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Maximum Independent Set Algorithm for Hypergraph Data

XU Lan-Tian', LI Rong-Hua', DAI Yong-Heng”, WANG Guo-Ren'

'(School of Computer Science and Technology, Beijing Institute of Technology, Beijing 100081, China)
*(Diankeyun Technologies Co. Ltd., Beijing 100043, China)

Abstract: Hypergraphs are generalized representations of ordinary graphs, which are common in many application areas, including the
Internet, bioinformatics, and social networks. The independent set problem is a fundamental research problem in the field of graph
analysis. Most of the traditional independent set algorithms are targeted for ordinary graph data, and how to achieve efficient maximum
independent set mining on hypergraph data is an urgent problem to be solved. To address this problem, this study proposes a definition of
hypergraph independent sets. Firstly, two properties of hypergraph independent set search are analyzed, and then a basic algorithm based
on the greedy strategy is proposed. Then a pruning framework for hypergraph approximate maximum independent set search is proposed,
i.e.,, a combination of exact pruning and approximate pruning, which reduces the size of the graph by the exact pruning strategy and
speeds up the search by the approximate pruning strategy. In addition, four efficient pruning strategies are proposed in this study, and a
theoretical proof of each pruning strategy is presented. Finally, experiments are conducted on 10 real hypergraph data sets, and the results

show that the pruning algorithm can efficiently search for hypergraph maximum independent sets that are closer to the real results.

Key words: hypergraph; maximum independent set; heuristic algorithm
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S SO LA P TP, AEBUAT AN OGS 2 1) P2 S0 S x i 1T bd, p J
() 25 ¥y 225, AR 220500 P S0 e vk B TR

T e KA 8 ) 2 Pl i S TR P ) B, B SR [ ] o M DI, R KRS T B
TS G B R A 7 A B, e T TPk S AL 58 1 4 78 3 A R B3 4 B, iS00 2 ) 4% v i B
R IAS A ST A T, 5 A LA 5 Jt s R I 265 11 e V48 ol TV SRS A 10 e K ST A 10 2 2 B o, IR I 5
52 R RS EAANIT AT s ST 4R, RSB PR RE R4

DR A S A B2 B 4 1 T R A1 R R RO ST AR ik R R AU ARL, 3 P 1 v A 10 e e o e e
PNV SRR

ARSCI) A B TTERAE T4 ol K BB R ST SR e KRS AR 15 S, I3 T 008 P M Rk ST A S
Gy, B PR R A KR P e AT B S

ASCE 15 G B AR ST AR R A ST AR SRR, 55 2 1A A SO 5 AR SRk i, A0 365 e PR ST A A
R S 3 3 A 2R B ARG R I A7 ks 2. 58 4 N QU RIS AR I PE AT, 58 5 A4 — Pt 1l dee
RIS AR IR STV, 5 6 WA Fiol B s RS AR M S 5. 26 7 W AR 2R, 5 8 Tl SH IR 6
HETHR AN RN, foea R &4

1 #HxIE

X B VAR, VF 2 25 B AT T IR A ST, Lee 25 N U0 LT 26 MEBEIIERF (h-motif), LAHIE 3 ANE
(MRS R @ A, AN S 2 B — AN R 1) h-motif FER 1), J0r T K. SCRRGEH T
FKE S AR 11 A LR E A h-motif 1 SEE15L. AR5, it HEE h-motif 754N & i) SE il 4
T& B )RR P 1) SE A BOR AT i BE h-motif 7EREANE I (1 B3 V. )5, TR S B - RRHERR R (68 Xk
BEAS h-motif A YT — b S 2 1 1) ). e ik LA AN (]R8 P PR o SORIRE AR 58 3, T DAAS Hh St S8 P 1 5 A 1ot
AT F AN ] h-motif FIARER ISR, 15 BEATLAE B 2540 et B I BH B A [R]. ke 18 A ()3 000 8 P B A ARMBL SRR 52 3,
TSR [ AN [ 38 P 8 ) L A [ PRI AR 52 3.

SCHR [8—10] A A 1 2 b T V-] 1Y) 5 e Pk, T 4 TR A g 7 0 6] ) B 1, T o i, 25 8 R 0 4 Bl 4
HRAE R, AR A i SR AT (1) P B R Uk S R () UL S AR PR D 2R — A ] e 48t DAy LA AR ) T A
AR R ER B 1, K BEAN B o — AN, Bk -8 g . 7 2-BOE I L, BUF ST T Sl A, o — o i A
e FHEE U s T R E O, IR RS R BN SRR U AN S S S n B
N n G i, EATTE A AR A5 SN 3R n AN S AR Z I AZ B Do 25 N U SE8 B3 210 n 9200 1t
BIRE T S Mhasipia: BIEm 5. EREN. DERE. SERBREARAE S A0, BRI LA, AT T
FEID G ARSI « 3T DR i 22 0 B SRS 1 Bl A A o VTR 0 22 96 T4 RN [0 (R B U7, Kook 45 A P9 T
AR 7 AL RIRB) 7 2 5. 58 SCT T B R SAR e, 0 B P R B T R K.

