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Abstract: The link prediction problem is an significant subfield of link mining.With the existed data from the
network structure, the unknown relationship of nodes in the network can be predicted by link prediction models. In
the big data era, the study of link prediction for social network on the web and other complex networks has attracted
popular research interest. Some methods with link prediction algorithms have been widely used in social network
relationship mining, individual recommendation and biological pharmacy. In the problem of complex network link
prediction, the similarity matrix is selected for representing the probability of existed links between any nodes.
Therefore, the calculation method for estimating the similarity matrix becomes the most crucial step. Recent years,
most research focus on the methods based on data analysis which construct the similarity relationship matrix by

data-dependent machine learning and optimization algorithm. In this paper, an novel data-dependent link prediction
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method is proposed with the global low-rank structure assumption and local constraint of node feature in the
network. The new proposed method is designed for scalable divide-and-conquer calculation for complex network
and suitable for distributed computation. Extensive experiments on several real-world datasets show that the
proposed link prediction measure obtains competitive performance compared with the baselines, the result also
indicates the new algorithm is effective, robust and scalable for complex network.
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Fig.1 Overview of the proposed link prediction model with
global low-rank structure and local characteristic
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nodes in the network and the property of low-rank matrix
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DRI R TR A 30 (4D B Ak ) R EAC S ot o 1) iz
¥ B H R %8 (Lagrangian function) [JJE=:

L(S,E,D,Y1,Ya; 1)

= |[S[lx + M|IE[[1 + A29(D)

+<mA—s—E>+%M—S—m@ ®)

+<nﬁfD>+%wfm@

Hrb, 59X r R X B2 012 S %
(Frobenius norm) R4 FE X &M B 448 WHEF 5
FEITF A, 59 <X X>RnH RN, ¥,

Y, Afikg B H ¥ (Lagrangian multiplier), @A
KT FMEHEFRRIERPEET (adaptive penalty )

RJG, HTIGT Rk B H o IR HE SR AT DU AT
P A A SR R B R A P, SRR %
HEZRAE AR R IEACH R I M BB f A2 5 S, E, D, Y1,
Yy, HEHPRESE R RN, AR
Mer [ e B VR &, B 2R, ik
PAK IR AR AL &, E B BRSO LS 2 B AR
it o BELVIAE SR 1) HLAAR SR SRS A T a0 T

RS S

RGN (5D, FEAAL A& A hr s B H ek
FAE AR B S 22 AN FA RE R AR 58 A8 ] S I, W]
PAAF B0 THEFEAR & S B+ o) 7L

min || S]]«

+<nA_s_E>+$m—s_m@ (6)

+<Ys,§-D>+4|Is- DI

N TAETREHES, WORREAR & Ts) M1 T2 Q01T
Ts1=A—FE+ %
7
To—p_ Y2 (7
1

T S st 7 @A (6) H,
B 25 ||S)| MR FR A R 3, F60 R 1358 0w DAAK 137 4
T

<Y, A-S-E>+L|lA-5- Bl

+<Eﬁ—D>+$w—m@

M Y10 K Y2 0
=L||A-S—E+ 2 Ellg8— D+ =2 8

Sl +orlE SIS =D+ 2R ®)
7& _ _ Y1 2 ﬁ . _Y2 2
= 5lIS = (A= B+ =D+ 5lis - (0 - ")

= ul|S - %(Tgl + Ts2)||% + constant

Mzl (8) HEZE R, w3 28w
R B 35 2 DL JE 5 M yu 30 (Frobenius norm) A1 £y
B RKIER, Jy 7 #E— DR &R, 2%
WEAR & Zs i T B

Zs = (To1 +Ts2) ©)

Ko (9 MAEMEALRE ZoARNARK (8) M
FER, JEIMNS|HERRLIR, T LR B4
S G R TR AR B S RS 1] R 2

méin I1S]]« + pl|S — Zs||% + constant (10)

i Er AR (100 IR KOk ] B F
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A (closed-form solution), A DL I #F 7 {E B min A2g(D) (18)

