EHAIEI 2026 4F 4536 & 456 #H.576 - 585

doi;10.3772/j. issn. 1002 - 0470.2026. 06. 003

HE T X 88 R E#EH DeepWalk A I iF & {4V

ALFEQ F E T

ER N

(LT AFEEITAEFKR  AtM 310023)

i B T DeepWalk oy Bk N\ Sk o dE & M A0 B 20 M0 9T 36 F S 9 R R A5
Tl Hib, AXRE T —f 2T X [E 7R &% (interval bound propagation, IBP) #
ik, T B E K E T IE DeepWalk 7 45 8 M £ 4 E oy &AM, K U DeepWalk
ST X B AR I E R T S ARYE IBP # B e R b 4 T e 4R B0 % B
e | BATAE M B B R RO B RISk 5 KB 1E O 4 R, R A @ R
AT AR EHIRIE SR, &a, A A RCR BB 7 &, AR E R &R B R %%
FAGNA EEH N THIEEHT A H BT T L%, £RETTFHEERIE

REEH K 63.63%

FHlin]  DeepWalk; 288 TN, X &4 FAE4% %, i &4& 4

UTAEk A EIEEE B2 I, R AR )
RS A2 CE R R — . TERIRATTE
H DeepWalk LAFLAE2: )7 md 37 Jy THI Y HL R I
M7 ZPE Y [FIAT, DeepWalk #iiE I HA B b AT
DAFE A X bR 20 B R A7 0 B A0 A ) Xl R
AMLBEBAHPL Y S Z [ YOG 22, I RE N T AT 55 42
B ) HRRAE SR, Bl an B e T Y

B RO A R A s R ) B TN Y e 2 ]
(R2EH. AR P28 BE 2 v B Tz B 2, ) 4
P PEAG R AL R R & L R
% DeepWalk 74 i U [ HeAs T &8 3% k2, (2
TESEBR A B W] A 2 52 345 F Ui A et
RS R % T N B B8 N 43X AT BE T 2L Deep-
Walk 25| i R R K UEwPE NGB PES X R AT
% 1 A R, BT X DeepWalk FY & 4% 14 1) 2
TH, HATE A MHCHF 5T, Bl Dai AN 428 T —
T BT X B R 46 0t A S VERE SR | B T X402 >
JEIR I 3% DeepWalk 45 Hx A SFVE Y & B PE, IZAE
ZRER 2 IR AT LE, B 25 093 4 AR A7

HIERYT . AIE B IERPE M2 2540 JE 14, i 5 4 B 78
W TERR I G 0 00 A 5 25 7€ i SE S AH UL IC . Dai
25 NSRBI R AR 3l e R DI o AR
FIARHUREAS , 38 {55 A8 5T 4 A 2 B0 1) R ik, DA
M4 15 DeepWalk 7 EL 52375 5t FI I 0 T ] 1) 6 1
PR, SR, X 2L g T T2 00 i 5 & Xy Oy XAt
25 5y 32 B T 5 K% Ko T BB 2 2y T A A
UE A Ty AT PAZCZE X Fm] BB

753 DeepWalk FY AT 56 iF & 1 PE 45 5, 4 53¢
BT DX I) i FAL R AR 1 T — X R R i IE
K1 DeepWalk B HEVESIE Tk, A SCH e/ br iy
FEEERAR S, 2K 5 43X A 30 1% 46 2 Deep-
Walk (1% HBREERE , Bl 54 Sk — D AG 4k 2 25 S (640
fi# ( singular value decomposition,SVD) Ji5 B AT S Hl
Al ) d P SR RS R B AT R A e B H
HERXT SVD XA ARZRAER T, ASC I T —FhidE
FRHEA - (unknown-but-bounded , UBB ) Z 41 11y
SVD X e esh k" et sh i, it
SRR A ] =S R SR A B

O HEZRARPFERS (62103374, U21B2001 ) FIHFITA 50 &5 (2024001025 ,2022C01018 ) % BT H
@ 4 ,1984 g T B BT A R RETEA SRS B AR N, E-mail ; yushanqing@ zjut. edu. cn,

( Wik H 191 .2024 - 03 -29)
— 576 —



AT LI A5 < BT X[ 30 S RE 1 DeepWalk 7] B ik & H 1k

LI SR OC AL IR R, AT 52 J8XT DeepWalk 4527
BEYERIIE, 25 LR, AR SCHY FE ST T

(1) $ T — i T DX ) iy A% 7 JE AR ) 0
DeepWalk i[53 X 0 & e 1 300 01E O 1k, 1% 07 1k
SEIN T DeepWalk BEHIFE XS 57 5 32 (B 5 N 1) 65
BEPESIE

(2) FEP SR FE b, R DeepWalk (5541
R i 2 kA 1 REALIE E S5 REAIL T 3URY 52 4%
PE; B X SVD X —ARZe 3R, 51 1Td TR
BA R Z800 SVD XA 3 Jr 2, FH DL € 3 3
SUR

(3) BEXF AN [ 190 45 RILASE | 190 4% 4 J3E T A
RO R IR E R T N T LB R AT T Sk

1 HEHR

FURITEH X B UREAS ) & R PR AIE ) 32 2
2 Ty IX AL FHUERETE (interval bound propaga-
tion, IBP) 5 FEHL -4 5 (randomized smoothness,RS) .

