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Abstract: Based on improved ant colony algorithm and subgraph evolution fusion, a new unsupervised social network

link prediction method (SE-ACO) was proposed. First, the special subgraph was determined in the social network graph.

Then the evolution of the subgraph was studied to predict the new links in the graph, and the special subgraph was lo-

cated by the ant colony method. Finally, using different network topology environments and data sets to test the proposed

method. Compared with other unsupervised social network prediction algorithms, the proposed SE-ACO method has the

best evaluation results, shorter running time and the best effect on most data sets, which indicates that graph structure

plays an important role in link prediction algorithm.
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14) else
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MR R TP E(b) L 1D

6) link « Get Non-Existed Link (b) //
1527 B (b) h A AE R B

7) calculate score(link ) /AR #iE — #1715 55
2 _ERE BR BT HAT

8) newlinks «— newlinks+link
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13) end if

14) end for
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R IR AT 4% B AL 22 DAY ORI, P8R
RRBERR = eIV B = R R MR i, W
2R SRR R BB = A B T A ) R . AR
FBCVE AT HNE S B S, RO R



.+ 28 - w A ¥ W EpaE
*1 EREEENZ  HFEITER
BRI 37 864 593 832 67.40% 3.40% 54.90% 28 994 487732 32 241 8.47
Twitter 49 822 709 223 59.10% 3.80% 38.10% 42 542 684 483 24 127 6.44
Facebook 38942 493 801 72.40% 1.70% 39.40% 29 475 387492 26 110 5.64
hep-ph 15393 239 840 54.80% 0.40% 63.70% 13 874 203 342 14 173 9.83
astro-ph 19 831 493 208 65.00% 0.30% 49.20% 13220 467 743 16 236 7.28
dblp-collab 389 403 2 783 964 59.40% 0.10% 39.10% 278 331 2 344 900 27 8943 9.44
dblp-cite 26 495 398 504 14.30% 1.20% —1.70% 11 048 284 931 8 5639 8.28
polblogs 2 448 48 754 17.40% 2.40% -3.50% 1227 35622 6 374 12.09
patent-colla 609 444 5890 483 60.40% 0.10% 27.10% 287 366 2473 816 47 39 849 8.89
*2 EREEENZ 1 BRITHER

PR no no 42093 617898 4229 24066 68.30%  4.10%  52.70% 29 864 509 483 31 487 10.78
Twitter no no 55891 790937 6069 81714 60.50%  4.70%  39.10% 43 880 728 839 21 268 9.89
Facebook no no 42965 528908 4023 35107 71.10%  1.60%  38.70% 31285 459 833 24 139 7.84
hep-ph no no 17833 268337 2440 28497 5520%  0.50%  65.70% 14087 220983 13 340 13.09
astro-ph no no 20931 509 838 1100 16 630 63.00%  0.20%  50.40% 16 908 567 480 15 309 9.89
dblp-collab ~ yes no 390084 2980456 681 196492 5920%  0.10%  40.90% 289 844 3192086 25 4059 14.58
dblp-cite yes yes 27709 409836 1214 11332 1520%  1.00%  —2.00% 16 094 310929 7 6784 10.35
polblogs no yes 2694 51297 246 2543 24.50%  2.60%  —4.60% 2094 43957 5 509 11.98
patent-colla  yes no 687943 5984760 78499 94277 6220%  0.10%  23.60% 309 821 3587939 42 40939  16.83

ARG HLAR Y U S R I OCTE,  E EE N
[~1,1]c AHASTHIPR REdEIT—1 4%, (EARR R4k
FEAT 1 1 9 286 v B2 HSORH [R] 115 R A8 M 1) S TBG 82 de
Ao BRI/ (SCC, strongly connected compo-
nent) FRIRALAT 4% BRI, T ORI R 24 11
FARTHAER FER, #ASCE Lichtenwalter 254
AR VR R S R 2 A, AR T A e
RV PP 28R i P g o 1 ) Rapidminer 204542
I T B LIEEL S H P PR IR 20% 4 A MR AR
TR R 80% I HI J Hitla VR W ISRtk

