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Table 1. Procedure of the PDRS algorithm

Input G = (V,E), K
Output S

/) AT B BAL

1 S+ g2

2 foreach v € V do

3 T(u) « {veV|(u,v) € E}: dy < |T'(u)|
4 end foreach

/) BT AAL R B et i

5 foreach (u,v) € E do

6 ryv < |I'(u) NT'(v)|/ max{1l, min(d,,,d,) — 1}
7 Wy —sy = dy eXP(—Tuy)

8 Wy—yy — doy eXp(—Tyw)

9 end foreach

// T @A E 5 A E s S

10 foreach v € V do

11 if d, = 0 then

12 F, < 0

13 else

14 Wy +— Z'JJEF(u) Wy s g

15 foreach v € I'(u) do

16 Pu—sv — Wy /Wy

17 end foreach

18 Hy +— — Zver(u) Pu—sv NPy sy

19 Q. « exp(Hy)

20 Fy, <+ In(dy +e) Q,

21 end if

22 end foreach

/) ERBEFS TR

23 for t =1 to K do

24 st <= argmaxy,ey\s Fu // ZH LIRS REOALT &
25 S+ SU{s¢}

26 Fs, <0 // CEFERBLEESTS

/) BT e A AL RATRRAF S

27 foreach u € T'(s¢) \ S do // X ZATH AT 0940 BAEL T &
28 Pu,sy < [Wuss, + Zzgr(u)mr(st) Wu—a]/Wa
29 Cy 0

30 if d,, > 2 then

31 ey — |[{(a,b) € E|a,beT(u)} // %itAs/Einkid s
32 Cu  2ey/[du(dy — 1)]

33 end if

34 aqy, — 1/(1+ Cy)

35 Py 11— 0%,

36 F11<_F1L‘Pu,st

37 end foreach

38 end for

39 return S
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Fig. 1. Distribution of seeds selected by PDRS on four real-world networks; red nodes denote the

selected seeds.

Kl 30 MR R AT T 2GR XK. BB 4.2 TGS 4.6 Tt BT T R R AR K

JE R B LR bREAT E BT -

3 EBRI

FRYGAE SIR B T ELEL PDRS 5 13 2SIk, #h e seie i T o pr e 46 . S8 B PDRS
P2 RG0S5 RO RE I o A8 TSI I6 459 R F 2R3 P 41 B b 715 R B i



3.1 LIMLESFTEEE X

RS 9 AR S R AU A B 2% HEAT S50, 43 R AL Ok R4S Physicians, 7EZRAE3E W 45
Hamsterster fll Hamster. $ffif£3&R %% Infect-Dublin. HELEE(E M4 Email-DNC, #225% R4 Wiki-
Vote. i EIA{E M4 CollegeMsg LAIEMIF&1EM 4 CA-GrQe Fl CA-HepPho £ W45 355440 R 7 i) JEAL
faf e ], MRR B PN S R U KIE @ & & WS IEAR G HRE W2 51, Hh N A M 58
T RHORAEL, (k) TR, ko NEKE, (O) AFRERE, D AMGER, (L) NP5 S
BRE.

* 2 HIEMEFEARGHRHE

Table 2. Basic statistics of real-world networks

o 2% KA N M (k) Komax () D (L)
Physicians 2 117 465 7.9487 26 0.2192 5 2.5871
Hamsterster 2 2000 16097 16.0970 273 0.5400 10 3.5890
Infect-Dublin B 410 2765 13.4878 50 0.4558 9 3.6309
Email-DNC BE 849 10384 24.4617 368 0.5072 8 2.7595
Wiki-Vote B 889 2914 6.5557 102 0.1528 13 4.0962
CollegeMsg BAE 1893 13835 14.6170 255 0.1097 8 3.0552
Hamster 2 1788 12476 13.9553 272 0.1433 14 3.4526
CA-GrQc G1E 4158 13422 6.4560 81 0.5569 17 6.0494
CA-HepPh G1E 11204 117619 20.9959 491 0.6216 13 4.6727
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Table 3. Seed-size ranges for different networks

k) 2% P sdE K JuE
Physicians 3 & 22
Hamsterster 10 %200
Infect-Dublin 10 & 62
Email-DNC 5% 85
Wiki-Vote 5 % 89
CollegeMsg 10 & 189
Hamster 9 & 179
CA-GrQc 42 416
CA-HepPh 112 2 1120
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SRR 2R TR A SRR 45 R AR

