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Abstract: Graph data is ubiquitous in real-world applications, and graph neural networks (GNNs) have been widely used in graph data
analysis. However, the performance of GNNs can be severely impacted by adversarial attacks on graph structures. Existing defense
methods against adversarial attacks generally rely on low-rank graph structure reconstruction based on graph community preservation
priors. However, existing graph structure adversarial defense methods cannot adaptively seek the true low-rank value for graph structure

reconstruction, and low-rank graph structures are semantically mismatched with downstream tasks. To address these problems, this study
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proposes the over-parameterized graph neural network (OPGNN) method based on the implicit regularization effect of over-
parameterization. In addition, it formally proves that this method can adaptively solve the low-rank graph structure problem and also
proves that over-parameterized residual links on node deep representations can effectively address semantic mismatch. Experimental results
on real datasets demonstrate that the OPGNN method is more robust than existing baseline methods, and the OPGNN framework is
notably effective on different graph neural network backbones such as GCN, APPNP, and GPRGNN.

Key words: semi-supervised classification of graph nodes; graph structure adversarial defense; over-parameterization; implicit regularization;

graph neural network (GNN)

K (graph) /& —FhH 3 B 20 4% X, AR 197 SUREAE AN £ (8] 4842 9C 2R 4350l o] LARG IR AS [R] 6 52 S % 42 ) 1)
FA KR AR T 20 W BB 1 R 2 P 2% (graph neural network, GNN)!' IZE 254 L. 4E 58 W 2% B
AT R 1 22 b b R R S IR AU I, B I 4 O S B 454 (graph structure)
P Eh R R P, p T PR 4 R 4 F T S AL LA (message passing mechanism)E 22 2 X1 2% ok PRI 45 4B AR
B RE BB R B BOR, [FI 254 _ERIPia) T G2 Be mi R #0155 78 9 B i) A2, DR I R A6 4 b i ik
50 B AT R 2 B A P o 28 P 28 7 R i 3 AT 55 R T

AT R S M B B3 B B G (transductive) P A2 W2 5] B BT S8 AR A AE 3R S AW B (non-
targeted adversarial attack) T [ 37 55 73 2AE 55 (0T BB . 75 sUAE 55 1 58 1 Bt i i PR 3l BRI Tl s ik 5 1
TRV A N U 2 U R, AR T I I P S B AR R AR I A B SR I X T M Bk, AEE R)
Wi HH R PR B P AR B AR T AR 1 40 U 3, DRI AR 5 1) B A L v 1) ks B HEAGH I, T 1) < 1) B
b FRIXT e 977 80 5 o )

T 1] 4t ot L 465 4 1 Al 5 ) 0 B B ke, — S8 i R o S B 1 U7 iR T N B (community
preservation) 555 i 8145 ¥ =) (graph structure learning, GSL) 773k M. & Py SRS Ia B : % T T AT 551 = B A
AR 28 A1 o 3 3l EL A A AL P 7 SR AE, TR SR I 1 A B8 e IR R 2R 0% 0, AT AR BB P RE TR LA P SR M 1 PR &
4. b A #48 (graph spectral theory)! VAT LS A1 — N AFFEAE FE (KR (rank) 551% &1 P 103 38 70 B (R BB A 0%, 1T
ICRKR B B A S 85 SR (R T8 . [RGB, 1 8 S0 R ) IS B T B A I R 24 . SR TTT SR A
R (100 Bk 75 SR MR P A K 2R PR T DG 2 I /N 48, S — N NP-HE [ ), FEATL 2% 2 S FE AR AR B B B T AR PR R R i
APARAIE R PR . DRt 22 B T AR 1) 2 R R A R 1 o7 A8 it ) B /R84 R PO A% 3 (nuclear norm) 1 94 QEE
Al B bs. B0 EE 8 O FE FERAAEAE A%, oot B — MR T 45 B 1) %7 S4B 43 % (singular value decomposition,
SVD), 4R X — 1L 2 (i 18] 82 44 B 1, ELAE R S IR A 4R ek F v 2 M BB A R OB % ) 53 ob, B TR
AR BI040 B vl R 1), SR T a4 3 B 366 O R LB T i B A FE R S B0 . ez, —
AN 5 AR R ) R IR iR T0 I IS LR S HEAT I RR I 4 A 4.

77 THI, 25 RS 3 B 46 M) BV T P o s () 5 T AT 55 15 S S (RIAE A T, TR AR A 75 K 2 2] B R 454
SRS HATIERC. — P B SR A AR S i R s i P 5 22 2 DA ARk IR 4 1 5 i 10 S T 225 ) 40 58 2 1) 1
g VTN 24 it PR 5 A Al T R R A B 2 e T DA AR 4508 U B S R e L A, AR T 2
Bl i B B, ARRR IS5 /25 20 . S50 R IMFR B A TIL 2 o) 52 B Rl yEuk 2% 2 ) L RIVE F, RIS 0 A i) ok 2=
FEOT R ERAR T ) 57 =) SRR G54 7 =) ELARRR G 52, T R — > s AR AL R IBE & o 10 381, A 95 i 27 Bl 45 4 I AN g
A ROE T B N AR5 TR SRR A E]. R, 5 — > R T A PR 1) R Mg ke P 2 IR B S5 4 5 TR VAR 251 SRR TR

T ARG BT B 21 2 51 1 LA X BT A M B 2 S R B B AR T AR TR I (1) vk S Rk AR
ITARFR ISR EE A (2) AT AR B G50 55 R U AT 5508 SRR TC i R AR SCHR HH — o i 2 T3 2 B B o T
SR R R 4, BRI S UL B A 2% (over-parameterized GNN, OPGNN) 777k, A SCIER, fEHFE &4 F, T
TR PR 52 BRI B BB AT AZ JE B Ak, B4R OPGNN 51T LA [ 38 SR R Pl &5 M SRR A6 R [RIRS, BT
& OPGNN J7iEN4 4l i) b WA B 45 145 SV AL 15 mORZERAE (BI VP43 B4R FE 0 5 = DA YUl SCES I e /R, RS
IE B 3 SRR RAEE RS TR, FTiR A OPGNN J7v2:2% 3] B R AR B 45 #4 AT DL R IFE RS N I 5545 X
AT BAIEATHE OPGNN J7 VB R0, A SCIGIE OPGNN 5 YATE £ 4~ B SE B S #E 45 (Cora, CiteSeer & Polblogs),
L PN 2% E T (GCNPL, APPNPPfI GPRGNNP%%), 7E Metattack >t %ot [ 45 ) S [ B i R T e M %
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P47 i 70 PR BE. SEAG45 SRR W] OPGNN T3 T U Sk 5 10 B S A OB, HL Sl o P ey, Bl i 2%

ASCE 145 PriE OPGNN J7 ik A RETHK TAE. 45 2 TN 41 5Pt OPGNN J5 A R I Tl iR, 28
3 HAHARSCE it OPGNN J5 A GBI 45 . 56 4 T2 OPGNN VA 415, 55 5 1 e m i di
OPGNN J5 VM SEG T Re. 5em, 7£55 6 T OPGNN J5vEHEAT i 25 xR ok TAE T R 2.