e R AT B o) U [ 18 P 2 ML TR A DA el L, TR AR WS 2, SR, A4 e DA Bk AT P99 4% 53 At 45 4k
B T2 HSZBR N . Carraghan 25 AU, Bable 28 A\ M, Ostergard 25 A B9, Li 28 A PRI T LR # 51 :, B
K% 00 R A HE T3 S S 5 SR SX M T VA i AR R BT AT RE G DU SR RS B R B TH A w0 AT DAL S A ST A v,
AT DAL e AT AR . IR T34 (u, v) A3 PRI, SRR u, v B #RANIE P2, MO8 BT 10 T R, S 3R HE 1
fift. SRANE AR A SARR . Yeto a2 N By B Ak B, T DA SR i BE B R ke, 7R P RS T
SRAR B KT HE LR A SEA NP-Hard i £ B4, 3 FL VI (0 A A, S5 R ST S92 R0 0 1) 52 2% B sk w3k 1 45 K 1
SRR AR,

I VF 2 2238 F R T A R I DL, X SOy AN BE CRUF 1S BRS04 d5e M7 4, (R HA I RE IR, (e
S NI S IR N VA =i L B R S <o o i A = T A RS LA o AP DR e W e e R Sl
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JRHR IR PORIAR Al R BT SRR SR R Y R T SRR S, BT R AR, AR AT
ATAR. Liu 2 N COREH T 3% 5 M8 I /1N J8 H5 10 T o83 80 g KT 4 P R w7 26 Lamm 26 N BUHEH T 40 2o i
FE AT R IS RS BRI s R A S R 048 0 AT AT AR ) JR A AR S A T 1 2R, SR =y CL AN 1Y T Andrade
28 N PP B SR s 2R Y, P O 3RAR AT 4 o 1 5 AR B Aok B f AT 46 K/, Dahlum %5 ALY
PR TR R S EAGUAE 25 G B, 2RI R — ROl 1 R R R, WAL R R A R R
2R, Al LSRG AR PR R 2O A X 5. Gao 25 A PR T 76 3 AR B 4l e RO SR AL, Lin 25 AP
FF- Pay-and-Recycle B, #7545 2 MRS O MAr A BE. Ak, ZERT NRIBEST, b3 TR 2 A3
(T B A IO, g 28 RV AG RN, 8 B 20 BT Al R 5 70 Sk e BT A S AT Bl T e AN At v 7 8 o (Rl B
/D 1) R RIS

SR, H AT P ANE AT IR0 AR 30w SR B s KT A2 A4 R S, Ik U B AR SC IR0+ = LI

2 EahEmR

B G=(V, E) 5&—/MEE, V(|V=n) EE G X SE, E(El=m) £ El G XN 4L

TE X 1. BT R KA BRI AE S R HE G I AN S TR, TR BN AE S I TR
AN B s A ASBE B I G P B T — B B 5. SR — B ST A R B G R iR i, R kB I
G — A K EAAE. F o(G) T B G s KM A (1 s

mE 1R, B 3 400, B a A L0, 1, 2; H8IL b A s 2 35 B o A AN 0 R 3. MR A S
K7 X, A S 5 MRS, 00 {03, {13, {2}, {3, {1, 3}, Hidpar 45 (1, 3} s B & AT 4R, B
DR dp KT 4R

I G SR YA S

TEN 2. LI RN fUR . — 28T e IR/ 2RI e LS IR sUIANE, 300 size(e). — MR u 1Y
DO AEBS u Z 5L, 1A N, — A u MRS u 25T B, 10
degree(u)=|N,|. 8 ri W T3 BER IR D, BIL T NRIRN S.

3 BEEX AT

AR Uk 1) FE 45 174i# 4% 3 (improved compressed storage format, ICSF)"* >R (57788 [ 1) 1514 4256 R A1l
MABEEC A, B 2 45 T B 1 XN ICSF A7 fifid 30, IX Bl &R H: 0% R A7 1A 2N B A T B B At 3R, 40 T 42 7l
MFR R E RN B R IO GE4 TAE, S50 LBy e, (B4, A stk e 7 A7 66 25 1] 1R 2%

