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FE X # Atk iR (HAES: 2018YFB1003500) FIEZK B AR A3 E (HEHES: 61832006, 61825202, 61702202) #HhNiH

#E 7% HE 4 E (strongly connected component, SCC) H ik 7 LU — A& 18] I 45 8 9 & [7] T3
B (directed acyclic graph, DAG), [ Z Nl T A E ST BB MAAH. RENF IIEEER
HEMERBSAFNENRER)EFE, BT ESHHEATHITH KR G EANEHT L
EUWHE, UmEAEH AT EREENASH HEASHNMER L. L, £RBEERLT, I5H M
HEARZERND (DT 5%). EARBNURENFAMASH M EHTRER ) ETH, UF
Fam R AT b, AMERIEE, AXRET MR E RS MENEEREE S EH
Incremental Strongly Connected Components Algorithm, & #% Inc-SCC, i 3f % 7 44 B By i+ 2 31T 3%
LR H R B E T F gt H g, AR SCC By A8 s M #AT AT R E LR F+ SCC i E R E.
HR, BHT —MERAMM T EH - H A RGEE. ZRER DR, A% &7 LUK T 5B
RAHMEFEEHSEN, FEHLENE HENAT MG Y 5% B, K7 EEdTHAEEN W
HH Tk 2.8 B 12 &, YEANAFEHENATHG N 0.5% B, AT EAMANTIHAE L LN mFE LT
ik 2.9 F 12 .
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BIE S — s WA 4504, 7T DUF SR R R IA TS ) () - Fp 2 A OGO R B fn, =238
W25\ AT L% 5 2 Y RIT A W I 2 # R F R 3R . BN 3%E I8 73 & (strongly connected component,
SCC) &4 [ Bl vh B PR T st A B ATk (1 de oK1 1L 18— SCC ey — AN EIT A, siiZEid
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A3 B BVE AT DO — AN [ R 4E 5 NG R TEH I (directed acyclic graph, DAG) 2~61, & EINH, 5
AR NHER 71, AT aA P A iy 800 AL AT 1O, SR FH 904 0 43 & B2k A ) A s DAG, DA
Fem BT RCR, B2 N T AL o iy, T8 B SRR 0 A 5 2 Mg st 6T RO 1) 1, o
I S Bk e R A ) B U7 ) T AN BT DAk P BT ) B SR TR SCCs. HATC & I
DR T ) 0 A AT T S iR R T 2 R ARV BN R S, RV ERAT TN AT T, B AT T (Y
U Tarjan B!, Kosaraju 4 89%) SRAVAEL S8R (depth-first-search, DFS) i A 1] B LASR1F 4= 3
SCCs, FLMEREIA BIZMETA) AR B, T B AT I VA VM F IRAE AL BRES 1 & IR 1, DRIt 5 AL BE 28 4%
B R FRANRE I AT TV O 3. AT (B0 Coloring B, FW-BW M, FW-BW-TRIM 6]
SR T B AT R AT 1) PTIB SN 1) P IS R AE B LLIRAS % SCC. FEILA A 7] R B da 48 &
FR T B (R izE  T ER AT 7 ik (6,

TEIR S T A A g e o A B e A Ak, e S U AR S AR AT AR 4K, SR, I %
iy B B0 6] - B [ S AT (] [ RN IE AL BB AT 1) R, B R4S 1) B B R A 5 4
LI FRAS B, R FH 5T 7 B SE B B BB R P ) SCCs. B2, LA TAEE Bt H A
BRI SCCs MIRCRARZE, Toidlbi 2 sh A i) B PRIEAZ A 0 B SR B2, 5120, Facebook HY L
KL AL 16 AT SR 1500 42 2%320 7L 4 b P K 1 s = el 43 0 75 AR K (1 e ) BATH B — A
EISLR T A SCCs, BT 45 5% 2 2501k

LN, TR R T, ShASA 1 B R A AT B BAR  TR)  o d D T 5% 8L R, R
TSR, R HBEGARZIE, SCC BAFWNER: (1) —A4 SCC NEE MY AR A 25 RA
] Al SCC B E A (BN BE A2 HAl SCC N FB&s 1™ A g2, FRATTFR IR A SCC 1Y
AMAEHE). (2) RAEU—A SCC WK AELIIMIBRESD, A FEEH 1% SCC. WA HATHIELEX
BN 0] EIHEAT 4 RSN TOVE BN B 3h 5 1] AR A AR v SCC R I/ Np:, R i I oK B T
R TR AT )