J7%% (Singular Value Threshold method) =K fig('%,
L UZV N Zs W B R4 3, AT LS 35
FEAS & S BT E A X R

S =US; 2, (Z)VT (11)

TEH AR R S M A (1D 1, fFH TR
Y55 -F (shrinkage operator) 91, JE{UnF:

Sp(X) = max(X +n,0) + min(X —n,0) (12)

R EdHEFER, @A QD MAKX 2D
AT LATH AR B 7R AR PR B S I ME .

FUHTHEFE E:

KTHE E WAL 7 m B X5 R S 12K
L, MR E R, [BeHiEs, Aok
(5) hug B H pf #n] DU 21 5C T HRE E 11 ).

mbin ME|)1

13
+<V,A-S—E>+E4-S-Bll} (13)

[FEIRERD, Ny 7 THES ST 46 E 05 10) @
A, WA R Ze A

ZEAS+%- (14)

ER TR E E PR R#E A (13D
H, FBERR T B IR LT T RE s, AT
I, HEAR (14) RN, BAHES D
I

<mA—S—E>+%M—S—m@

% Yy
:§||A—S—E+;H%

Y,

H 2 (1)
= SlIE— (4~ 5+ D)

,u
= §||E— Zg||%

FEAR (15) HMAE] WRHTLH, EEF)
Zei il LI S TAEFEE i E T LR AO T X
min A||E||L + 511 - ZellF (16)

Hxr A (16) RRFHEE R E £, [FRf
BAMWME, Ky

E =8, /,(Zg) (17)

TER TR & E 1)@ A U, W A
TR (12) ##TisE.

SHTHERE D

FEFE D SN T AR A AR 0N 1 il B R
[F R b [ s AR PEAR &, WIS 2 DL SRR &
D A R AT 7] 7

+<mﬁ—D>+§w—m@
E SCHE R ) AR & Zp, T RORHES ST
AR D AT R, R Zp AN O RN
T
Zp=S+22 (19)
I

FEA T (18) IR I 5¢ T B D (1)1 8] fi
A B R IML R VAL R 2L g(D), & T AT
<Y2,§-D>+E|IS - DI}

Y-
=Sls D+ 21
2 - (20)
p VENT
= §HD— (S+ 7)||F
7
= §HD— Zp|l%

WEAR (200 HIEFBIILER, MARHL
WHIVEAL 2R £ g(D), 15 208 1) 5C T 56 D 15 1+)
L

min Aag(D) + 1D — Zolf} 1)

FRHESEEMAKX 20 R T KT AR
B D ARG T, SRARZ ) A 7 AT AL, i
WG LLR I, AR (2) 58 LRI HE A
M gD 5 AKX (160 X THIELE E M| E|
(IRBR LI TR ) A, J5) B 20 5T A 6 ¥ o(D) AT LA
B AR R BB A 7 B 4 LY R 1- Y5 R B
20, XN T A (17) KRR, KT D
7 i R R RE T LSRR, LA 0 40K D o
MAERICER Dy, FER AR R ol vF £ 26 2 g(D)
HHE 2 BT H AT (1) 52 S BE B 1 i 4% L fi
28, RARK (12) Hr, BARG 2B A 08

Dij =S, 1,5 /u(Zpij) (22)
B Errsn, RTHEAE D P 7 R [E
FEEA R

BEHTHE Y, A Yo

P 7 A% B H 3fe VR HE 22 0] DLAS B F A% B H 3R
T Y A Y A

Yi=Yi+uA-S-E) (23)

Yo =Y2 +pu(S—D) (24)