75 ICSF 174t U b, JE40 % xadj adjncy. eptry eind iX 4 N304, b xadj A1 adjney fRA7EE s X TEIAI
BRI R, eptr Fl eind {RATHEILXS THB S5 5 R, xadj B4 A9 B 4 B A (48 5 R, HAARAE I 2 adjney
AL 5. Hod xadj[i] R4 § 5B A adjney B N AR UG B . adjney B I RE ) BT A EE 05 B AR B8
BIA B TN, FR G AP IS B 75 . eptr BUAL I BE A B I P 1B 12 2 8k, HARTE (/2 eind B4Lit)p5 . Hodp
eptr[f] fF:A7 j ‘S AEILTE eind B4 % (3 4607 B . adjney B 1K B Sk A7 68 120 v A0 25 R A AN Bz L, 3L
FRAEIR R T 5
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ag o E E B | | | |
adjncy a c a a |b | b c |
EEE E E | | | | |
Fm 0 |1 P |2 |3 SP |3 |

K2 FEffigi
BV 75 A 0 FFaR, WIS i AN S AR E - 1 75 4R 47T adjney[xadj[i]] ¥ adjncy[xadj[i+1]-1], 5% i 4
B R RE R xadj[i+1]-xad[j]; ZEAAH, BB N 0 FFAR, WIZE j 40810 & B 2 417 T eind[eptr[/]] 2
eind[eptr[/+1]-11, 2 j 4B /NA eptrfj+1]-eptr]/].
WK 2 PR, 2 SRS S5AMT a F1 b 4B, WIFEE4L adjney ', 2 58 AIIA8EL )75 M xadj[2]=3 T
&, F xadj[2+1]-1=4 Z5 7. ZRUH, a ‘5 HEL (FESA eptr TP H 0 SHEASRER) B8 T 0, 1 123X 3 ANEH, WI7E
B eind H, a ‘T8 SRAREEIL TS5 M eptr[01=0 FFLA, eptr[0+1]-1=2 Z5 3K,

4 BEMIERNMERD T

T S AR SCHE TR B A M TR B T A 1 s S, B DL AR

PERR 1. 56T [ — i B0 n AR B2 HREE R — AN AU A 4R,

UE B AR AR SR A AR 5 S, — AN BRSBTS R RS RE (R I 2 5 T R — 4 R, UG T — AN
M u€ e, BT u Z— MBS T — A, BB Ol v E e R B AR A — AN T, 0T
e, EATAEWIAHE L u, v #RAESSL SRR, BARIX L 2 SURHIFE, BT LM BEAS BT

MR 2. % F R4 810 B, 5IOEPZE N FS AL AEOC R I s I AN R T 2, AU
MBI 1 AR BT AR R I L — R T8I 5 H A AT AR R I, A HAE I b
AR T .

UEBA: BN THE K G, Holg K78 S, M T — 4883 ERIPI AL u, vE e, # degree(u)>1, degree(v)=1.
3e'EF, e'fe, u€e’. FIEFHM T u IOATLEE S, M AR e A1 e ILANE S A A S T A ML AT T .
I a(G)=a(G\e\e')+1. A IEFEE i v IMAMALEE S, W HATIEIL e I HAR RO BE IS AR N R A S A2 K
N a(Gy=a(Ge)+H1. IR a(G\e)Za(G\e\e'). FHILTT 1, LFEEE i v I 45 A 75 TR 58 A w, WUITER )T 2 F500E.

5 BEGAMIENEMETE

G, AT il EAS TR B A 2 T 5 O SRS 1008 Il B KT B 505, S0 1 BT, S T SRR R 1
(1) R AECRSR it P de AT £

BE 1 @B R IR,

WA BB G=(VE);

i HE G R KT 4R

1. for ve Vof G do /HIIENIRASHRIC
2. State[v] = INITIAL

3.for ve Vof G do /i INITIAL ¥ 55
4. if State[v] = INITIAL then

5. State[v] = IS
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6. for ue N, do //FRic ~ IS HEs5
7. if State[v] = INITIAL then
8. State[v] =~ IS
9. return FTAIRA N IS FHE

1 5EH I G R v, TR O ST — AR A State[v]. YIGRET, BT 08 SR A R
INITIAL. 3R )5 3t [JiiE8 I G v i B A 88 e, 8 240 U7 W (088 A w FRARZS O INITIAL, DK i 4 s 1088 A0 u RPIRES
BN IS, IRV 7 a5 (R T AR H e P A B (0 T T A, G BRI R A INITIAL, WK I8 ~1S. 5T
e, HEEE G I FTE B S PR FEA R INITIAL, W A RS 1S TRk i, B SR 2 8 1 —
AL R Pl e KRS AR

LSS IR BT 0 SRS R 1S 8~IS. X FT Rk IS 09 8, 5 R R BN IS I s H A& 5
PEMZ BTk S E N IS 18 A L R B . DR SRA7 A0 XA 1R i, U s e Az IS I, A 4R B i i
BE BN IS, 2T AL E N IS LS. DI EEL HUS BT 1 1S RS s — 8 & — M8 B & 6 TR
H~IS W) R, B A~IS WS AL BAAAE— NS MAHSE I S TR BN 1S, T WIXA A S 4 B A ~IS. Wk
I~IS RZS I AR AN RE TR I AT T 1S RZS IR i 2 B 8 L vy 4R

