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Link Prediction Based on Representation Learning in Dynamic Signed Social Network

LIU Zi-Hao, WANG Yi-Tong
(School of Computer Science and Technology, Fudan University, Shanghai 200438, China)

Abstract: Link prediction in dynamic signed networks aims to uncover potential relationships between nodes through
known network topologies and attribute features. Most of the current mainstrea“m link prediction methods are designed
based on graph representation learning, however, they often fail to simultaneously learn the signed semantic information
and temporal information contained in the network. In addition, e)ii§ting graph neural network representation learning
models are also difficult to capture the long-distance information dependence between nodes. To address the above
problems, this study proposes a link prediction method based on representation learning (RLLP) in the dynamic signed
social network. This method designs @ temporal random walk strategy capable of sampling long-distance semantic paths
in networks and embeds the corﬁplex information carried by each path through balance theory and time-aware long short-
term memory neural ﬁetworks (T-LSTM). Finally, the graph attention mechanism is introduced to generate low-
dimensional dense vector representations for nodes, enhancing the predictive capability of network links. The proposed
method is verified on three real-world datasets, and the experimental results show that, compared with other baselines,
RLLP achieves better performance in both Fl-score and accuracy metrics, demonstrating high feasibility and
effectiveness in the applications of social network link prediction.
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RO, FFNAS R A% 43 B A (5] A A 2R 28 20 DA sk 2 i 75
XHE B R E MR, A5 N T EEZ P (graph
attention mechanism) ¥ BAR15 S AL U B 1 545 21 /)
n /AR R B R A B AR IR AR R,

SCHR[30) R T EER 1M 4 (GAT), FIF 2
R G B BRI 2R AR DU G BN 2% 0k X 407
AU VR R SCHR[25 13— D0 Bl B 44
B 7S B, H T EAERF T 2 A X T
A2 AR . 78 B TAEM AL b, AR S0K =
JIWUHI L K B B AR £ SRS A, B T
FE R 7SR DA 4 T AR I P 7 5 B e
(IS ZENSY § !

TE R IR NI A B AR v X B n 2% Ui
A 1A B RN H B & path = {Py, Py, , Py}, NI
FBRAN VR ) R E T RS AR (7) B

exp (LeakyReL U(‘a’T [W(,ZVHWBP,]))

)

a; = T
D exp(LeakyReLU(—d [Wazv||wﬁp,~]))

P;epath

Horp, TRR M RHE, || R R 0 B PHERAE, W, HIW,

JE T ST AR A I, @ RS R E [, LeakyReLU

A AR MRS PR AL

FEARENH — R R R B, B SRS |

A8 FHAZ B 22 HONT n 26 Ui 7 B A0 00 B2 1 1) RS R AT
TR AN, g AR NEAN T AR REARAL R, W
(18) flrs: ' A

|

szo{ Z cxinPi] (18)
Piepath

Hor, Xy e RY, dFRRT RN AR E, W2 7T 2 T 1
TR R
3.4 KR

BT 5 2% rp BRI ] A — A = SR
55, BV LTI PR AN 1T m 1) T R P B 1 SR R IR B 1/
PR TR, A SO T — AN AT Softmax B0
PR KR MLP 000 25, 38 1 4642 P AN 19 s 18] B RN RS

SIS SO (v, ) [ PT BE TR RS 228 8 B2, i =X (19):
y= Soﬁmax (MLP (X,IX.)) (19

A SCAE FFRZ5{1,2,3) 70 AR SR IE B e/ B 82/ 0
FERRIX 3 PhEERE Y, JF /M R B8 O 4R Ok R AL
PLYIIZ: RLLP J5¥:.

3
Loss = — Z Zyi logy; (20)

vut,$)eM i=1
e, MBRENAS 5 1002 0 Y1 8 1 Exrain 5 50
FEA SR AARE T O PR TG REEE £ g 195,
M = Exgain U Eg YT AT (v, ) 11T PR 2 52 4
B2, 14 il one-Hot 4227, 9 A2 1 AR (v.n) TR
BEBEH AT 5 IR, AL 9r = 1.

