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A Link Prediction Algorithm for Temporal Directed Social Network
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[ Abstract] Aiming at the problem that the existing majority link prediction algorithm has low accuracy,a link prediction
algorithm based on the Normalized Common Neighbor and Local Clustering ( NCNLC) similarity index is proposed
based on the combination of global and local features. The similarity index of NCNLC attribute of the node is analyzed,
and the cumulative influence factor is assigned to the joint between the nodes. Simulation results show that compared with
the LAS index similarity algorithm ,the proposed algorithm has higher prediction accuracy and can effectively predict the
link in the temporal directed social network.

[ Key words] temporal directed social network ; link prediction; common neighbor; local clusteing; similarity index

DOI:10. 19678/j. issn. 1000-3428. 0049608

0 i

i A 2 2 e 0 40 5 e B
e B T ) S 3 B 7 £ 0 R 45 2 55
B 5 N B0 R X 2 2 1 D 7 A
21 T AP BN, 192 B TR 2 ad-hoc
W2 2 B A T2 T . k2 4 o B
S0 5 o 00D 2 0 £ K B 2
HE I F TR, B BB T AT T 5 9 4
B T 5 45 Rk 2 24 517

AL RS b7 02 B B T e g — 2 T I 3 X
R[4 25 65 IR o R 8 U R Ok Bt 2 T
e 2 K28 0 g B T O o
B SCHRLS | % 1R R R G , 8ty — 5 10 4 0
P ER A B WO E . SRR L6 ]2 B P
S TR AT {7 3 01T 5 I 2 o 0 e

B, SCHR[7 )44 % 08 Sttt ZARE R, L A A
B A, LR EEIE T 2R A
P& P I AT B 0 A B RS T 25 TG 1)
4% R RN () 2k 3 5 e 4 7 1 S5 R

TS o R £ T 245 5 R A T — b AN I AL Y
ARZS, P45 1 16 I 45 F9 2 W ARF 1] 725 £, O LI 2% v A
5N T B — R A T P 1 B A 1 T80 4 T LA R
B ARG . HR, 5T IR R 4 5 4 1) 19
245 (B B T D7 v B BIF S 4 2, G op N O R 4% R
A ) B PR -0 L 0 7 A LT T R R e M R A
O ST AE R IR Ay v AT I . B XA T
W24, [ A Ah 2 4R T3 T O [ (9 43 E AL
EHF R T R RARELE 4 Katz S8 6510 )7
R SR TOMLRE SR b (6ORRE AR (0 O R R
AR I ) TR O b R e T
B4 TR IR 0 4% 5 4 1] ) 4% 24 AT 5 0 1

ESWB EHRK A AP EES (51334003,61473039 ) 5 b 5T e i 45 224 5 J=2 R A 51 #E 5 85 57 314 ( CIT&TCD201504058 ) .
PEZEE B3 (1993—) , I WL P50 AR, 0T 05 1) o SR A W 4% 5 5k 1 B, Bl B I L.

I 5 B #8:2017-12-07 f&[E B #§:2018-01-22

E-mail : yangruiqi_bistu@ 126. com



198 D2 - N ] A D

201943 15 H

T 0 R, (H LS 0 A 2 X 24 3 2 (] sf LA 21
AR 2%, B ot () B 2 R ) I 5 ) e P ) BA 1 A
/b, FLAEE P 28 BHURR DU B0 0 1 o AT

BEXE B3R ] B, A SCHR HY — il i T IH — fh 3[R
S8 JE 5 B & 2 25 ( Normalized Common Neighbors
and Local Clustering, NCNLC ) #5014 5 4 00 £% % 5
ML AR RE A 2R IH— 3k [ 48 5 8 1 5
Jry SR 2 i M A s — T i AE R 4 AR, T 91 AR
[F) 3 ik R A TE B D) 4% v R A 7 i 2 S0

1 [ 24 ik

E—DM4 G=(V,E)h, VT SESEN
A I AR G o X T A I R] A Y 2% H A I
BT Sy 28 5040 v e R e/ Ef T B8 %) 2248, 45 [0, T
K5 AR BE T, T, , -, T, R Ry B ] 21
BEAN B B) 25 1 B AH 45, i [B) 25 4K B8 19 326 5 AR
o2 W G SR8 B[R0 T, B b g A R 2% 1] oy
GTiz(VT,.’ET,.)o