ASCAE I FE AL 9 MRSCER SN SE-ACO
FOEHATIAE, JFAIH Python T H MGHT IR
Twitter 15 Facebook [1] APICapplication programming
interface) i FIZEHN 10 /N5 sA/E )46 A0, TEHL
LS P EA AR AR R S50 0 EL I SR s, T H Y
124 2019 4F 1 J3 1 H—6 J1 30 H, Hatennlts
37 864 MNHIRMIE 17 5. 49 822 A~ Twitter 17 1l
38 942 /> Facebook 7 i, NI ZY £5 TEHU 1]
J52019 4F 7 H 1 H—12 H 31 H, HdlEtEnilw

42 093 ASHHIRGE Y AL 55 891 4 Twitter 5 25 A!
42 965 /> Facebook 17 /i, I A% ¢+1. Btz 4b,
ASCN K TR RIS SCAE# A AR Bl i)
(A5 I 20 5 0 % 15 5 ) 5 1 T 0% 6 8 IR ) N % ¢
Yo o AH T EAR R A, BRSO LR
BARAEREAT 43 H1 . hep-ph 45 astro-ph KIREHIF £
VEGSEM 4, b, hep-ph W BEELS 27450,

astro-ph A RARPIBLEA4R, 2004 4F— 2006 FFEHEE
WICHIREA I Z £, 2007 4F—2009 45 {118 S0
FEAR RIS 410 W ik 2 ANERAR, AU H
B, BATHRE 3 5183 % L EREAE 15 A,
dblp-collab 1 dblp-cite 3J>k [T DBLP 15 HLEH
ek, o, dblp-collab Sy i SEALRNE R A4
W25, 12 I 25 IR 1) ¢ Ry 2001 4F— 2003 4FIFITES
SVE, PRIRINZ 41 2K 2004 4F—2005 4EAI1EE A1
dblp-cite F7AH 5 THE RIS SIS, 1M
LRIV ZI £ 4 1997 4E—1998 4, IS % t+1 2k 1999
F—2000 4F. Polblogs b 2004 =135 [F EyE K 4%
T P s ) (e, i % B R IR 20%K15 b
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W% t+1, HARWIARZ] ¢ patent-colla 45 fih &
FE s, HEERR R ARG RS,
W% ¢ o 2006 4-—2007 SFAEEWEAE, B +1
2008 E—2009 ERIEAE, JER T EIELL esv
# XARAFAE MySQL Hidfa [ LASEEA T 24l A B
X AE— AR M 2 s A, R 80% M Z 4 1t AT
g, BRI 20%H TR
42 LILE

AR SE-ACO BIEMA B, A5
10 At AN 5] (1) A Mo 5 2 4 A B Tl S92 47 1%y
oo 31X 10 PP faf BEHER W E

1) AJAR & (CN, common neighbor). 4 I"(x)
FETRTT B x HIAR AL, 2 AN AT A AT Bk
%, WM TINAT 4 PO s ok, k() Fis.

Score(x,y) = |F(x) N F(y)| 7

2) AA (Adamic-Adar) %75, Adamic 25144
T AR TR 2 AR R AL R B, XM
H AR TR R A AT R g T A AL, HA
@) . Horhr, SCBRFE W] L ECB/IME 2 AN 1
(R LT s b F A s A i

1
_ 8
zer§r(y) 10g|F(z)| ®

3) Jaccard REUH L ZALEE BRI T 4K
ANFEER R, AFZAET, SRR, W
2

Score(x, y) =

B2 AW RAERZ AR SR AR A FEAR
A TR BT, )R,
reomnre)|
Score(x, y) = —|F(x) U F(y)| )

4) LYci&EHL (PA, preferential attachment) .77,
RO TN R OCE R M . BRI AT 2 A

AR AR A RS TR AT R R, X — e
Al H 10y A3 H
Score(x, y) =|I"(x)|| 7(»)| (10)

5)Katz (Katz $5%0) 59, %5 B HE P4 A
2 PRI AR R A o Shefl o 4 s 2 TR PRI AR AL ),
mR A DFTR.

Score(x, y) = z in ‘pathsiy

=1
o, pathsy , AR x By - HKE LIOPT
At RE B >0 M T FARKERARNS 70 B S0 o

(1D

HEARANFERE £=0.005, HERMHEKKKER 5.