Dyt G Y 245 SR Ao B0 Y T 1) 2 R O R I B, AR SOORAE RN 28 AR ] KRR AR
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Static-PDRS 1 PDRS = MlRA. Base K HREMIEREE 7 B, = In(d, + e) %5755 . Static-
PDRS XH B,Q, 1EAVIIGR 7 35S HT, HTHBEIMANA 07 W50 5 SH1E 7 AR 445 12214

PDRS 7 Static-PDRS #4637 F4kekh TR (7) 23X (9) MshAFH . = MR M A SR AR
R4 =PI AR 1 4

Table 4. Components of the three ablation variants

&N WILHAS 5 by LS Ry

Base B, = In(d, +€) AT
Static-PDRS BuS, AT

PDRS B AR T B 40 ] S s

THRLSEIR T 9 ANTC IR 28 ARSI A 73 B W E, SR AFEEAT 1000 X SIR 1546, &4k
PERER FI 1 S i 28 AL LU B VPAR, Fb T2 S A MR AT AR AR T X LB PAIAT AT 2y Jaccard %L, —Fir
SR T R R RO B R AR R X R . 10 E[S] MR TG FE S TERITILES,

11



Dlu) = T(u) U{u} 2750w BIABIE. AT =3EbrE XN

[E[S]|
AS - K\
(3)
1 IT[u] N T[v]|
T 2z T OTRIP "
| Uwes Tl
U= s Tl
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T B B AR i A D . M AP BRI L M XA SRR Qs WA (15) A
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B, BEHCAR T SR K, PO TR ARG o(S).

tH 27 i, PDRS 7E Physicians. Infect-Dublin, Email-DNC. Hamster. Hamsterster f1 CA-HepPh %5
W& AT R4 . 7E CollegeMsg. Wiki-Vote 1 CA-GrQc 25 %% I, VoteRank+++ IMVoteRank. Degree
Discount 5{ DILVoteRank 5 PDRS MfE#E M RBHEIT . HAHET 77k Sah B R 05 V5 1 Sk 2 5 i
REMEOHE— P AL

RN LU S B AR IR R, ARG T & HVAAE 180 L5830 2 1E R (K M i B e L ol L ~F ¥k
AAERARIRE, RSN B R AR S TE J— 2 RIRE— T 45 i 2 T B a5 KT 3 e 4 R g
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Physicians (N = 117) Hamsterster (N = 2000) Infect-Dublin (N = 410)
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Fig. 2. Comparison of SIR spreading ranges of different algorithms on nine real-world networks.

® 5 ARFEEREEE ARG R

Table 5. Overall statistics of spreading range for different algorithms

ik SPGB o (S) P4 R
PDRS 0.2520 1.89 70
VoteRank++ 0.2505 2.80 33
Degree Discount 0.2472 3.77 11
IMVoteRank 0.2454 3.84 27
NOIRX 0.2432 5.63 24
DILVoteRank 0.2402 6.11 0
DomiRank 0.2370 7.09 0
EWV 0.2352 8.17 0
PageRank 0.2302 8.78 0
EnRenew 0.2273 9.49 1
CVoteRank 0.2241 10.27 14
Degree 0.2166 11.06 0
K-shell 0.1958 12.77 0
TsallisRank 0.2030 12.92 0

HIE5 L, PDRS BBl P8 HE 2 RS AR R =T by e i, e e s
9 VoteRank++ M f. S1E4iHA 77, PDRS X PageRank. Degree £ K-shell []°F ) 5% 2% )%
P Bl =2 9.47% % 28.70%, AHX TsallisRank 1 EnRenew HI2HE%) 10.87% & 24.14%. ixegh
R, B A ERSHET R B R TS 7 AT SIR SR8 P (¥4 15 V0 B 14K F PDRS.