B AERT 7 /28 v B[R] 25 T, sk g i) I 4% 45 52
FIFT i -1 G R FZIA 25775 5 (] (43 321 43 T o i) 52
W T a(a<1)™ o & URHE 2 T, B uf B A R 45
R BRGE =t () Frs

" =122,7Eij(t) o (1)
Hor T, o ta st a2 E,; (¢) g IFIa] 25 ¢ iy 5 1 i Fi
WA ED AN 1, E N0,
2 N5 R Bt s ma AR AT S a2 S
AEALL B 3

2 FEHEEER

A S T S A R R A R A
2 N5 R TR AR ABLBE AR AR R LR R BT R A5 25 A
H
2.1 EHBLERER

TEAH M 2% Ja 3 45 B ) A LM 48 FR b, CN
Jaccard . Slaton Y Sorenson #§ f5 & AR 5 3 [\ 41 & %ot
T A5 REAS 7] ) 52 e R TSR AL EE (R, AA T8 A 2 AR B
e [0 S B Y 5 e, AR BN A A ) 4B R
DTRREE KT B K B 2[R 48 J&  RA $5 45 S AR 48 19 £ (8]
PR U5 43 BC £ R E AR AL BE . LAS ( Local Affinity
Structure ) ' 45 b & — Pl 45 45 2% S SL [ 4R s 5 R A
VAT A ABL I 4 48 A, 38 2 o 53050 it 1) S ) 4 Jm A H S
TR RO IR — AL S e AT AL [ 4R
() %) SCHR A ARL 1, 12 48 A A6 5 T TG 1) 1) 24 45 8 4
PG £ 0% 700 42 BB 4 T Salton | Jaccard 5 Sorenson 4§
AERAPEFE AR o A SRR 5 Lk 1 R,

x1 HSEX

ik filiid

I'(x) T x BAR ST RS
I (%) WA x A AR RS
T (X) AL x B AR T A
k(x) Wl x B

kip () R x A

Kou (X) T x B

FEARMPEAE B P 30 2 3l 8 T3 T 1) X 4%, 5 T
P 3 A5 1) 190 2% i 22 RE AT 18 0,3 b 19 285 v 1) 5
PR SR AR A N3 2 R, o T 3R i)

x2 ARMEPHBCEERTERAR

ARALL M 46 B TC 1) ) 2% EIRICE B A7 1) [ 4%
st = Irox1I!
CN S.=1rxnriy | Sy= | T (x) N (¥) | fergmuzmrg(\) e X1,
- I xI
Jaccard S —w s _M s7 _“El‘ém“)m‘iln(")
* I r(ouro) | o ST () Ul () | s I x1.
eer? courl ’
by Too X Iy
Slaton s lrmnrg)| TNl | Y Rt
T k() x k() Ko (X) X Ky () ° S Ix 3 I
eer!l (o eerl (v
2 x > Iox I,
) 2x | Iy (x)NI(y) eer? onrlo
Sorensen 5. 2xlrwnrm| 2 w0 () | s - 0 ,
‘ k(x) +k(y) ‘ Kou (X) + ki () : s L+ 3y I
eer? (v eerly
AA S = s 1 s = s I ST = ﬁ
Y e nrolb k(z) P e Poun(0 N Mig(n bk (2) S OLIREY e r; o <
out
1
1 1 st = N
RA S = = v ! T
Y cerhnrmk(z) :srom(xz)'mrmu)km“(Z) *Ergm(‘mriTn(v‘)FEI; (w)lvz
out' ©
I x I,
. eerl nnrlo
4 §T = _
g Arnro |, 5. 1 LD N0 () | , A
LAS k(x) Kou (1) e=rl (o
lrnra) | | Pou(¥) N T3 () | X
k(y) W eerl onrl

> I

eerl(y)
in




iy

Fas & H3M

W Fim BL 5K B — S PP AT [ A 2 0 2% v ) B B T B0 199

2.2 NCNLC Bttt
PRI HE bR — SO ) T 0 45 1) Jay o8 el 4 )
FME BRI AR A SO L L85 1 FH 0 245 14 4
J 5 R ME B B — PR 51 R I — e It [
A S 45 SR R IS AR K NCNLC A IR FE s o
I Ia) 2 T X6 LG R 45 1Y o x ALy U3 — AR 3L T

