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High-order Link Prediction Method Based on Motif Aggregation Coefficient and Time Series
Division
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Abstract: High-level link prediction is a hot and difficult problem in network analysis research. An excellent high-level link prediction
algorithm can not only mine the potential relationship between nodes in a complex network but also help to understand the law of network
structure evolves over time. Exploring unknown network relationships has important applications. Most traditional link prediction
algorithms only consider the structural similarity between nodes, while ignoring the characteristics of higher-order structures and
information about network changes. This study proposes a high-order link prediction model based on Motif clustering coefficients and
time series partitioning (MTLP). This model constructs a representational feature vector by extracting the features of Motif clustering

coefficients and network structure evolution of high-order structures in the network, and uses multilayer perceptron (MLP) network model
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to complete the link prediction task. By conducting experiments on different real-life data sets, the results show that the proposed MTLP
model has better high-order link prediction performance than the state-of-the-art methods.

Key words: dynamic networks; link prediction; high-order network structure; graph based machine learning
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Fig.4 Single hidden layer MLP
4 FEHE )7 MLP
MLP A7 E A A A 0 52— LN AR REAR (X1,Y1),(Xa,Y2), o5 (%Y, Fe T X € R,y € {0, 11, L ERGER 2 MLLP
B 2 2] B ) R Hh £(x):
fO0) =W, gW,"x+b,)+b, )
Horr Wy eR™ I Wby by e R JE A2 2. W W, 73 ) 2 i A 2 B 602 22 1) R I il J2 5 i t 2 2 T B BT by,
by 73 70 A B = 0 i L = 0 i 1, g () 2 T R 80 AR SCATE T R T R A XU T ) R o B U R
e’ —e
e +e”’

L feusqa ) o~1 2ok i S MR E 05,

l+e
)4 K T 58 T 0.5 BIRE A 43 31 1E 2 (positive class), JeAth 1 3 73 4 612 (negative class). [RII,— & &0~ ,MLP

—Z

9(2)= (&)

Xt Ay 2 e f(x) i logistic BAEL g9(2) =



720 Journal of Software #kfF%4% Vol.32, No.3, March 2021

SRV S AR A [ I RS A [0 (1 407 2K o 00 A S 4D v o B e 000 2y 3 288 i 8, DR 0k SR P A8 SRS 403 2% o 00, o 5
AR
Loss(§,y,W)=-yIn§—(1-y)In(1-§)+ e |W [} (6)

Horp, g &1 logistic BECTH S 1 TUINELY A& B8 1K) SE BRAE; o [|W |5 L2 1F D)4k PR RS20 5 2 3 428 ) 03,
o0 Al B 2 4, 2 S T SRR 0 A R 5 1) R /N W kg AL S B DB WL AT 2 A A T 4 MILP VRl AN
T ST 3o A T 1 SR e /I A A0 2K B B, 7 B o 26 1) T AR AR

AR SCAE FH MLP B8 1%\ 22500 BEE 2 A6 22 IR R AIE 1) & [R] ISR 3 A 4 3 48 1) e gl 2 AT UF B8, B 11
0 R A T IS A Y R TR 2 20 17 1] 5 P G A RS MLP BB g 2 R 45 SR 0 AN 1L 3E 1 R iZIT I
MG S A S, T 0 RN TT I = M A & 1 S & A
4 RHERE5HH

RATVEANAN 4 T B LI IREE . VEM FR bR S5 2. 1 58, % Motif 24 2R AU A A I 4% 45 ) 35 78 S5 RF A1E
AT 7 200 56 E 8, 83 5 AN [R) 4 02 T 9 3R 47 5% B 6 R SCH 1) MTLP A58 B EAT 255 VT
41 LHEIEE

RICTHIA D 5 AT 14 AEHRIERT S0 B £ % 9% (conuth) 2540 b0 % (tags) 14 515 10 4%
(threads). Hi T~ BB WY 2% (email ) 1T 2 25 322 firh (9 2% (contact).