1 HEXIME

L1 BRESHFIHFE

T R B0 P 5 46 (R A 5 T L T8y, 8 P Gl A 2 2 D ik T BT B B S T B 9 R S T R IRk B A LA
GCN-SVD" VR I 1l 55 ) () T80 ki P 8 5 M VL T4 £ v 9, A5 P AR 1 23 S5 (1 3 492 V2 0 408 B 4 o
ATARRRIEIL. Pro-GNN I BRI BRI G RR P 1R AUE P 8 A 1 S QL O e ok 2 3956 i M 35 5 1 I 45440 SimP-
GCNFI FH AR ) 1 BT 55 240 SR8 G 1 R RPAE 2 TR R0 R 24 2 7R 22 TR O B 85 22 5, Sl Pl 40 ) 4 2 49—
AMREE B, SR B TSR 0 5 () e k. LIRGININU Vg J5 5 P ) 7 43 Ay e 7 R B R 2% M 14 350 5 L AT
%, I 53 ) P 5 e 5 (R T o W 75 R B 5 B S &5 e R 0 4T £9 5. STABLE™ 55 SimP-GCN 284U, I T3 Le
5 ST 0T M 2 SR IR 2 3 m 2 [) JE A P G5 4, Ao PRRAIE AR 0 2 51 5 R 5 W 22 SO AE M IR 5 AR ELfE
b, fRRK P ) A A — R BT 55 B B RS, AN AL S R FRAR PO e, AT D@ 7 — R R S B R
NITEER TG M A5 2 MR B G5 L, BT B8 TR RE AR T e AL 2 PG R P70, AT L 55 3 8 e P
TPRAL 5 N AT 55 OSBRI T, AR R T NI 55 1T BE.

T 1) P 45 ) P8 2 ) RS 90 1 AT 55 2 () OB R, — S8 e [ 5y 2 S DT VR AE 454 L@ S 1 AR C. AGC 7
V2 VTN A6 P 5 R4 L T4 R 5 BT I 0 PRl 3 o 0T B HEAT BRI GAUG-OM M AR i B 5
JEUE P 5 K N B I 5 15 255 R HE UM S, AR s MR AT SR . 2 T T 28 P2V T O L P TR 0 6 A G
FELEM G M BRATTVE, WA R B T — R R T 56T (0@ R 7 VR G B AR AL U, LR AR
B 146 S5 AL A B S5 16— A s R Bl B AT (5 2 2R A

5 ERTTEA R, ASCHE H ) OPGNN J7 i3k i 2 A B sk I RORE 3 B2 SR AR IR B 4544, [ I =% F
RRJZFRAL (RIVE2 B0 BT, MRk 1 41T A 772 A ARRREE 2 2 IR X 5 S5 M AT 55 18 SCRATEC i) .

1.2 ETESHUMERRIEN*

I, X TR G i B aRIE WA IR 7, — R TR 1l SH A I S5, ERE a6 1
FAF I FUFIN T, TG 75 2 i T D T RV AT SEBRI AL 27 > FE A IE AL 4R, Gunasekar S5 A 87 T ERAEFRERE 7>
At A T LA o) SRR (A0 B FE A 2, B85 7 e s IE AT 7 1) T B2 56, Arora %5 A T Gunasekar %5 A
(AR, #8787 2 21 SH R E ROk sUIE RN . Vaskevigius 55 A P Zhao 25 A VRIS SR T
A IR S B R R IE AR, XA Vaskevicius 55 A IGERALIK R AN, T Zhao 55 A S I B 48 ] ).
You 25 NJHIE 51N 25 5 ) S 7 AT LLE i i 2501k 7 e e BUEAR FRR 7 W 1E RS2 B2, 0T, Liu 25 A5
F BT TS E BB A 2% FIAIE 1 B QIR RS0 b R 42 i 2 ). 4R, H RIS S U

PR ZE I AT R Z AR BERITIE, ASCHR 1 255 T 1 (R 2 X 48 AR T 1 Z 40 i) OPGNIN 779, B IR E 61 1K
&3 W SR I ZHE R B QIR NIRRT T B 2e I 48 A8 B i = BB 27 2 B 25 K e Bl A .

2 FEHEIR

2.1 FHIEEXTEEIR

AT RS TTEAR R I T 1A,

e, S ARSI AR, — > N-T5 U BURFE Bl (V-node weighted feature graph, FiFxh ) & —/~
TG G = (V,E,Af). HP v=(1,...,NVRANTI B4 (node set), E = {(i, /)} € VXV FRHILLE (edge set). HiFE A = {a;;);;
PR E G B AL B R B (FATRR A B B AT R K ), FL 2 @y € (0,11 UL (i ) € E, a; =0 E G, j) ¢ E.
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—ANMEE S (graph signal) #E SN R R ELE: V — RF, RUERAN BT S 2 R 25 (B P G R F e N 48T
F45 5 [ (graph node signal vector).

AT TR EDRE, AR SCIME R £ ARR B 5 AR (signal matrix), B £ = (f,,....f)" e RV A f, e R RoR 5 i 1
N

FEI4 A PRI 5 T (TP A7 BB ). 8 NI A (degree) d 5 SN dii= ) a1 G AR B0
=1

%5 B (graph Laplacian) L & XN L:=D—-A, Hh D A G WJEHERE (degree matrix), JEHRE & —MNXTFAEEFE, 25 i
XA ICRE i A B S, B D = diag(d,,...,dy) . BEBEG = (V,E,Af) , FH 38 H i B L il 4886 FF A 1)
SE, PRI 7R o] FH B8 A B S AR AR A P A Ron— B G, W G = (V.E,L,f).

T RN BEE A WA GRS, —BOR UL, B4 M 4% 1] LU fif2 X B\ 2 8] o 5 46 S 5 JE e
£=(F,.... 07 € RYF AR B B9 R 5 7 o L (BT 1 4RI AR R A ) BEAT IR AR AR RS, B — /N 2 )
LMWL Op(F) : RVF — RV Fou fis z.=(2,,...,2y)" , e 2z € RVFo RORBERIIRZ RAEFFS (deep latent repre-
sentation matrix), H. F,, RGN SR ERAE M B, 2 NIETSS N B R 2- BATL S B, — B Fo = 1.
MBS BIUE AR A R, S5 B2 I 4% (spectral GNNs) (A SC R M T RE E P2 4%, BT 8 R BB B &
4% heuristic MPNNs [RIAH SSHIF 78 B A A SKHIE 72 77 1)) BT B B B i e S AT UAEE 1R 7 BB R 101 4 B 1L A 430
WA ERET A2 h(A) 4 B SRR £ 2 TEs Y,

2= 0.(H)E Uh(N)U"g(F) 0
o, U e RV 2 B 08 B R RAE 1) S A4 BRI B, R0 2 UAUT = L (B35 R 6 B L& — A FRf 1E
SERLRE, RIS AR E U A e RYY | iR UAUT = L AL, g(f) Rt JFIE B1E 546 M g(f) SEAT R AR #e,
g(-) — MR ER A TR 42 N 25 2 B A AR 3t 21 B D8 A0 P g 22 2

AR (D) MBI T,

(1) &%, B8R m48# (graph Fourier transform) UTg(f) 5 HRFAE AR il 19 MG 5 55 B o (F) MRS 22 1 A 14 dak
(spectral domain).

