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Abstract: How to effectively compress and represent the large-scale graphic data becomes the fundamental issue for analysis and
processing. Graphic data compression technology is an effective solution to significantly reduce the storage space while supporting fast
access in the compressed form. An in-depth analysis is provided on the current development of the technologies, including compression
technology based on the traditional storage structure, Web graph compression technology, social network compression technology and
compression technology for a particular query. A detailed analysis and performance comparison about the representative methods of each
technology is presented. Finally, the summary and prospect are listed.
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Fig.1 A directed graph and its adjacency matrix and adjacency list structure
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Table 1 Comparison of directed and undirected graph space complexity
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using adjacency matrix and list matrix
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Fig.2 Classification and proposed time of graph data compression technology
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Fig.3 Adjacency matrix and K*-tree when K=2
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Fig.4 The process of compression using Re-Pair
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LZ78 5151 Re-Pair 5V AN R4, LZ78 SLVETE R4 i R ok 7 S A5 B 28 7 45 b - T DUTE
PR RS 45 1A) Ao R A i, 7 A it P 40 B I O S B A - 0 9 ELAE A s I A o L8 A 2 L — IR B RT 45 21 24 i
7 B N 1) SR B0, i Re-Pair 85T ZE AT 1) 5 0 22 A RERE S, U 3 B AR T Re-Pair S35 (H2 LZ78 &
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T R I 0 250 AN S 87 06, 75 WU AS B A e L, i AR AT LZ78 S50 %o &4 3 04T F 46 Ik IR e 43 I % s
AN R AR JE AR A EAT H AR, 1K 4 T B0RE UK S 45 TR 088 AR AR N S e A 80R) I EHE 0 R IX L PR T
LZ78 HE I R 40 R A A5 SEBr N v, LZ78 Sk (W R A 22 A U Re-Pair 5035, {H 2 25 ) I [B] B P T~ Re-Pair 572,
S 6 45 WL WIZ S0t 19X T V] 118 s 457 24 R 7 1) 1N [A) 3 3] 7.02bpe~12.97bpe A1 0.5ps~2. 1 s, X #1428 B 25 1) s 47 %
HIEE I )35 5] 18.29bpe~25.91bpe F 4.0ps~7.1ps.

3 WREEgGERA

552 AT IR T A U Gk AR TR S 40 R 3 A T T 0 P AR e 68 SRIER B 1) s 44 3= 0
R B ) 1, 0o 2 A s 4 2 ) D 0 40 s R 4 PR AR T £ B e ) s I S o, P s o iR £ L
B A AE R A1 o B [ A N R 2 TR R B B A 2 i e T ) B O B 2D SR
(21,223 3 73 A 199 0 Pl R B A 6, A IR0 0 DS B URL FR) 5 B WGRR 3 199 0 P EAT 1 P i, 7 St P A £ Y
TS PR A i 4R 45 AL AT e Ak K 9 el L 5% DA 7 SRR AL -

o AHuNE K 2 HORERL A L 38N (intra-domain) i, & AT W 23 45 1) 7 90 LA RE LT (9 LI

o AU £ 7 St P v 003 TR PR 40 e 4 St AR AL

SCHR[21,22]% SR IE X PR IE Be vt 7 BV S92, 1% 05 ¥ vl DG e 1 45 2 H0 e I Hs 246 4 R 2 i) I [ 2 1] £
Prrb, LUIE W AN ] (9 75 5K 5, BV SR AT 1Y i 42 LT B URL 1) 5 e Fe AT HE PP K 7 I 10710 5 0 JF
UEARAC K IKBRIC A 0,1,2,.. L [El=1,711 5 v RIFP 5 KRN index(v). Ho R RHT T RN Y A0 EB AT HT 7 5 75 1% 19
R KON N AR SR AR R BARTHES I T IR S HO W, W 3s 22 Y AR 50 1 v XS Y oue(v)
A FHHELE v 2 BT AT AR R RN 25w X 1 out(u) K2, Fo v Jout(v)mout(u)| 55e K It HLil 2 index(v)-W

%5 1A bit(1<i<|out(u)) W R K 1 WEIR out()F L out)FEH i D55, WRA 0 WFRRALE ST out(v)
AL A2 out(u) T A F I RUF A iy <ip<.. <ip MTAFHENZ I ZETE iy,ia—i1,.. i

BV SRSV B IS L v, 9 vy IS5 550, vy IS AT S8 0T ke N2 RS ST
TV Viotse e VisVit A Vi IS H AT k=122, SUT BN 2% )7 51k XA 2% )75 K BV BE
ZH o RIRHIS 2 )75 W KA S, o K I, 500 1) s 46 25 3 2 48 v [R] I 28 0 3 B8, o BRIE 55 K I,
4 0 B 5 v, TR) A A A 1 SR [30,3 1TAE A7k 25 8] B BV SV HEAT T84k, 5230 25 R WY 0=3 I
BV S35 06F W T 1] 114 s 247 2550 R R0 £ ) I 1] A58 L %) S48, T 44 2808 2] 2.04bpe~5.62bpe, 7] I 25 1 15 [7] 2y 2.3 ps~
4.2ps.

SCIRR[33]45 & BV HiE4- 1 T VNM(virtual node mining) 532 €1 4508 76487 BV S0 R 41, JG AT TAk 22,
A FH SCHR[S0] 48 HH 118 2 30 56 4 30 B 1) g vk 3 1 TRl o ) 8 W A R B 5 4 I e 8 — R 1 R
B HE 3T A (virtual node),iX /> 584 3 Bl o HE B2 KT 0 B9 RO ) B AT R, 9 HORAW U8R N R
T 0 B R IR I v SR A PR N 2 R TT LA Ak B ) B e e e S TR BY B IEAT IR
97, Sz U s TR B AR 0 I A IR ) s 7 6 RS A IS ) 3 531035 31 1.95bpe~2.90bpe Fil 3.8ps~4.5ps.

P R BT I A b P RAEABL P T LAt 19 D AT AR B RS 406 5, T TRl — 38 P ¥ URL 55 8 A4 I 1 AR b 28
AFAAHE, SCHR[34]42 1 AMN B354 URL HE)1% 5 3% IR 38000 0 35 TP, 06— He i R B X PR AR RE M 20 %100 6 R
T F Pk A it 127 AT R i 2t — D3 R 3K 6 PR B (1 - B 2 3l k- (1) PR JT e (singleton block): FH AR 1] 1
H%;(2) 7K FHe(horizontal block): f1 7K FJ7 [ b 2 A8k 2 ANPLEFESHY 1 2 )8;(3) 2 B B (vertical block):H T
B 2 ANEk 2 ANCLRIES | 4G (4) L B (L-shaped block): H 1 ANZKSFELAT 1 AN 3 H B 413, e AT 6 =
P F 22 FAHI 15(5) B (rectangular block): 4= 3B i 1 4115 FE, AL 2 175k 2 4700 B BLK 2 FlEk 2 51 L)
F5(6) it i ER(diagonal block): N A: E 75 B4 5 & 2 ANEL 2 AN LA RIS 1.