B8 R ENCN, 5 SCInF
: | CNL |
NCN!, = ' - (2)
max | CNI; |

Hoh [ CONIL R BRI A T 45 Hp 45 o x Ay 2
] SRR W [N R A L TR 4B R A | - [ SRR
AT REAE, B NCN, I BEUEEFE A [0,1],

B IE] 25 T X6 07 1) 9 28 v 45 a5 x Ay | Jey i ER 2
FHLCC 8 XANF

E,
reer <15 om0 nra iz )

Xy

Horr B FOoRT R i A R Z 8 BB AR
A m R R I L Z IR B KA 1 1

i a(2) 5 (3) B RE A — A 3L R <8 )
RAE 55 JR) 8 2R 28 R AE 1) NCNLC A UL PE 38 b, 1155
AW

S1, =0 xNCN, +(1-6) xLCC,, (4)
o, 0 R o3 BB A0 BUEVEFE D [0, 1] FHOR 3 B8 A 0L
PEEdR o NCN 5 LCC fr 5 AL LBl o %48 A 25
BT R A — A I TR 0 AR BRI R AT T R i
e, AT 8 L[] 400 X 1Y 5 B i HL % R
Ji 0 i B BE T BB o AR B S LAS 8 b
FHLL  LAS AR i A B 5 J 7] <6 J i 1, AT %
JEAL R &R Z 18] i 156 &, 1 NCNLC A A 5 3L 7]
WS S A, 3 2 BB A [R] 408 i =2 [ 9 SR 2 i 1

3 ELERESMW

3.1 HEK

TR UE AL WA SPE A SCHE email-eu-core
B BT O B AR . R R R — A
DU AIF S8 B AL R g B T WA K S A 1 B 4% 5030 4R, %X
i AR UL BB 22 1) ) S 1 OO, B0 Gk P ID
MO P ID Sy (]85 B o 5 19 1 46 52 1
w3 iR

&3 email-eu-core HMEN K FITE K

BHEEAR PaB BFLE BAMLLE mHk/d
email-eu 986 332 334 24 929 803
email-eu-dl 309 61 046 3031 803
email-eu-d2 162 46 772 1772 803
email-eu-d3 89 12 216 1 506 802
email-eu-d4 142 481 441 1 375 803

P s I | [ ol il D 2 S
email-eu-core I (I} [E] 25 T BU{E R 30 d, $EELEK
P L DR FNEE A (5 S 5 B ) R AR 15 Bk M iy 7 A

[0 P60 28, K 306 72 I 1] 20 22 T 1 ) 4% 40 2 B A A il
GRAE Y (]2 ) 0 28 A8 4 IR A R 4

AR A AUC (Area Under the receiver operating
characteristic Curve ) 4§ f5 I\ % {4 | 7 1t 4 % 79000 55
0 HERR BT, AT LU R Oy - A I b, BE AL
1) & A7 18 3 120 19 ARARLE L L B AL b 3B AN A7 7 3% 3
PR R AL 2 L e O ABE 3, 5 SR

n'+0.5n"

AUC =———~— (5)
n

R kg 7 S VOB, D B o L A
34 93 000 AR UL K T /R A1 348 1 10 AL 11 2
e,y ik 4 P B 7 3 OA (0L %5 T A7
3 323 1 R0 1 V8K
3.2 HEZAET a S

Iy T SE M ) SE R BT o 6 T 45 L 0 0
PERUR Y o GLAATHT L. T 1 R IR o B
BB LSBT . B 1 (o) Sh 6 A L 45 45 76 R o
SO B B 2 T, 6046 1 9% W45 8 11 (b)
NCNLC 445 76 [ o BB Y] T, ~ T, 1% T
BT ECS5 S, T UL, 46 0 1) 25 46 K ) o AL )
% 1) AUC (58 I RarE , UL 19 IR (8 X B 5 0
2 op B 45 R B O

8 0.54
<
053 | ——CNiih
—©-Jaccard¥{fzn
—o—Salton#{kr
0.52 | --0--Sorensonfg ki
—*— AAf3hi
0.51 F TORAfER
- 0—-LASEhR