IBP S — 7l P T4 S A A R 1 728 22 [ O &R
ME . Bl TR AR R BT Aok e
(AT BB ECE Y L Sunagam: Hl Gowal 25 A1 38 5
FIATET IBP JEAR A AT 56 T1E 5 4 i 28 0 2% 311 2507
2, DI RS ABHE 2 2R 3hN , MZ8 AT BETE 0 T
BRI P9 AR FF AT FEVE , Ziigner I Giinnemann' ™"
g ol SEUCREL R T30 PR 100 2 53, DA i e JB1 45 R Bl 282
R4 ( graph convolutional networks, GCN ) #51 % fit) 7]
RruE G PRI, AT TA ] IBP AR KA Sy ARE
AR AT PSR AL R 2 GON BRI D
PRARLR M T 4 1% 1 0] R0, R 90 3 SR T 4T 0 st
AREOT g e A ) B Ay B A Ak ) R LA HEA T A
KAt

FIR IBP J7 1% BAT B0 8 8 EHC 0 A 1 A
A ) e E ARl X AN [ A Y 7 B LA 73 2
FEE AR 7 30, JUHOR AL B AR LM PR Y I Al
RESAH Y 2%,

RS [ FEAS AR 8 o e g A KCHs B 5 I ABEAL
Pegl R ARy BERLAE Y, I HLEA A S IE
& B, Lecuyer 25 N7 42 H T PixelDP ( pixel
differential privacy) , F| ] 22 73 B A FIAR BY - 4 1 2

bem

I

]I 28 1 IR T BE AL P 90 1 J5 3k 4R 4L T X
top-1 TR FEA T BEALF- 3 AL B B R PR IE . Jia 55
NPURT Wang 55 N U0KE RS HAR BT TP 25
U ) T I T R e, S PR 2 0 45 T Ak PR 4
PRl B 19 SR 23 34T 55 L bt DOR BT 55 B R
ARSI S B PERUEEAT TR E, (A5 A 1 14 2 R
i AT RS D) 4 7 T 1 405 44y 3 ol 88 1l
i JFIAS T RERIBOR

AHEL T IBP, RS 7595 AN FIARH A5 5 ) 235 44y i
HARM AW E RGN , A5 (8, dwhgid i
TH KRB S5, SR, X7k S2 i B RIE Y
FEAR A I I AR = (Y B

ZE BFTIR A T X DeepWalk 5L 4R A5 Y (1) 5
PEYSE DA T TS, AR SORs DX 1] 322 4% 4% 14 £
JEE H0 A sl S A AR S R PR SR IE T 1

2 DeepWalk & 7% Pt 353 77 %

Ay L XS R SC A A 0 TRIME 5 8k R, AR T T
DeepWalk FY&- et 30 1E 77 ik i HAR R . 107 7
MEZE 224538 3 AN ER 43 B VR S0k Xt iz 1y A Ak )
FROVEARE B B TN AT 55 (€, DL S Bl A%
. w0, I E ST S B T IR ] RURH S I A
A Ta) &, e i) s R ESUR: T B I S0 A 55 1)
T BRI ESORE) S P TS 20 B 2% A2 DU 2 DA BE {4 B 3 Bl A%
HESIREIR N E =4 NS M 27 TR E3 I W
2.1 RALRBEE X

R T AT B AR IR 2 R AR SO e T T
— R TR N O Ak )T P8 e SR A X A
DAk ) A5 21 i J5 S R PR IR AE 2R

BN ERMEZH G = (V,E) Fon, K VILE
SrNFRIR T S RE RS BOE T R g S RS
KV =11, N il 02 = {(n,n)l n,n eV,
n, # n; | B XA SRS TETC K
o A (ny,n) HER (n,n,) HMIF,IFH 24

S (]2\/)2 [Vi- (I2VI -1) IEE.