Bl 5 SRR B 2 A 2 AN AN RIS A8 S Hh By KT E. By AT sk, Bs AREE. By AEH
B By oA L RV BRI T B By,Ba,B7,By FI Byo J HLTCHE AL R I IX 67 He il Fi o, 24 3 AN 76 2% ml DA A B 1
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ZAT U JEPAE 1 IR Z 17 Y010 Bg 11 aso AT LR By 21 OGS A B AR SX AN G A Herb 6 8 1 1 A
o 2,1 Be B 1 AN 3.

P B R T R I Y5 BT SR TG P AR A, IR S BT DA R OCIBRAE R T BT K LA REAS R
fERITFAR AL B SRIA A L A R — A = Je LKA 7s TR AL B /e BT R AL E 2R ik 6
PP AL 2 — 4 5 R 1 B BASE X T /K B T HORIG A B 26 B A 1 AN BB SR R R L B HUR A T HAE
WA B R R 7R, T e ERe 20 4 JE A9 40, B, A% ((0,1),horizontal, 53 7R ,B, 1 HH((0,9),singleton, 1) 7R~ ,Bs 11 H
((2,4),rectangular,(3,5)) %71, Bs L1 ((7,1),L-shaped,(3,4)) &7~ JX 6 FE T HAPER T Hocd A8 T Web K
AP R AL, AT H 3 86 = S0 2H R AR SCIEFERE (1) 1 EAT 474k T A 28000/ Ak 2 ) 2 e &5 SRR 1]
P V0 A T PR ) 1 4 R AT LUK B 1.7 1bpe~2.78bpe, 7 1 1) [A] i $1] 2.38us~28.72ps.

01 2 3 45 6 7 8 9
B By
(TTTT T T T 1 2=
0 0 1 1 1 130 0 0L}
1 \
1NN {1050 ’0__9_9__0__9\350
2 01N 0f1 1 1 1 1)0
N N\ : ]
30 001N0O 1 1 1 1 110
N \\ \\I :
4B 110 OSNNL 1 1 1 1) 0
| -~  TTTmTT=====
5 :1:'\1_%0 0000000
6 \17070 0 000 0 0,0
———————— 9
\ "\
740 SIRIIED 0,0 o @0
8 0f100 0 0130 0 0 0
9 0o\L/0O 0 0 0 0 0 0 0

Fig.5 Different types of sub-blocks contained in the adjacent matrix

K5 SRIBCHE A5 AN ) R TR ) 1 B

AMN % BUARIAS T AR UF (¥ F 455 200 R 0 2% s 44 0o 52 27 1 5 o I8 D ) — S RS L A K 1 PR i
i B A R 47 I 7). SCRR[S 1145 H 1) K2-Partitioned S350 43 B b5 K2 448 45 IR B PR R I 7] R 4 6 A1y
I T PSE A S o I o 2 LA B IR R

K*-Partitioned {5l T — R Sr 0 B B 214 441 DT ELDMAE A GGy, .G, B ¢ AT B S
AR B a— A T BN EEEE G BRI ¢ A1 B I PR3 6 7 4% P8R i i e+ 1 A 1 B K 4
HEAT TR AR X FE 245k 3 5 T AL 3

(1) XA AN 7 BN AR K> A0 1R 70 T 2 il /DS 3K 2 i o 70 ) F) 3 B

(2) A 7 v T 2 AR R T [R] B, AN 23 45 2R s 4 28 BT Ay TR I i oK 22 0 0 D T ) — A3k, i v Pl BE AT 43 B 6 )
— AN S SR E R AT E

(3) TRl 4% PR 4 A% il — A A A P PR, th g ARG ) R 3 K R 00 e, S T K 0 22 1) 3 R 08 17

o BEEAT 43 B0 7 03K T — T Do SR o 7 P o e T A )3 14709 s A i N 4 i 1 I 0 4 i
FIRER T MO TS 7] B 80 M B AR S8 R B 25039 S I8 T 2480 7 & b K 2 407 s B 7 (38, 1 e
BIEEHT I T & B X A A T LA 90% A4 IR AL S fERT « AT B F R AU S 10% 4 4
[ 320 S 4f SR W A 20 Y T 18] 11 s 445 %2 8 3] 2.11bpe~4.00bpe, 75 1] B[] 35 2] 1.0ps~2.3ps.

4 HRMEEEGERA

H1 T T P 4% [ URL 5 e e I AR U0 AT AR B H 42355000 SR (KR AL, (ERE VF 22 1 T, B A 52 I 246 %)
IO 16 P B, AN T AL S o (K e R AT P AR A A I 4t 5 A SR ALL T 0 ] A S e A A [
AN DA R G AR 2R B B 2 T A DX 2 ) R B A 9% 2 R il A 2 S 2 i R A B S e s A

© PERREERSMROT  httpy/ www. jos. org. cn



RF FHELERTEHEBH AL 1945

PP 015 2P 51 P E K 0L P8 5 0P AL A 6 g A AT T 1 T3
SCARE3STT FRS B0V HGHE T 5 o S ot 35 34T HE I 10 7 v, i P BT 100 3 (Jaccard
similarity coefficienty {4 il ll & S T4k FHEAI T R A58 Y g | mlae) — m(v) | BT G () B ors

e(u,v)eE
TRy AEHERY G P HUAT B SCER[S200E I SR A P HE S 1 Je AR 2 NP FR) AR 31 SCHR[S3140 HE T AR 1 5k
)50, B JE T A BV S I P 48 1) 7 V6 A A8 9 488 3 AT PR 45 5 i &5 SR 3R Wi vt
A1AZ 0 2% (1) s 477 56 R 25 1 I8 1) 43 1) 3] 13.48bpe~15.82bpe 1 2.4us~4.4ps.