(2) SRJ5, FEIUEBE h(A) YR R UTg(f) BEAT IR, MEME AU EITEEAE 9 k(AU g(f) , Ferh h() 1EH
E—MERENE— o R b

(3) |5, W iEp 5 I BB h(A)UT g(F) I H B B h 10035 4 (inverse graph Fourier transform) FEfE U™ B
[7] 2= 5 (spatial domain), B z = UR(A) U7 g(f) .

MPEBA (A R— D2 TN, BT ULAUT = i(L), IS B &M% 408 58 A 5 (2):

2= 0,(F)Z h(L)g(f) @

BT AR (1), A3 () A7 E R MR AR BB R AR BRI U, EATGRE R A 72 BUE AR [F) RO A
BIH 3 P TR R U A RAME— M, BIRE T AR 2) Wil i B & W% BA i i Rk dae v, BT AR Q) 1
L 2 R 2484 GCNPL. APPNPPYAI GPRGNNP 14,

22 BT SR EESE IR EEE

BT A ) e B G = (V,E,AE), 1T ES VRGBT &S 88— Me%y,, P —3airss
FLAARSE, — 01 s B bR, BT s B ST 1) B RS R TN AR A e T s bR, BIR B — AR fie: vy,
oy RoRFRZBEE S, G TN AR B AR 2 R AT RE .

BT s B 2 3] M G = (V,E, A0 AAAEX BLBGE I, RIS SR 05 A F0 £ AT 303 GEE BN IR 8N,
FHEAF I PIBE A  5200), BT R W B 2 2D 0P iy A i) B e A e M B 2 ST B (AR5 T © < V — Y AT
S P A

3 BigoHh
FEST ARA SRR, AR AR ER SR, LA B pir e i ot ORI S L B, AT ety
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HAASC T TR — S et A 48 ) 28— B ME B B 22 I 4%, SR I A A R BV B L 28 I 285 PR RE S 1 o
FEFNZE R 48 B FRAS 20 M, AR PEI0E A3 (non-linear activation function) X B8 4> H 7 KR K I A, N T
ST A R 68 148 (R 5 4, 5 5 R T A 4 W 4 O 2R RS 7 00, A AR A B 5 48 53— D T, 4o
LML ST, R NS AR B S IR BB RS P 2, BT R X 4 Sl R BRI, A A T LA 3
L g R,
FEARTS 1, FRATTIIE — 85 Tl R M 0 0 2% 1) Ze 1k R b 22 I 4, AR SO IR R 2 1 BT b 2 P 28 B N R M BT %
E 32 2% (linear operator spectral GNN). 7E55 2 FiH 5 H, A€ KBl G = (V,E,L,f) , i &E M %% o (f) f1—
i — BB AKX (2) @il z:= Ou() = hL)g(F) , FP EIRIRZE R 2 = (zy,...,2y)" € RV | T ALK
T PR BB 20 BT 6 T A 25 D9 BT s 00 28, BRI AT DAK BT IR B R AL M & (b ) e RE N 1L, B F =1,
B z € RY . AR SO St 57 IR A X 28 52 SR TT LK O (F) B3R FHETE SRR 3 r(L) BRI g(f) Z 58K
ZANEH T (linear operator) Ay, . EAN G AZECUN, B8 2 FAridoh A IEARE XU F.
EX 1. ZHEHETFIEEMAERNLE. 4558 N -1 R IER G = (VE L), 4 5E — 1 EIE SRR 5B o)
A—MEER AR (L), B G MR E G EMAEMNE Ay RV - RY Z—/NH FRBU () g5
(A (hL)] =< AY h(@L) >, AL eRVY, i=1,....N 3)

o” 2
b, <> BRFEMEM N, Bl < A, B>:= Trace(AB™) . LI}, # z e RY Fon g M5 73 R 4l 8 X 4% 6 0 ) 1) 1)
LR

o

220y (f) = A (h(L)) )

R ES AL, — B RE AN B BUEEE G, HTE AR 5] 05 SO AT g 2R bR s B R AR g(f)
M E FRE A L A (R(L)) BN ARL)) -

NT HEE R, AT ERET AR 2-0RMT S (ERTEENFERSNMEE LR FSEEmE ML, £
AMEIE PIVEST R B Softmax ). 16 BT 8L 2-00 T4, B R AIFRIC Y 0 2801 1 28, FR M 2@ i B0 2 0 265 4L
GATA AR T 0 2B IES BB (score function) z™ : RV — RV . 4328, T LA FIVE D B3 z = AWL))
N4y Sigmoid B S (x) = 1/(1 +e™) BUB T F % (hard-thresholding) A 5 43 2B AT #1535, T [a) 14 4 44
() 2-4r FAT A5, B3 T BEAT A0 R Ak, A8 i 2% 30 3 (¥ BB 4 o 07 B L B S0 G A 45 4 X P
frIfie

ming | ARL)) —z"||; )

2 R8BI 2R M 5T 7 0l BN 2 N 2% A (B M B PR 4 2 T TR T 1 0 3 R B 8 W 488 ) o — A RV 5[] )
RV 2[R [ BRS, E G MUBECRET, N < N2, BT R LGSR L o~ 1@ 0, BPL > 0, Ak &= (5) 1548
—/NRE £ 4t (underdetermined system), M A7 7R TG 55 2 AN 4 R e/ IMET B AL = 27 . W TR —RRE RS,
AR A T (5) HARRIRUER B — BB 2RI R 1 B2 W 4% ARL)) -

HNTARBEAZABE N (BRI Bam s, FEF5MIEMME (inductive bias) 7EA I (5) KA
REATPIRBEFZ NI TFE. — s 980w E v B W R (community preservation) 5636, %5656\ Xt
TR 55 11 5 B AR A RR A 5 A AT A AL 0T S RRAIE, BRIk T o5 A o e A B, AT 5 AT
TR EA PSR A B SE ). E T3 B AR B L ARFAE 2 O A H s T 1R o e 2 1Y, DR otk T D i 45
P BT R L AR (rank) LAE 73 BE45 04 B SE A ) 9 B 1k S8l BRI G 0 B AT S D B SR I T Ay i, AR A AT
A T I AN AR AT AR T AN, AR (5) MER/MEMES TR BERF S BAR LRI TF4E,
{3 P2 B A Mg B RIFZAaE 71, Bk, oT ARSI AR (5) itk A= (6):

mingo[Ll., s.t. A(h(L)) = 2™ (6)
A, |-l RARFERERIZIEEL (nuclear norm), BIFF L = UAUT WA |[LI|. := Trace(A) .