6) Distance (FHE5) 5k, Al H B & kb4
FHALRE FEBRIN, PR BT R 7YY ORI IR L5
PRI, BB 2 AR AL AN OGR4 f
KRB R REAp, B A R AR
()77 R YT RO B R HAT AR R IR T

7) RP (Rooted PageRank) #H.ik. 1ZHEAIET
BEMLIEE, 1 PageRank ko S, Il
BR[21H) TR O, ansX(12)pos . Heh, H (55
K x, y B OCEE RIS ) D Ol BEALIFEAE 5 1709 0 x B8
ARy Pl b mF s R R,
BEH, R E AR AN R AN F Y SR(12)FH ) 7,
Y 7, BRI, s 1B BN AE & B B AR Y
P K XL TR o BOBERL A R
R SRS o, B E AT I E A
l-a . ALK R a=05.

Score(x,y)=—(H, n,+H 1) (12)

XYy y,xtrx

8) SR (SimRank) Hik. fEZMMLIEEEH L
2 AN SGEARAL, WMo R . R R
R AR AL AT W46 it R PR T REA T U .- SimRank
FOEPITT R (13)~ R (15 & s, W 2 A Sk
Z (ALY T ORI, UIX 2 N el X(14)
Ty WAEN0, 1], ASCEEH, ¥y =08

Score(x, y) = Similarity(x, y) (13)
z z Similarity(a,b)
Slrmlanty(x,y) =y ael’(x)bel(y) (14)
(|7 )
Similarity(x,x) =1 (15)

9) PF (PropFlow) kM0, 28030 —Fh BRI
PEREN LI E TONES, R e R IR, A3
SN E T B KK 5 AT,

10) BYESEC (RA, resource allocation) 5.7k,
SIS R R M B
o, W R x nE B T AR s Ay RIER IR A
G HLT s BN A ) H AR U IR — AN AL
PRI, HAZGEIRN A i B s T A AR A Y
R Ay IAHABURE A e AT 550 x P43 210 1) 8 s 4L
o 7% CIR[4] T A%, 4 FH20(16) 111 deg(2) &
TNz IR

Score(x, y) =

1
)2 deg(2) (1o

zel ()N (y)



« 30 i@ {I)::

¥ R o041 %

AL Python FREE A 43 548 I Scipy™.
Numpy ¥l LPmade T H 4T Lksik. M+
VB RS AN A [ R BOE ] (TP, true posi-
tive). FL945] (TN, true negative). 141 (FP, false
positive) FEH1] (FN, false negative) ¥ X4
% 3 Fione M4 (Recall) Kififi% (Precision)
FFEZ (TPR, true positive rate) F 1F % (FPR, false
positive rate) 737 WX (17)~ 2 (Q20)Frrs

+£3 PERRTM S TP. TN. FP 1 FN BIENX

BH iEX
TP TE A T B TR B
N T PR A T e £ B
FP R T e (K B R
FN B [ A T e () B B
Recall= TP 17
TP+FN
Precision=———— (18)
TP+FP
_ TP (19)
TP+FN
PR=— T (20)
TN+FP

MR SCRR[3TEAT 20— IR VPAl, KRN SAIRRS
JE S R LIEIN25% (K0Rs AT LR, b BERL T 25
FRRG LN BRI 21 ¢+ 1 BT @ B B 1 O B0 ok LA
T2 ¢ I KRB R . B HE 4R BEA LTI
RIS EWER 4 Prose IR AR A Top-n 5/,
Forb n RIS 2 ¢ 4% ) T B IR R . AEAC

g, A EEEREAT T 100 JORASEES, K
SPYEAE I TS BE R SEge 25 5, HA&-4 7 22 1) 4y
A DX 1) 4[1.033, 3.784].