BEA B A S 2 A AT N T AR I 57 R A X L e A 0 AT AR AN R ) e, IR L T R 2RI A AR
I 22 Pl B0 MK, B B SR RO VR AN S B LK 1L

Table 1 Data set information

F1 HHEGER

7

ISR R LUk RIBH otk 4k REPSE S k¢ RIEH
coauth-DBLP 1924991 7904336 3700067 NDC-substances 5311 88 268 112 405
coauth-MAG-Geology 1256385 5120762 1590335 NDC-classes 1161 6222 49 724
coauth-MAG-History 1014734 1156914 1812511 DAWN 2558 122963 2272433
tags-math-sx 1629 91 685 822 059 email-Enron 998 29299 234 760
tags-ask-ubuntu 3029 132703 271 233 email-Eu 143 1 800 10 883
threads-math-sx 176 445 1 089 307 719 792 contact-high-school 327 5818 172 035
threads-ask-ubuntu 125 602 187 157 192 947 contact-primary-school 242 8317 106 879
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U011 1T 248 v SIE I o 8 177 167 B P14 S A 1) 0 S4B oy i A 87 S4B 4D B A8, T 8 7 DA U0 R 4R 14D R SV T H v )
WE AKX
P

TPR = 7
TP+FN

PR=—1" (8)
FP+TN

X B TN ASE 2R T 5 AR OG0 I 8 5 8y B L, £ DR A _E 25 43 21 TPR A FPR A o0 4 SR [ 4
L, AL T AAR 31 22 A o0 g ORISR A A5 3 — 40 40080,0),(1, 1) Y £k, IX At /2 B BERZ T T f¥) ROC it 2k,
[ I, BT 22 SR A B A P D 7 5 P 22 IR 1 FPROBRAI, TPR 8, ROC il e P A A R A
AU 1) 1 e A

HI TR Z N ROC il 2k JF AN BEWTAf Hu Fi i WIRAS 23 4% 18R B4 1 AUC-PR $ Ak F A7 WG £ 50 feL, o 1
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Table 2 Comparison of accuracy of different features
F 2 AR ARG A E

A 2 R AIE L1 NRIES
TG P Motif RS PIEEEAY | B | B 2T LR
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\ 021  0.67£0.02
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Fig.6 ROC comparison results
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R T 55 22 B R SR AR 2R AT 50 L TR e, 55 30 W A i 118 i T IR B 2% 20 T BB 0 SRR AT X Ll R
T B0 AL b LA — AN BRI (1 1k R AR ST R B S B A b 10 AR TR RS 28, A P A AR 2 43 1 b SR,
{4 F AUC-PR F8 b A PPAN A AN BT (10 F0000 1 i S 6 285 SR L3 3, B 36 v B0 IR 1) 0 2 R s 7 2 B 4R B e
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Table 3 Experimental results AUC-PR value
F3 WILH AUC-PR fH

Dataset Random Harm.mean Geom.mean Arith.mean Adamic-Adar Pref.Attach
coauth-DBLP 1.68E-03 1.49 1.59 1.50 1.60 0.74
coauth-MAG-History 7.16E-04 1.69 2.72 3.20 5.82 2.49
coauth-MAG-Geology  3.35E-03 2.01 1.97 1.69 2.71 0.97
tags-math-sx 1.08E-03 9.08 8.67 2.88 6.34 2.81
tags-ask-ubuntu 1.08E-03 12.29 12.64 4.24 7.51 5.63
threads-math-sx 5.63E-05 20.86 16.01 5.03 23.32 7.46
threads-ask-ubuntu 1.31E-04 78.12 80.94 29.00 30.82 6.62
NDC-substances 1.17E-03 4.90 S. 21 2.90 5.97 4.46
NDC-classes 6.72E-03 4.43 3.38 1.82 0.99 2.14
DAWN 8.47E-03 4.43 3.86 2.13 4.77 1.45
email-Enron 1.40E-02 1.78 1.62 1.33 0.87 0.83
email-Eu 5.34E-03 1.98 2.15 1.78 1.37 1.55
contact-high-school 2.47E-03 3.86 4.16 2.54 2.00 1.13
contact-primary-school ~ 2.59E-03 5.63 6.40 3.96 3.21 0.94