AR B R VA B T 300 A1 5 L9
B39 11 2 TR 2 SRR . S B/ 60 2R B A,
RLLP J7 2 5 40 51 BB 2L 46 HE DL 1 B8
FLH.

4 SISO
4.1 SLBHIRE

ARSI FIE I T 3 A S A R B A
5 P 4% K S5 LAPE A RLLP J5 96 78 B 332 TOAT 45 11
PERERIL, 437l Wikirfa, Epinions A1 Weibo (1),
MRS S5 B g 1 s,

%1 SR SR A A B S

Bt P S EREERM SRR MRS (R
Wikirfa 1956 35560 10500 365
Epinions 2328 70035 15833 425

Weibo 14021 146782 167757 460

(1) Wikirfal': [ 48 H {35 g 4 56 1 RBHA R,
iy B[R] 8k 1 A5 5 B AR T SR E L T (request for
adminship)” A FE ZE 25 B, 48 X 02 vl 5 45 1 R & HE
R 28 B SRR R LSO ) — 2R, AR T
For SRR SCRFAI OGS ()45 S B8 A B A A 5 I 245,

(2) Epinions”: j&—ANFELE R S N 48, X125
B R P, H P Z BIEEEEAE/AME R R,
X AR TR 28 Hh s B TR ME R R RS .

(3) Weibo™: i f — /BT HI P 06 R Ak A 48
fF G, WE T SRR G T RN, BT
DATE$% J FoAth FH 7 S BT Y [R] I & 2245 A 1 11 8
B BRI 1.
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4.2 SLWTHNIERR

ARIEH F1 5350 (F1-score) FIUERIZ (Accuracy)
VERBNASTE 5 W 2% R B TIAE 25 (0 VF N 4845, F1 53
BUNKEHIR (precision) FE B (recall) B AT
£, A 21)-K (23) Fiok:

3
1 TP;
jsion=- ) ———— 21
precision 3 2 TP+ FP, 21)
I TP
== —=— 22
recat =3 ; TP+ FN; (22)
Floscore = 2- precision-recall (23)

precision+ recall
LA 2R 3 7 T 00 PO A A 0 o AR A B B 191
I 24) Fros:

3
D (TP TN
i=1 "
3 .
) Z (TP;+TN; +FP; +FN))

=1

Hor, TP RN RS i 2R IR AR IERf T 1E 2R 15
Ty TN R BRAU S R SRR A TERA T A 57 SR R B
FP; 32 7R A5 R AT 550 S8 ARE A 18 o0l g 1 28 1) 2 i
FN; 7 R 58 S IERE AR T O S SR ) B
43 IRIMERBHILE

SLIGIZATZE Ubuntu 18.04 #:1E R4 I, AbFHSE N
Intel(R) Xeon(R) Silver 4310 CPU @ 2.10 GHz, &K~
NVIDIA GeForce RTX 4090, f& % X% 7F Python
3.9.16 H1d f PyTorch 1.13.1 JF /& S<H.

Accuracy = (24)

£ RLLP HYUIZRIERE R, ARSI T RS 1 25 A

HEFERBAMSE, F-EH Adam AL AT B IE M
) RARA, W EBAIPILES 21 %58 0.001, batch K
INR 512, T RFR IR RN GEE A 128, AR A T B IR
THE, B E dropout 4 0.5.

4.4 FEMLERER S

N T B UE RLLP J5 VA AR B TONAT 55 b 1A 2,
RSB L 5 AL R VR AN TR R A ST g vk
AT, JLe BT LR 7 AR5 .

(1) CNM2: GITEEET I T R 3L R 4
VEHF T AL RS R L, BS = N, AN

(2) AAPY: it F AL AL (074 5 i T
*ﬁwﬁfs‘z%&%ﬁz, RIS = Z 1/1og(k,,),w € IN, N N,|.