ML T BEHL I 25 K155, SE-ACO Hi% (M)
Top-n HHAMEILENKE R LB IR S PR, n
HRTEEET 1 WIERE, RS n e KA
N P TREASTIINAS 45 BT Fon L T RENL TG
A E 9 WOBT IR IR £ s 45 I SE-ACO 5L
SEN 42.68, IXR B BEEIRG L B0 TR ML T
2% 42.68 15, I SE-ACO SLEAE FriR ke v 1)
K51 24.69%, 1 0.578 4% 55 42.68 [, £ 5
) SR AT RP T R E s e I AR R AR IS, Wefd
FH 2> B0 A A7 S 56 I R Al X e A0k . X T
Twitter 4 4R (1) S50 25 S rhr AA TGN 28 80K S A 1)
JEIR, AT I BT AA TN 3% S 3T A
ABLEEHEAT I ), Ferh FEECA/N 2 AN s A S
A8 5 LU A Y 2SS L 11T BT Twitter A R 2K
AR SCAR AL AE W1 6, YT w2 TRV AFABLRE A £
B, TIPS BE AR o

AT A, @ FE ] SE-ACO S 414
TERFIGSAT I HA nTREAN ], WOR B PG 45 R ik
X100 RIsAT G FIIE, AT 4 RIbniE 2R
1.328,SE-ACO F2% & T 1 i1 El(a) 5 1T El(b).

WIS ()R] G 5 T 1 R, SR
AL, WPTHRE = MK RRERD, T PR
T SE-ACO VLRIV &5 R . SEE R, Ui
W UE B e o 48T s 10~20 fi5 I,
SE-ACO FLVAMSAT R et o AU SR L)
WIEHCR O S HAR AR S50 10 5. A0

F4 LA E R TE R R AE X b
Bk HrR Twitter Facebook hep-ph astro-ph dblp-collab dblp-cite polblogs patent-colla
BT A A 57.84% 69.42% 56.92% 24.81% 49.02% 3.71% 5.89% 37.84% 7.38%
CN 46.73% 57.28% 43.81% 31.90% 48.91% 3.81% 3.94% 39.82% 4.83%
AA 54.28% 64.90% 48.94% 49.39% 39.30% 12.21% 6.44% 48.39% 12.93%
JC 59.39% 68.38% 59.10% 38.18% 42.89% 4.93% 4.92% 43.82% 4.83%
PA 48.30% 54.89% 52.78% 39.28% 42.19% 4.37% 5.84% 43.92% 3.20%
Katz 30.34% 43.99% 58.94% 21.03% 43.90% 5.49% 4.83% 22.07% 0.28%
Distance 56.59% 54.89% 64.90% 58.39% 46.37% 27.83% 4.83% 40.91% 3.35%
RP 68.59% 64.72% 69.28% 43.89% 54.19% 5.44% 5.91% 58.42% 0.43%
SR 55.84% 44.83% 58.49% 56.92% 34.90% 12.83% 6.45% 44.90% 20.34%
PF 34.23% 54.30% 53.91% 41.02% 23.81% 7.38% 5.48% 42.31% 11.23%
RA 53.25% 43.90% 57.84% 37.26% 17.83% 8.65% 9.43% 35.08% 3.34%
SE-ACO 89.43% 91.43% 85.49% 87.84% 89.02% 78.44% 73.92% 86.85% 82.57%

FE: IR EC 72 7m Bons R AR S f e 57
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PR AL T ek, ARSCECAR T AR M 4 Fh k1
TNBEMEIEIEATR, w5 R, HIES
ALAL IS AT RCR S MR CN &3k, 1 SE-ACO
BLIEAT I R EEE ON Bk, XRIERTH TR
FUECHE ST o LA F0 28 A AN [R) i AR 1 R I
FEAR—F, MAEATHFIR.

HABEAE 779 ROC T ARk i 26— [m]

Fh gk miEPY . HEMRE ROC fhek R B rvr
& -k 6 Pros B igi® < hep-ph A1 patent-colla
HH S AR R 0 22— [ 3 M R TR I A5 K EAG
ZiE 7 fr. ROC Ml 6(a)~1&l 6(c)n,

Prikir) 3 ANEERR IO EEAT 3 MR RS-
AR AL 6(d)~ Kl 6(Hrax. 4iREW], 1
KZ P #5 Hh SE-ACO SRR LA i T AR