FEHTHLEE Y, A Yo SR 3Rk B H e VR AE 4
PP IR, A s J 1 2 5040 & 7 B Bl 2 Tl
MR FE T W B W aa Ak, R R0 1B AR R AN Iy 5
o

T AR 38K AR T 2% I 28 B 5B RE R HR B, R T 42



HR S5 e IRk S R A=) 240 SRR 6 T ) e 2 I 5 % 9

r AR SR, B T BB R XA ] AR AR
B3 B T5 ik, ARAG AT T DU 6 48 1) i N R B ) o
NENTHEE, RIEX T BT, &EaF
TR R 2 R AF B H ARFERE, A SRR N
FRIACA fe) i, 7T PLiE F SCHER ORI SR ABL ] A
FERE VR VE SR AR, A A0 3R AE AR 10X 24 B 40 i
T i U W] DA BEAT AT A0 BH T 45 R S ]

4 ERMDAT

TESEIG R 73, FRATTSEHL 7 A SCHR 1 28 TR
5 KE) N JR) B 24 SR B 43 Ak T 1 BE B B0 O v
(ALM-GLRLC), - F 5 42 Tl DU ASE 84 % FH P b
HEVE VP TR bR, 48 AR ST B2 5 4 4 o) g it
WA B R 2 SR A Bk Tk, I
S HTAN BIg AT 45 R
41 BREEMXIFEZE

AR S TRk B 7O TR O =S
SEHHE AN H AR, 3 s CiteSeer %%, Cora
WX 26 A1 WebKB 261151, FH - 56F bU AR SCH2 H 1 BR00%
B ME SR AE VAN B 5 7 v B AR .

FH T B 2% 000 AR TR e 2 R T 4% 00 &R T
M, AL E kR T CiteSeer ML E IR, 125
PRERR 1 1 EAURL 22 FA R 818 551 H M
EHAE, HPaE TW IS H R R R B
2k o M 45 2 1) 1A JE M R AP E 0, AEE s T
AEFRA, ST G) FH % B FH R ) d B I A Ao
PEFERES N, TR A 1 ST IR iA] S 1 51 2R R0 AT J 25 031
TN A B DX 8 A 4 e BRVRRAIE ) &, 3 I A B 1)
A5 R E 0T DAAS 3 15 A A SCE R AR ) 4 N LR 2L
¥z o

FALhHh, 7E Cora W28 5 da b 2 B0 5 THLAR 2
>R B AU R A S8 ST G O, 012 ) 2% U 1Y)
AL FE AN CiteSeer 4B SEAHFE], i N AHRUPESE
FERRNIE S BI FOCR, RN I8 18 S & 1421
RN BR 2 e 1 X 285 15 T R AE 1) =

N T RPARCE R T e, SEig Hhid ik B
7 WebKB MZg 8 4E, 28RS FEHAB T 24
KA U2 () X 2 s, T T R AL T
P DT R 25 BEAT B BN 2 5 1 o< B 1R JE 1 B 3R A
FARRE S AEHHE Ak B BE IR EL 1 HoA— N K2
(R 268 B s, AR AR A S T A 2 TN A 2R e N,
IR SR AE AN R M BE B2 OC RN 2% 1 1A Rtk .

FER I Fy NARATE R B S B, G SRR AR R
sLERVY R AR R R, W E S MEDN 1,
Rz, RSy FAEBEN 0 LR s i AT L j ANEAE
B R BBE R R A AW

BB ENEARFE LW TR 1 Pw:

Tablel Statistics of the datasets

R1 BEERTREUGEHHE

IR S REPEE L
CiteSeer 3312 4591

Cora 2708 5429
WebKB 187 310

B TN ) T DA ek R T R AL A R % b
SR ITET RS R, XELUK T EARE
Common Neighbors?! . Katz[®'! 1 Rooted Page
Rank I, 2 37 (1) SIZG Hh e 0K = F 77 VR4 9 bL A
(R EE A H L . &8 J7 % (1) Common Neighbors