SCHR[36THR Bz X 4 28 4 4% A i1 13047 J08 HE e 1 BUABR R T BFS(breadth first search)$y2:, 44 ] 96 &AL
SR RN AT HE R HE Y 5 A8 B 2 R AR AT 2 T B DGR AT IR 46 BFS HUA LS B EL B AR R
FHARIRE 1 TR 5 — P A B JUIE SR AR 1 W48 e A A LR TG SR 5 b 1 IR0 40 i 4 B 10 22 5 3 v LATE
LR 7RIk S I 1) B 5 A At 2 T 00 U8 33 5 51256 B, 21 =4 I PR 448 25k SRR A A R ) ECAR AR e 1T
A, o A 22 PR 48 1 TR 45 %55 3] 11.23bpe~17.84bpe, [|] I A HI I [A] 4 6.41s~40.8ps.

SCHR[SATHBE T Pt 3 R EAT HE 7 10 J7 22, 3 SCT &5 R AR ADLEE (RN 2, DA R P AN 1T 05 1) 5 R R DL
TXPAN T A A0 i A5 1A AC B2 AN IR 4 70 22 A B0 LU AR, R T80 5 R 38 A 2 98 R A AR 5 3 7 45 224 i 1 A 45 R AR 4BL
£ 5z e PR T A, g 4 42 JRUHR ) 1) I 68 45 et P T 2 1 B Y PR G TR B b 1 T 3R A 2 T R
R FHE KBS SR B AT R4, T 210 1 G R S BB R — A KPR s R A LR AT SR A
HI K> B B 2 S Al LA K> 1 55 082> 30%~40%.

SoF AT A EHE T A A TR OC R A YD T 5 A A HE B EE AT 1A, R HE R S 005 5 R T 1 2 b A R
AU AT e 48 Gt T DA BB 4R B OC R B DK SR A MR AR b P RAR LI 3K S84 55 R e A2 [ (1 300 20 11
Pl 5 2 — AN 35 TRl o T A 0 3 TR 0 A 7 A e 1) s 4 Ak B ] T A S B A 2880 1 PR 4

SCHR[37]42 Hi 1 DSM(dense subgraph mining)50v% A H 55 3 7 VNM SE3HARL 1 R B 5E 4 =B E 10
T AE R AE AR AT 19 45 5 o I FH e R B P o KT O R AL A R g 4 R I B 6(a)h 445 R 6. 7 T A
A LA 58 A R BT 1233 45 S BN AEAT AT 5 4 8 Pl P T R R VR AR B R AR A N E 3R (loop),
FRAL T VINM B3 rp R I 56 4 30 B 10 5 3, o i M A B 8 A 58 4 3 B o (904 s 1 B 25,k vl LS 1] 6(a)
AR B 6(b) T 2K 5 () BT S AL AR X AN S A R R R R XA sE A M R A
P 1) o B A — N BT 8 X OSRF R I SR 0GR, W 6(c) s,

i

X |4|5|1]2|13]6|7

3
3
F Y
F R
F U Y
3
4
H 3

5 [1[0[o]1]o[0]o]1]0]0]

(b) (©
Fig.6 The complete bipartite graph generated by adding loops and its storage coding methods
6 EI NN B A A R TE 4 A R AN ARy 5K

FESERR Y I, DSM. S35 1 2 M B v O IR 22 1) 5 4 — 3 0 0 ) LUK B R 90% B B ¥ia (05 S,
PR 50 @ A58 4 AR BN N R B By, 55 iU X DFE N 1A B BT AT 5 & I AL R B B=B) B, By AT
RSB X=X, Xy, Xy XL 15 B RS 5 7 51 XA SCHRS S, 56145 H 10 1 4 7 A7 fik T B 44 40 o P v 8
A 85 E 58 A TSP I LS P AR A AP KRR s 45 7 . SCHR[38 100 DSML S35 7 56 4 35 IS R L LA B A7 il
SR A T AU, R T 1L S5 15 W] DSML SRR AR AT 19 4% (1 s 45 15 B 8.41bpe~13.04bpe, [7) I 25 i) I
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] 7.6us~11.8ps.
5 HEHFEEMEEHFERA

VF 22 N AR A8 T s i A b A AR D ) — F s LR v 07 2 B G N B EAN AR A . RO T
(reachability) 1 i Fl I 855X (graph pattern) £ ) 55 B X 3 Lo AN [7] 25 30 (195 o, T LU FH 4Ry 3k 1) s 4 7 vk, LA 2
V) S0 PRI v 25 SC R [43 15T X P AR AT AR AL A ) % v T MPy(multi-position linearization of degree k)&%, ik
[44]1%2E HH Y] QPGC(query preserving graph compression) 52 £ %) T A P 7 1) AT B AL A 104 Jit P 18 10 b A B
AN L AESXAS B 0 Bl B AR AR AT LR A I R4 BoR.

EVENR K 22 SR A A BB SRR A 400 2 10, TR 75 382 A 0 P 40, DU) 75 2 58 20 (1% I () Bl 2 ) A ¢, SC ik [43]48
1) MP, SIEAR LT Hufif e T 35X — 1) 80 7E A 5 ZERAIMT A 20 ) PR 2501 7] ) S BT 1 o 20 FH A0 48 1 1) 1% 7 v
KT — P AT KB % AT 1 U7 325, 0 5 P v A7 7 — 4R KR 8 A%, BV A [ rh A7 70— 4 AN 1t [ — IR HLAN il
P — R0 B AL, W SEASAE AR, H I 2D (1) 32 DL 5 B R 2% 428, AR K 3K 4% 6 A2 b R 1Y s AR OCHE e 1K AN 7 71
FOX T RO B2 I 2 R T REAN TS A PSS bit SRR IR IXANTT SRS PRI SRS R,

Kl 7 2 MP, SR Y5 18 1(a) b ) K38 PR A i 45 4, 18 Hh S A7 A — S8 30, AT TR [ AH TR 05 R0 R — AN
B0 B L L WHR 0T SR B AR W O R b 3 TR A A AT RO YA 1% R
[ R 67 BB A P 2 5 R HEAT P AR B A A8 A T IR, 7 S 4 B R A v o R A A, A v T SR BN A
FEZR, P 48 )2 a5 U AL 1) 3 A4k 452 3k [ () B AN A O &R, L BB (R An 4 L BT AR
BN AU BN AR FISRAR.

FESE B Y B A1 S AT DL S S PR AR AR 1K 1 AN s DGR, AT LAE T 2k 4 bit e 35 79 1 5
FEITI kAT RO AR IXRE BRI D T R SR AR 2 ) AR W] DA TR B 22 (03 BAYR /5 s i) s, it DA
ot AN [] F P 5 e 32 A [) P AP SI2 6 45 SR 36 W MIP BV 6 4k A8 0 285 47 T 4 I e T 3 B 10~40, 75 4
SRIL | 8.48bpe~17.02bpe, [F] i £ #] I+ 7] 4 8.0us~12.9ps.