T R IR T AT T — R R ShAS A [ ] B3 R R E 7 i (incremental strongly
connected components algorithm), f&#R Inc-SCC. ‘& FFH _Fib W52, 1 i % AN B 1) TH S AT 80 55 LAY
MDEEREAR VR E AR BARCRUL, Ine-SCC & e S kAR A i F v )38 b AT 2 28, X T
oA HIE L, Ine-SCC HAZAE SCC # ) DAG (FLEIT 2 — SCC) EitH SCC. Xf 1Ml iz i) 1
O, Inc-SCC FxF 52 RTAMIBRFEMA ) SCCs REAT HFH57, LLBE G IREEAZREMI ) SCC AbEE. XI T
R SCCs, ‘BAIH SCC IAMAIME, RAEREAZFEM ) SCC N BT IF-AT I BT RUIRAS AL 1%,
AN HE P 3 B TSRS (B AL 3 i SCC, 1> AT TR HAtl SCC RIS, $RTH SRR, Hik, 3141
it 1 —MR KA T VERE — P I PR R SR . BRI, B4R EhaA AT [ B TR & SCC HIAR
TR (FE SCC MIRTI A2 Bt SCC HUIRF A AR K AR B T ), SR BN KAL) SCC
WRT R AE AR AL AR, 383 IR4T BFS A5 A1 m) ATk B0 5 () AT ik AR, A fm 8 I H AT 1) ATk B A 5
) AR AR A AR (RIR R ARSI AR A HI B THR) SRAFHTE SCC. AR R MR Z G, ATTIEAERI R
BT A R AT HAT I B T AR EAE IR EL BT A SCC #dR B]. X PR AT LLR D B4 SCC I TT
AR BETHRUIR A B AL 5 (Bl PRI T B (K, AT e I PR SR U S50 . S5 45 R IRHIE 1% J8 K
A TTEREIEA RO FRIEAR, $ = FIE AT R,

1) =4 SCC HINFREE AR X SCC N ER T s A B S Tl 2 8] A il e &

2) I A AT R RO RIS sCC A R—ANE KT SCC, AATIX AT E A sce HiLkBEHiHHE sce (FA]
REBEF BRI DAG B &IFIXBA sCe). i, |IZTE DAG H sCC; Ml SCC; ZIRHFIE—4M scc; # scc; 1)

B, WRLE v; Al o ZIEIEI—26 A v; B v, AR, B v € SCCy, vy € SCCy, M4 SCC; Al sCC; W LAALE]
I — AR scc.
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(1) MEH G THENSH AR SCC RIHFME, $EH T 1H M 2h &7 [ B K3 s 5miE
W B Ine-SCC LFEBTIUA 5

(2) EPXENASA W B AL FE R AN SZ I BRI SCC P38 B T sUIRES AR AR, 2 —
Ja RAE 7R A AU SO FE

(3) SEIRZE K, Inc-SCC &M T & m BIFp SR A, I H 248N ) B 124844 E ) o
5% B, AT IEAN T IA FER IR AT E 2.8 B 12 £, MEBAE W E LRGN 0.5% B, A
JEFXS T EE S I b eT ik 2.9 #) 12 £5.

A FARER AL 28 2 WA MR TAE; 28 3 1R Inc-SCC My ¥t Bk, 5 4 4t
Inc-SCC [ISEIN; 26 5 TSR0 AIZE B bT; 28 6 1T gs A O R AR TAE.

2 MExIfE

JE DA TAE C 4 2l Y 5o 38 7 B BE MR DA 1) B o 0 22 ol R, {ELR T 170 32855 1) J) ) o
A 7y B SR AR GRS O, IR S AR SN FRA TR 1 T 1) Bh A A 1 P B 1 iR e oy B A
Inc-SCC. H Hlf (1583 73 5 5% 3 B 50 N SR AT TR FRAT Tk,

Tarjan 3] Fl Kosaraju 4] HyJ @& P A& f ) sf AT R IE @ 0 B 5L, WA YRA DFS J7 vk i 4=
B, SRS TS 3R MU, 3R SRIFTE SCCs. 'BEANEGER] O(m + n) LM AR, Hd m
NERLEL, n BT RS, BT Kosaraju HIEBUINKA] DFS X7 ) BIHEAT — s A 4348, Bk
Tarjan 23058 B 5. Zhang 45 121 R DFS 1557 5% R0 AR BOW, 76 BRI 30 g 3o 7 pe
BRI SCC. I H., el Fttab 3 77 7% LAtk — B FEARREAL 1/0 THA.