SR, X 20 B4 2R SR W] BEAE — 2815 B P AR B U 8 s i AN AR s 3 R, R I 4 A,
B4 A S REHCh 3. $ IR 1 MR I T B 8 S, IR A B 1 TR, W 5 1 (FRAS 6Bk B b IS, LR

3 FERBETIRI SR R
AL, WA R TTVE 125 3 AT (W s 3 DI IURE, 1 5638 D78 o 2. R A 2 MRS e B 1S, IS R A5
2 BT A0 A, B 1, 4 PN A, JUDKE X 7 SR8 5 IR AT B A ~IS. BRI A 3 TRRA A5 R INITIAL, W56 2
TRARER 38 [ 1 A3, 4R A 3 AT A0 e A, B 1, 4 PN AL (R A 1, 4 PPIRSTE b — SRR ER vh 8
E~IS, WIAFEAN TG INITIAL RS AL, WIARER B 25 A I I mI % H AR JGHE [ s o SR R 45 1, B {2, 31
AR 2 RPATSAE R B BT A KN KT 1 IR R BB ST B RN, X BRI O 59 1 kA
Fy 3 1 IR S [ S 500, — b 3 3 V3 ) DA S092% 1 3k B 0 B 1 B0 S 4 R A0 I e K T 4.

6 BEGRAIMERIZERE

AN eh, ALK T 2-uniform P LB AR, B TR T AR ST AR AR B HESE, 3 ok o BY B AN
AN BT A SR WS 2 B, g TR BT Bl KRS AR KR R AE AL

BR 2. B BT S TR AL,

BN BE G DL TR ATE BT AL,
fh: B G R AE.
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1. while 3u €V, degree(u) = 1 do

2. if R R w W N PRSI BT AL then
3. Xof A u N R RE B A

4. else

5. Xof A u B AT AL B A

6. return T A7 F8 42 1 41 i KA 4R

TERE 2 B A AR BY R HESE b, 5 o 75 B N i 8 P 5 5 R AL B G s 4R 5 AN TR 28
G T L, PR RTRE A BY RIS, D08 F KRG 6 BU R RS BY R AS B A A IR, SR A AL A . BBy b 5, AT fig
23 I AT 8 FH A AL BY A (1) 2 At SRR A BY A% 5 RS 0 B A AR 45 6, B B J5 RS 1 BRI LB A A0 AN RE AR A, Ui
I 8 4% TR A (R AN K T L WU 0 4 (1 s mT L2 R — AN AL 1 e X PR ST 4.

T TS S 458 P R R A S v 8 e K AR W58 S, 4R H DA JLR BT A SR s

o BUfY 1. one-degree RURSHABYE: . X F IRUGHEIE G FIFTA M BN 1 - A w, BHBREE 2 o SILITFE 38 5%
W e )G, JRE G F 5 KA KNG 1. BIvuE V, 37 degree(u)=1, T H. uE€ e, |a(G\e)|=|a(G)—1|. A E U,
RIRTHE R A ISR RS B, R 5 M0 5w TR B e, U, B Ge ISR K AISZ 50 87, MR IE G
OEAEAE RO STU {u).

one-degree i BY AR [ ELAARNG A0 H K 4 FroR, B Hp &R @ 54 one-degree M55, 45 7E 1% K BN H B A 1, AT H¢
SRR m B IS KA AR v, TR IR R S €08 R BT TR RE U J i BT AL

K 4 one-degree AiBYHL

IEER: (1) TEFHIE R one-degree it s u IS RIS EEAN 25 U d5e K ST B2 RN,

R G'=G\e, a(G\e) N G' LI\t K7 K/, HI T one-degree s LAFAE T8 e 1, MVvEa(Ge), B 1 u
FE Ry ANBEIL [FIAAAE TR — 3, Wi 1, — 408l 2 6e A — N8 UM AR AE, 7115 a(Ge) U {u} h
J5 G AN KT AR

KT vEe, utv, HWFMEHL, B degree(v)=1 5k degree(v)=1.

@ % degree(v)=1, W i v AGEB &5 u —FEHZ one-degree 8 55, AR5 5 v B A w WP IR — NS
TN s R AT AR 2 v B, PRI R B 5w NS5 KOS, AEFNIE BHE i v I A S K7 S — 4T

@ 77 degree(vy>1, M il v 5 ILAREEIE G A IC R, W B IE T 2, EHEEE AR w NS5 KRS R — @ R L L
v IS KA AR ZE.

o BYFY 2. high-degree MLl BYA%. 7EE G, WIR— A= HE A u (degree(u)>1) W) degree(u) 43T AN &
S0, T R R A 0. o R RO AN R 0 Ik T 6 L dlegree (7.

high-degree YT {4 4 BI K () HARIE RE WK 5 B, B 2r 6k 5504 high-degree it . #5414 & BN H BT4E 2, 1)
T S C R e LM, ) i [ 4 €08 1) T 40820, BT B AL size /NI 1.