Fig.7 Data structure constructed by MP;.
K7 MP, Kyt i o dhs 45 44

Wit 5 B0 I P 1) R R, L SR A T 4% 118 X, 5o R 1) 0 0 AN ASU AU AT 400 i 2 30 a3 I T e 5 A7 AE B = A2 T
— LG L R I A U X, Bl 0 R T A B PR v SRR TR R SR I R 4 v T 4 O T A
R ISR UL, T EOH R B SCHER 441 3R Y QPGC HVREN X P RN A 0 Uy 5 5 B GO REAT A AR
G I BAE BN AT B GIE TR R G, T s A F0 A 30 25 kAT e AR B vy

X T ROk M A, QPGC Bk & G b T A BT B0A 20 s AR & A1 U mT LA (1 AR S A
FITA—KIFHAE G 1 AN RCRER I 8P TR G U mTis e B B 5 e ¢ G
W S A N E AT DL BNA T AR A N {B,C, D} BT LA BIA T B 4 R S E AR R A A BT CA AT LUK
WA RN RE VA — R AW — X AU R AR, T AU I Y SR G R R SR A Rk BT

o T PSS 2 vt A8 SCHR[S 7142 HA A1 s TR G R (bisimulation relation), % 715 1 28 B4 AH [R] i 5 AN 45
Ao A v IR w By FEA LU A — 54 u Rl v 2 ARG R IX A 440 2

© PERREERSMROT  httpy/ www. jos. org. cn



RF FHELERTEHEBH AL 1947

(1) u A v BRI B out(u)R1 out(v) A 2 4E;

(2) K TR—A 8 o' (0 cout(u)), FBALAE T 1 v/ (V eout(v), i /& u' B v I TR R, R 2 IRER.

B G F AT BA BRI S — 2 E G AR — AN AR R R, B 8(o) P 4a I G UL R YE
BRI HEE G G C 5 C BN EBRIICER; BT out(B)F out(By)5 5l 4 {C} F1{C,}, 1L B,
5 By 1 H R C R out(A2) R out(A3) 55 514 {B,,Ci y R{B,,Cy } AH R AT 5 AR B HLBLIISC R ITLL 4, 55 45
h HAEAUR FEIE out(A1) A {By} ,out(A)F out(A3) T i) Cy ToIEAE out(A) 455 mUM P B B C 5,4 4,
TevE AT R R L OC A&

SCHR[44706F LA b W5 5 e 07 2QIR IE A PR 45 H T P 1R IE W, 9 U5 W 3 b e 48 7 vk 5 AR I8 R 46 D iR A2 1R
AN ZALAE T, CAT 1 F 28 B A HS ) DURT % 5502 18] I8 F B8 2k m A FH Sk 28 AT 1R R 4 e R X e 4 s T B 67
EAT P A7 52 36 245 R 2 W R ] ok P A A AT e 48 i 1) P AR T Dt BT DR 29 388 95 %, 2 v B [ A X T It 1]
KPR 98%, Hid 4 1 UL T 7 ) 30E A7 4 4 ) T PSR X T 5L P RS R 0980/ 577 %o, 255 1 R TR A T Jit P& R 24 gk

(b)
Fig.8 Graph conversion methods for reachability query and pattern matching query

Pl 8 THI [ P s v D P A A 1 P A A v

Bk T 9 T R A O 8% R B 22 1) 7 A3l A FH LR i 0 4 A7 s, 19 4 o L% 91 (semantic mining) )
T XM (semantic Web)P8! DL Kz A= #45 K 2% th ) %% 5% B 2% (transcription network)®*) . & E 5 H 7 1 M 4%
(protein-protein interaction network)!®F1{Cif % 4% (metabolic network)!®'14% X S35 () 3 FH 37 5% 6t B B H 3647 0>
BTy = 22 T V5 2087 (0 0 B LG 24 0 A v U7 2, [ 09 2 90 U7 2 TR B 22 et B e O 0T T 3 6 5 S il i 75 2
TV AT BT 550 1 10 s 48 773 LAIA B3 10 R 408 20 3 SCRR[62 1500 18 SCH2 4 vh 9 b i 280 1 3 3 S ise vk 77 P Rl s 48
T W% 5530 s 4 (equivalent compression)F 4K 4 s 4f (dependent compression), B T 48 4 IR K. SCHR[63THR T8
S 2 T R TR B AH DG R K 2 AN s O — AN IR T X (power node), £ 4 1 Ak Dl — 4% Wkl (power
node),Jk /b 7 Y SR I AR, T LA 80T 20 A it o )L

6 BEHEEHFRALRSRERELR

6.1 EHIEEHFEALE

LESZBR AL FP ok PR3 54T 1 408 I 45035 A s 447 3R R0 25 0 ) ) 7 TR 28 0L S TR 200 R A 5 AR A JT I B iz
B RN R AR EVE I W EL Ik fE.

2 B0 T WAR HR A ) S ) P B R A A8 I 4 K dl LR LI-1 Bk B T AR K% SNAPLY
(Stanford Network Analysis Package Project), 1L 4% ¥4 35 K (4 T >k 2 K % LAWI®)(Laboratory for Web
Algorithmics). 38 2 73 Al iR T IX S g 82 00 g, a3, 1Y RUECS S8 LU R A 12 8 B2 7 S 0 ol 11 SO
.33 3 IR 4 4y BIBN2E T AR ST ) DT B 5080 AR AL 22 I 28 080 119 s 448 20 R0 A 0 I ) e ] DA SR A U5 AR D
TR, FI28 T AESE— ISR IR BE N HEAT AR 45 S, 4L P KP-tree,Re-Pair,LZ78,K>-Partitioned FI MP, 5y {15
ARk [ % F) K 2% FCWGRU®)(Fast Compact Web Graph Representations Project),BV F1 FRS 423k (U5 AL 5 5k [
WebGraph HE 42" (WebGraph framework),BFS Sk [(1 95 A0 AL > [ 42 H 1% 5% 1 SCHRPOME 4 Guido Drovandi ()
AN N LS 3 e 18y 2 K A P R 406 R T 2 D) A A2 24w et Py T R A8 Y P S 36 A5l Red Hat
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Enterprise Linux 6.0 Server 64 f73#/F R4, R E N Intel(R) Core(TM) i7-3820 AbFH 2% 32GB W 1E. %t T ik
ARAFUFACRY IR SV, F1 28 T AH OC SCHR P 7EAH R 80 4 1 (Rl 45 8 VNML 85 1 I &5 SR ok B SCRR[33], AMN
FERI MRS 5ok B SCHR[34],DSM B Rl 45 SR ok B SCk[69].38 3 B« 3R 7R ok 3R A9 1% B 7 4 T 4k
P R A AR