1 1 1 1 1 1 1 1 1 1

0.50 0.55 0.60 0.65 0.70 0.75 0.80 0.85 0.90 0.95 1.00
a

()FFRFRIIAUCHLRX b 45 R

O
2 0.54
———— -+ ————— *— f”*
0.53 F TTXee- *
—*—;:4 —9—T7
B —o--Ts —»—Ty
0.52 —a--Tg —0--Th
I
e - o-._
0.51 F - G o T T ©

050 055 0.60 0.65 0.70 0.75 0.80 0.85 0.90 0.95 1.00
a
(b)NCNLCHRARTEAR 7] o HUEL P Whf 1] [0 % Py 8 b 45 R
1 HERBEF«5AUCHXER



200

12 B ] R D

201943 15 H

3.3 HEBE 0O

KT B TS E 0 Xt NCNLC $8 45 (1952 1, 1
BURTR R 0 (HHEAT05 F o & 2 /R & 4 AS [) 43 i
240 6 1) NCNLC #§ by 76 A [5] B [8] 25 (1) email-eu [
2 AT R B

0.58 -

037 W
k.

0.56 o o

0.55

——T, —— T

0 —o- T, 4T,
Sosap . T T o T
N NIt i i e e
. -
052 F
-0, 2.<
[ o S O~ TN T W 0
051 F © o ©
0'50 1 1 1 1 1 1 1 1 1
0.1 02 03 04 05 06 07 08 09 10
0

B2 AUCE5ARESHMOMER
MWE 2 i IE S EERE 2 T, T, T, #1 T, M4
| AUC A2 fB R K, 156 BH 7 X 48 f 2% |+ NCNLC 4§
Fr A i NCN A1 LCC 9 AL AH 24, T 78 B 8] 4 T, fil

T, W% I AUC £ I faf i 38 (1 88 3, 156 B NCN X} 45
W) 5 i g K F LCC, NCNLC 45 #5  NCN FI
LCC AT AH XY, X6 530 35 A T00 000 o 0 8 552 i 48 708 o
3.4 MBESW

1 email-eu-core Z(4li 4 b A7 M A U 5 F
MU F LR g R WE 3 iR, M
Kl 3(a) il LA, 78 5 K1 email-eu B 2% %5 45 4R
fr, MOTRIRS B | ok &, NCNLC 38 Fr 6 79000 %5 21 B
WAL T LAS #5845 5 CN| Jaccard % % Hl 45 tr. M
Bl 3(b) ~ & 3(e) Al LLFE H, £ K45 /N B 4%
Bods 45 o, NCNLC #5 b5t H A B & 19 I #. 78
email-eu-d1 [ 25 %4 4 o NCNLC 48 b 850 8 0 8 T
HoA L s 7E email-eu-d2 K4 5 W9 45 rh 5507 ) K
RO ANFEE WA A4 JR I ) 5 b R0 8 5 i
B, X & i T email-eu-d2 I 254 ) R 45 4800 K [
[ 25 I 2% 114 SR B )[R - & s D) 4% 1 °F- 34 SR 2
FRRUENR e X o PR RE SR 0 303 s 7F email-eu-d3
I 28 %54 45 NCNLC F5 5 19 o 5 B2 B S 0 1 o Ath
fEbn , R & LAS 545 ; 76 email-eu-d4 [ 25 %5 5 4
HE 2 B0 2 NCNLC 3545 B Ak B e f . ) 2L
S5 R R I T NCNLC 5 45 19 5035 26 1 7 A3 1) X 2%
)4 B T o B — 2 A AT AT I R R .