VoteRank++. IMVoteRank. Degree Discount. DILVoteRank 1 NOIRX 2551548 7 12 (1) °F- 15 B
LY LU 3l v TS 777 . PDRS AHXYS NOIRX (WP 33 i 2R e LU Bl i 29 3.62%, P44 AR A

A 5 . PDRS A% VoteRank++ F1 IMVoteRank 1134 5 2% 8% % HL A5 43 42 5 29 0.60% 1 2.69%,
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SRR R A B e BN . TP RMEARE R BLIEAN N SR S EE R T ESR, K
Ct—20 % PDRS 5832811 1000 & SIR 25 Rt iT2HLLE:, FGitREEN. REEENERALE

HIREL RO o
* 6 PDRS SR EALAR 221 5 Mgt

Table 6. Significance statistics of spreading-range differences between PDRS and baseline algorithms

BRI PDRS {3 H i PDRS W& H % AL
TsallisRank 180 0 0
K-shell 178 0 2
EnRenew 178 0 2
Degree 177 0 3
PageRank 177 0 3
EWV 177 0 3
DomiRank 176 0 4
DILVoteRank 172 0 8
CVoteRank 162 10 8
NOIRX 143 24 13
Degree Discount 141 13 26
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Table 7. Seed-selection time statistics

Bk PS4 N 8] /s SRR 8] /s
Degree 0.0030 0.0169
K-shell 0.0133 0.1150

PageRank 0.0187 0.1267
Degree Discount 0.4038 5.2984
NOIRX 0.6203 5.1231
DomiRank 0.9053 6.6225
DILVoteRank 1.0214 12.8956
VoteRank++ 1.8162 24.8751
PDRS 2.1732 37.0180
IMVoteRank 3.0648 24.3576
CVoteRank 3.3210 29.7282
EWV 3.8328 44.7956
EnRenew 3.9869 67.4102
TsallisRank 19.9228 197.9433
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Fig. 9. Spreading results of the three ablation variants on nine networks.
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Table 8. Differences in mean final infection proportion among the three ablation variants

(B BROTFES EHESINE PDRS X Base
Physicians 0.1530 2.8354 2.9885
Hamsterster -0.1567 1.9481 1.7914
Infect-Dublin -0.8386 6.0419 5.2033
Email-DNC -0.0335 4.9670 4.9335
Wiki-Vote -0.1206 1.4257 1.3051
CollegeMsg -0.0462 1.0992 1.0530
Hamster -0.1735 1.6236 1.4501
CA-GrQc -0.8544 7.1025 6.2481
CA-HepPh -0.1553 7.1125 6.9572
WE -0.2473 3.7951 3.5478
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HIXT T Base HIAZALBE M 28 MR 7 iR A, il RN 172384608 0.024139. PDRS XS T+ Static-

PDRS [RFT737 PR AR KA 9 R B8N, 9 MR TIRE Dy 0.918770.
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Table 9. Basic statistics of the directed experimental networks

X 2 et N M r LSCC

HighSchool Pa'd 70 366 0.50 96%
ResidenceHall "R 217 2672 0.62 99%
Email-EU B 986 24929 0.71 81%
USAirport i@ 1572 28235 0.78 89%
CollegeMsg HAE 1893 20292 0.64 68%
AddHealth A2 2539 12969 0.39 85%
OpenFlights ] 2905 30442 0.97 99%
CiaoDVD "2 4562 40073 0.35 23%
Advogato A2 5042 47067 0.33 62%

AR A SIR AR, Y R R A, SEuE R SR S W4 AR R T AT
RFAAKE L AHIXEHE Qs EXMKRZETME EitF. HE (Out-degree) . 7 f] PageRank
(Directed PageRank) #A [ E#41 (Directed Degree Discount) K FH & H A € X . VoteRank F7%1).
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Fig. 11. Comparison of SIR spreading ranges of different algorithms on nine directed networks.
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Table 10. Overall spreading-range statistics of different algorithms on directed networks