53— T3 T, IR B G5 00 R 2R W) 5 RTS8 S P RS A AN T, R h R e B L 25 AR B

BT 15 R sURHIE O (F) 255 AR B FE AR LA . 78 BB /A B SR T, b 0 P 2 2 (M P 4 P 19
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WL (spectral metric), T 5 545 S 2 4o S B AR AU MVRFAIE (R0 A 58, 3R 1A SR IR G M L I IR 55 B T 1k
F S A PRI 0 2% 55 T i S B S ST OB BT, 9 A R 46 (KA BLSE P B DR 73 SRAE 5518 SR BLEE, SR
TR 2R BT AR ISR T RNOZ G, T2 AR BT R M 0 AR 55 5 i IR S AN A T [T ) 4
P IR, 5 PR B PRI 5 AR O, DR S 3 o o o 265 ) A L2 P32 B 54 55 18 S PR R R 6 5 PO AR B2
BAFERTIC. DA BIGEH5 2) 07k ol AR B G b b PRIn R i ) ke 22 3 e A IR AR AR I 45 4 55 R i AR 551 SCROBRTEC.
FEATT TIPS B 28 I 26 (BT SCE ST, IX RS54 L M i o 22 3845 T LA o tn R fIe A v i
mingol|Ll. + Allslly, s.t. A(h(L +5)) = 2" (M

SR, TR RS () — AU 2 TCUE B, R A(A) = Z wiAS AR R (7) H AL +s) S F Lis<

XAAIHEFRE I L SFBE5 ) s ERAL IR (7) RECA IR (iko(i)ntly non-convex), P& K HUIE N T G A SRR
Tl A 2 0 48 R HEFE

BRI A AR e iR BRR, A SCHR oK 5 48 b AR R 45 K 5 I R AR UK E RAE (BVE 4 iR ) B IESEC: 5%
e AR EER s, WL HE IR AR ERRR 45 W15 5 10V 9 B Bz = AW(L)) 5 BEAE VRS BB R 2z, Blz+s =
ALY) +s =z, KRR AL ]S T

ming ol [L|l. + Alls]l;, s.t. ADL)) +s = 2" ®)

etk vl B (8) IR RAZTERRER: BT A0S ¢ VEBUR A TR, TEETHE TR R 2 H
P A RE ISR ),

DR SRR SR AN AT RO AR A ) R, 35 AR — R AR SR AN R In] R A Dy 4 R AT Al il R IR B SR AR A R T
i 8 21 8127 o AN T A v R[] e 5%, 52 s %, 8 R R ASSCIE A, SR X L A s 4T3 244K (overpara-
meterization), TE4F5E EHTAN AR, RAFE—A 4R AT £, -JEE00E A0 B n] A7 3 4k 1m) =X (8) A
Bt AR w1

Y€ N-T1 AL G = (V.E,L.f), 45€ IS SRS g() M2 GRS h(L) = Zkak
(BB k= O X0F 2 FA) (i DR IBUAEE 1 73 BR 2 2 WK, 4 A 3o A BIERE ST (adjoint operator), Zi 51 A B FHHE S 1

ESXN A R = R, A(r) = Z rA? R SHOER/ A X,(y) € RVY, u,(y), v.(y) € RY BIBEEETR (gradient
flow) 365 A4 P2 ‘

S et . X/+r _Xz $ Tyk=
%) Lim 2R ) X X)X ),
k=1
,(y) .. u.(y) | [ w® _ | rru®)
( ) )‘1333(( Vi) ) ( v ))/ T= ( L)) ) ©)

e, ru FORIA R [ IA S  (Hadamard product), B 70 3= Z ity s BREE TV x,(y) A 1, (y) 1= AKX, (0)) +
u,(y)°u,(y) — v (y)°v,(y) —z".
AHEF H, A (9) P HIBHEERZI B BULED A TR ¢, SO0t 10 I 8 T B

MDY RNV gy yerY %llﬂ (h(XX™)) +u’u—v°v -z (10)
SERL 1 FEH, FEREEVIE T (v — 0), RS Tl B & M 2% A T2 e, SRR (9) W3] (1 — )
etk i =R (8) M. 1IE=U, BB 1 Rk F.
R 1. ML BT M 2 6 S A, IR THERE 1 < j < N L AL A A0, = A0 A 55
FRERR R MIYIG K BT

def uy(y) |der 71Nx|
Xoln) =7l [ vo(y) ]_[ Y ] ab
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A L) =XMX.»)7 . K L), uy) B v,(y) 7 t AT T 55 IR 5 AE1E Lo (y), ue(y) Fl v (y) , BI:

e | limu,(y)
L. E im L), [lvl:g; ]dzf limv,(») "

N 24910640 R /N, BTy — O B, BESES A 1 B 2 1aCE (BT A(L) = wL) , 238 (12) S AR FR AR S8R i 3t (8)
HIfR. Bkt

13)

< =

) limu.(y)
L2 limL.(), [ ]d“[ 70
lin

~| limva(y)
Y0

A (13) 52 IR IR R e
ming cpyen g yery || + A0u=vv||;, s.t. AGAL)) +u’u—v°v =z (14)
TIE B 52 IR R B SR AR (28,32], H TR Wl AR A AE, {75 IE B 28396 A2 22 3K (14) ) Karush-Kuhn-
Tucker (KKT) #&4-RI AT, ELAAUE B 405 WLHEH AL

4 TESHUELEHEZEMNLE (OPGNN) 534

4.1 FIEMRSE

AL SH B E M4 (OPGNN) J7vk, HiHEEAE T2 3 F B 1 M50, JivErEREnE 1 A
R, BEZWEE G = (V,E, AL, K EMAERME A @R A T8 20 E RS H 0 0 0 1) BIgat, Fk 3 &
B35 p A5 5 ) B R ) RS S AR £ N A — R S 48 48 (W GCN. APPNP. GPRGNN H242) 0 4(f) .
o0 I 245 B B0 A B I ()R B R AR AR 2 = @4(F) TN Softmax 215 EI A8 s & TAE B I A HL& WE 2 1 5
Softmax(z) , T4 Softmax(z) i N 45 £ 1 50l B 1 25 X 285 03 2% R B, 2R P B 1 PRI A 2 P 24 00 R IR BB B S R
Rif Js2 1okt BE BT SR A ) SRR I 654 A, BTN R A 22 X 24 B 28 @ () AN BTk AR 1 21 58 2Lz A g 7 1 B Ay B
W2, [mI, BTS2 B B S R — 8 2% 3 3, BUas B AR AN 2 R B 5 o 52 Mot i) PR 46 44y, DRtk mT DA B
6 P 35 ) 01 52 T80k PR 48 i N, R R 5 2 A 0 R B, Ko R A 2 =) R P AL ST AT e

JR AR SR A UG RIS 4

| @ vzt |
L[] s g

i X
o ETSE He
|l zms st ]f?p

i

.. "

E PRI A
K1 OPGNN Jji%k
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4.2 FFEYmTS
TESEHE | o, o MR A AT B3 B UK Lu(y) = X, X, ()™ SR B BE R AR (9) B L AE I F0 8 1
S, T B A S PRI 5207 e 5 T A AT HOAT A 0, 3 SR M A e A X (9) BHIEA
il Ik — VT [ e FEI 5 4 I SRR R A TR B8k,
AN EXNX )T (15)
P b, T L= DA, HRHERE h0) HETR, B IE h(A) = AXXT) JEARTEIES 3 HR04516, 12 )
IRBRIAATEFERE A U3 RE B T A
N T T IEMRER AR R, 4 3 T T DR R 2- AT AT AT, M ERERAE 2 = ©.4(F) = Oggr (F) € RV,
VRIRRALE 2 3754005 SR T 0 KA0VT5 B AT M -5 (M > 3) I, BIRERAE 2 € RVFo | —HRHL Fo = M,
B VR R RAE 2 (955 i 4T85 AN TE RN i AT AR T jRI0TPA, j= 1, M FEE S S M 43
RIS, T LA M AMEE HEIERAS (RO ()Y
h(f)(A)défZ wiAY, j=1,...M (16)
FOoh 38 LR R 2 MR R, 5 R 2 5 S 2 P 2% 4R IFD, 4 M T T 5 B O i P R
FRlEz:=@",...,z2M) e RVM  H,
29 =00 Ay (1(A)) (17)
Sz FPELAE VR4 R 2 A TE T B U, B 2 {5 T ) 2 B S B A P (ome-hot
encoding) Y = (¥y,...,Yy)T € RVM | [RI SR v 75 B L& I VE 73 BR 2L 2 = Ogx- (F) SIS Softmax JZ WL 2 (0,1) HL
(X 1) 5 GRS ¥ = (y,,...,y,)T VCHEJE VLA 26 B, BIRS 2 (055 0 4T85 9705 22 % it

exp(z;”)
M

> exp@”)