UE B : high-degree 1T 4BL it BYREIX AR ARG fff 11 B A R0 6 T o 35 (V88 s AN K AT BEAE — AN s RO AR vh (1) L3
BV 0, a0 S —A v BE R A IS AR A v, TR B T ) A4 s &3 2R 2 N Bl s KT AR L 45
AN, ST — AR N ARS8 A (1 1], 385 TR BR — AN B LA = BE IR A5, 7T DAY Y. FH AR A 53 R ).

TP high-degree 8 a1, 7248 H] high-degree 1 ABL s B A Iy SV A0 54 Mt w1 5000 ooy 008 A, TR v HEE R
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e

WIS I, 2 5% W0 FCAR 408 02, 32 1M S0 FLAH D% R . 703K — S R v, 3 ] RERSAIR S i AR B IR R R k2R
Ak, T A high-degree MT A s B L.

(QD

5 high-degree /& B7Ff

o BUk 3. one-size RS HIBIK: a. TR G, WIR—A = B BUHE £ u(degree(u)>1) ] degree(u) 4548 #5ELH, —
A RALE I A5 w, — 3 AN UL B A, W8 A o 1 VRS A w AR, B G R KA AR K1
AR,

one-size YR BIR: a I H AT FE H K 6 FroR, B 2Rl i 8 high-degree 8 55, % 5[] degree 4 3. 1% i1
34AMEBIN TP AL E RAE S OH A, A 410 RO ESEH A, XU size N 1. 701K BN
FHBIAL 3, W n] B4 BRIX 4% size 9 1 (P,

6 one-size 48T a

UEHA : one-size MBIV AL — AN A w, MOF VA SR 5588 5w A OGO A0HAE B A8 A I R w 1Y)
TR AR FE B A w R G AR RURIAR G AR, P DO S B 1) e KM ST B K/ INBEA S

o BYFY 4. one-size KEHIBIAE b. ZEE G, WHR— AR B0 5 u(degree(u)>1) 1 degree(u) 558 EU#R )2
SALEHE A, WM BEAR 55 0 T degree(u)—1 4404530, B G BB KAAT 88 K/NANAS.

7 one-size BT b

TE B MM w1 VL w (AR I A SR s w R G oAb A ARG R, T LUK I P 11 g K 7 4
K/INBEAT S SR T B I U, ANREMBRETAT size o 1 (WG, RN, 2 INBELITAT size D 1 (G, HE A5 u
B HMIER.

ZE 4 FhOTRCRENE, NP M S e ST AR S, RVEEIR 3. SRS 36 AT i T A N 1 KB AT,
ML 1 RE R AR L, IR AR AL L F A R A R D B RE D 1 I RN N B RS A HL 2 R R
BRI YT TR AT A, 0 T3 D B — AN v, WHE 3 IS 9-11 AT IR, A5 i T AT QB 41U 1 size #E 4
1, W BT AL R R ALl i v 3K — AN, WP BT one-size IS BABIRL b, BIER N, T (1 B A R A, (HE R
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Rl — 430, L 3 1S 12, 13 4T PR, B E T AR EOBIA 1 size 42K T 1, WA SR AA R A58 R
v, WAL BT 2, INBRIE I N, T R I, A IX GG R IR AT v, F SRR S Y size. WN5H.
5 1S 14-16 AT FR, 3 E I ABHEIA 1 size PRS2 1, WIR X AR B AL B0 5 v 1Kl i, Wn]
IR BIRE 2, BR N, AT size Ay 134, 2 )5 SOB0E AL v (R, TR SRR A v 7E T " IORLE. 20T Rl 4%
(K1 R degree HANKT 1INy, 3t ) T A R AR RO RR 22, BEIR Jir 5 901 4% (BRI At 2 1] B0 AT ARG AR, A A T
BED 1 FRY i 2 RS W) I R 2 R B I P B I AN iU B B AT AR, 5 N T BT RE 1 I S P T 4R
(55 TF, 19 21 5 2 (88 B e KT 2.

B/R 3. BB AST R SO A,

N HBE G =(V,E);
i HE G s R .