A7 PR LRI B) o () T4 RARIREL
PDRS 0.2726 1.72 93
Directed Degree Discount 0.2656 3.06 50
VoteRank++ 0.2491 4.87 27
DILVoteRank 0.2384 5.97 0
Out-degree 0.2453 6.52 3
IMVoteRank 0.2388 6.96 4
DomiRank 0.2381 7.09 0
EWV 0.2306 7.7 0
CVoteRank 0.2301 7.83 0
NOIRX 0.2168 9.10 7
EnRenew 0.2262 9.11 0
K-shell 0.1987 11.34 0
TsallisRank 0.1995 11.58 0
Directed PageRank 0.1870 11.84 0

K114 PDRS 5545 HEC B E S 1. A8 Directed PageRanks EWV. K-shell #1 Tsal-
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Table 11. Significance statistics of spreading-range differences between PDRS and baselines on directed

networks

B PDRS 3 H 1l PDRS R3#H % AR
Directed PageRank 180 0 0
EWV 180 0 0
K-shell 180 0 0
TsallisRank 180 0 0
EnRenew 179 0 1
DomiRank 172 5 3
NOIRX 171 9 0
DILVoteRank 171 2 7
CVoteRank 170 0 10
IMVoteRank 165 14 1
Out-degree 164 8 8
VoteRank++ 142 34 4
Directed Degree Discount 125 48 7
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Fig. 12. Distribution of community coverage (Js on directed networks.
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Fig. 13. Mean-rank shift of each algorithm between the undirected and directed settings.
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Identifying multiple influential nodes in complex
networks based on propagation-direction redundancy
suppression™®

YE Chaoran?  ZHANG Junli¥ ZHANG Mengmeng” RUAN Yirun?? BAI Liang"

1) ( College of Systems Engineering, National University of Defense Technology, Changsha

410078, China)

Abstract

Many applications involving complex networks, including public opinion guidance and control, viral
marketing, and epidemic containment, require the identification of multiple influential nodes. An effec-
tive seed set should combine strong spreading ability with limited overlap in coverage. Methods based
mainly on individual-node influence may select several seeds from the same densely connected region;
this concentration limits the additional coverage of later selections. To address this problem, we pro-
pose a propagation-direction redundancy suppression (PDRS) algorithm that accounts for heterogeneity
among a node’s propagation directions. PDRS assigns each direction a weight based on the connectiv-
ity of the neighboring node and the redundancy indicated by common neighbors. The entropy of the
normalized weight distribution defines an effective direction index that quantifies the effective number of
low-redundancy directions supporting propagation. After selecting a seed, PDRS reduces each adjacent
candidate’s score according to the share of its directional weight assigned to directions that overlap the
seed’s local coverage. The candidate’s local clustering coefficient adjusts the reduction. Subsequent seeds
are therefore selected from less-covered regions. For directed networks, two-hop reachability quantifies

subsequent spreading capacity, while local reciprocity adjusts the score reduction. We compare PDRS

1 Corresponding author. E-mail: ruanyirun@nudt.edu.cn
* Project supported by the National Natural Science Foundation of China (Grant No. 72401286).
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with 13 methods under the susceptible-infected-recovered (SIR) model on nine real-world undirected net-
works and nine real-world directed networks. Under these SIR settings, PDRS achieves the highest overall
mean final infection proportion among the methods compared and reduces local coverage overlap among
selected seeds. Ablation results show that the effective direction index changes the initial ranking, whereas
the dynamic score update contributes more to the observed improvements in spreading performance and
seed dispersion. PDRS therefore balances the spreading ability of individual seeds with the suppression

of redundant coverage within the seed set.

Keywords: complex networks, multiple influential nodes, propagation-direction redun-
dancy, effective direction index
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