CCND S i v 55 W 286 745 g 22 [a] Y LA 4R 470
MECH, DASCECE AR 9T RO PP AL %07
A AE T VR R, (ELE USRS 3 X 2% b 52 e B
ERCR . fETC B % 21 775, Katz F1 Rooted Page
Rank (RPR) HIRURENT, e Katz %25 2 is H,
XA TV SEIL T B, AR R RS B b 7 5 R R
[l SR 300 P 28 )

AT AR G T BE R T B T b R T AT
BE i B 2 I 07k, SCHERBIF A A 7 AR SR
FBE R AL () 4 R IR RRABC B A N IR, IR 1S =40
IE R %75 (Incremental Proximal Descent, IPD) [8]
fif e AR Bk 5 W i £ R ( low-rank and sparse
constraint) AR FEAGTH ] RE, 1% 07 VEAE R TR R
B 2 ) Tk AR BB RO, DRI S ik 4%
A4l SE L 7z T AR v AR B, IR e AR
IPD-LRSP J5i. ASCHR M 07755 2 SE A T
I I 35 I RRAE A2 (RIS R T 4 S 65 ) A sy B AR AIE
15145 ) 2 4t 45 30 S0 78 43 U H
4.2 TfEEH

ARSI S T SCRRUOH 25 HY ) 22 LT
i FE & 7775 AUC (Area Under the receiver operating
characteristic Curve) AE Ay & 5 B TIOR8 2R
IFEAR , 127 VA B 42 00U P A 7SI 6 v g 3L ks A
H o AUC FE 5 H T VP Al B e OB RS (0 it 45 2R 5
BE MLV ) 45 AR P2 = R FE D), R I AR
R PEASAE AR T BEHLIE 3 — SR ANAFAE I IL I HEAE

X} CiteSeer Al Cora W 2% B4 42, SLI6 A B %6
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I L 26 3 19X 2% PR RE ABL R R B b 10% 1R 79 R A XS
JE {321, A8 0 5K R 23 il ot e Lz R s N 5%
F| 30% A [F] EL il (1) =5 W7 73 A (Gaussian distribution )
MRS, RV IR MR 7S PR BB A D e TS Y )
AN, X TRAME S, BEMES 10 RSB IFRK
THEAR R AUC BUF343 B SLI0 vP Al 25 3 . A
M, 7 WebKB 2% 45 g v ify T sl B i b
A 02 A ARARL R B2 v 3 B 5.0% FR) 719 10 SR I PR 32
VE AR AR Mg 7=
43 FIRERST

AL SLEG A T 50 R A B e A AR A A
R, SR K AR SR T
ALM-GLRLC 5 Common Neighbors (CN). Katz.
Rooted Page Rank (RPR) Al IPD-LRSP fifxf Lk, fifi
F T H A B0RE 16 5 925 0 e A5 2 2 A 3 T O o
WAERBAT A R, EA R T 1) 5 2% ) 25 Hoifs
B B0 A [R] B Y SR AT 1) H bR R LR DA T
AUC & TR .

Table2 The AUC results of the CiteSeer dataset
# 2 CiteSeer FIBELEASF MRS TH AUC {H

H% 5%  10% 15% 20% 25% 30%
CN 0524 055 0529 0511 0572 0535
Katz 0947 0871 0837 0781 0758 0.704
RPR 0957 0869 0815 0795 0733 0.698