1t Softmax(z) ] Softmax B~ (18) fEHTE z LR — A& BRI HERE.
[EIF, VR BILE M -5 FAE 55 I B30 75 EEIUAD 15 R )2 R AEAS T E IR ZE wou— vov = 2 — @ 4(F) IU4E S, Lhi
T u, ve RV BIE M -5 280, I S8k S EU BT 10 -

X0yt | B[] Ve | "

FETE 3 FTE B 1 IS5 OPGNN JivARIR AL S 11 R4 22 X 28 453 0 R K (93 SR AT 55 SR b AT LK 1,
5% BR B N S8 SRR R B, A SRR 1 50 R IR B DL R AE %) W T
LopoNn = NN RN g yeRNxM %IlSaftmax (@' sz (Oxxr () +uu—vov) - Y|I2 (20)
73— 07 W 2RI 2 (1 52 Bk B S5 A 5 B AT — 576 5O, Bl B AR A & KR P 5 502 Bk 1 B 46
Heg, TRTIMG T LAKE B A ] 95 A 52 50k 1] 5 g N B ) 5% 2450 PR K, D0 8 Ak 2 S0 0 A AR WA B 2 R AT ok, B AR
FABUR R T

Softmax(z.”) = (18)

def |\ &G

Cronst = ||XXT —Allp (1)
o, |- || RARHBER) Frobenius 544
HJii, OPGNN J5 i B ARAL AL H ARG T
Loponn = Coponn + Blrenst (22)
Forpr, Pt EE A VR 22 ) IR DU S B2, 3 o F) 5 LR I o EE A S5 4 2 .
A SCHTHE OPGNN J5 i EERAZ WSS | R

© TEBREEEEIEDT  htp/ www. jos. org. cn



3886 HAFFIR 2024 F5F 35 5% 8 A

B0 1T BT 0 S U A (3 S Btk B R 22 19 2% OPGNN.

N B G=WV,EAD, ZH X, u, v, AHEMBFZENE S O, NIRRT, BIWHE W% &2 NESH )
oy, XFIART, u,v IR a, B G IR RIEIRZY, X, u, vSEYENRT y, ERTURREIES, 1§
BN K .

HITE: Xo(¥) — Ynsw > Wo(Y) <= Ynsar » Vo(¥) — Viysar » FENIRIZRILINZG S50 ©

1. while r# T do

2. #ET (MEHL) BEE TRIIGEMENS 0, o

3 @e—@—n{%&ﬁmmﬂym{®“ﬂﬂ+um—vWD—YM+MWXT—Mhﬁ@b
4 @u—®un{m&mmmﬂyﬁw®ﬁ4n+um—vw»—YM+mmXT—Mhm®L
5. #EHX;

6. X —X—1-[0lISoftmax(® s (Ogxr (F) + u'u—v-v) = Y|+ BIXX" - All/0X | ;
7. #¥¥ruv;

8. u<—u—a-[0lSoftmax(® g5 (Ogx+ (F) +uu—v°v)) - Y||/u] ;

9. vev—a-[dlSoftmax(® g (Ogg- (F) + u’u — v°v) — Y|2/dv] ;

10. end while
firth: AN A < XX, 1B USRI 2 s — wou—vov, IREEENEST Tl B 2% O (Oxx-()) -

5 SCILaMAR

ATIGUEFTHE OPGNN J5 vk HISLI6 M RE, 1 /CHRR SLI6 % B, 285 B 78 OPGNN JFikTE 2 N BRI 5564k
INERIPEREXT B, FE38UE OPGNN J5 iR 7E AN [R] B4 42 B 2R X 28 1 (AT 20 B0 o) D7 ¥ BV AL RO 3 3R 47434
51 LWRE
5.1.1 ¥uEs

ASCAE 3 AN 2 BT 5500 MRS I B SR 4 HIRAE T JRATIR ) OPGNN J7 2 15 2k, AL4E WA~ 2
A5 %G, B Cora I CiteSeer 45, LA —ANPI 48 18 2 4H < 1) S 45, B Polblogs $idin4E. iX L ¥ ¥n 4k
IS BRI 1 Fios. 2R, 76 Polblogs FIH G AT FI AT UL, FEIXFELL R, FA IR AR [23,25]
SRR %, KBS SRR BN —A N X N BISRALHERE, 2800 [25] 385 bl b D ik AT # A 38 55,

F B RS T

G/ REI=E VNN SUE YN RElEE ik SRR
Cora 2485 5069 7 1433

CiteSeer 2110 3668 6 3703

Polblogs 1222 16 714 2 —

512 FEATTESEMEE TS

N T 785 BAlE OPGNN HJE BRI 54 &Lk, ASCR Tt OPGNN J5ik 5 H il fie Stk i B G5 #0748 5 13
TR

« RGCNP M Bt 2 RHIE A ST AR B, IR 78 34 40 i 135 2 AT 0 7 ZE 5K 79 s 23 CARA .

* GCN-Jaccard "™ i %5 s RFAE I Jaccard AR BUREAE B 5, IS BRde e AR DAY s K 612 LA U 454 _EFrio 480,

* GCN-SVD A St 1] 45 4 1) T ok AT 5 0 7 B3 o 1 v k3, 0 AR £ 2 S 2 AR 7 v &0
W AT AR ARIE I

* Pro-GNN I B R P o AECAR I RIREAE TV 1 1t S 2 DO P 3R 27 S0 V5 e e 5 5 1) PRI 454

« SimP-GCNPFI FH A4 1 M 830 55 240 SRS A1 e R 223 1A AR08 0 s 3 28 ) PR BE 728 2 55, i) GON 2
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FF—MREE B, S2RPRFHE I 0 B 7 (1 A 1

o LRGNNU 6 J5 46y Pl S5 A4 H 73 4y e 75 R0 4 1 2 e i 1) B0 52 PR SR B R B, -5 P R 2 45 ARk e e e 7 4
5 B SR AR MR AT 23R,

* Elastic™#4i& 7 3T ¢, VA ¢, S50 BT 205 5 R AE 6T MR IE AL 31 B AR 1 2R A B 2 N 45, il ik
SRIhRAE 2 18] (R 6T P o B 4 4 1 B0 A T B 4.