B AL B 2R ARG N, T B AT SR IO I AL BEER 0 i AR MRS AV RS2 A% AT R 1,
AL IR AT 9B > B VL DA OV S, UFSCC S A M 3 A 2 AR, 754K H
AT DFS 5%, IF BA F I B R MR IR BE R R IR AR B AS T 4. SR, 2 SRR R 43 Bl A7 A
LA ), FEOLATEA S, FW-BW Hik M 2 —Fhg i - T sk o &R EE b
— AT RO TR B 17 )5 A 35615 21— SCC, SR8 H IR BT ikl 72y 3 A IS,
FAEIX 3 DN R e [E R A EIR#AE BRI BTE SCO. BT FL sttt 5 B i R 4 A RF
P 91 8 SCC Ap i BT R 1 21 7 BN R 26 K30 4. X A6 1S FW-BW BVERIHAT BEA TR, HF B
DA IR IS T, AR A% AR AL TR 3 EVERE S FW-BW-TRIM 53k 16 J£F FW-BW 32, %45 1) &k
A7 — Ui 3 VAR B AT 0] B RS SCC (B EEEE ANy 1 I EITH ) AT /b Ab & OBF 5
2 81 a1 R o A 2 AT L AT B AT FW-BW R LR S TR, Hong
& M4 7£ FW-BW-TRIM 5% 5Ll b, #F— 2088047 ) B b B T Dy 2 RO IRITO . 4RI, B Tix
SCBVE AR SS I0AT, TR A AR F 22 4% / ARAZ A B e 5 A 40 LR AT e 1]

NT RS FIH 2 A B 2% R AT, Coloring 5y% 5151 SR Q1R J5 2SR AR AT 1) AT ik 42 0
Ja A FE SRR AS . BN ) [ A BT 23 BC RS O 20 RSB Gl O BITHUA ID), 28 e ka4
P T A AT B ) FLAT o B T s A% 1 1 5 PRSI B B 8. AR IR AU Sk, J& TR —A> scC (1 Tl
REAMFEPPRSE. FHARESE AR A B TSR Y BT E SCC MIRRTI . S8 )5, HLEVER
FEAMRTI AU A S AR R ) SCC. ki 72 S E kAT, ERIPA SCC #4k ). M FW-BW 5
2% M Coloring Sk AR IFAT, BE7E /0 FI IR IE 2 4% / X AL BLE8 T 3R 15 SE4F (R R RE. SRTT, Col-
oring FAIEIEMUE RIS AR P A REITUR M, Rl e xt T ahaA 1m 1A,
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b, BITHE R S8 0T DU T bR g il o S s AR 51 2021, FBSGraph 22 S LA BAF I
Sb B RS BRI T T ERAR A B R 7 s, A A5 1B TR AR IR AU 3 B AR AR 4R LU DR 2 AR %
Tl . R DR TEREE B 1 H AT R SedtAKF. BRI A, AR Z B R REEH B E RS, E A7
WA T SR Ak s R RE A U IR (28], R IR 24 R FPGA BRI g e DA D A S b 2 2
HI TR 2 G IFATRE 10 . Foregraph (290 F ] FPGA v b A7k BEUR A w7y 5 LA BRIk AR I 22 v J s
BEALDTROT 4. XL R Guiem 1 oRIEE o BRI A B, AR, T8 sl 85 m &
THEL R SRR, PR 754 ) B kAT 3% i8 7 & ih S, EAI#EAE KR LR THE T4, Version
Traveler (261 DL 877 5078 2247 sh 440 A R SR TR 220, BEMTRE & 19 5 5 29 B0 PR AR LLA B 24N
BRI R PRIE ). (ERIZ RGAIR TR R E SR R TUR TS AL Zhang 55 27V EF XA B
KR A ORI S 3 5t S Ja P A VG IE 2R 51 DAy IR QUL RE R (2 Zhang S5 307 X 54
W BT, TimeReach 5% 8 fEZhAA MBI T, #ALR G RAFAFE ZIH SCC {5
B, FER P L RA TR AW RCR. (22 TimeReach FIEANIRAE S 17 3755 rh A4 iy 3T S aimad
R BRI SE T L, SRt R AR B ER O O RN, PR X 2 5 oK ik
DR A BRATTHE T ) B A 1) [ R R RIETE 2 BB Ine-SCC LA TURTHEIT4H.