) hodevec™: %777 —F 72 e 45 K2 I
HEE SRR SRR B R, (45 T BFS
1 DFS Skl k45 51 Bl L E 2.

(4) SIGNet!": iZ 7 iR AT ER R 32 1 T B 75
5 BB BE LI .

(5) SGONPY: Z 7 VE MR P B 42 tH 75 5 & |
HIEFEIM AN 2, ARG T 1 A a3 E L.

(6) SIGAT™: Z T VEH I T B S5 ML KA
P, T B SIS GAT SR2E 235 R,

(7) SDGNNPOL: Z AR 75 B F P i 3% 77 19X 4% ) i
fithi I, 4%&%#@1’8%[)\Ti‘ﬁﬁi&iﬂlﬁ‘]frﬁﬂlﬂ.

%2 SR T ASCHE Y ) RELP 7 55 oAt 3 25 )7
¥ TE Wikirfa, Epinions Fll Weibo H1ii4¢ - 1 9545
R R HIE N 10 YRSET 11T ME, HeopoRLAR 5
FEERR, PRSNGSR B RS 2 45
BT 1T

K 2 FS AR 3 MRS E BTN S IR A5 R

e ' L | Wikirfa Epinions Weibo

F TR 4" Fl-score Accuracy Fl-score . Accuracy Fl-score Accuracy

ICN 0.308 0.347 0.311 0.370 0.264 0.289

AMERE R AA 0.312 0.352 0.318 0.369 0.271 0.307

node2vec 0.472 0.547 0.460 0.588 0.389 0.454

SIGNet 0.700 0.783 0.698 0.804 0.581 0.742

e SGCN 0.684 0.749 0.709 0.823 0.570 0.716

e SiGAT 0.701 0.816 0.716 0.862 0.556 0.734

SDGNN 0.715 0.830 0.729 0.860 0.597 0.739

RLLP 0.734 0.852 0.750 0.881 0.615 0.769

5, 1R 3 ANHOE SR S b, AR ALY BE T
CN 1 AA T REFR I 22, FXT L F1 4 BRI HEHf
A, JRAE T 3X PR 7 A5 BT R AE M 45 vh
(¥R NS5 1, T 2EE T SRS M I AF 5 1R

18 % it +Ziik Special Issue

SCHTES (A5 S, FF AR 5 N5 i ) i AR ABh 1 7 HUR
MRS ff MK BN A5 55 P 4% v B 42 [X 40 9 I B 2/ 67
B/ o REIX 3 AR,

HWk, 1F Wikirfa A1 Epinions $t4 £, 3 T %R
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2 S) RN EIVE 7 M 25 16 SIGAT AT SDGNN J7 v B 75
TEACKIPERER I, Ul B = L RE 5 AT Rt
AN TR 2 B Je 3B A0 A5 B 2 AN R A, AR R AR
FAMEMIPIZE T S RN KR, T4 3L node2vec 751
FIevE A > W [ B L B - R ) R AR
TSR T AR AN B B T VA I S A5

T4, 1E Weibo Hdf £ oK 22 OBIAY (1 M R R L
A IAE Wikirfa F1 Epinions %034 E15 3 A 45 5, X
A& Weibo a4 v 4T s 18] U SRUREFZ O 2R o5 L
1L F 53%, J H Weibo I 25 H1A 4K R I (7] 25 2, A%
HR L A7 ) A 1 SR 4 PR TN 45 B 7 38 A 2 R T 55
IR IR G RR AR, BT IR AT % 1
PERERBL. Jorh, BT P AT BLIE 1R FHOBEHLIFAE SIGNet

J7VEAE Weibo ¥R FHUE T B4k AR B,

WAEE 5 735 5 O ek 2 I 288 S P P4 280 0 AL 5 55
Pﬂ%ﬂ%ﬁﬁ%ﬂﬁﬁ%ﬁﬁﬁﬁ%ﬂﬁ%%ﬁ%@tﬂfmﬁﬁﬁﬁ EESES
T E B, A2 R HERRE) X 25 R K.