1. N,={eCE|uce},H=0

2. T /&t v e G 3% degree B& 775

3.for veV do //BiF 1

4. if degree[v]=1 then

5. METMBRAN,

6. H=HU{v}

7. while Fv eV, degree[v]>1 do

8. M Tq s B v

9. if YeeN,, size(e) = 1 then /B 4

10. M E PER N, , (A2 — 4814
11. degree(v) =1 5 H T,

12. elseifVe e N,, size(e) > 1 then //BIf; 2
13. M4t v FE T N, TP size

14. else //BjH% 3

15. degree(v)— = |N\r&u’ze(e):l
16. IR Nyaesizeiorr EHT T
17. for e € E do /i i 424410
18. u e I—ANE R

19. H=HU{u}

20. return H

LIPS 8 S, ISR A 10 N AR, 8 A L. BN 1 IR 34N, 0l 2, 4, 6; T8 2 I AT

4, N R 3,5, 9, 0; B4 3 (KB RAT 4 AN, 20 ARG 3,5, 9, 10. A 3 MBI, e B K
FEA 1 R AT, B3 ANZEEHE . K one-degree siRS A BYRGRIN, IR 2, 4, 61X 3 A RN EE BIASZAE, [ IR

8,9, 01X 3 M xi. M degree thm BIMRIF s ), B 5E U5 BN 3 MR (R AT 8. B AT 8 3 4R3I, b 1
% size N 1,2 % size J}y 2, WITT N one-size URSHABIEL a, ¥4H8 51 8 1) size 4 1 [WARE-EIL MR, 1o I )i f&] rh Ak
SRIET T 8,9, 01X 3 /i, 1H 3 AU degree #B /2 2. 47 PRI R i BE 1T st IR T8 550 8, ML HE i 8 A 4% 4R
HBI, size ¥ 2, WITT Y F high-degree sUUT AT A, Mk W8 (268 A0 8. 32 Tk, T IR AR v P 4 U B TlB A 9, Uik
IR A5 O A P 4SRN HBIL, Horh— 4% size Ty 1, 53— 4 size Jy 2, WIRT N ] one-size ARG HIBYAY a, #4819 (1) size
A1 BIAREEE M B . 2 J5 B OO e B AL 0, 578 a5 9 AR, TN one-size RS BY K a, ¥ 55 0 1 size
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e

1 HIAR S INER. BRIRE, B AR 4y — 45 dilR A5 0 R A5 9 AL iiiBid, HE & WA E AT 1 I A, sy
FEEGE 21 0 FIRE A3 9 I — NN H. SBES I, 55 449 I TR 9 i KA B0 {2, 4, 6, 01812, 4, 6, 9.

7 BRSO

ZS PR SIS, T T MO IR AT RE S R 5 TR SRR, SEBr FiX — B B IREOR DT n 9. TR TR 1
) —A> INITIAL IRZS T 3 v, AR89 40 4 sl 4 DxS. MITER IR IE B, 50 1 1IN [A) & % B AN ik
O(n*xDxS).

X T OO, AR T U AR USR8, X B I M 24 O(nlogyn). 4R )5 BT one-
degree i YA, 5 ZE P TA R 1 B0 &, JFMBRZAE RO AE B, 2l BT s S T RSB 11
B A, TR R I KNI S, 6 T3 b )RR ER A, B ) D AR, I [ 1X L A, I Ik
G () A 5 B2 1538 )77 S VK. W one-degree BB S5 24 1A B IR I TR S 24 BE 1) OB gogreet XDXSY).

TR, % EXTTF high-degree FB s (W BYAY, BYAE 2 5 BIKE 3 FIBYR; 4 & — MAHEAN B 2415 4. XF-F P one-
size BTG, 5B B3 e S8 s (A8 1 size S 1 (W3, XoF T RF e S i, ISR 8B 10 e 22 TR AR 4R D IR T
KT high-degree JALl mi BYAS, 5 BLika [ 155 BE s RSP D 450830, H RSP BE g S (o ad b i e e B2 R, 5
TR T B 2 B 2 O(DxS). H T RS ff B 1% (1) 52 2% BEAR T AL B9 A, TIFERT T84 high-degree # siF BRI 72, %
NI TRV 2R O(ngogrees1 *DXS).

DO ARV e i T S ) BT AR AR A, eI D el ) m UK. WU T AN SRR (R N TR 52 % N O(nlogont
Raogree1 X DXS™ 1 gogreen1 X DXS).

T2 8] 52 % B D7 T, o ity 503 R S A0k (1) 2 ) 52 2% B X AN K, P 5 #52 F ICSF £ 181, ICSF IR R/
O(nxD+mxS). 5HEEMBEIVEMLL, S EERELE T — MY degree HEFF (1) 51, R 503k 5505 25 T8 52 4% & 0
O(nxD+mxS+n).