3 Inc-SCC EH X%t
AT RN BEE T RIS, KRG Ine-SCC AW B, 5% H Inc-SCC Bk

3.1 HEXBEEX

AL Ine-SCC AHRK R FEARBE S FIFT 5 AR

EX1 (ShSERE) de—NMaREG=(V,E), B v or ¢ TRTUSNES, E &R G
RS . I ZES B H T ISR I )38 27 D9 B I I 18] A, DR e AT 4 5 1
BIRINN to, te, ..o iy tign, ... SH to RoRWIGRIT A & W] ¢, A ZI BB AT LIelE Gy, = (Vi,, Ey,).
BRI, TRV [t t;] RIS Ao o — B BUR A [ B BB PP A1, A4k Gy, Groyy s -, Gy, 1R
I [A] R ¢, A0 2y Z08), BHASELERS E] AL ¢ IS BRI Gy, AR, FERTIE] ALt A1 ¢4 TXBIN []
NENS 0 A R B R N T AG,,., = (AVi.,, AF,.,), okt AVi.,, A1 AE,., 431
FEORAES 8] 1 ¢, Aty TXBRIN ] Y 3hats AR AL ) B TV R 86 S R AR AL I £R . DRI, B AS IR IR (8] £
tirn FIESER G, = G, ® AGy,,,, HF © LRI AG,,,, BHEEE G,,.

EX2 (siEEyE) EANE G = (V,E) 4, RFEED—FA MRS, 1T G PR A v
AEARNE G HHI S — DR vy, WHEAE v — vj. BHA v — v B v; — v BOLI, v A1 o; AHE
Ak, B v < v — SCC 2 V I— MK T Ve, MTR—X 5 v, Al o; (v5,0; € V) 2
FAF v vy WTAE =TT v € Ve, FE— TR v & Ve, v < v AL, FESLPRFE B, AL
TG 257 A LA 1 2 A SCC.

3.2 EAiHEE

AN Ine-SCC EEABCTHBAR. ZhAA A B FE AL S #6055 P AR O0: 34 Ao . 14k
M. s, A m) o e T s EL S A K m M B 5 i B TR A R I B . DR, BATH R 2%
JE AR AR A P 0 s BRI B R
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1 %A 1: SCC MHLEMKRTL
Figure 1 The first type of deleted edges: no change in SCC structure

3.2.1 iBAYEmM

XoFF BN AL, FRATT T BB R B AE SCC MY DAG (LT A& —4 sce) i85 scc.
TEBNASA ) AR A A AR 3 0 0 2 (%) 7 > B TR TR B A8 1l R AN R B, T LAy W BAR
PIFPEGL: (1) 24— 23 I B A BT S AE [ — A SCC HrI, 3 2438 N B B AN BE T 4R I
FR—A scC, Bt AL FEAEfF SCC FIEFTTHE. (2) 24— 3G ML KA~ B T RAE IS AN RN
SCC I, XM HAH o DAG F AR BT S B3, fEIRX MG T, Sh8A m B r)
SCC T A AL NAE DAG IR SCC A1 R 3 1032 (0 FF 65 1 S A T 2 (1. SR, %46 i
A 17 BTS2 DAG, H B T pUSEE 5 iz /T SR B R 21, X SR, AR T3 7k (a4
N BB E A SCC) M MEE K ILEAT AR IT F TR UL, fE4805 5 1) DAG FHEAER
THHEARIR 2. R, XT3 nmts o, A5 2%FF Coloring 532: 5] (1 finidk Lh:

S = ([Vol - |Eol)/(IVp| - |ED), (1)

Hor |Vo| FoR R BT S UE, |Fo| Fom i B EcR, M |Vp| RoRgaiso 17 K3 2] DAG H
BT SR, |Ep| Rongiié A 1n EIR 21) DAG HilidiE.

3.2.2 ARV

FREIN MR, TEBAA m B4k Hp e o (0 B — 4532, 75 IH BB AR &8 2 Jd T+ T U Fh 28 2
2 R A E TS AR A AE R SCC iy 288 2 AN BT S AT [l — A4 sce A R
[ A I B, {573 sh 2 17 B P~ AR R TR IR 45 A AR Ak o 3K P R S AL F 55 D o Sl 3 A T 5 .

A1 AW E TS EARFIR SCC . @RS SCC gams y— AT, 732145 H
DAG i, Mg, SECLTF RSS2 —: (1) B DAG KIIR S B3 FE —434; (2) W DAG
TR T ANAFAEATE — 2510 (B, IXPFME SO0 T8> DAG BT s TR /R 1) SCC N 4 M B 72 A
o, A2 SEGHN I SCC #EFiT&E. BanfEr 1 4, IHESMEH 3 4 SCC, 4338 {1,2,4,5}, 0
F 3 IANISL SCC. i (3, 4) F1 (2, 0) #EMIFR G, B EIHEAA KR SCC SR KA1, X SCC
TR A=A s BRIk, 2R 1 Il BRI, FLRRTERT SCC AR A S5 H 781k, wT DL B 4z 20
Ab TR

FH 2. M F G AL T [F A SCC Hr. ZRAY 2 (I NBR S S ECR T T I S R BUR 4 H A
S AT 5.