i, A SCHE A RLLP J7 376 il A %t b 7
T Ak, Ul B R I RN A A5 W 4% i I A 5
T SRR (A1 B B B T B TN AT 45 i P 2. RLLP
Tk R B 3 AN Sy, I Y BE AL E AR A %
THIBEEHERFE SRS A IR T H AR Al Hm &0 & K
PE B B AR A B TP A B AT T-LSTM v 1 2%
115 BAE B HUA 2 & 7 K A% [R5 i R 15 5
RIS [ 45 U2, T 2 i NS ER B8 05 38 i e R L
B RN AR R RIS R I IR AR R, SILA
(AR DA B i 7 92 o 5 T R R 2 ) R B B T 7 2 AH

L, RLLP JjVETE F1 o BORuErfi R bR Bl —sE s |

L7 TR 3 A Ko B R B T S 4 R
RLLP J7 i s BRI LL R 8 M5, E5k, 5
&4t E‘J%?*ﬁfﬂﬁfﬁﬂ%ﬂ‘]ﬁ%*ﬁ bt, AT iR B
A5 P2 I BENLU? AL SV R 5 70 204 3K H b1 o
Jei Bl ER 4 A S A 5 L, 8 e 1 AR R i R T 5
ok, 5 OUREFZH X 2% 155 25 G5 AR AL R R 52 21 Tk
MG, A7 105 TP A7 B0 AT T-LSTM it i) A2 (5
SR R B BE 5 A RO A B B B A R R B AT S 1R
SCRI T8 45 /2., FE I 1) 85 LR U BE S o Ll s e i)
Weibo Hr#i 48 rh th B v A 1l 2% W0 2% (10 B2 2% B AL L A
A, AINEE TS R & RN I 8 1 B )
HLA RS 25 8 AN (A 458 17 B ) 2R A AU, DA B IR K dfs
sk 7 6 7 = S HE R PR 7 A B B2 M. (A, RLLP J5 ik

FREIU L 1R 725 0 T 47 M A
4.5 HRHSIIE
AR B 7E I 1 9 A S SR VR A RLLP 53 h AR
ThEE R4 2. BLF 2 RLLP 73510 3 A5,
(1) —RW: S BEHLIE & B R R K BEL B A 1, bk
[ RLLP J7 35 A5 B4 AR 450 — B 4 s .
(2) -T-LSTM: H¥MA R G4 E R4 RLLP )72
B 12 R OB B R B T-LSTM B84 52, B4 ik 2 7
B P (PR (LA 0 20 i B AR 0 6] R
(3) “GAT: F5FR: 7 A SRR i ik &0
i, L 2% A 0 BT R M A I .
A 3B AT TS, IEEIR FI
SYHHE F kB B FR AR, SeI g BN E 8 R, ALK
WA 3 TR 218 RLLP vkt
TR, T RN 47 s 4

oRLLP o-RW o-T-LSTM o-GAT
0.800 r

0.750 | Pt oms
o700 L[ [
0650 r 0.615

0.600 ' 0.585
0550 |
0500 |
0450 |

0.400

0.750 0732

— 07 0.739
017 0.726 SR

F150%

Wikirfa . Epinions \ Weibo
e\ \

s s

F2 B RLLP 75 VA (1 15 77 BE ML E R, %07 4
AF{R-RW 7E Wikirfa. Epinions il Weibo iX 3 M4
%Lé‘] F1 80 W RBET 3.5%. 3.2% 4.8%, X#
WS I 7E Zh A 55 W 45 v 5N (i RIS B LD A SR
515 e A% T AT O AR 3 000 2% o TR P 145 B
WA, AT HE R T VAR BB AT %% e RE R I

B EF T-LSTM £ Bk 25 B IR &L BN
PHE A G, BE-T-LSTM 7 Weibo ¥IE 4 L FI
SBURBET 3.9%, WEB] T T-LSTM A DL R\ %45
T IR S R, FE 784 5 AN &) 28 HL I [A] (8] B
7 SR R