Table 2 Description of testing real graphs

=2 WA I IS B

53K LGRS REpaE puRA U R A4
cnr 325577 3216152 9.88 cnr-2000
in 1382908 16 917 053 12.23 in-2004
kg A
eu 862 646 19 235 140 22.30 eu-2005
uk 18520487 298 113762 16.10 uk-2002
enron 69 244 276 143 3.99 enron
7 2 dblp 986 324 6707 236 6.80 dblp-ZOll
LJ-1 4847 571 68 993 773 14.23 soc-LiveJournall
LJ-2 5363 260 79 023 142 14.73 LiveJournal-2008

Table 3 Comparison of different compression algorithms over Web graph

3 AN SR 9 TP s A OR X EE

" JE 45 % (bpe) A9 I 1] (ps)
Bk cnr in eu uk cnr in eu uk
K*-tree 2.68 1.23 3.22 2.09 1.9 1.7 3.1 7.8
Re-Pair 3.02 2.20 3.93 2.70 1.3 1.1 2.5 3.2
LZ78 10.35 7.02 12.97 9.86 0.7 0.5 1.4 2.1
BV 2.58 2.04 5.62 2.44 2.7 2.3 3.6 4.2
VNM = - 2.90 1.95 - - 3.8 4.5
AMN 1.99 1.71 2.78 - 2.43 2.38 28.72 -
K>-Partitioned 3.53 2.11 4.00 3.12 1.2 1.0 1.6 2.3

Table 4 Comparison of different compression algorithms over social network

R4 AR EOR AT W 46 ) S 4 AR L

Hedi & 45 % (bpe) I [A] (us)
enron dblp LJ-1 LJ-2 enron dblp LJ-1 LJ-2
K'-tree 13.78 11.73 17.24 17.19 6.5 5.9 14.62 15.81
Re-Pair 16.28 14.84 22.53 20.66 4.2 4.5 6.9 7.3
LZ78 20.33 18.29 25.91 24.20 4.0 43 6.4 7.1
FRS 14.36 13.48 15.73 15.82 2.9 2.4 3.7 4.4
BFS 13.98 11.23 17.69 17.84 15.8 6.4 36.4 40.8
DSM 10.07 8.41 13.02 13.04 955 7.6 11.8 11.3
MP, 17.02 8.48 13.25 13.35 8.5 8.0 12.9 11.0

HH TR B 3R1E QPGC Sk VR AR, I H AR R e AR AH OGSk kB2 5VA AT 2 2 rp it iy il 25 1L
RN Z D5 F A LA AR [R5 T 2k RS bh 46 H A B2 0 SCHR [44) 40 A8 R DT I L A58 R 4
18 35 UESC & B (citation map) Al P2P W 4% (peer-to-peer network) 4 2 21 P B4 I 12 5 v A8 AT wl ik M A g 0
V] DC T 155 60 11 R 47 23 R A T B ) SC TR [44] 0 PR SIE 56 2 BRI 7 38 M A R AT e 46 5 1 TSI BT oy B0 i 2 1) P
T LU S B 2 1Tk 2D 29 95 %, 7] ] 5 1) B ) i 2D 240 98%, 4R 4 14 DC T 2 vy 1R A T 2 460 = 1 BSL T oy P A7 ik 2 (1) A %
TR B BB NLY 57%, 5] I A v B 1) 20 2 70%, %08 T 5] — 28 28 1 I 508, s 400 i 11 5 ) B i)l o ol o L4
Pt B0 S o T A%

JH s AN (R S0 2 30 L 1) R 4 2R 5 2 v W D 0 e 2 R AT R 5 20 W 43 3 T 4 18

(1) L 15 G A7t 45 K0 100 S 455 B A R 75 0068 Je] P 1074 OB AT e K2 0 SV K TR 4 8 R 4P T Re-Pair 501
H LZ78 535 {5 Re-Pair HiAM LZ78 535 0 7 ) I ) G5 b K> B ARV AN (EL AT LA S R M3 75 ) 08 1T LA S R Py 46
i), 1] Re-Pair 571580 LZ78 510 A6 S RSB 25 . Re-Pair 515 A1 LZ78 S35 H Ja A He 4, Fs 44 I 1) 504
& TAETAE SN G AE L.

(2) MITTEIEAEH A T, BV 0] LU 5 i 47 2 50 2 1) I (8] 78 G 3R, 70 T 47 2 F0 2 1) T [R] 75 T 2522 B0 L0 8 e 1)

© PERREERSMROT  httpy/ www. jos. org. cn



RF FHELERTEHEBH AL 1949

PERE. 2 B T S B 2 ve 4 BN AT VMING SR 0] B B b AT b PR 4 % m] LUt — P e i AMN 5505
(1 Hs 455 3 550 i, L 470 4 A I R A2 25 A A5 K 1K Tl R ) T A B IR ) G, A 4 i A 9 I TR) 4R
K. K>-Partitioned 5712 ¥ 79 4b H 1o L 157 848, FT LR DR AT B0 440, ) A5 40 IR JF) 2 .

(3) T AE AT 10 5% 5 190 P Bk e e 1 AN ) Ak A2 0 4 30 AT T 447 PR 200 3R 22 T 0 1 0 P ) s 4 0 R  AE AE
A2 4 4 [ s 45 B0 AR L FRS S0 A2 W0 4 4 i P I AR BY SR IEAT He 40,4 s 448 5 A0 25 4 I ) 14 1D
(¥ BE AR I DSML B3 A P o A 35 3L 85 2 1A A 1 P g s 4 4 A v (EL AR WD () T FRS S

(4) T 1) 2 B P S A R H ,QPGC 2 AR IR A 45 K40, O HLS A2 2 i (9 T SR I8 i, A o T4 32 1Y)
A Lo m A P A v AN B R ), 4 BEAE ] QPGC. T MPy AN 522 [ FA) 4y, 224 A0 408 2 1 R P 408 728 ) F) 2 2 1)
I 2 S 50 e I B E A XA T ik
6.2 RFKAER

X Ak B B T s P A i 22 1) o DA 1 ) AL, T LA S b A i i A o 20 A1 AR B A A P b i S
DR Vs 246 45 A 25 75 KO AR e, (LA ey T 5 7 ) 3 B2 DA R K0 0 5 1 o 558 D DA 2 B30T o oy SR 2 7
PR S I SR B, TSR P 28 3 77 5 BT P Bl 27 5 R T LA BRI 7 160 3 58 (K[ P 445 9l A7t 2 ).