(1) Wik 2 Fior, 4 (5, 2) #iMERIE, JRA SCC WEE (BERETN) i 3 M-S 1, 2, 5 2 [
[ =] B T IR, BT s 1 A 4 (PSR ORFFAE LA RS, el IHEIBRAE R 1 SCC MISS FBE IR,
BIEE 1 SCC R EE Bt 5. (2) Wl 3 fvr, 41k (2, 5) bR e, IHESZ 1 sce (BarE
T ) AR PREFEE RS, IHEB BRI SCC AR KA, B EA T BB 5.
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2 A 2: SCC NPEEEHIHE

Figure 2 The second type of deleted edges: recomputation in SCC with structure changes

3 XA 2: SCC AEAFEEMITE

Figure 3 The second type of deleted edges: no recomputation in SCC with structure changes

ATLLWER R, FEAA IR, FIRPI SRR 2 (IA1E SCC WAL T ARIMHIMIE,
# SCC WERLE P A AN R AR AL, SEBRRF R IR S b3, TH B S 1 SCC BTl g
KA Z SN R, BRI, JovZad s iR AR M B TH BB R SCC P 4544 R A8 A 2R 47 T
TEIXFEHL T, Inc-SCC X} Fr A 52 21282 2 BIFEIA ) SCC #HTHEFTHE. - H, BT SCC P4t
BUAERT SCC AN HAL SCC TR =LA 52, RIILAEREAS SCC N EB R 04T Inc-SCC LA
PEHHATE.

f A3 Ine-SCC A% 0 AR, FIFH IR M5 B0 IH RS B 84 sCe, #Ey b R E AN
HREE AL oy, R 287 2 I FTfER) SCC AT EHITHE LA TU AR T B E. [RIEE, 20 B 7k
SEH SCC Kl S HAT AT S0 DU B ik AR i S s

3.3 —MERSHEENEERERBIEFE Inc-SCC

KANFINA Ine-SCC B, WNHE 1 P, e4u8 1 3ha A m) B RT ) B8R 1 SCC iR 45
B SCCMAP(Gy, ), B0 YT 84 G, #HATHE T ERE SCCMAP(G,,). SCOCMAP(G,,) H
(R T BB R A BT SRPRAS (RIS BT AT AE SCC AR T AL ID). Ine-SCC # 4 fE
TRALEE L FE (preprocess) H T84 1A AR A H (138 & increments LAIRTS 75 ZL BB R SCC 4
B Grew (3B 2 17), PAJE1E LocalFBS BBt Al LocalColoring FYBEHXT Grew B E B IAT I E I 5E
B SCCMAP(Gy,) HEIFTE FEEFIHHEN SCC #HELMR (58 3 1 4 17).

Algorithm 1 Incremental SCC algorithm

Input: Gy, SCCMAP(Gy,_,), increments, Gt _,;

Output: SCCMAP(Gy,);

1: SCCMAP(Gy,;) <= 0;

2: Gnew <= Preprocess(SCCMAP(G¢,_, ), increments, Gy, _,);
3: SCCMAP(Gt,;) <= SCCMAP(G¢;) U (Gnew);

4: SCCMAP(Gy,) <= SCCMAP(GY,;) U LocalColoring(Ghnew);
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T 2h A ) B 7E AR Ak 2 Hh mT B[R] B & 28 2 R 3 N I, BRI, Tne-SCC 23 Bl 43 W B tg 2
V) P 79 288 T i (3R 0 P R R 1400 ), AR S o3k 7 S I3 B 0 Sl HEA T U B, B Je B R I RS
GER (ESeACHR I SRR ARF SR RN T S SE R, B S T U A SR AL ) R ).
TR, Ine-SCC R 2 W Ja b BRI A G L, AR5 JE M 1B e (X 5 (U m] AR, AN
WAL IERYE). WYL 2 PR, Inc-SCC 7 T AN I A2 i 43 il A R 34 I A BR 1934 Inc-SCC 1 5t 4b
FEIEINAIL (38 1~7 A7), X FIEINEIIL, Ine-SCC HiLEH#E/E SCC M) DAG (HET A& —A4
SCC) EitHH K SCC. BAfkil, Inc-SCC B /et #E SCCMAP(Gy, ) ¥EIRIE G, | F BT AR
ASAELAH [ 11 P T00 A s i — > B T USRS B BR Gy, 19 DAG (BB 1 17). #AJ5, Inc-SCC FFATH &
T2 NI (56 2 47), A— 2N i A B TAFE RS ASFN 1 SCC R, KX 2548 i