Table 3 Experimental results AUC-PR value (Continued)
£33 LEEE AUC-PR {H(4h)

Dataset Katz similarity PPR  Benson Yaghi Chiu A&
coauth-DBLP 1.51 1.83 3.37 1.21 1.11 3.34
coauth-MAG-History 3.40 1.88 6.75 0.98 0.77 7.44
coauth-MAG-Geology 1.74 1.26 4.74 0.92 1.55 4.81
tags-math-sx 2.71 1.55 13.99 0.88 12.07 17.67
tags-ask-ubuntu 4.15 2.54 7.48 0.61 9.85  32.09
threads-math-sx 4.86 1.18  47.18 0.61 32.75  42.09
threads-ask-ubuntu 32.31 1.51 9.82 0.64 13.54 475
NDC-substances 2.93 1.83 8.17 0.65 0.78 8.36
NDC-classes 1.34 0.91 0.62 0.96 0.9 0.66
DAWN 2.04 1.37 2.86 0.58 0.67 2.20
email-Enron 1.28 3.16 0.72 2.54 1.46 3.22
email-Eu 1.79 1.75 3.47 1.40 0.76 3.61
contact-high-school 2.53 2.41 2.86 0.79 0.72 2.96
contact-primary-school 4.02 4.31 6.91 0.98 0.92 7.64

N THT PR S5 50 45 5 T LA 48 MR 3 - AR B AT AR — SRS A7 B 4 B S 8 R I e (EL A ST L 1Y
SR AT DU K 22 300 B0 4R 1 3R T HS B 4 %) T 2 491 4 coauth-MAG-History,coauth-MAG-Geology,tags-
math-sx FI tags-ask-ubuntu 45 53X 1t B A SCHE H I SR0E A 20 08 T P 465 %) 2R AR R M R 45 ) S AR AR P, AN T 453
FIAE I 1) S0 85 B AR TE — S B AR I 45 L 22, 1 4 threads-ask-ubuntu £ 52, P AT i 0% £ 4
I3 T R I A% B0 A SR AR P AR, TR B T T80 = AR T 1 L A9t 5 A1, 2 3 T T = A T LA AR, 2 R DR 4 0 AT
AN I3 S T BTN 2 SR A 22 1 2 B PR AR A5 T P s AN (] 19 552 3 &5 SR T DUt A8 A [i) A A
PEFRAR IR 24t m] ULE 30 90 BOE 4 BRI T 8l 11 4 SR A 0 356 T 3 R I 445 5 220 9 82 i 7 (19 AR AL P A8 28
1E threads-ask-ubuntu,NDC-classes 1 contact-high-school 24552 [ I H T ¢ 4 1 T 12 f , 1 i3 W 9 4% mf 4
V)V 7 4 2 PS8 A T LIRS A bl 3 Y 0% 8 W1 B AR TE — MR B0 SR AN RR AR F8 AR AR5 58 1 I 485 vk 2]
A5, AN i 56 A 40 S AN 0 4% 45 060 IRV AR P T L3 SRR AE TC V20 28 3R s v W 465 ) (R, DR G 7 K 22 B 24
BRI M2 IR

H T 330 o Wy A SCHE S (R S0 7030 3 b 48 1 3R I 72 1) D R, B AV ) A B A 5 AT 20 W3 3 40 By
BEA 10 45 (1) 3R 4R 3 AT AT, — L Tl 445 SR A e PR 0 A 11 9 2 2R BE R FE IR 9 - coauth-MAG-History,coauth-
MAG-Geology #1 NDC-substances (4 £ [R] I, — LU iU £ SRR 72 (1 HHi 48 1) 0 4 58 A 12 B % v, 9l i NDC-
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