ARTL 53 ) I A G A A G R R s i B0 AS I 0 s i 5 AR e A 9 45 ] s 4 5 AR AT ) e 2 4 £ 14
FE4RER 4 A TTEAN T 087 1 B8 45 R BT STBUIRIF VR A 21 1 AN [ 75 1 £ S5 B B AR RS ROR B
If 1Ay S R0 S5 G 2 BT R L B R AN T £ T i SR AN [ P R 2 22 b B R AR 45 6 A RE 7 A B (R AR,
I 5 K AT T L gl 2> P o R R O A o R Y 5 A, PR A B D TSR P B I D s 4 4 e,
AR IR A AT 75 5K 38 T BLER 6 X R A SR BEAT A

X 199 PR AT s 246 PR AIE T 2 20 LU A0 RS 200, 6 Hs 246 24 A0 25 ) I T) Y 5 T S IS 1 A5 PO 280 SR DL BUAIT 9 L
BRI T AT T A A I 4 R AT s 24 P AR AR SR BE 22 AT 5 AT 4 SR TS R LA R L 8 27 > 8507 ThT R R
SR B b 7 T 5T 0 4 R B A SR T AR, LA S B S B ) s 4 A SR T o R E 3 P P LS 4 PR B A 5 1 AT
SRVE B2 B A5 T S0 I BB 2 77 A 2 A ok 10 2 ) O 3 0 1K 28 1 ) A% S8 1K) 5 VR AT RERICR T ANEE
AEL T SR A IR 1) A B 7 3 2 77 A Al 3 R RO BT DA IZ B AR BT ST 4 BN 52 BT (R 4L

References:

[11 The Graph 500 List. http://www.graph500.org

[2] Randall KH, Stata R, Wickremesinghe RG, Wiener, JL. The link database: Fast access to graphs of the Web. In: Proc. of the 2002
Data Compression Conf. (DCC). Piscataway: IEEE, 2002. 122—-131. [doi: 10.1109/DCC.2002.999950]

[3] Kumar R, Novak J, Tomkins A. Structure and evolution of online social networks. In: Proc. of the 12th ACM SIGKDD Int’l Conf.
on Knowledge Discovery and Data Mining (KDD). New York: ACM, 2006. 611-617. [doi: 10.1145/1150402.1150476]

[4] Perugini S, Gongalves MA, Fox EA. Recommender systems research: A connection-centric survey. Journal of Intelligent
Information Systems, 2004,23(2):107—-143. [doi: 10.1023/B:J1IS.0000039532.05533.99]

[5] Brin S, Page L. The anatomy of a large-scale hypertextual Web search engine. Computer Networks and ISDN Systems, 1998,30(1):
107-117. [doi: 10.1016/S0169-7552(98)00110-X]

[6] Kleinberg JM. Authoritative sources in a hyperlinked environment. Journal of the ACM (JACM), 1999,46(5):604—632. [doi:
10.1145/324133.324140]

[71 Saito K, Kimura M, Ohara K, Motoda H. Efficient discovery of influential nodes for SIS models in social networks. Knowledge
and Information Systems, 2012,30(3):613-635. [doi: 10.1007/s10115-011-0396-2]

[8] Zhuge H. Communities and emerging semantics in semantic link network: Discovery and learning. IEEE Trans. on Knowledge and
Data Engineering, 2009,21(6):785—799. [doi: 10.1109/TKDE.2008.141]

[9] Cha M, Mislove A, Gummadi KP. A measurement-driven analysis of information propagation in the flickr social network. In: Proc.
of the 18th Int’l Conf. on World Wide Web (WWW). New York: ACM, 2009. 721-730. [doi: 10.1145/1526709.1526806]

[10] Musiat K, Kazienko P, Brodka P. User position measures in social networks. In: Proc. of the 3rd Workshop on Social Network

Mining and Analysis. New York: ACM, 2009. 1-9. [doi: 10.1145/1731011.1731017]

© PERREERSMROT  httpy/ www. jos. org. cn



1950 Journal of Sofiware ¥AF 33k Vol.25, No.9, September 2014

[11] Mislove A, Marcon M, Gummadi KP, Druschel P, Bhattacharjee B. Measurement and analysis of online social networks. In: Proc.
of the 7th ACM SIGCOMM Conf. on Internet Measurement (IMC). New York: ACM, 2007. 29-42. [doi: 10.1145/1298306.
1298311]

[12] Saito H, Toyoda M, Kitsuregawa M, Aihara K. A large-scale study of link SPAM detection by graph algorithms. In: Proc. of the
3rd Int’l Workshop on Adversarial Information Retrieval on the Web. New York: ACM, 2007. 45-48. [doi: 10.1145/1244408.
1244417]

[13] Donato D, Laura L, Leonardi S, Millozzi S. Algorithms and experiments for the Webgraph. Journal of Graph Algorithms and
Applications, 2006,10(2):219-236. [doi: 10.7155/jgaa.00125]

[14] GlobalWeblndex. 2013. http://www.globalwebindex.net/products/report/stream-report-social-q1-2013

[15] China Internet Network Information Center. 2012. http://www.cnnic.net.cn/research/bgxz/tjbg/201201/t20120116_23668.html

[16] Vitter JS. External memory algorithms and data structures: Dealing with massive data. ACM Computing Surveys (CsUR), 2001,
33(2):209-271. [doi: 10.1145/384192.384193]

[17] Vitter JS. Algorithms and data structures for external memory. Foundations and Trends in Theoretical Computer Science, 2008,
2(4):305-474. [doi: 10.1561/0400000014]

[18] Badue C, Ribeiro-Neto B, Baeza-Yates R, Ziviani N. Distributed query processing using partitioned inverted files. In: Proc. of the
8th Symp. on String Processing and Information Retrieval (SPIRE). Piscataway: IEEE, 2001. 10-20. [doi: 10.1109/SPIRE.2001.
989733]

[19] Tomasic A, Garcia-Molina H. Query processing and inverted indices in shared-nothing text document information retrieval systems.
The Int’1 Journal on Very Large Data Bases-Parallelism in Database Systems, 1993,2(3):8—17. [doi: 10.1007/BF01228671]

[20] Yu G, Gu Y, Bao YB, Wang ZG. Large scale graph data processing on cloud computing environments. Chinese Journal of
Computers, 2011,34(10):1753—-1767 (in Chinese with English abstract). [doi: 10.3724/SP.J.1016.2011.01753]