HANZE] DAG A AR R TP AS B TS, (RN BTS2 — A SCC) 2 [8) (5 3 F 4 7). FREERE, Wi
BEEAAAE DAG IR BT S 2 6] (BDFESE SCC AHR), AR A AN AR 45t DAG 45k 4

SO, DR R 75 ORI 268 I 1IN B] DAG . BT iR & 52 BeJS , Ine-SCC 3R 13 A 4103
AR DAG (FLHPRTEEAL S SCC). Inc-SCC 2K H LocalColoring J5 %) & AE1138 N f5 1Y DAG #4712
AT FCRFS(E AL 7R BRI AT SCC, I HAFH L SCC HHH45 AT SCCMAP(Gy, ) #4758 A
YEdroR AN JE R EIBLR ) SCC T EEE R (B8 7 17).

Algorithm 2 Preprocess
Input: SCCMAP(Gy,_,); increments; G¢;_;
Output: Gnew;
: DAG < Contract(SCCMAP(Gy;_,), Gt,_1);
: for each edge e € increments which is added in parallel do
if SCCMAP ¢rc # SCCMAP, 45 then
DAG <= DAG U ¢
end if
end for
: SCCMAP(Gy,;_,) < LocalColoring(DAG);
: Ghew < 0;

: for each edge e € increments which is deleted in parallel do

10: if SCCMAP, syc = SCCMAP, 45t then
11: 0OldSCC <« SCCMAPe sr¢;

12: Ghew < Gnew U OldSCC;

13: end if

14: end for

4, Inc-SCC AbIMIBRIAL (55 8~14 1T). X TMIBR M, Inc-SCC R XS Z Rk mi Y SCC
HEAT S DA BRI R AE N B A5/ AR SCC. BAR K, Ine-SCC B 26 Guew HIIEIL AT &
(%6 8 1T). #&, Inc-SCC FHAT s 1n) 5 — S& 4B B3k (1) 3 IR I T AT (ewsee) A E BT (e.dst), &
Eb A3 PR AN BRI T 55 78 R AR M A A BB A% 1) SCCMAP AR IR B2 AR TR (55 9 A1 10 4T). 40
A, W3R B IX 5% R e AR W v AR R SR Y 2 R N R 3, B B PR o s FE [ — A SCC 75 X%
SCC EHFE. K, ¥ iZLFTE SCC MAZE Guew (56 11 F1 12 47). TEER, R —FKMER
(R PR A s ANTE R — A SCC R (RPZRAY 1 BB MIBR ), X2k SCC N ER4sH, Rk
ANTFENW SCC MAE] Grew H. MM ERETTERN, Grew TEEZNHOLHHIRS O1dSCC, H 4
MHRIL 01dSCC #B 2 52 21 3 B 5200 1 75 2 B THR ) — A SCC. Ine-SCC I SCC HIAM A 1,
RAIE Grew THIEEAS O1ASCC N HBREAT F747 1 B T ROIRASAL 3, T ANl I A 30 B T R IR S ABLA 326 HH 1%
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OldSCC, e/ e A 1% HAth O1dSCC LM, - TFFIERCR.

WATRIL 01dSCC P EBHI I TH A BA LU R HE 5 (1) FE&AS 01dSCC B, AR T A A & KRS
B (%A O1dSCC H A BTt (1 BRAS B 7E i A 20 i 1 1B A% A J o # SN X R O1dSCC TR K
Az 320 0 A% R TS (IR S AE) KA O1dSCC A B TH s DR 25 A s 3 3 308 5 b 25 i EE 2 )
YER; n—7J71H, /£ 0ldSCC W id & R A /D&M (X B I OldSCC H K& BT s n]
REVIPR 516 O1dSCC 78 & AR i iy i) PR B A5 A AR AR T s B A A A R RAS AR DRI, FRATTER T B K
AAMATTVE, EE etk IR REEA 01dSCC 78 & AE M i I B AR AR TH AT £E SCC i I T
R (IEAE LocalFBS B E), 28 5%l 42 B0 kA AT BT AR S EAE I EL 23R8 B SCC (e fE
LocalColoring M E%).