%S5 SE-ACO H3%HY Top-n 5EMEXRIFRE LLEIER
vk BRI Twitter Facebook hep-ph astro-ph dblp-collab dblp-cite polblogs patent-colla
CN 36.73 168.93 73.91 26.89 17.83 4693 284.03 68.48 4737
AA 29.89 193.78 50.84 18.04 13.29 4791 419.02 56.03 4290
JC 38.91 122.9 68.05 2391 19.24 3980 382.99 64.83 4379
PA 24.73 96.09 49.55 21.64 17.83 3678 376.91 61.2 4728
Katz 19.04 152.66 56.04 279 26.04 4017 392.04 65.09 4910
Distance 10.87 103.94 47.82 24.5 18.75 3913 386.91 63.48 4289
RP 27.98 84.07 54.17 28.99 23.89 4692 428.94 78.93 —
SR 24.01 79.3 48.91 25.63 17.32 — 217.03 47.16 —
PF 31.07 105.87 68.93 27.57 20.88 4903 472.04 73.98 5382
RA 34.97 107.41 70.66 29.17 21.94 5038 480.94 75.26 5490
SE-ACO 42.68 162.98 84.37 34.81 25.46 5194 529.4 72.63 5629
e LB RO 0 FEEE ARG B B I S
200 +* 200 —# 200 —#
180 i / =GN 180 f / &GN 180” / 5N
160 - SE-ACO| 160 -a-SE-ACO|
140 eha 140 S
=120 =120
A 60 M 60
40 > 40
20 20
x10° x10°
0 1 2 3 4 5 0 1 2 3 4 5 0 1 2 3 4 5
AR/ A FREER/ A W AEE/
(@) Frikitd (b) hep-ph (¢) patent-colla
€5 SFRIBATI R LY
*6 ETF ROC ik THRHI TR HEE LR
Bk HHR Twitter Facebook hep-ph astro-ph dblp-collab dblp-cite polblogs patent-colla
CN 57.83% 51.83% 58.37% 59.02% 52.91% 59.33% 63.89% 67.33% 58.31%
AA 57.31% 58.94% 52.09% 56.38% 58.44% 53.83% 62.91% 63.40% 68.37%
JC 59.75% 57.21% 52.98% 56.12% 52.89% 51.92% 69.23% 63.71% 58.19%
PA 58.38% 50.76% 50.38% 59.83% 64.92% 50.33% 58.92% 59.43% 58.93%
Katz 58.49% 52.93% 51.82% 62.98% 60.42% 61.24% 61.20% 70.26% 69.04%
Distance 50.00% 50.00% 50.00% 50.00% 50.00% 50.00% 50.00% 50.00% 50.00%
RP 62.83% 57.29% 39.40% 53.72% 58.93% 60.22% 64.95% 67.29% —
SR 58.03% 61.89% 49.38% 60.41% 53.78% — 68.94% 70.32% —
PF 53.82% 60.44% 48.39% 53.24% 48.91% 52.31% 57.43% 67.93% 61.22%
RA 61.05% 48.92% 42.94% 54.10% 58.93% 61.84% 60.11% 59.35% 54.89%
SE-ACO 68.43% 60.28% 63.82% 64.27% 60.32% 63.91% 72.81% 87.83% 62.39%

VE: DA AT B B SRR GRS de e O S0



©32- S e o 41 4
*17 ETHEHE-BRRBL TERHIAREL LR
(A7 R Twitter Facebook hep-ph astro-ph dblp-collab dblp-cite polblogs patent-colla
CN 3.28% 7.81% 3.66% 0.83% 2.89% 1.62% 5.74% 5.71% 1.74%
AA 4.49% 4.10% 4.07% 1.56% 1.63% 2.18% 4.23% 6.18% 2.38%
JC 2.711% 5.89% 2.90% 0.94% 1.78% 1.37% 3.84% 5.41% 2.91%
PA 1.93% 4.90% 6.85% 1.72% 4.83% 2.71% 4.12% 2.37% 3.72%
Katz 2.31% 3.72% 8.57% 2.17% 1.29% 1.63% 5.33% 3.92% 2.81%
Distance 1.52% 1.87% 4.95% 0.73% 0.74% 2.65% 4.81% 4.36% 0.84%
RP 3.93% 4.38% 7.83% 0.65% 1.58% 3.28% 4.73% 4.01% —
SR 4.25% 3.99% 9.12% 1.22% 2.34% — 4.10% 7.41% —
PF 2.84% 5.84% 8.49% 0.93% 2.45% 2.81% 4.61% 5.26% 0.73%
RA 0.83% 3.42% 39.28% 0.34% 2.04% 4.09% 5.19% 4.31% 1.27%
SE-ACO 6.74% 7.15% 14.34% 2.67% 4.49% 4.22% 6.22% 7.34% 5.64%
T DR B R B S A RS 18 e e R i
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A 3 REf RS 2
(d) FriRfts (e) hep-ph () patent-colla
6 T ROC LA — 4 [ fh £k 1 50k B 45 R