* STABLE™ ) SimP-GCN 2L, il Fi 56X b 31 (1 70 Wi 2 S AR IR 2 387 25 1) AL PS5 44, 8 PERRAE 11026
TN 5 B RS IR B SR M55 P AR B

L RN /&, GCN-Jaccard il Pro-GNN J5VE#{XZE T RURFAE 7] A B A5 2. ek, FRATTIEHE DA L B S5 44 3 it
B3 7 v 53 FH BB AR 4% GONCIR L 7% /7 4% GATREAT 1 LA,

T FR4rBE OPGNN [ V2 3E FHBE /7, A SCIEA R E M4 T M 45 F381F OPGNN 1A 2, f4:

« GONP): R4 GON M35 B AR ) — B D7) bk 5 9% 2 T U AL iy oK, AR _E 2 — MR g st 2%, 740

z=co(w(l +A)f) (23)

Forh, o AR R

« APPNPP": APPNP FJfH H % X PageRank (personalized PageRank) A%k 5 ek B #5: A1 . APPNP (K555 45y
TE SR

K
2= ) a(l-a) (&) (24)

k=0
Hr, @ e (0, 1] R — MR RBMHESE, g() £—MSENIIPIE 20 s EE 5568 £ 378, APPNP
HRE RSB T R AL AP IR, 1Em T Hn 3 Rk,
« GPRGNN™"; GPRGNN i i .20 303 oy B0@ 0 1% 1 P 5 81, thon CAER @ 36T L PageRank A% (1) Bl #5
W&, AT

z= Z wk(A"g(f)) (25)
=0

Hoh, w RATESINBH, of) AEEAS e (1 1 S 45,
513 HBSHKESSmgnT

TR — AR, A SCHENLERE H  10% 75 SRR IIZREE, 10% 1E IR IESE, ASCRIAR T 80% 1E MK
SEHHAT IR 3 MEUREL N 3 AT 55, ASC 43 K HIHERAI =R (Accuracy) {EAVEI AR, XF T BT A 9246, ASCH
10 ANAFRIFEHLATT R 10 BT 45 R 130 S 2B RICIR TR ERE. AT AFBXT 8., Bl Jrik R 215 75
HSEAHE . BTA A SC OPGNN AH G 5 v 1) B P 22 I 4515 B8 5 S 32 [ 38 O 1E-3, X, u, v SEWIEA R y [ &
9 SE-3. TESLI6 T4 1 S HURRAE S0 E A AR 4 0% pR 40 HE AR 2R EAT 07 G . B fActh, 76570 OPGNN H, fiX Bk
SR SHNSE X 1525 o AE VRIS 25 S 8, v 105 21 % o I {5E-5, 2E-5, 1E-5} ik, iR
ZWRRBUORLE B M {0.01,0.1,1,5,10) HHEAT 3%, WEIEIER h¢) BT K M (2,3,4) Hifik. EIME %828,
X, u, v ZEICAL 85948 B Adam fiib 2%, 7€ Cora F1 CiteSeer $t¥54E LI IIZREE IR T HL 2 000, ££ Polblogs i
£ FIIZRUIZRFE IR T B 3 000. 167 IR 5256 36 K (¥ nd J5 200 52 i b sl 75 v B A s i 16 Al e 1) Mol 592
Metattack™. SEI63E4T T34 4 T Nvidia RTX 3090 GPU HINLES, JVEHESE#8 2 E 3T PyTorch 1.11.0 & Deep-
Robust! Nz [ 2 =) .
52 EESW
5.2.1 OPGNN J7iE5 5t FL 2 77k i) 1t Re Xt L

T A FERL iR T GON fE N E Mg Mg 1, R /D H3E4k, 4 STABLE™. Elastic™* i i 5%
FiG T SR FIL AL ) 1 BRI BT, RO T BON A IS HE 28 5 i, AT %20L GON N E M4 M
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258 1) OPGNN J7ik, 782 3 OPGNN-GCN.

AT 6 FARFEILBHER, PLsh i 7 58 {0, 5%, 10%, 15%, 20%, 25%}, TEBNERA a% I 55 24 1 B 45 0
a% LCIEH (¥32 30 47 38 948 5. OPGNN-GNN 5 5628 77 vk (LRI HERI % 5% 3% 2 sp R4 7 i e SC | AT
W45 5 78 Cora. CiteSeer Al Polblogs [ 5256 45 S 403K 2 iR, 7] LLE B A SCHTHE 77 VA7 Cora Al CiteSeer |-
AR T4 #2715, 7 Polblogs |- 117 B8 5 STABLE J7 35 M 4)7, % FE 31 Polblogs Jf 76T SRR AE Al &, [A itk
FEPERER E TG IR DAY, BT Polblogs {3 F T #4519 GCN, IR 1 L A5 AR of 5 47 ff) 4% 6 a1 &, 11 OPGNIN-
GCN {5 F J5i 4 GCN, 0] LLF H OPGNN (175 12 5 44) 1y P 45 440t LA AR B 1) 2 00 40 i 6 7). kb, ol LA 310k
25 )5 AT P 20 K I R RN R 7 L, T AR SCITHE OPGNN-GCN J5 i 78 50 K P sl e i B AT o0 47 1) 5 s
P RE T I B

£ 2 AL OPGNN 7L 5L ITIEEAR RIS AN 2 T 1E Cora. CiteSeer 1 Polblogs ##E 4 - IHERIZE (%)

Hdi%k #HEI%E  EBlasc  STABLE  GCN GAT ~ RGCN chccid GCN-SVD  Pro-GNN  SimP-GCN  LRGNN O}Z}GCI;N'

0 84.76+0.53 85.58+0.56 83.50+0.44 83.97+0.65 83.09£0.44 82.05+0.51 80.63+0.45 82.98+0.23 83.69+0.45 83.42+0.30 85.85+0.23
5 82.00+0.39 81.40+£0.54 76.55+0.79 80.44+0.74 77.42+0.39 79.13£0.59 78.39+0.54 82.27+0.45 79.03+1.22 80.90+0.84 83.71+0.45

10 76.18+0.46 80.49+0.61 70.39+1.28 75.61£0.59 72.22+0.38 75.16+0.76 71.47+0.83 79.03+0.59 75.74£1.66 77.47+0.87 82.83+0.44
15 74412097 78.55+0.44 65.10£0.71 69.78+1.28 66.82+0.39 71.03£0.64 66.69+1.18 76.40+1.27 72.65£2.94 76.73£0.58 78.89+0.20

20 69.64£0.62 77.80+1.10 59.56+2.72 59.94£0.92 59.27+0.37 65.71+0.89 58.94+1.13 73.32+1.56 70.11+6.39 72.86+0.93 75.59+0.43
25 - — 47.53+£1.96 54.78+0.74 50.51+0.78 60.82+1.08 52.06+£1.19 69.72+1.69 66.41+7.36 70.11£1.00 73.84+0.65
0 74.86+0.53 75.82+£0.41 71.95+0.55 73.26+0.83 71.20£0.83 72.10£0.63 70.65+0.32 73.28+0.69 74.25+0.66 73.13+0.33 75.79+0.60
5 73.28+0.59 74.08+£0.58 70.88+0.62 72.89+0.83 70.50£0.43 70.51+0.97 68.84+0.72 72.93£0.57 73.67+0.63 72.78+0.58 74.88+0.42

10 73.41£0.36 73.45+0.40 67.55+0.89 70.63£0.48 67.71+0.30 69.54£0.56 68.87£0.62 72.51+0.75 73.07£1.37 72.11£1.23 73.75+0.37
15 67512045 73.15+0.53 64.52+1.11 69.02£1.09 65.69+0.37 65.95£0.94 63.26£0.96 72.03+1.11 73.09+1.46 71.18+0.60 73.66+0.45