8 SEILSMR

AR REAT R 5 56 A T ] et 110 8 P A A e R T AR SV K AT R . AR B S B0 PRS2 Intel(R) Xeon(R)
Gold5218R CPU@2.10 GHz, W A£4 96 GB, Hi#5 k) 500 GB, #:4E %44 Ubuntu 9.4.0, JF &K &AMk g++, TFRIES
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N CICH+. WIZE 1 FioR, FER T AN A 10 AN B st St B 42 U, S S 30 S i MBS R /N, 8 2 5 FE 45 AN AR
[F]. X L H i £E 35 W] WILE https://www.cs.cornell.edu/~arb/data/ s 2.

#1 Btk
AR ¥k |E=m |V=n S D G/ S TR |E|=m W=n S D
contact-primary-school Primary 106879 242 2.09 922 DAWN DAWN 2272433 2558 1.58 1406
contact-high-school High 172035 327 2.05 1076 NDC-substances NDC 112405 5556  1.85 38
email-Eu Email 234760 1005 2.33 544 tags-stack-overflow  Stack 14458875 49998 2.96 859
congress-bills Bills 260581 1718 3.66 555 || coauth-MAG-Geology MAG 1590335 1261129 2.77 4
tags-math-sx Math 822059 1629 2.19 1106 coauth-DBLP DBLP 3700067 1930378 2.78 5

IR 7R A (7] e B A K S SR S TE & A A IR, ok BA X | AR T OO A R,
MA2 X RS 3, )4 A T 4 T YR IS 1) SOt i AR, MAT RORAESRE 3 T AAT 3-6 17, BIACKH] one-
degree i BHE, FURH HAL 3 FByA 5L

2 JBRT 3 PENELE 10 AN EIEGE 4R 38R I U B s RS AR 1 AR O, IR T LUE R, 7R BT
HIF 10 AN E R £, MAT FEER MA2 F A 3 3 (08 K o s S 45 R8T BA Hk. 1 MAL Fl MA2
PAANSIZAR LY, L4 30 A s ST B2 PR it B0OU) DX AN K. 22408 PR gl 4 LR /N, 281 18 P s B 1) ik i b L
B /b, IS P o B9 ) 4 R A R s AR ZE W /0, a5 42 contact-primary-school, contact-high-school, email-Eu 1
congress-bills. ZRTT 48 I HH 4R LU I, $R 2 188 B A7 AL 1 8 M BB LU 22, MA2 S35 4% 380 1) e KAk 42 1
BT MAL 532, BN e84 coauth-DBLP H1, MAL #5155 KA SZ A MK/ 949239, 1 MA2 510 952366.
T H N E A a] DUG S, 8 B AR 1) 22, MA2 SR 25 AR B (2.

R2 MR G H

K BA MAI MA2
contact-primary-school 12 16 16
contact-high-school 38 45 45
email-Eu 229 300 299
congress-bills 41 73 76
tags-math-sx 413 519 522
DAWN 1298 1417 1411
NDC-substances 2825 3067 3074
tags-stack-overflow 16686 23242 23252
coauth-MAG-Geology 525316 627979 629283
coauth-DBLP 751018 949239 952366

9 JE/R T 3 MEETE 10 AN B A AR I ABUER Pl KM ST AR (RIS AT IR [R] B I AF v FH . NI ehe]
DA, 8 BB B T 1) O 22, SIS /NBOR, s degree BRCK, WIAREE: 58 4 22 868 B3 Abhdne A AT
SRV IR K. HeAh, BA SIEAE AT H0d 48 111048 2 it (8] 002 S5 R 11, B2 T 20l BB 5 K11 coauth-DBLP
BARAE, PRI LAAE 0.5 s 2247 58 B R, 1 MAT SR MA2 S0k (K38 47 I ) T 2 K1 BA Sk, £ R
PN, W 45 contact-high-school, email-Eu 1 congress-bills, MA1 ST MA2 530k, 768 B 1) AR5t
K, Wi 4E tags-stack-overflow, coauth-MAG-Geology Fl coauth-DBLP, MA2 #132: F i W3 8 /b F MAT 514,
FLRX T 4 coauth-DBLP, MA2 53 HUiti 2 310 s, 1l MAL 53k % 573 s, MA2 L MAL S0ER T — 5. 7E
17 & FHOGTH, BA 895 RS R s 204 06 &, JEAAE d FAR /DS, T MAL AT MA2 BVEIIN T i I 5E
g, T2 Y — AT % degree FEIFIMA VT4, L AE AT HZh BA BRI — 5 A4S 1 MAL AT MA2
X PRI SEA B, H TR T A R B s S5 48, A2 b L AR ).
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0.18
0.16 - mBA 2 60000 -
2 014 b waMAl ¥ 50000
= 0.12 f =
= 0.10 MA2 5 40000
s & 30 000
by g
4 20 000
£ 10 000
0
Primary  High Email Bills NDC Primary High Email Bills Math NDC
700 1200000
mBA
o 600 F @1000000 - ®BA
= E gooooo | "MA!
= i MA2
& g 600 000 |
] # 400 000
& 200000 | I
0 ‘ L L L
Math DAWN  Stack MAG  DBLP DAWN  Stack  MAG  DBLP