TR R TUAN EiH B RS FE AR I i DA
1T AR SHREAE T 350 CHL Ay POl 45 S 56 P 75
SR TEIR )

& 4 F B ] I BEALEE B PIUI #5 (0 1 RE PEAL BE i
TRIEE IS AT BE, BT SR B AL R0 215 7 2 )
2% LRI, DUBE K PO S92 1% 0 4% LI
WA o 571, BEAL TGI8 1 28 28 R
R e HLEE AR ) M 4 P Re e Cln
% 2 iR). Katz FaftE e T4 H AR, WILE
BEARRFM L, ZEEAA 4 B U1 Top-n K
(g 2 F% 5 frn). AA HiEE CN S H

T I GO R AU, 5 AA SR LA
AEHEE LT ON Hik. AA FVEERERH
B I 2% TP AT B AT, LR R R AR IR AT
i, RERETE 2 1 e AL A = AR R IR
PR R, A (s 2 FIEE 6
7). SE-ACO #Ly%7E dblp-collab. dblp-cite Al
patent-collab a4k LI &5 ar, 25N
AR SCC B R, PRI A 4 it B 5ORN i 4%
KJETE M REEIK. 76 SE-ACO Bk, Wil I
R A B AL A3 FOOE 4128 WY 285 (1) 44380, 50 22 R
FHM S (R 45k ETE, RIE SE-ACO ke i
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M2 EAFRFPERE . 18] 6 ok SE-ACO 5%
) % TOOIDAS P ey X2 TR R I 1 7 & (b)
PRI A B RAT B s 1) 7 B, IR SRR T Yt 41
RIS, (AR T P (a) B TG 1) &5 R A 22
% 6 1) Distance SLVAEITA i L3451 1)
—H X BUA SR TN ) A B S ORI
TR B Ja ASCR 5 53R 7 ik g ik
ATRFEERT A, an X e EEH] Top-n K FE A5 H
RERLHT,  J0)FC FORS I FE— 3 [ 2R il 261 AR 4
P BE Lt

Pl SE-ACO ST R AL A FEARvE £ 4 £
MIPERE, ASCESET 3 ANE4E: MovieLens 1M,
MovieLens 10M FEESHEAES R Epinion $i4E0,
SR 7 Frose B 7 ATEL AR RB A TERRHERL
e, SE-ACO HEEB ARG LA v LA R
Fen PR X PR RUE B T SE-ACO SR %

5 ZRiE

ASCHEH T —Fh 3T B A S R
MBI A AT P 28 B T g 90 B S AEAL AT I 2%
B PR e e ik 1 15 RS9 PRl A LA T 1)
MRTEER:, I BSCRF AL e AR R T I B
ASCE KT SE-ACO BLEAT AN 7] /9 28 1 $h PR 15 5
PEAERIA TR0 5 S b . Seae s ie R, 5
TC MR B AL A P 2 P S VAR L, SE-ACO HEE %
BRI LIOVEAL 25 Rl X R R 45 M (e BE
PE TN S B B EAE ] . SE-ACO kAR KR
N TEARAESCE A b a2 1T I TR0 e LSO et . J
B SE-ACO 835, feblm g AT 7 AT
T .

ASCA] UL JUAN 7 e — 2 @ I 5T, 1)
S AT v, ASCE A SRl —FE, RA

HAAARFNELR, XA R LR a5 1),
I, AEASKIITTE T, A ZAEH AR S A
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