[21] Boldi P, Vigna S. The Webgraph Framework I: Compression techniques. In: Proc. of the 13th Int’l Conf. on World Wide Web
(WWW). New York: ACM, 2004. 595-602. [doi: 10.1145/988672.988752]

[22] Boldi P, Vigna S. The WebGraph Framework II: Codes for the World-Wide Web. In: Proc. of the Conf. on Data Compression
(DCC). Piscataway: IEEE, 2004. [doi: 10.1109/DCC.2004.1281504]

[23] Jacobson G. Space-Efficient static trees and graphs. In: Proc. of the 30th Annual Symp. on Foundations of Computer Science.
Piscataway: IEEE, 1989. 549-554. [doi: 10.1109/SFCS.1989.63533]

[24] Munro JI, Raman V. Succinct representation of balanced parentheses, static trees and planar graphs. In: Proc. of the 54th Annual
Symp. on Foundations of Computer Science. Piscataway: IEEE, 1997. 118—126. [doi: 10.1109/SFCS.1997.646100]

[25] Chuang RC, Garg A, He X, Kao M, Lu H. Compact encodings of planar graphs via canonical orderings and multiple parentheses.
Automata, Languages and Programming, 1998,1443(1):118-129. [doi: 10.1007/BFb0055046]

[26] Deo N, Litow B. A structural approach to graph compression. In: Proc. of the 23th MFCS Workshop on Communications. 1998.
91-101.

[27] He X, Kao M, Lu H. A fast general methodology for information-theoretically optimal encodings of graphs. SIAM Journal on
Computing, 2000,30(3):838-846. [doi: 10.1137/S0097539799359117]

[28] Chakrabarti D, Papadimitriou S, Modha DS, Faloutsos C. Fully automatic cross-associations. In: Proc. of the 10th ACM SIGKDD
Int’l Conf. on Knowledge Discovery and Data Mining (KDD). New York: ACM, 2004. 79—-88. [doi: 10.1145/1014052.1014064]

[29] Adler M, Mitzenmacher M. Towards compressing web graphs. In: Proc. of the Conf. on Data Compression (DCC). Piscataway:
IEEE, 2001. 203-212. [doi: 10.1109/DCC.2001.917151]

[30] Boldi P, Santini M, Vigna S. A large time-aware Web graph. ACM SIGIR Forum, 2008,42(2):33-38. [doi: 10.1145/1480506.
1480511]

[31] Boldi P, Santini M, Vigna S. Permuting Web graphs. In: Algorithms and Models for the Web-Graph. Heidelberg: Springer-Verlag,
2009. 116-126. [doi: 10.1007/978-3-540-95995-3_10]

[32] Boldi P, Rosa M, Santini M, Vigna S. Layered label propagation: A multiresolution coordinate-free ordering for compressing social
networks. In: Proc. of the 20th Int’l Conf. on World Wide Web (WWW). New York: ACM, 2011. 587-596. [doi: 10.1145/1963405.
1963488]

[33] Buehrer G, Chellapilla K. A scalable pattern mining approach to Web graph compression with communities. In: Proc. of the 2008
Int’1 Conf. on Web Search and Data Mining (WSDM). New York: ACM, 2008. 95-106. [doi: 10.1145/1341531.1341547]

[34] Asano Y, Miyawaki Y, Nishizeki T. Computing and Combinatorics. Heidelberg: Springer-Verlag, 2008. 1-11. [doi: 10.1007/978-3-
540-69733-6_1]

© PERREERSMROT  httpy/ www. jos. org. cn



[35] Chierichetti F, Kumar R, Lattanzi S, Mitzenmacher M, Panconesi A, Raghavan P. On compressing social networks. In: Proc. of the
15th ACM SIGKDD Int’l Conf. on Knowledge Discovery and Data Mining (KDD). New York: ACM, 2009. 219-228. [doi: 10.
1145/1557019.1557049]

[36] Apostolico A, Drovandi G. Graph compression by BFS. Algorithms, 2009,2(3):1031-1044. [doi: 10.3390/a2031031]

[37] Hernandez C, Navarro G. Compression of Web and social graphs supporting neighbor and community queries. In: Proc. of the 6th
ACM Workshop on Social Network Mining and Analysis (SNAKDD). New York: ACM, 2011. 1-10.

[38] Hernandez C, Navarro G. Compressed representation of Web and social networks via dense subgraphs. In: Proc. of 19th Int’1 Symp.
on String Processing and Information Retrieval (SPIRE). Heidelberg: Springer-Verlag, 2012. 264-276. [doi: 10.1007/978-3-642-
34109-0_28]

[39] Brisaboa N R, Ladra S, Navarro G. k*-Trees for compact Web graph representation. In: Proc. of the 16th Int’l Symp. on String
Processing and Information Retrieval (SPIRE). Heidelberg: Springer-Verlag, 2009. 18-30. [doi: 10.1007/978-3-642-03784-9 3]

[40] Claude F, Navarro G. A Fast and compact Web graph representations. ACM Trans. on the Web (TWEB), 2010,4(4):1-31. [doi: 10.
1145/1841909.1841913]

[41] Larsson NJ, Moffat A. Off-Line dictionary-based compression. Proc. of the IEEE, 2000,88(11):1722—-1732. [doi: 10.1109/5.
892708]

[42] Ziv J, Lempel A. Compression of individual sequences via variable-rate coding. IEEE Trans. on Information Theory, 1978,24(5):
530-536. [doi: 10.1109/TIT.1978.1055934]

[43] Maserrat H, Pei J. Neighbor query friendly compression of social networks. In: Proc. of the 16th ACM SIGKDD Int’l Conf. on
Knowledge Discovery and Data Mining (KDD). New York: ACM, 2010. 533-542. [doi: 10.1145/1835804.1835873]

[44] Fan W, Li J, Wang X, Wu Y. Query preserving graph compression. In: Proc. of the 2012 ACM SIGMOD Int’l Conf. on
Management of Data (SIGMOD). New York: ACM, 2012. 157-168. [doi: 10.1145/2213836.2213855]

[45] Gonzalez R, Grabowski S, Mikinen V, Navarro G. Practical implementation of rank and select queries. In: Proc. of the 4th
Workshop on Efficient and Experimental Algorithms (WEA). CTI Press and Ellinika Grammata, 2005. 27-38.