9 IBATHIIE] S A A

F3EART 4 FEYEL SR IETE 10 AN E B4R B A R 358 1| 7R AR 1 I B s R G B, Eedn
contact-primary-school #1 contact-high-school, X4~ %45 one-degree st, WIBYAL 1 JAL. Wi 7R 8 A FHER 1)
coauth-DBLP 1 coauth-MAG-Geology K& I, BI#% 1 o] DIAEAI R MERS FE & UL T, PR one-degree s AJHSL
FRIFHALE one-degree s (1AM BR A IR/IN G B2 (148 2R 25 [A]. BYAE 2 A2 4 Fh oy ks th e — 1) —FP I U85k, S T IR E
RN FIHERAVE, BYEE 2 BEFREEMI R B SR RS i 1 85 A 3 FHBYA: 4 Qs 45, XA B R E D IAEH,
WA 2 R, TE2HUG UL, 85K 3 ML S T T80 4, X2 BT B9 RL 3 M AR R R I TE 2%

R34 PRI

oot SR UMNIZ BIAL2 M 5 BIRINIL LR 2y bl
contact-primary-school 0 224 106 838 25
contact-high-school 0 278 171848 142
email-Eu 46 597 219076 1556
congress-bills 1 1626 259939 176
tags-math-sx 36 957 659429 1194
DAWN 296 747 575795 3822
NDC-substances 1063 706 32178 35484
tags-stack-overflow 2045 21331 8247828 60194
coauth-MAG-Geology 516790 26348 134611 168942
coauth-DBLP 683676 89382 693472 444166

B 10 BER T 3 Pk R B W i RO A i S s & RGN ] LU e T Rl R 1, 3
R I HER R ARFRL T 50%. [ 76 Fia B B BE4E L, MAT Rl MA2 SEEkIOER R #RIEFELL T BA 503k, 18
Bl congress-bills HERIRMERELEIER T 40% A4, T BA HIEAEARFRBIE L NEIAKREE, Z7E
K, 7 congress-bills EMHERIR G AR LE 55%, M fEHAEE DAWN EE T 90%. MAL F1 MA2 532 LG BA
BPREIN S, 1T BRI AER R AT T 90%, 70— Le 0 $UR A /N K Bcd 4 _E T LU 100%,
b U % 42 contact-primary-school.
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mBA =mMAI =mMA2

100
95
90 ¢
85
80
75 |
70 H
65
60
55 |
50

fit (%)

AL/

10 HERfR

SRR, BA S KA 2R B — /NS R HE ) 8 Bl s Rl AR, (HHE AT I (A1 4. MATL R MA2 83
BATHF K — 28 H ] URIE A R iy ) HER R . 28 /N L, one-degree £4BYHY Lk high-degree BYAEFERT, (HTE
KRHAR P L=, one-degree i BY B 7] LAZE CRAFRG A 50, SEBRIF I8 (R R/, AT IRSE high-degree BY A (155
KR MAT SIS SRRV L4, Hk R 5 MA2 Sy, (HI (R 5. T2 one-degree £15
B MA2 S92 5030 A AR RS P, A SR SR AIZ AT R B4 T MAT B2

9 HFRRARKRIE

ARSCHRE T A P AT R SCER H i i P R ST B A B AT B K 5 S AR SCOGE S, $
BAPEI SR SN YA =13 S TR Y S 2 o i o N e 1B o il W S BT N VA S22 T RN s U S
SCOMHT T P B K AST SRR BRI i, P T il P b R AR KR ST S P R A, BIUORS T B A  A ABL Y
B4y, DR BA TR A/ B R, DO A BRI 2. SeAh, A SOEIE T2 405 th T 3 PoRs il BT RSk
MRl e AR S AL B SR, g ST PR bl e K ST AR A R AR 4 R BRI AR &5 5, 3R 1 T —Pheask
()3 P AU e KA B S, di e I SR IR IE, R W T SO S0 B AR PS4 TR T, T AR Ze PE I ) ) £
B PR TS A R T s L .

ARSC AR SEBLT Tl A PR V] e RN SR AR, AR R A SR S (R BT A SRS 473 SR THT 7 one-degree
SR one-size . I LE AT 1) P 1K) 3 Al e KB SR VL R AR two-degree BY A S5 B i By 147 B A SR ok
SO IR HERA SR L. N 2B I TARRE e 20 704 P AR ST SRR R R R R B R Smes, $1 e VAR, 1)
IRt 2B SRR B A (Y BB PR E.
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