B A B I 25 G, B 1 SRR B
A e {O,] %NXN, *H@E"JE@%EWWD = diag(d1 ,dz,

N
Tty d]\) ’ /E\:EF[ di %%/ﬁlﬂgg{ﬁ, di = ZAL]O Eiz
j=1

— 577 —



AR 2026 46 H %36 & 56
g \ (. ]
Hah A—D >M=2(D' 4+ (D"'4)) > E=M" 12 =y
Voo ' v P
A H bR NG KRS il
BERE S A Mk I
D [f14h3) M BRI )3 5 E 3RS IR R i1 S et
\_ J Y,
B IL ALY B AL 1%

b
PR IR ULE T R (R AL it

min/maxf(n ”)(A,i)) <

ra
T DeepWalk (¥4 i 7t

f(z2,)=

I+e =

s.t. DEA(D) <

/AN J

1 DeepWalk & # %I HIE 7 A HESR

HHUEPEEh HAEXT A HAR T A5 ¢ AR — 41—
BT 1Y KU BE BN €, e FOR LRGN, X ke
WAL G IR D R, AR SCHY H BRI
Pl PP AT X AR, SRR A P PR A
Xt (ng,n) BITASRERCICGT B 2, & 1 AT
P BT SR . DUR RAR R A S PR e
Xt Iz AL A T AR A 3

x1 HSHEE

e iR

D Pl I A B (R P

VB B AE T W] BE T o5 4L R 4 R
VI PR 4% H BT A S T I B

1021 P A 246 F BT A 3 0 TT A4 BB Y A5 0 A B

N TR AR
Vg DUV ERERE SR e
AR ]

MM PEAER
AM MR EAER L G

BIRE 1 R G, AR A FIH AR S
to TEEEMEH I D et ah s 7 A i sh % Z(D)
T, AW ER,

(D TERBARZEOL T, S X (n,,n,) HOEE
B SR AL, WD f,,, ) (A,D) = T I, §E
% T AL 1 e /M

min fw!nj)(A,lN)) (1)

s.t. D e #4(D) (2)
— 578 —

b £ () TR n, ny 2 AR
A TIIN (R BRI, T by i 5 OO A 55 v 4 Bl 2 75 7
TEZEH R, BAR T3R5 2 s 30 (10) L (1)
Fis, X min f, ., (A,D) =T, WATEXS (n;,n)
TERBNE 2(D) TREHER,

() TERBALNIEIL T, G195 58X (n,,n) HO5E
B L SR AEAEEA, M £, (A,D) < THY,
S 5 T ) B R AEL N

max f(”i’nj)(A,IN)) (3)

s.t. D e #(D) (4)

B maxf(nl_,nj)(A,IN)) < T, WA RS (nyyny) 7E
shte 2(D) TREHH,
2.2 ETHERESHRE DeepWalk B 5% BTl

FF 7 RAERY skip-gram ( skip-gram with nega-
tive sampling, SGNS) J&—F T2 > B 4815 5 b 3
Hia ik A B ETE . DeepWalk Bk Hgb A&, (i
FEMNTE S 2832 A 31 2% b 3l 151 R 45, Bl , Levy
1 Goldberg ™ IIERA T SGNS i) i) 5 e 78 2 > S 52
5 S O i — i B IE 0 A L (shifted
postive pointwise mutual information, SPPMI ) &[4, faj
RN B HERE,

N(n. ,c.) x| WI

L2y

B = log N(n;) x N(c;)
s B, AR B FEFE RS (17 58 i ST R, s AR
RAFANEXT RN B, W SRR E T
WTE R, N(n,) FRniiE n, FEENYNZGE W H
A ELIREL, N(c,) Fm bR A o AR

- logs (5)




AT LI A5 < BT X[ 30 S RE 1 DeepWalk 7] B ik & H 1k

W B BREL, N(n,,c;) FoRIaiEXEREA
G BLUER

BEJ5 , Yang A1 Liu'SIEBA T DeepWalk 5 5 ]
Mo SGNS HYRFAEAEFE
Vo ©
Sk, B (R F RS i 17 5 ITEE, n, 45
PALEAE Y9 5 AR, ¢ o BRSO AL

FeJ , Yang 55 N2 R T 50k B 5 o
PIJT T, o 2075 Z i i B AR N (7)o

M = %(D’IA +(DA)?) (7)

oA AR AR AR D Ry X IO A B R R
FERE i 7 0T R SVD, Mg T — 89 12
MR AR Y 5% 5T 2% 0F Wb 1 At 43 A 1%, SVD FE4K
S b SO BT A iR 3 TR I IR A
(R 5, AN, SVD 3 T 22 Fh 2 A 10 4 B
AL 455 1R 288 RS b R e | O L T 75 0 A1 1) T4 1 1
JAE, HARHERE M 20t SVD g e ni#3(8) .
M =U3V' (8)
Ko, BAR T R B S
PR A AR T RN A E(9) o
E=U.JY (9)
. U X M AT SVD 404530 1 42 35 S S I
VI FEXN A AR X T A E AT T is
E St A )t P 6 R 18 47 60 R A L 49 85 A ik
A, X R FE, SVD B3 5 I B 5
i, BRI BN O(NV)
PR BN S A LS | BV AT T4 B BT 55
AR S sigmoid PRI 2 AN S AL LI
B EATZ B S AT . 275 5 n, o BHRA
AR 2, 2, AT IR 0 T (B

f(zi5zj) = !