W% 3 Fizn, 78 LocalFBS FrBtHH, Inc-SCC LRI O1dSCC pa 38 I T A i 4 s A b B A~
OldSCC W H I TUAR B T m RS AR & (RI98/D BT s BB ). Bkl & el A R E it
H) SCC H T ARSI E] SCCMAP(Gy,) W (38 1 17), SRR EELL oldscC w47
FAT BT SOIRES L #E. Ine-SCC 4E4 3028 7] B R % SCC BRI A, A8 J5 e B30 MR T A
PE RSB A B S (58 3 17). #:%E, Inc-SCC K IFAT % ML 5c 1 % (breadth first search,
BFS) KGRI P AT A AT IASE D FfE M AfALE P o, Ine-SCC B e MAR T A5 HE Ay il s
G EE L 01dSCC W EBHEAT — IR FT A 33 (forward sweep, FS), FEANT ] 21 542 TH IR A2 AH )
(1 P T AR I N B T R TR B (56 4 4T); 28U, Ine-SCC MR T A5 H R 36 N 5 1) 6} /1 ) ATk
E I E TSRS AT — IR G R (backward sweep, BS) PAE H24K i 7 il 1A R [ Al ak 52 1
AR, WA SAA ) BA I B R R AR S E AR R T SRS (5 5~7 4T). Inc-SCC ¥R 3 (1)
SCC M Grew THEER (58 8 1T), 251 A2 LocalColoring it Bx.

Algorithm 3 LocalFBS

Input: Ghew;

Output: SCCMAP(G¢,); Gnew;

1: SCCMAP(Gy;) <= SCCMAP(Gt; _, )\Gnew;
2: for all OldSCC in Gpew in parallel do

3: Select root € OldSCC;

4 D <= FS(OIdSCC, root);

5 P <= BS(01dSCC, root);

6: NewSCC(root) « DN P;

7 SCCMAP(G¢;) <= SCCMAP(Gy;) U NewSCC(root);
8

9:

Ghew < Gnew \NewSCC(root);

end for

%L 4 iR, 78 LocalColoring MrE 1, Inc-SCC ZERF MR HL 01dSCC 17 43 BT i v 3147 4
AT IEAR T SRS B AL 45 DUF R JZ Ab BE 28 1) v IR R 1. B UL, Tne-SCC B e Wi fb 8 42 1
T PR MEEES colors, JMH AR TIAAY ID (55 2 17). SRJG RN RTINS M) 'S B4R & T s kA 0%
B (3 4~10 17). EHATIERAERERS, Inc-SCC MR A 7 & SRR B3 B A B TH AR colors (5
5 F1 6 17) HEMA BN ACRSEA TN, HEr, Fdid oldsce Wk 2 MR, A%
Srderp BT S B AR R colors 1B, FEMHE] colors HIKRI e b4 8 — MNEIEREFE T KT colors fH A
KA TS (D root BTIAT) (55 11 47). LA root BTN AL »5 3047 I A AFR UM . SCC
(35 12 A1 13 1T). 285, Inc-SCC #HLEIH) SCC M Grew TR (5 14 17), REHIT LIREEHE S
Grew NZ, MEETIEAIE I, SCCMAP(Gy,) A I ASCIRAS B A B B 45 () 38 % 08 0 e VR 1)
Heh R
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Figure 4 The CSR format of an evolving graph

Algorithm 4 LocalColoring

Input: Gpew;

Output: SCCMAP(GYy,);

1: while Ghew # 0 do

2: for all OldSCC € Ghew in parallel do

3: Init colors;

4: while colors have changed do

5: for edge e € OldSCC in parallel do

6: if colors[e.dst] > colors[e.src|] then

7: colorsfe.dst] <= colors[e.srcl;

8: end if

9: end for

10: end while

11: for all vertex root = colorsroot] in parallel do
12: NewSCC(root)< BS(OldSCC, root);

13: SCCMAP(Gy,;) <= SCCMAP(G¢;) U NewSCC(root);
14: Grew <= Grnew \NewSCC(root);