—— CNiihz —— CN#&#3 —— CN#&#3
—— Jaccard$5 5 —e— Jaccard$g§ 5 —e— Jaccard$g 5
--o-- Salton#g x --o-- Salton$gbr --o-- Salton¥ghx
-+--Sorensonfg f5 -+--Sorensonfgfx -+--Sorenson$g f5
0.56 o AAdbR 0.56 [ e AAdbR 0.53 o AT
;; -o- RAS b o -+ RAJh o~ RAM b
0.54 & N —=— LAS#5#3 2§ —=— LASHg#z 0.52 o |—=LAS#gts
0.52 B\ —— NCNLCHg#5 0.54 o |—— NCNLC##5 . AN
050 | N 0 0.53 - 0.51
0o04dsf o 02 0
?C | i) 051 F ONS 2 0.50
0.46 050 -
044 049 0.49
042 r L
0.48 0.48
0.40 047 ¥
0.38 1 1 1 1 1 1 1 1 1 1 0‘46 1 1 1 1 1 1 1 1 1 1 J 0447 1 1 1 1 1 1 1 1 1 1 J
4 5 6 7 8 9 10 11 12 13 14 15 4 5 6 7 8 9 10 11 12 13 14 15 4 5 6 7 8 9 10 11 12 13 14 15
T T T
(a)email-eu (b)email-eu-d1 (c)email-eu-d2
0.45 - —— CNighi —— CN#&#3
—o— Jaccard$g b5 —eo— Jaccard$g b5
0.40% --o-- Saltoni ki --o-- Saltoni bt
. -+--Sorensonfg§fx -+--Sorensonfgfx
035 o AAdiE o AAdihR
: -+ Rk -+ Rk
% « |—=— LAS#ikz —=— LAS#k5
2 030 8\ |[—o— NCNLCi&## —o— NCNLCHiitat
0.25
0.20
0.15 1 1 1 1 1 1 1 1 1 1 P 0.46 1 1 1 1 1 1 1 1 1 1 J
4 5 6 7 8 9 10 11 12 13 14 15 4 5 6 7 8 9 10 11 12 13 14 15
T T
(d)email-eu-d3 (e)email-eu-d4
B3 ZERERAEHEELNAUCHILLER
4 BEEiE FRAE , 7 LS Ak 25 W 28 B0He 4 B EAT O ) 1, 55 2R
=A =]

AR SCH Y —Fif B T NCNLC AH AL 45 A 19 B
PO . LG A H I T ILE 4B e 5 J5 i R 2k

P B IR LT R AR O HL
i P A SCOA 3 AT DAAS S50 i 488 v 1 P A 1) A 2 R 2% 1
F1% i S TN I A



Fas & H3M

iy

ZE B N R L Db o E L R e B S RO S TR UK R

201

2 & Xk

YAN H, YANG F, YU Y. Link prediction in brain
networks with epilepsy disease [ C ]//Proceedings of
International IEEE/EMBS Conference on Neural
Engineering. Washington D. C., USA: IEEE Press,
2017:138-141.

GITE P. Link stability prediction for mobile Ad-hoc network
route stability [ C]//Proceedings of International Conference
on Inventive Systems and Control. Washington D. C. ,USA;
IEEE Press,2017.

WANG T,LIAO G. A review of link prediction in social
networks [ C ]//Proceedings of International Conference
on Management of e-Commerce and e-Government.
Washington D. C. ,USAIEEE Computer Society,2014 .
147-150.

A, e, —Fh Ik TR AR AL A A2 R A5 R B
T AE [ T]. Wi VL Tk R 2% 2% 4, 2017,45 (1) : 10-
13,63.

SUN Q, HU R, YANG Z, et al. An improved link
prediction algorithm based on degrees and similarities of
nodes [ C ]//Proceedings of the 16th International
Conference on Computer and Information Science.
Washington D. C. ,USAIEEE Press,2017.:13-18.

ANIL A,KUMAR D,SHARMA S, et al. Link prediction
using social network analysis over heterogeneous terrorist
of IEEE
Conference on Smart City/Socialcom/Sustaincom.
Washington D. C. ,USAIEEE Press,2015.:267-272.
WANG H, HU W, QIU Z, et al. Nodes’
diversity and link prediction in social networks[ J]. IEEE

network [ C ]//Proceedings International

evolution

Transactions on Knowledge and Data Engineering,2017,
29(10) :2263-2274.

WP R AR B, B/ 22 45— 3 138 45 AR L1 98 A5
Y 0 2% Sh A BE B TN T 3L [T . /D BB R B ML R 4
2016,37(8) :1798-1801.