1 +e
M f(z,,z;) = THE ASERIEONT 25006 2 6] A7 7E 3%
W5 f(z,,2) < TH M ERTZ MAFAEEL, T
AT A TR 2 R AR B e R P
BIME T BT 20 WA 121 A1 S XY
o g T ) LA A5 P AT R R HE AR E P
Hepsg v AMAEICNEE T, = (11) s,

Fif = log

(10)

-z%;

T="pP,,[IVI] (11)
2.3 #HizhiaRLE

A SCH B30 P A R L R A 2 A4y
{EAE FEAE 45 2] DeepWalk 19 HFRHE I (D—M) DL K&
H PR AL 3G 21 S AT /L (M—E) .
2.3.1 D—M Bt

W BT RE R e ) B AR I M RIS ]
LIS BPEME R RASTTER M, R0 (12) PR,

g{ml A, gi) .y
2\4d, Tdd, T T dd,
Mij =
1 (A.j A, A.kAkj) .
— Y t Tl 1 -75
2\d, Y ad, T 4, /
(12)
K ke (1,2, Np Hk#j, JEli oy 2nxd 5t

A FURH 5 B 045 45060 B 4 5, %t
M, WP ST A J i, JURS AT 3
fHiL.

(1) EVBR 45 0 XEBEA e e o T4
S T FIERAS A0 — B 45 48, DR b4
RENL d, (R A RS 19 LATRE D d, 00
TR BRABE AR, A T Rk
R, T B AE L0 A1 — B 4 4
PR — 15 SRR, B0 g(o) = L,
x> 0,5 e NI, HH R SHCh
TE AT 0B O ) R 2
! ! ! _ll_z(uEN>1),Fﬁu¥lx

w o ou+l " u+l w
BN S0 o (O L R, I,
SR BRI 20— N4 1 b B (BN A
XHIE e, BIRTAFENZAT R M, 4 sh ERAT
Foana(13) B,

L( Ail Aim Aik )
2\ad, T N ad, v e) T T dd,




EHAMEI 2026 6 H 4536 & 556 1

2 m S ERRT S — B S JE  h BE fE R/ N Y
TR,

(2) o5 —3Br AT e 2 B B 917K H AR T S
— BB FE T TR AT, AR AE LT, e
R d, 5% d,, XL EN TREEEH
d;, ARG E AT LA B R8sl i ks
frh M, (R sh Y ESURNE SN (14) BR

L( Ail Agz Ai/f )
2\ ve)d, " (d ved, T T (d +e)d,
gMU gMi]- 1 =7
L( Aij AilAlj AikAkj )
2\ ve (4 verd, T T4 v e)d,
<M, <M, i+#]
(14)

(3) &, HoAh T 58 2 B8 2 94702 H AR 57 4%
() R AR T (O G — Bk AR 1 80 BT X R 1
1o UL 38R R )E d,, B4 M, ki -
FATFF G (13) M,
2.3.2 M—E B

A DeepWalk 955 B4 43 fif B R H SVD,
SR, SVD HE 3 9 A 1 o 1 1 A T B3 2 AR TR HE 1)
NAFEDEX AN, A S5 FH T —Fh Yang 1 Shit'" 4
H03E T UBB 28000 SVD WX A48 ik, 5
T B E SR A3 7 T AN TR X vk
HEEMESHN) BT R, il R R,
TRy 2% AT DA (A S5 (RN 43 5 ) 1) MR L PRkt
MR R A — N

SVD BYJELAE SCHNT o X F— N R 14 S 1
X e R™, (i, jorIFon RTS8 A X =
Usv', K 3 R REMERE, UV 25 AL
SRR, BT TR AR 1 (HAEXT
T A E MR, Hrh AT R E T LLEAE
JE—A~UBB B4, L—/NITFRAG M, 38 1
SRR FERIGE AT DA XA A B PR B M
H TR B A AN T e S, A7 S 0E A3 i 4 R
H UBB S HRAE, XAE 04 B ] DL R 7R S i 1
BB AT FIASGH 2 PR A3 (2 G

M =M +AM' =M° +[ -1,1]AM = [M M|

(15)
— 580 —

1 © 1 c
M, =M, +AM, =M, + [ - l,l]AMpq =

(16)
2o M JEAHE X MY PSS p £156 ¢ TR .
JLER My, MR M* IR P oy, 76 X K e
Hd B (BRI , AMY R R E TR AT
AM JEHGD BN EARTEEL AM, S AM TSR
p A5 g SUTCER M ORI M 2 MY IR FERLE S M,

M, J M, R AT, %07 F AR R A
AT UBB SHUN 73 S5, 2m

MI - UIZI(VI)T (17)
()

Sofr, 30 = F* ]z: — diag(c 0, -,0") . B
0 0

EFRT N U uy Vo v 3,3 f {oy,05,,00}
N E H I N AU, Au! AV' Av! A3 AS! A
[Ac),Ady, - Aclt s URAHEXER U u), V',
v 3V SUR o), o), ol BEATRERE N AU,
Au, , AV Av, A A F {Ac, Ao, , Ao}, XEE
B FR o ANBA E BB 43 =2 (8] DA R P A2 1Y 5C & AT LG
H5R(15) K (16) MR B 7 A5G 5],