20 65.65£1.95 72.76+0.53 62.03+3.49 61.04+£1.52 62.49+1.22 59.30£1.40 58.55+1.09 70.02+2.28 70.08+3.55 66.11+0.76 72.84+0.45
25 - = 56.94+2.09 61.85+1.12 55.354£0.66 59.89+1.47 57.18+1.87 68.95+2.78 71.30+2.45 63.60+0.60 72.32+0.37
0 9557+0.26 95.95+0.27 95.69+0.38 95.35£0.20 95.22+0.14 - 95.31£0.18 - 95.81£0.40 94.50+£0.23 94.92+0.42
5 90.08+1.06 93.80+0.12 73.07+0.80 83.69+1.45 74.34+0.19 - 89.09+0.22 - 72.97+2.20 93.30+0.33 94.62+0.31

10 84.05£1.94 92.46+0.77 70.72+1.13 76.32+0.85 71.04+0.34 - 81.24+0.49 - 72.40£2.51 88.15+0.66 91.73+0.70
15 72.17£0.74 90.04+0.72 64.96+1.91 68.80£1.14 67.28+0.38 - 68.10£3.73 - 67.54+2.92 86.22+1.38 90.20+1.79

20 71.76£0.92 88.46+0.33 51.27+1.23 51.50£1.63 59.89+0.34 - 57.3343.15 - 57.33£3.49 83.39+0.61 89.20+1.93
25 - - 49.23+1.36 51.19£1.49 56.02+0.56 - 48.66£9.93 - 56.40+2.87 75.53+1.06 87.98+2.72

Cora

CiteSeer

Polblogs

5.2.2  OPGNN J7¥E0T TS [ Pl 4o 22 ) 55 S 11 5 ke &

XFEEEE 2 H GCN J5i%A OPGNN-GCN AT BUE H, #5% T B4 1 GCN, Frgitid 2 8ik Bl v 4 W 2% 2 A TE 5
e, X ERE L SEULTE GCN B M 25 B 28 E BAT B QB MR, T 38 0E I — RN [ & Pk, JRATI7E
APPNP Hll GPRGNN #1441 48 1= 2 Fl A SCHT 3 OPGNN 592, K 8 3t 2 504k X 44 43 5 Bk OPGNN-
APPNP I OPGNN-GPRGNN.

52 18 6 RS EIILEh 2, PLENTEE 2 BIR {0, 5%, 10%, 15%, 20%, 25%}, % 22544 APPNP Al OPGNN-APPNP
TERFEIP B2 T W5 v 2, TR % 22 J7 4 GPRGNN Al OPGNN-GPRGNN 7E AN [F 50 2 R i 2Rl &, &5
R AN UWJE SR 3 IR 4 s, 55K, IEAFEESE -, OPGNN-APPNP fl OPGNN-GPRGNN 7L 58 5 %
AN R G A M E T B A B e, B s AT, 454 OPGNN-GCN FHE T )54 GCN
HIHR AT LLE H, A SCTHE OPGNN J7 VA NEZR S S [ (55 D% Pl o 8 19X 4% el A L D 538 1
5.2.3 OPGNN J5 i1 mh s 36 S50 BE 44

9T B FrEE OPGNN J5 ik AR 25 84 I R0 30 DL KOO8 SCAR B ik 22 E B2 NG 20 2, AT S W F i
MhEEZE: (i) OPGNN® : {XUH EEET T S5 b SRR G5 A = XX, AN 5] 18 S FL Ak 2 8582 s = uu—vov .
(i) OPGNN' : {5 [ T it ZHb 2 S8 ATk Z 4B s = weu—vov , TR ZE SRR A = XX
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%3 JR4H APPNP Flid 2%/t OPGNN-APPNP L5545 8 (%)

% Cora CiteSeer Polblogs
GPRGNN OPGNN-GPRGNN GPRGNN OPGNN-GPRGNN GPRGNN OPGNN-GPRGNN
0 80.49+0.35 77.95+0.22 73.28+0.62 74.14+0.18 94.60+0.44 93.19+0.44
5 76.86+0.36 75.17+0.35 71.90+0.61 72.38+0.29 68.69+0.84 89.52+2.04
10 74.57+0.59 74.88+0.55 69.69+0.37 69.39+0.71 64.81+1.85 73.33£3.65
15 73.14+0.48 74.16+0.39 67.02+0.83 69.14+0.83 49.23+1.35 72.08+5.22
20 69.65+0.49 72.90+0.31 64.44+0.46 65.52+0.84 48.60+1.47 65.74+5.32
25 66.44+0.74 71.21+0.46 64.29+1.04 67.90+0.96 47.60+1.95 64.15+7.62
# 4 Ji4h GPRGNN Filid 2 #ift. OPGNN-GPRGNN SL3645 R (%)
% Cora CiteSeer Polblogs
GPRGNN OPGNN-GPRGNN GPRGNN OPGNN-GPRGNN GPRGNN OPGNN-GPRGNN
0 80.80+0.38 80.26+0.70 72.70+0.50 73.38+0.43 94.42+0.43 93.64+0.34
5 77.11+0.33 75.91£0.27 71.85+0.57 72.79+0.36 68.27+1.14 90.60+1.59
10 74.57+0.50 75.03+0.74 69.75+0.34 69.76+0.81 65.46+0.86 76.41+4.11
15 73.61£0.56 74.36+0.49 67.48+0.86 69.73+0.71 49.55+1.04 71.90+6.71
20 69.47+0.66 72.90+0.67 64.49+0.42 66.80+0.89 48.65+1.32 67.61+6.28
25 66.25+0.61 71.48+0.37 64.56+0.75 68.42+0.87 47.58+1.93 65.69+6.78

BATFET GON K42 P 258 42 523, OPGNN® Ml OPGNN' | 7£ 6 Fh A [0 5 2 T %8¢ iR P fl OPGNN M
Rl 7 Cora. CiteSeer F Polblogs $E4E L ()72 UERI =R, 5 OPGNN-GCN ({45 Rxt think 5 fioR. #pgs R
F W], OPGNN-GCN .25 {1t T H i A3 28 /77 OPGNN” Al OPGNN', 361IE T WP AR 45 14 2 2] LA B S AR Lok 2
BERES I WA AR B . FESS MR BN 2N 0 B, A E R B T T S0 5 30 1 SUHT G ik 22 B 72 11 2 & OPGNN'
BEYFT B % R 45 ) 5 R th % R AT SUHETIC ) OPGNIN, IX J2: [RUATE S5 MR A 0 i, i Z 501K OPGNN 22 2] A
T LR (W AR AR PR 5N T BB R 58 1, (A S5 MR BN 2R, 1d 24040 1f) OPGNN 2% ) H M) 7 58 B 5K
AR AR R, TR PERE 4T, 5 4h T LG H OPGNN" [ M B8 . 35 T OPGNN' (¥ fg, Uil T P9 SR Ja 36 1) o
TENUSONE. 53— 5 T, MR AR 45 M ) 2 It — e FR R 550k T I 0 P 45 ) 38 A 2 1R SR T AT 5518 SCRA A 1]
ML ERR, R S P R T I SR S ST i 25 HE B2 1Y) T MF B OPGNN' 7 Polblogs £i#fi4E [ I HER
E§T 3 2 GCN FiL. BT Polblogs AR EANFFAET SR MEAG B, B2 ali ik T B 5 f ¥ 4. 78 a2
OPGNN' AT BURRR S M4 5 20, MBS VR 2 RAE AL T B S5 M5 S, SER I S B0 AR 5 8 SL O R i
FE24 TS0 S MBI T AN RE5h, BRI B 7 OPGNN' 78 Polblogs 3 48 b (RHERH 255 T 348 GCN 5.
X — W A ANTHT 36 B8 7 [ B i A7 PRIE R 446 ) 25 SO R SR 2% > T i

