X

i

= x, Y = y)
P (X

i

= x)P (Y = y)

Let [x̄T

�, x̄
T

 ]
T be the features of the top K mi score se-

lected from [xT

�,x
T

 ]
T . In the next subsection, we will use

the selected feature vector [x̄T

�, x̄
T

 ]
T to build a novel PU

link prediction model.

3.2 PU Link Prediction
In this subsection, we will propose a method to solve the

PU link prediction problem in one single network.
As introduced in Section 2, from a given network, e.g.,

G, we can get two disjoint sets of links: connected (i.e.,
formed) links P and unconnected links U . To di↵erentiate
these links, we define a new concept “connection state”, z, in
this paper to show whether a link is connected (i.e., formed)
or unconnected in network G. For a given link l, if l is
connected in the network, then z(l) = +1; otherwise, z(l) =
�1. As a result, we can have the “connection states” of links
in P and U to be: z(P) = +1 and z(U) = �1.
Besides the “connection state”, links in the network can

also have their own “labels”, y, which can represent whether
a link is to be formed or will never be formed in the network.
For a given link l, if l has been formed or to be formed, then
y(l) = +1; otherwise, y(l) = �1. Similarly, we can have the
“labels” of links in P and U to be: y(P) = +1 but y(U) can
be either +1 or �1, as U can contain both links to be formed
and links that will never be formed.
By using P and U as the positive and negative training

sets, we can build a link connection prediction model M
c

,
which can be applied to predict whether a link exists in the
original network, i.e., the connection state of a link. Let l

be a link to be predicted, by applying M
c

to classify l, we
can get the connection probability of l to be:
Definition 14: (Connection Probability): The probabil-
ity that link l’s connection states is predicted to be con-
nected (i.e., z(l) = +1) is formally defined as the connec-
tion probability of link l: p(z(l) = +1|x(l)), where x(l) =
[x̄�(l)

T

, x̄ (l)
T ]T .
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■ 問題設定： 
multiple partial aligned networks の同時リンク予測 

■ 提案手法： 
• PU (Positive Unlabeled) Link Prediction [13][28:2011] 
• Meta Path ベースの特徴量 (inspired by [17:2011] work) 
• Meta Path 
• Intra-network & Inter-network Social Meta Path 

• 特徴量の選別 (Meta Path Selection) 
• Network difference problem の解決 

• → Multi-Network Link Prediction Framework 
■ 実験

22
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複数ネットワークの同時リンク予測 
Multi-PU Link Prediction Framework

23

Multi-network collective link 
prediction framework
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複数ネットワークの同時リンク予測 
Multi-PU Link Prediction Framework
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Multi-network collective link 
prediction framework

Network 1

Network N

…

y(P1), y(U1)
y(L1)

update network
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update network

update network
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build predict
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1. リンクにMeta Pathベースの特徴ベクトルを付与 (y利用) 
2.  PU でモデル p(y=+1|x) を作成 
/ 利用する特徴量集合の更新(?) 

3.  モデルで y を更新 (argmax の計算の便宜上, 単独のネッ
トワークで計算)

y ∈ {+1,-1} 
リンクが生成されそう/されなそう を表すラベル
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■ 問題設定： 
multiple partial aligned networks の同時リンク予測 

■ 提案手法： 
• PU (Positive Unlabeled) Link Prediction [13][28] 
• Meta Path ベースの特徴量 (inspired by [17] work) 
• Meta Path 
• Intra-network & Inter-network Social Meta Path 

• 特徴量の選別 (Meta Path Selection) 
• Network difference problem の解決 

• → MLI (複数ネットワークの同時リンク予測) 
■ 実験
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実験：Dataset
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Dataset
• Foursquare and Twitter
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実験：Settings
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Experiment Settings
• Ground truth: existing social link among users!

• hide part of the existing links in the test set!
• build model to discover these links!
!

• Comparison Methods!
• MLI (Multi-network Link Identifier)!
• LI (Link Identifier): predict links in each network independently!
• SCAN(Supervised Cross-Aligned-Network link prediction): supervised link prediction, 

no meta path selection, !
• SCAN_s (SCAN with source network): features are extracted based on 

inter-network meta paths!
• SCAN_t (SCAN with target network): features are extracted based on intra-

network meta paths!
!

• Evaluation Metrics!
• AUC, Accuracy, F1

[25, 26]

proposed
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実験：結果

■ PU link prediction & meta path & meta path selection (3種類の
方法の合わせ技) で, 
既存手法 [25, 26] よりスコア向上 

■ 複数ネットワークを連携させて予測にするとスコアは更に向上 
■ anchor link (複数SNSを同時に利用しているユーザ) の割合 (横軸) 
が大きいとスコアは向上

28

Parameter Analysis
• ratio of anchor links

the more anchor links we have, the better 
performance we can achieve
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実験：結果

■ Multi-PU Link Prediction Framework のループは10回程度で収束

29

Convergence Analysis

converge quickly, in less than 10 iterations
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まとめ

■ 問題設定： 
multiple partial aligned networks の同時リンク予測 

■ 提案手法： 
• PU (Positive Unlabeled) Link Prediction [13][28] 
• Meta Path ベースの特徴量 (inspired by [17] work) 
• Meta Path 
• Intra-network & Inter-network Social Meta Path 

• 特徴量の選別 (Meta Path Selection) 
• Network difference problem の解決 

• → MLI (複数ネットワークの同時リンク予測) 
■ 実験結果： 
• 3種類のテクニックの合わせ技でスコア向上, 複数ネットワークの連携で更に向上 
• anchor link の割合が大きいとスコア向上 
• ループは10回程度で収束
30