MAFAEIR S AM' I 35 508 53 fife 1) 23 S50 i ]
AT DU B8 7 SR A i O B — B e 0T 2
W = B, R X TR, AT DA A S 1 A2
T@%&

IM(M:,)

Ao, =1 (uf)" | zpzlzqzl aTMAMMI Ve
(18)
A SEER TSR AT R (19) 155,
o, =g, - Ao,
_ (19)

0_'i = o] + Ao,
A7 S ) o, $ B AT R E R B R ARy
W, AT LASRAR AT 52 1) 2 i AR Y u Ry

Au = " " i A
z})zlzqzl GMW MM (20)
2 SRR JRE AT i (21) 15 F
u, = ui —Aul.

B (21)

u;, = u; + Au,

TERFE 2F 5 (A 2F 5 i f 09 b R R R



AT LI A5 < BT X[ 30 S RE 1 DeepWalk 7] B ik & H 1k

3409 ) AT P R0 4% v 5 £ 1 HEA T B I
TR SR AT A 0, o, (KPR A
7,2, 00 R R I | 2, R 25
2 (10) 45 FBRBEEC, AT DR 1 R64L

(22)

min/max —
1 +e7®
s.t 2, S7,52,5, S, S7; (23)

3 R 7 2 A7 S R B 75 5o
. AR PR L I 1 R

BiE 1 T IX L SRR I & B e

BN B G, BT, Hhahfis e

it AT EE AR SN E R

1. MRIER(7) ~9) HEIRIR IR A W R E

2. MREEX(10) R T
RIE(12) ~Q21) HERSEA RN E TR
Z; sz, =z,

4. ATEIEEETT SN, B0

5. for XX (n,,n) € 2 do

6. if — = T then
1 +e™
7. #ﬁmin%, sl 7, <7, <7.,0, <7 <Z.
1 +e™ - ' e J
8. if min—— > T then
+e
9. N +=1
10. end if
11. else
N 1 F _ _ _
12. H’ﬁmalere_%,s.t. 7, <% <z,.5 <% <z
13. if max —— < T then
1+ e
14. N, +=1
15. end if
16. end if
17. end for
18. return R = N,
. return = | Ql

25 ERTIR A SO AE A IGE T %IE DeepWalk
R W P 1) ) 3R AR A — AP Ak Tl AL, -3 3 6
AU A SR bR SR Bl i AL R AR B AR AL IRl Y B
P BREC Y 5 AT, T8 B — > 18 R B s P 3 Tk ik
P, BTk, AR SORSE N — RN LR IS AE AR 5%
H“r DeepWalk & FPERIESS SH

3 LRHRE M

AR 3 3 S 3 T 5 AN () 1] o 2% LA | 5
PARAR A 4EE R | DeepWalk Y- HPE B0 IE S,
AR S
3.1 EHREIEURIFEMNIER

ARSI 19 5250 F & J2 NVIDIA Tesla V100-
PCIE, ¥R Fi817 T Linux &4%, Python3. 9 FiAS,
TERARSEG v A SCR FREAIL 5 XA B 1 0 46 25080
BEATLA: i A 5 A A5 AT DAAE — g 3 T P R0 i
T RS R, DA A A [ RS R 235 4 17 &
W2, SRAE AT LIS B ZAEPE 0 I 8RR AS A Bl T X
ARV BT 0 0 48 47 R BE A7 4 i 1) 20 A 0 e
B, ELACHIL AR 1 ) 2% 0 4 i 3 i DA R R 4%
PSR, SER R T T IRIE B AR iR 25, AR
TR (0 BT R 34 Ry 3 E AR A 3k A i KT Y
R S A REALAE G A T 2 A E
2% A s BCE 2 91 A 50 .60 .70 .80, i1 T3 51 K 60
70.80.90,100 110,120 130 . 140 F1 150, 44> 55
B AL B A AR T 20 NS, SEER 45 R BGX
SESTI I, AR PR A R4S B REAS T W] SE (0 4y
BT TR 48 AR il A v, Ik e ) BRI Y
W, HFRT R S5 B E y 20, i XA A 52
T, B TERFFEA [R) AR R0 2% 2 104 J&1 0 28 % T &
PEPESSUESS S 5E e, Sy SE U0 25 AR AL T S AT AE i
GrHTIER

SR AT 56 UE T SR L R VRS TEANY
FEAR , 2 0] IR ) s A B S Y, DA

T H XS ey
N,
R=r57 (24)

K 1 Q1 HEIMZ A 5 SO 8 . % e R
FH Tt A A Y AR s P B8 F 90 B ) s % 4
AR TR RS LA
3.2 LRI
TRAT AR T ] IR 24 S8 17%) T i 3 A A 52
TS R 2 KIS X )i SRR L MR- %
BiE ML T T — A nT LAY FH T P61 P 4% 48 1)
AR HAZ O AR E S A B o) A — o B Y Bl
BLALB , TR i G BB A A S B AL AL 5 H B A
— 581 —