5 OPGNN J5ik 5 iH s 28 ik seie g5 8 (%)

o Cora CiteSeer Polblogs

¥ OPGNN-GCN OPGNN* OPGNN' OPGNN-GCN OPGNN* OPGNN' OPGNN-GCN OPGNN* OPGNN'
0 85.85£0.23 84.15+0.32 84.54+0.33  75.79+0.60 73.13£0.50 72.32+0.67 94.92+0.42 94.79+0.80 95.56+0.53
5 83.71£0.45 83.03£0.33 78.74+0.85  74.88+0.42 73.27+0.43 71.19£0.66 94.62+0.31 94.81:0.38 72.74:+0.82
10 82.83+0.44 80.28+0.50 72.92+1.49  73.75:0.37 71.65+0.78 68.36+1.22  91.89+0.50 91.73+0.70 70.89+1.29
15 78.89+0.20 78.55+0.37 68.53+1.53  73.66+0.45 71.96+0.37 65.41+0.79  90.20+1.79 90.10+1.77 64.16+4.45
20 75.59+0.43  75.44+0.60 58.03:0.98  71.84+0.45 70.52+0.47 56.94+124  89.20+1.93 89.00+0.48 50.31+2.40
25 73.8440.65 73.97+0.63 52.91+1.29  72.3240.37 70.29+0.26 57.63+1.21  87.98+2.72 86.23+2.45 48.63+2.38

PR oK, A7 %48 OPGNN 773 (OPGNN-GCN) HHEA S5/ HE2h CBRINILEN R 10%) FTELE M PLzhi, 24y
AR y o IEUEBARIN R K« AR ZE IR B IR S BN SHX 2] 5 o IS Sk = et
SHASHu, v R o HBURE.
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R6 LR 25% WA F EAIRERE B 1 OPGNN J5iEfE 3 NS LIS ss

B Cora (%) CiteSeer (%) Polblogs (%)
0.1 73.74+0.70 69.53+0.33 83.53+0.53

1 73.84+0.65 70.21+0.37 87.98+2.72
10 73.39+0.51 72.32+0.37 86.44+4.23
100 73.31+0.47 70.28+0.36 86.35+4.32
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Bi=1..,N, A AN ERRRE U, BT A) = ) rd?, BA @) B U X AL, Bk TR

i

A (Lo (1)) = 7 - exp QA4 (A (£6(7))) = exp (24 (A (£.(¥))) +210gy),
Horp, A () FORIEZHFE U W RLIES § K HRFEAY.
T L= limL.(y), Pl it
LLa() S AL, Vi=1,...,N.
HEERHX0, HdFi=1,...,N, @) >0.
() % 4@y >0:

é) ))_1 log 4(X)

exp (24; (A" (¢ (7)) + 21ogy) — A,(L) = 4; (ﬂ* (log /) " Jlog(1/y)

B v(y) = Ea(y)/ log(1/y) B, AT LA 5):
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lim A, (A" (v(y))) = 1.
y—0

(i) Z 4@)=0:
exp (24; (A (é<())) +2logy) — 0.
FRYEAR IR E X, SRR € € (0,1/2), FF1E ¢, Ty <y I, exp (24 (A (£.(y)) +2logy) < e, FILA:

A &) loge
4 ———||-1< ———<0
(ﬂ (loga/y))) = Zlog(1/y)
AR lim 4; (A (7)) < 1.

ZiE (D) ATAEL M TR i= 1., N, A 1715}/1,. A<,
B v(y) := £u(y)/ log(1/y) B
= lyiil(}ﬂ*(v(y)) (A3)
FHAMBHE (1) AN (i) I8, EAREAE ) o) 0 £
Aﬂ*(v(y))’At‘ﬁi/glyig}(l = Azom)AL =0,
A A
im U7 = As o) ALUT = lim( = A (7)) L=0 (A4)
(b) = T RALF FHIEM: lim,_ov(y) € ™' - sign(8) .
MRAEEE LR (A1) A
u,(y) = uo(y)° exp(@/wé(y)), vi(y) = vo(y)" exp(—a/wé (y)) (A5)
BT+ s:=uvu-vov, Kt
sL(y) =7 -exp(20-€.()) -V -exp(-2e-£,(7).
e, sl () A £ (y) T39I s () 1 £ (y) HIEE i DT,
A 8= lim, o8, (y) FFH 8 =1lim, s (y) . 7 T RIUEH Y v(y) = £.(y)/ log(1/y) B, lim,_ovi(y) = 1/asign(,) .
RIS >0, 8 <0 &8 =04 3 FiEHLiTE.
(i) 218> O, HIAZ (AS) R A lim, & (y) = +oo fEF exp2aée(y)) = +00, expaén(y)) = 0.
BT

2a-£.(n)-2log(1/7) = logs; = limv,7) = 1/a.
o
(i) 258 < O, S84 (1) BEIT lim, o (y) = —o0 543 exp(2aé(¥)) = 0, exp(2aé.(y)) — +oo, TiE:
~2a-£(7)+2log(1/y) = log§, = limv,(y) = ~1/a.
pe’

(iii) 248, =0 i, HAI (AS) BRIy - 0 bl —EH y? expRaén.(y)) — 0 H y*exp(—2a&.(y)) — 0. IRIFLIR
SE S, TR €€ (0,1/2), F7E y<, My <y I

: 1
&) |, _loge

o -max{exp (2&-5;(y)),exp (—Za/fio(y))} <e=>2a- e/l 2 gl

<0= 1irr(}|v,»(y)| <1/a.
poe

ZE4 (D)(i)3iL) 1A lim,ev(y) € @' - sign(8) .
2547 (a)(b) AIAL, 2 v(y) := £u(y)/log(1/y) It
> lim A (v(y)),  lim [I-A W) -L=0, limy(y) € o' sign(®), AL)+8=y, L>=0,
band Yl Y

Wi KKT 4%, it (L,8) = (XX7, 000 - 9°9) Bl 9 Ml (14) BB AU
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#HB(1992—), B, tdt:, BIFHF 7T 52, CCF &k
2201, E B A HLEE 5 3], Bl AT

D3EF(1999—), B, #/E, CCF 2440,
SRS AR 18] 5 43 HT, B A

REE(1998—), B, B2k, CCF 244, 15

 BRRSUSONEERSR, BRI A

4@
=2

FZ(1988—), I, T L, BYFRWEIT A, CCF Mgk
O, RIS 2 B R B, AR,
Hlas2E2].

HAEFIR 2024 FF 35 55 8

FEWi(1975—) , B, i+, #i%, L4 5Im,
CCF 74 B, F B LA Lo 27 >0, Hdis
I3HT, HE AL

RICH(1963—), B, Wi+, #oz, H+4£E T,
CCF &, F BHF AN 2 SR KK, HLas
£
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