[9]

[10]

[11]

[12]

[13]

[16]

[17]

ZHU L,GUO D, YIN J, et al. Scalable temporal latent
space inference for link prediction in dynamic social
networks [ J ]. IEEE Transactions on Knowledge and
Data Engineering ,2016,28(10) :2765-2777.
DAS S,DAS S K. A probabilistic link prediction model
in time-varying social networks [ C ]//Proceedings of
IEEE International Conference on Communications.
Washington D. C. ,USA.IEEE Press,2017.
SETT N, BASU S, NANDI S, et al. Temporal link
prediction in multi-relational network [ J]. World Wide
Web Internet and Web Information Systems, 2018,
21(2) :395-419.
YU Y,WANG X. Link prediction in directed network and
its application in microblog [ EB/OL ]. [ 2017-11-20 ].
https ://www. hindawi. com/journals/mpe/2014/509282/ .
LIU Q H, CHEN L. Sampling based one-source link
prediction in directed network [ C ]//Proceedings of
International Conference on Robotics and Automation
Sciences. Washington D. C. , USA. IEEE Press, 2017
139-143.
TR . AR TR AR DL Y A T I 4% B
MLI]. 24 L ,2015,33(11) :146-152.
BUTUN E,KAYA M, ALHAJJ R. A new topological
metric for link prediction in directed, weighted and
temporal networks [ C ]//Proceedings of IEEE/ACM
International Conference on Advances in Social
Networks Analysis and Mining. Washington D. C.
USA . IEEE Press,2016:954-959.
ZHANG X,WANG C,SU Y, et al. A fast overlapping
community detection algorithm based on weak cliques
for large-scale networks [ J]. IEEE Transactions on
Computational Social Systems,2017,4(4) :218-230.
PARANJAPE A,BENSON A R,LESKOVEC J. Motifs
in temporal networks [ C ]//Proceedings of the 10th
ACM International Conference on Web Search and Data
Mining. New York,USA:ACM Press,2017:601-610.
£ o

(4255 196 5U)

[4]

BHUNIA A K, BHOWMICK A,BHUNIA A K,et al.
Handwriting trajectory recovery using end-to-end deep
encoder-decoder network [ EB/OL ]. [ 2017-12-05 ].
https ./ /arxiv. org/ftp/arxiv/papers/1801/1801.07211.

pdf.

NOUBIGH Z, KHERALLAH M. A

handwriting recognition based on the trajectory recovery

survey on

technique [ C ]//Proceedings of International Workshop
on Arabic Script Analysis and Recognition. Washington D. C. ,
USA . IEEE Press,2017:69-73.

LI X,SHU W, LI M, et al. Performance evaluation of
networks for traffic
monitoring [ J ]. IEEE Transactions
Technology,2009 ,58 (4) :1647-1653.
TONG C,CHEN H, QI X, et al. A framework for bus
trajectory extraction and missing data recovery for data
sampled from the internet[ J]. Sensors,2017,17(2) :342.
WU H, XUE M, CAO J, et al
linking[ C]//Proceedings of
Conference on Data Engineering. Washington D. C. ,
USA . IEEE Press,2016:859-870.

vehicle-based mobile sensor

on Vehicular

Fuzzy trajectory

the 32nd International

(9]

[10]

[11]

[12]

BRI ER, S CICHAEMERIR S K
FE[T]. #2441 ,2017,28(11) :2905-2924.
BRAR R F . 30 4 ) B AN A 4RSS N M Y
HT]. AR ,2015,38(2) :272-281.
KACHERGIS G, YU C, SHIFFRIN R M. A
bootstrapping model of frequency and context effects in
word learning [ J ]. Cognitive Science, 2016, 41 (3):
590-622.
ZHAO Y, YANG R, CHEVALIER G, et al. Applying
deep bidirectional LSTM and mixture density network
for basketball trajectory prediction[ J]. Optik,2018,158;
266-272.
ZHOU Z H. Ensemble
algorithms[ M ]. [ S. 1. ] :CRC Press,2012 :68-70.
fF 8RR S BRI E [ T] R R S
K& ,2013,50(4) :861-872.
YL, R B 22 R O RE L
BLI].FAE AL ,2008,34(6) :35-37.
T-Drive trajectory data sample [ EB/OL ]. [ 2017-12-05].
http ://research. microsoft. com/apps/pubs/? id = 152883.
M B O

methods: foundations and