EHEOREIN 2026 4E 6 A 5536 3 %5 6 1

AR IR PR AR A Xl R I ) £ R S i
Xt BERILAL S0 9 905 [ N2 MDA T B R o B A
RSB

P 2 JE7R 1A SCER Y 7 i 5 BERLF- 7 ik Y
STERAER, B2 FTLLE Y (1) BEE LS R/
B0, 2 BhOT R BB BRI UE R AR R IR R,
H BEALT- 18 3 04 T R ORI, (2) A4 R

RBP4 b CESU B 1, BERLP- I A Y
BRI IF T X W) 10 F AL Ik | A B b 1] 19 265 mh 4R B
13 7 80% BRI R, JU AL RR Y
PR 4s Pl R B oy w25, (3) B T3l R/,
DX B3 FAL L T HEHLF- 1%, JEIA 2 B 85
AP PET I0 26% T BN S8 3 o S UERH T AR SO EA AR T
BRI PR

© A —— GRS | o , ~ Kbk | X o |4 e X3 T AR
S 801 - BEHLPAEE <80 —e- BEHLE RS N ! v BEHLTH
i ‘ - In
& 60 = 60 i 60
x 1 :pz: ‘
%ﬁr 40 ‘ =40 g 40 \
jod \ & \
:ﬁ}m \ Rl : o
= 20 \ = 20 = 20 .
i \ & e E \*\_—-
= 0 ~a . . . & 0 TSa " . . 0 .
1 2 3 4 5 6 1 2 4 5 6 1 2 3 4 5 6
LI NI MR WK
() 50 AN 45 60 4534 (b) 50 T 5 60 4430 (c) 50 MY 120 4534
E A o [ i) YA S —— [X [l 5 2 . \ = X[l 57 Al
o 801 e BHLT A > 80 o BT S g0l e BABLT I
| . ij
}ZT[{ 60 J-"_D‘ 60 10
2 =< =
5 = 7 60
i w2
= 40 2 a0 £ 40
o = #
= & dn \
& 90 Z 20 =20 A
(I Y e et G = 0 v - E‘ 0 iR e
1 2 3 4 5 6 1 2 3 4 5 6 1 ) 3 4 5 6
B KA PeshRA B KA
(d) 70 715 £ 80 41l (e) 70 MY 1 100 4534 (f) 70 N5 140 430
S —— KEBARIARE | e —— KELAERE | o \ o X [T A
5 80 e BRI S 80 e BEHLE R S 8ol N e BALFE:
A \ 1 1 ‘
% 60 ‘\\\ & 60 7 60
i i i
= i i
& 40 ' i 40 i
o 1 1
= 20 \ = 20 =
I 2 3 4 5 6 1 2 3 4 5 6 I 2 3 4 5 6
B KA B KA B KA

(2) 80 M1 4 90 4434

(h) 80 M1 14 110 4514

(i) 80 M1 8 130 4514

2 BRI

3.3 B¥ESW

F2 RAETT SR AR LERCN 3 R 258
550, ATLDERR] Y5 R E i B R b
T AT B R O L R R, N, fE
T EECH 50 ITEBL T, AEON 60 $HNF] 150, 7T 46
TEEESY ST 5 FE N 52.52% R %% 9.22% , [

— 582 —

I 2, BEAE T AR S I, AT S A T
SO TS A BN FEECH 90 BT
T, AEON 50 H5NF] 80 , AT 56 TE - HE Y RN 1Y
LM 33.41% T3] 62.25% , X Fhka #4448 fk v]
A I 25 P-4 B G



AT LI A5 < BT X[ 30 S RE 1 DeepWalk 7] B ik & H 1k

R2 TRVABMAHBTAIRIEESET IS

ﬂ%ﬁ 60 70 80 90 110 120 130 140 150
Lt

50 52.5% 43.19% 37.65% 33.41% 29.25% 20.46% 18.43% 12.68% 9.44% 9.22%

60 - 56.12% 53.41% 47.64% 42.16% 36.34% 30.83% 30.97% 23.73%  20.86%

70 - - 63.63% 59.85% 58.23% 52.71% 50.89% 47.68%  36.56%  33.39%

80 - - 62.25% 63.260% 61.72% 57.41% 51.67% 52.28%  46.96%

Bl 3 R TAEAE S8R P4 B 5 B R g
RIGHK R, T A AR 3, B T35 B K &
PRIGUEZ S T RS, 3] BRI RN B 151 2% 1)
ST EE AR I, R ) 3 A A S R R £ 2
TR 2% BB 2 13 B R, (A X R e 1 5
TIE 7 2R A5 B PR X o 2 5 BOAR SCHER 1 1) 5 A 1t
BRI RCR TR