[46] Brisaboa NR, Ladra S, Navarro G. Compact representation of Web graphs with extended functionality. Information Systems, 2014,
39:152—-174. [doi: 10.1016/.i5.2013.08.003]

[47] Brisaboa NR, Ladra S, Navarro G. DACs: Bringing direct access to variable-length codes. Information Processing and Management:
an International Journal, 2013,49(1):392—-404. [doi: 10.1016/j.ipm.2012.08.003]

[48] Claude F, Navarro G. Extended compact Web graph representations. In: Algorithms and Applications. Heidelberg: Springer-Verlag,
2010. 77-91. [doi: 10.1007/978-3-642-12476-1_5]

[49] He M, Munro JI. Succinct representations of dynamic strings. In: Proc. of the 17th Int’l Symp. on String Processing and
Information Retrieval (SPIRE). Heidelberg: Springer-Verlag, 2010. 334-346. [doi: 10.1007/978-3-642-16321-0_35]

[50] Feder T, Motwani R. Clique partitions, graph compression and speeding-up algorithms. In: Proc. of the 23rd Annual ACM Symp.
on Theory of Computing. New York: ACM, 1991. 123—133. [doi: 10.1145/103418.103424]

[51] Claude F, Ladra S. Practical representations for Web and social graphs. In: Proc. of the 20th ACM Int’l Conf. on Information and
Knowledge Management (CIKM). New York: ACM, 2011. 1185-1190. [doi: 10.1145/2063576.2063747]

[52] Garey MR, Johnson DS, Stockmeyer L. Some simplified NP-complete problems. In: Proc. of the 6th Annual ACM Symp. on
Theory of Computing. New York: ACM, 1974. 47-63. [doi: 10.1145/800119.803884]

[53] Broder AZ, Charikar M, Frieze AM, Mitzenmacher M. Min-Wise independent permutations. Journal of Computer and System
Sciences, 2000,60(3):630—659. [doi: 10.1006/jcss.1999.1690]

[54] Shi Q, Xiao Y, Bessis N, Lu Y, Chen Y, Hill R. Optimizing K trees: A case for validating the maturity of network of practices.
Computers & Mathematics with Applications, 2012,63(2):427-436. [doi: 10.1016/j.camwa.2011.07.060]

[55] Raman R, Raman V, Rao SS. Succinct indexable dictionaries with applications to encoding k-ary trees and multisets. In: Proc. of
the 30th Annual ACM-SIAM Symp. on Discrete Algorithms (SODA). Philadelphia: Society for Industrial and Applied Mathematics,
2002. 233-242.

[56] Grossi R, Gupta A, Vitter JS. High-Order entropy-compressed text indexes. In: Proc. of the 14th Annual ACM-SIAM Symp. on
Discrete Algorithms. Philadelphia: Society for Industrial and Applied Mathematics, 2003. 841-850.

[57]1 Dovier A, Piazza C, Policriti A. A fast bisimulation algorithm. In: Proc. of the 13th Int’l Conf., Computer Aided Verification.
Heidelberg: Springer-Verlag, 2001. 79-90. [doi: 10.1007/3-540-44585-4_8]

[58] Zhang X, Zhao C, Wang P, Zhou F. Mining link patterns in linked data. In: Web-Age Information Management. Heidelberg:
Springer-Verlag, 2012. 83-94. [doi: 10.1007/978-3-642-32281-5 9]

[59] Babu MM, Teichmann SA. Evolution of transcription factors and the gene regulatory network in Escherichia coli. Nucleic Acids
Research, 2003,31(4):1234-1244. [doi: 10.1093/nar/gkg210]

© PERREERSMROT  httpy/ www. jos. org. cn



1952 Journal of Sofiware ¥AF 33k Vol.25, No.9, September 2014

[60] Jeong H, Mason SP, Barabasi AL, Oltvai ZN. Lethality and centrality in protein networks. Nature, 2001,411(6833):41-42. [doi: 10.
1038/35075138]
[61] Ravasz E, Somera AL, Mongru DA, Oltvai ZN, Barabasi AL. Hierarchical organization of modularity in metabolic networks.
Science, 2002,297(5586):1551-1555. [doi: 10.1126/science.1073374]
[62] Jiang X, Zhang X, Gao F, Pu C, Wang P. Graph Compression Strategies for Instance-Focused Semantic Mining, Linked Data and
Knowledge Graph. Heidelberg: Springer-Verlag, 2013. 50-61. [doi: 10.1007/978-3-642-54025-7_5]
[63] Ahnert SE. Power graph compression reveals dominant relationships in genetic transcription networks. Molecular BioSystems,
2013,9(11):2681-2685. [doi: 10.1039/C3MB70236G]
] Stanford Large Network Dataset Collection. 2009. http://snap.stanford.edu/data
] Laboratory for Web Algorithmics. 2011. http://law.di.unimi.it/datasets.php
] WebGraphs on recoded.cl. 2010. http://webgraphs.recoded.cl/
[67] WebGraph homepage. 2009. http://webgraph.di.unimi.it/
] Drovandi G. PhD Web Site. 2012. http://www.dia.uniroma3.it/~drovandi/software.php
] Hernandez C, Navarro G. Compressed representations for Web and social graphs. Knowledge and Information Systems, 2013,
40(1):1-35. [doi: 10.1007/s10115-013-0648-4]

Bt o 305 2 Tk
[20] 2, 7% 08, 60 R, AR NI 25 oE SR BT R (K DK AR [ A b BB R U S L A% 9,2011,34(10):1753-1767. [doi: 10.3724/SP.J.
1016.2011.01753]

FkF(1987—), F3 I B Hr £ N1 L4, CCF
24 2% By, R BERE T AU Ay KOG L B
PR AT

E-mail: zhangyu@iie.ac.cn

X3 £ (1981 —), 55, I WE 5T 64 ,CCF 4 A,
2 W FTAER A CUC P Sk I M o
SR R R A

E-mail: liuyanbing@iie.ac.cn

BERI(1977 —), %5, B+, i % T RR il 19+
Az T, 32 BEATF 5 AT Ay ) 48 I ) 444 15
B S B L5 B 4.

E-mail: xionggang@iie.ac.cn

© PEEREES AT

BEIR (1960 —), %, #0212k 3 ,CCF
T e DY, B ST ATR by 4 A TS
AT B 4T Bl 2.

E-mail: jiayanjy@vip.sina.com

(1972 —), &, BIWF T 72,CCF £ 51, 1
T AR N 15 B 2 A U A B
H UL A

E-mail: liuping@iie.ac.cn

ZRFT (1969 —), Lo, i S LRI, i LB S
Jifi,CCF 44 5, 35 B HU 4T b 15 8 %2
4 BE AL

E-mail: guoli@iie.ac.cn

http:// Www. jos. org. cn