IPD-LRSP 0942 0889 0842 0795 0757 0691
ALM-GLRLC 0960 0918 0891 0857 0829 0.761

M 2 Hege 25 B Hral %1, 1E CiteSeer M %%
BIRET, HAEFEH Common Neighbors (CN)
FH T 2 ] B AN BE SRAS AP AR, 1 Katz
Rooted Page Rank (RPR) Al IPD-LRSP il iR % R
SR B RRT, A TR W B IO
ALM-GLRLC 7E A~ [F] g 7 R HRELUAS: U B A 0k Bl R
R ERMEET SR NEk EE, M 5%%
AR 1 21 30% LG AT Y v 1720 A e S A8 45 K 22 H ek
BT B I ROCR 2 Bl e e JF 2 IAE AUC E &1
PR AE B, A SCHH ) ALM-GLRLC SHiEAEANF B
5] 1y v BT e A B I AR BE AR AR . E 5% LR
e Mg S2 0 R, BT ALM-GLRLC ()45 3 HhFE vk
S B B AR B S AR T 0.3%, 3 Ut B 78 R A 1 gk
FEN, G EE 1 4 SR 45 MR AIE 52 BN R RS
1 Ik 9] % A 1 4 SR 45 7 T DL L 3R A5 H bR AR
B, 7R = 10 30% = ik 75, ALM-GLRLC
bl 25k v R0V () B AL K TR FE 3R - 8.1%, Ul BHAE &
M7 (K AT 48R, 4% 1A 4 Ry 45 W 52 B K I 5

Wi, e ALM-GLRLC 532 [F] I 25 8 4 Jay 25 # 4 o)
AR EBFFAE LR A A3 B 870 R A%, ld /sy
FURFAE AT DA B $R T 00 24K
Table3 The AUC results of the Cora dataset
£ 3 Cora BIWELESF KA TH AUC H

ik 5%  10%  15% 20% 25% 30%
CN 0566 0572 0566 0559 0527 0513
Katz 0958 0913 0846 0827 0739 0680
RPR 0941 0888 0812 0814 0726 0681

IPD-LRSP 0962 0908 0849 0812 0721 0.689
ALM-GLRLC 0970 0916 0860 0857 0769 0.751

M 3 BT LA H, 7E Cora Hdis 4 ik 45 5 A
CiteSeer £#i5HKML, ACHEH A ALM-GLRLC #
TEAEBUR I 5% FE 5 1) 30% i 1 e 75 IR 1B 450 1
gy LR HE SRR TR I R LB IR T T 0.8% A1 9%

Table4 The AUC results of the WebKB dataset

R4 WebKB HHEELEA M ERFE T AUC

kL 5%  10%  15% 20% 25%  30%
CN 0577 0603 0589 0578 0561 0535
Katz 0969 0921 0855 0801 0752 0669
RPR 0952 0897 087 0776 0721 0651

IPD-LRSP 0972 0911 0832 0780 0755 0658
ALM-GLRLC 0977 0938 0867 0824 0784 0.737

M 4 B EE SnT DAAS H, ASCHR Y ) 2
T ALM-GLRLC 5y LEAS [F] 25 AY 1) B0 4 45 4R
B, A WebKB R4 |, 2 STy 52
A UE R R AR 85 RAEXT L, 72 5% A1 30% 111 &
Wi 75 R, AR SRR TR RS 2 AIFE T T 0.5%F0
10.2%.

X RS R el A, ARSI
BT 4 R 45 R R R SRR AIE £ R ALM-GLRLC &
TEAE 2 AN B 8 A AS [A) e 75 T e 3R A5 Ll 2R ofE vk
LKy ni
5 B4

/B =1

A SRt X A N i R P A S 5 R B R
W28 b A B ARFAE X — L, E T AT
G Jr 25 ) 240 SRR J 38 AR AU 240 R A B 2 T A 4 1)
AR, JFis FIE T Rk B H ol AR ) Tk
AR AL 70 5 0 B TN 0%, I BEVRAE KA
{3 0 235 A0 4 B 42 U 1) A b o R O B SR
IR VECRIETH S R M . 7E 2 A L SE 28 B 4R
ERSER A R, AR SRR Y 2 TR S R AT R
PR ALE 240 SRR A0 T £ e 4 U B 3% e 0 B A
SLHESR A RCR, R Bk S5 A AdE, JFH
X e TR 1K) B2 27 A 2% 5 ) Bl L AT o (R RT3 e
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