3 KyEDECN 100 B SLERZ5 R 9T T A
T A [ 2 500 ] B0 A 1 A5 % R A2 I

[FIBS, A&l 4 B, Bl i A R0 35 T, m] 55
TEE BT SO 5 b R R i e AR

60 4

50 1

40 1

301

AT ISR S T H /%

201

10 1

2.‘5 3i0 3'.5 4tO 4'.5 5'.0 5'.5 6‘.0
T
3 PHEXARIEEHET AX & AR

R3 TEBANEHNT RSB TURIESEN S AL

A R 3 4 6 7 8
50 29.25%  27.04% 15.10% 11.72% 7.42% 4.61%
60 42.16%  41.03%  32.53%  22.80% 19.90% 14.95%
70 58.23%  51.68%  46.80%  37.85%  32.47%  25.28%
80 63.26%  61.65%  56.83%  49.85%  39.03%  34.20%

60 A

501

404
30 1

20 1

AL UL O /%

3 4 5 6 7 8
INGE
4 WMNEEHEHITAIEIEEETSX A2

50 BB, Sk AZERUN 3 #EnE] 8 B, AT

TEE T S 5 HE A 29.25% FR#314.61%
Bl 7 R ] B AR R 30, R 2% T A Ay
SR A AR O F R e S R A
[r1] 25 G A% S A A £ 19 A T O 5 A FOC &R 4
BEE PRI 48 2R . AR, X FP e = B S 80 A
AR TR e M3 hn, 4 IBP i R AL %
W K BN Xt A 25 18] P A AN RE PR R AT HE S T e
BE S BE K A 25 6] X A4S0 R SR R4
HEBRIGUERM TR, K, e Bk A e, 75
TR 90 UE AR AN SR 22 ) 4R B 05

4

BT DeepWalk 155 78 5 4 1 56 ik B 50, A% SCH
— 583 —



EHAMEI 2026 6 H 4536 & 556 1

T — R R S0 12 2 2k DA X ) 3 A AL %
AR BLRL, B 7EPPAN 7E BE(E i, 22 T Deep-
Walk 5595 (14 B s TUAT: 55 10 Fe s M S P &gk . 38
%Wﬁﬁwmﬁﬁf%%%H%%ﬁ%ﬁTﬁbf

RERE UM EI T HAG 2 X F R A a5 % 8K
Tﬂ%%@%¥ﬁ§%%ﬂuﬁwmwAﬁ 4eH
AR, T R 6 I kg 5 1) G T o BB R BT
Rkt X — PG JR R T BEAE T4 2540 1) 2 2%
L6 1 N [ VO 20 B i 7 ) el L6 B2 N~ €
SR A A B S E R A BRI, X — A B

— A R 6 Sk AT B [,

ZE R, R AR SCSEE T X DeepWalk 1Y &
B IOIE, FAE B 52 % 110 D00 2% 245 A R o e A\ A4 2%
PF R il £ A 4 1 6 E B8k 5 B Ok — A5 A A
G TRIE K3 i B0 IE 75 15927 Ak 380 JFG Al P e A BRI
THR e — A EAR IR ARESE 1 7 W

Sk

[ 1] Perozzi B, Al-Rfou R, Skiena S. Deepwalk: online learn-
ing of social representations[ C] //Proceedings of the 20th
ACM SIGKDD International Conference on Knowledge
Discovery and Data Mining. New York, USA: ACM,
2014;701-710.

[ 2] QiuJ, Dong Y, Ma H, Li J, et al. Network embedding

as matrix factorization: unifying DeepWalk, line, PTE,

and node2vec[ C] // Proceedings of the 11th ACM Inter-

national Conference on Web Search and data Mining. Los

Angeles, USA; ACM, 2018.459-467.

TR B XIS, S TR RS R ) DeepWalk

BERS O B [ )] THEALN RS, 2020,37(2) -
424429,

[ 3]

[ 4] Guimera R, Sales-Pardo M. Missing and spurious interac-
tions and the reconstruction of complex networks[ J]. Pro-
ceedings of the National Academy of Sciences, 2009,
106(52) :22073-22078.

[ 5] Qi GJ, Aggarwal C, Huang T. Link prediction across

networks by biased cross-network sampling[ C] // IEEE

29th International Conference on Data Engineering. Bris-

bane, Australia; IEEE, 2013.793-804.

[ 6] Huang Z, Li X, Chen H. Link prediction approach to

collaborative filtering[ C ] // Proceedings of the 5th ACM/

— 584 —

[10]

[12]

[13]

[14]

IEEE-CS Joint Conference on Digital Libraries.
USA. ACM, 2005.141-142.
Song H H,Cho T W ,Dave V ,et al. Scalable proximity esti-

Denver,

mation and link prediction in online social networks[ C] //
Proceedings of the 9th ACM SIGCOMM Conference on In-
ternet Measurement. Chicago, USA:ACM, 2009 :322-335.
Yu S Q, Zheng J, Wang J H,
clidean distance attack on network embedding[ C] /2020

et al. Unsupervised Eu-
IEEE 5th International Conference on Data Science in Cy-
berspace. Hong Kong, China: IEEE, 2020.71-77.