YEER NSRS, &K R ARREE
71 R B B B R AME, 2 R-GAT 78 Wikirfa 2045
£ EHFL BT T 2.3%, XEEEZ hLE G
8 Tk 7 G B SR AR B v R R AR, 55 e S R
(RS, 3 T 3 5807 s RN IRk
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4.6 SEHERMES

RLLP J7iEALE 2 N EEMSEC B 7 RENLIEE S
I B A% 2 B LA T RN I B A 4 d . AR SCHE
3RS FRAT T S0 U S AT S5, g L
F1 o 3UE RS2 i i s Fe b

(1) B 3 B AL A A B ) B A2 25 Bl . A SO B AR
B ) % 4% 26 Bn = [10, 20, 30, 40, 50, 60], SZ46 45 5F 41
K9 fizr. AT LA Y, BEE 45 2 Bn (385 1, RLLP J7
TRAEFE B TNAT 55 b 1 BB R 0RO T T, X e g
B 2 MR AR 2 BURE S 35 B RLLP J7 2 58 78 73 Hhuf 3K 4
2 P2 S RS SCRIRS A5 B, SR, Mn 2 85 KR,
N 7 Bl AL A (6 B ) 4 A 2 gk — 2B 38, I Hoxt
P 28 T — e E FLAS /DT AT 5, B ORI R AR 2R

o Emvr 2 ER MRS S, IR0 RULP J5 ik

520 RN FHER L. -
a i
Wikirfa =~=Epinions =#=Weibo
0.80
0.750 0.746
075 ¢ ora O e
& 0.70 0.692//0.718 S 0729
PN
= 0.649 0691
& 0.65
0.608 0.615 0.612
0.60 F 0.590
: 0.573
0.552
0.55 1 1 1 1 1

10 20 30 40 50 60
BR AR HL

K9 B En R TS
Q) TN YEE d. ASCE BT IRNGERE d = [16,
32, 64, 128, 256] 4k, s2iG 45 B anE 10 fias. A LUE H,

BEE d M\ 16 4E89N 2 128 4, RLLP FyEMERER EH E. |

Fy b P 38, 3 0% B 8 0 4 B 2 05 A MR A 58
BRK 15 BT A A, (B AEd B 128 43k 51 256 %
T, BURIRERE 2 T IR W, TRORREA A 0\ sk K S0
D e ORI, AR 2 S B U115 R g, L
AT R UL A, B E R TN b e

5 gl

RS T — T RR IS S LN
e BERE TN 77 RLLP. 136 243k 2 BOE T35 AU
FY R 3 T 0325 T [ I 27 1 19 2% o F 445 54 SRR
V6] 125 0 W) L, A SC B4R L 0 s TP e i 1 T
LSTM B & 8 ety G 20H kM % h 2 S I E 25 5.
FL UK, b P4 25 000 2% R S LA 3K BTN A R

20 %it+ZfiA Special Issue

208 T4 P A5 S MR 1 il AL, A ST T B R PR 4R
SR B T AR AE SIS T W4 AT I R REAL
T 7E (R BE BERAE S F A Bl i it 27 ST B I P45 1
SCEgAR, JF HRR S T B R L] B s BT
PSR A2 P (R B A5 S, A B L ARIE RE AT 074 R
IRGE B IR. BRAh, 78 3 D E LB 4 B Ao B skis:
ANE— 5 (1 R s 56 A0 2 5000 W 2 36 5 R AR I8 IE 1
RLLP J5 i3AE BEEIINAE 55 B s A 2k

Wikirfa =o=Epinions =o=Weibo

0.80
0.750
075 L 0.741
0.7(97,23 ‘
0.70 | 0.632/’, 0.734 0.728
L5 0.703
’ L 0.679
‘E’Q 65 0.613
0.60 | O/mzo
0596 0.592
0583
0.55
0.50 L
16 32 64 128 256
A5 RN YERE

K10 9 R NZEE d BEURE 7 B 2R
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