Dai Q, Li Q, Tang J, et al. Adversarial network embed-
ding[ C] // Proceedings of the AAAI Conference on Artifi-
USA.: AAAI Press,

cial Intelligence. New Orleans,

2018:2167-2174.
Dai Q, Shen X, Zhang L,
methods for network embedding[ C ] // The World Wide

et al. Adversarial training
Web Conference 2019. San Francisco, USA: Internation-
al World Wide Web Conferences Steering Committee,
2019:329-339.

Yang C, Shi Q. An interval perturbation method for sin-
gular value decomposition ( SVD) with unknown-but-

bounded (UBB) parameters[ ] ].
al and Applied Mathematics. 2024 ,436:115436.

Journal of Computation-

Sunaga T. Theory of an interval algebra and its applica-
tion to numerical analysis[ J].
and Applied Mathematics, 2009,26:125-143.

Gowal S,Dvijotham K D, Stanforth R, et al. Scalable veri-

Japan Journal of Industrial

fied training for provably robust image classification[ C] //
Proceedings of the IEEE/CVF International Conference on
Computer Vision. Seoul, Korea:IEEE, 2019.4842-4851.
Ziigner D, Giinnemann S. Certifiable robustness and ro-
bust training for graph convolutional networks[ C] // Pro-
ceedings of the 25th ACM SIGKDD International Confer-
ence on Knowledge Discovery and Data Mining. Anchor-
ge, USA: ACM, 2019.246-256.

Ziigner D, Giinnemann S. Certifiable robustness of graph
convolutional networks under structure perturbations| C ] /Y
Proceedings of the 26th ACM SIGKDD International Con-
ference on Knowledge Discovery and Data Mining. On-
line; ACM, 2020:1656-1665.

Wong E, Kolter Z. Provable defenses against adversarial
examples via the convex outer adversarial polytope[ C] //

2018 International Conference on Machine Learning.



%

LU A5 55T DX H) 34 FULAR 1 DeepWalk ] B iF & H 1k

(17]

(18]

[19]

Stockholm, Sweden; ICML, 2018 :5286-5295.

Lecuyer M, Atlidakis V,Geambasu R et al. Certified robust-
ness to adversarial examples with differential privacy[ C] //
2019 IEEE Symposium on Security and Privacy. San
Francisco, USA; IEEE, 2019 .:656-672.

Jia J, Wang B, Cao X, et al. Certified robustness of
community detection against adversarial structural pertur-
bation via randomized smoothing[ C] // Proceedings of The
Web Conference 2020. Taibei, China; ACM, 2020.
2718-2724.

Wang B, Jia J, Cao X, et al. Certified robustness of
graph neural networks against adversarial structural per-

turbation[ C ] // Proceedings of the 27th ACM SIGKDD

[20]

[21]

[22]

Conference on Knowledge Discovery and Data Mining.
Online: ACM, 2021.1645-1653.

Levy O, Goldberg Y. Neural word embedding as implicit
matrix factorization[ C ] // Advances in Neural Information
Processing Systems 2014. Montreal, Canada: NeurIPS,
2014.27.

Yang C, Liu Z. Comprehend DeepWalk as matrix factori-
zation[ EB/OL]. (2015-01-02) [ 2024-02-26 1. https: //
arxiv. org/pdf/1501. 00358.

Yang C, Liu Z, Zhao D, et al. Network representation
learning with rich text information [ C ] // Proceedings of
the 24th International Joint Conference on Artificial Intelli-

gence. Buenos Aires, Argentina: 1JCAIL, 2015.2111-2117.

Certified robustness of DeepWalk based on interval bound propagation

Yu Shanqing, Fang Xu, Wang Jinhuan, Peng Songtao

( College of Information Engineering, Zhejiang University of Technology, Hangzhou 310023)
Abstract

The highly nonlinear and complex nature of graph embedding algorithms based on DeepWalk makes it chal-

lenging to certify their robustness. Therefore, this paper proposes a method based on interval boundary propagation

(IBP) to certify the robustness of DeepWalk against degree value attacks in link prediction tasks. This paper

equates DeepWalk to the task of singular value decomposition of the target matrix. Following the idea of IBP, it first

propagates the perturbation range from the original degree value matrix to the target matrix, then to the node’ s em-

bedding vectors, obtaining their perturbation intervals as constraints. Finally, it solves an optimization problem to

obtain the robust certification results. Furthermore, the impacts of different graph scales, graph densities, and em-

bedding dimensions on the proportion of certifiably robust node pairs are experimentally investigated. The experi-

mental results demonstrate that the average robust certification rate can reach up to 63.63% .

Key words: DeepWalk, link prediction, interval bound propagation, certified robustness
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