15: end for

16: end for

17: end while

4 Inc-SCC BJAHILI

AN Ine-SCC FIEMSEIL. B N2 Ine-SCC LI TR B IIHIR 451, FR G BIEI-AT ISk
BUERE, fRea gt — Rt S s i R 1 JE BV,

4.1 BB

£ Inc-SCC FESEI T, AT 1 3 FiA R Eds 454 1] T B o A e Rl 45 R 4. 58 1 b
B a5 0 B A 17 B BT B SRR R~ . AN SO IR 467 B A BEAT (compressed sparse row, CSR)
KA i B AA 19 B T AR Horh, 143 (edgelist) SR B HUAEAAA 7 BT BT A 1, R 51K (index)
[ B — AN R IUAAF A o A B4 5 R B TR (1 AR A E D 3R TR IR A A . B anfE 1] 4 EP BT R 1
MRS BUNIAZR ) 0 75, Tl 2 KRGIWOLERSE 3 A&, BHTA 1 13 4 BETﬁ‘)ﬁjj
{0,4,5}. 17T Inc-SCC HLiZkrp 5 Z [R] N BEAT B (7] 99 486 A0 ) (a1 4348, B 235 'J/’&%@Wﬁlﬂ’]?ﬁ%ﬁ
) R AR 4 N34 07 /33047 64T BFS, RIGFEMEH] CSR RRsh&A 1A IR, Ine-SCC 40 Hll 7 1 il . )\
)2 G AR UM SRR . )T — A (V] ANMETH SN |B| 208834 [ K R K
Bifgk, [EED 2|V| 42 M 2|E| WERREAAR GG L. ERIESHE 7S ETER R, CSR #%
FOLHRAE— 8 1 2 [A) R 1 AR EAR Ui ). 56 2 PR S50 VISIT, M Tt A BT s (v
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Barrier

Superstep

CurrQueue @ ©lE :

NextQueue | 3) (/@ {:6:

b= B
L

5 RIZER

Figure 5 Synchronous iteration

FPRAS. ASCAE AN R B SO G g A7 s Bl ESVE TR RE R R TS o 1) VISIT % &
N1 RBRZET A CEHU. ERENARPATE RS, VISIT BAANFE PV . #lan, 75
LocalFBS BB, Inc-SCC MR i & 34T BFS, XA BT A VISIT #EAT— E FrRAE. SR
£ LocalColoring M Bt Inc-SCC e ZEA AT BT s RS AE & #, VISIT ¥ 2R EViinl. 25 3 Pk
PS5 H T ORAFEARE R I AME, SEICN PR AN R B 3 isCurr AT isNext. 83X AT A B T A
BEATARL, AT MR 51 A ATEARHT R EEE N — Rk AR R AR,

4.2 [RISEKER

Inc-SCC KM T AP AT THER A (bulk synchronous parallel, BSP). @& 5 fiw, AR 7
N R BRI N B AR PR B, S AN AR M AT 5 H BRSSP 2R R C 4 5 RS I
1E5%5 )5, BENBIRE IR B, fEBRRI B, BT SRR AH FL3EAT A (R B ) B A A S e, O — R ik AR HE
.

Inc-SCC FiEKHIFAT BFS KL LocalFBS Fir Bl LocalColoring B BtH RS (E AL 4R, BAkin
N FEWIERIRAS I, P & ZE R EAR S5 A &R N A2, S RTE A A B AR BA S CurrQueue FIR
FIEA R A BEE R DA A NextQueue #7525, AN I TR 51 1%L isCurr F1 isNext tHAEE.
AT BFS I A vo, B HIIAF] CurrQueue #, ¥ vy W isCurr WEN 1. [FEE vy B VISIT
WHEN 1 MLz B A Z U7, ARG, BRI B AR BRI 7y SR
AREL AR5 B 88, 47 b P Pl SR i B T . 5005 R 18] VISIT Jy 0 (R BITO AR, 47 1]
(3R BT R ) VISIT # BN 1. I B Bz TR AH R isNext A 1, FHAIIAF] NextQueue .
2 CurrQueue FHTA BT RAS AL HE 58 B, IE AU FERE AN BIBEFEIT B, 7B CurrQueue FIAH R
Kl isCurr, 85 Z#MNIAT L ILR T, BN EIEBERET, NextQueue #E AT AL R 1) Hits
FAF. 158 fa — Rk ATF RIS, CurrQueue W O3 £ v LAV [, U, VISIT HBrA () s T4
C&BArRIc N 1, SAUEL. R EAE R 5 T4 FE I FFAT I RE, RERS il oL kAT Hh i s AH G
e R DA ORAUIE SRR AT 1R TR 12

FEFPRIEAIE R b, 08 H 3 — AN P TR [R] I 4t 22 A FAth B TR 07 B B 700 am SR AN FH B4 )
AR I RAB AL BTV RUIR A AL R oK ™ B Bs v R ldn, 2] 6t BT 4 F1 3 #R
F BT A 0 BAE HEAPRA. EIRTh, B — AN BT 5 15 1 56 5 PP AR €. Rk, mIag
SEOEFIRS A RS 55, 2 B BEMIERTE. A T IRIEENESAT I ER I, 172 80 12.18] f¢
BRI IFAT. R B F SR ELEHEN GRS, BT IR IERE. K, Al H
ToB T R G iR, ANl 6 P, BETIEACH I — AN BT, R A DA — AN AR A T A
BTG, 2K B T A IE A B B . ZEHT Bk AR, 2 B T A 2 B ke 2 04T
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Figure 6 Lock-free solution for data conflicts

F1 ERIEE
Table 1 Graph datasets

Dataset Nodes Edges SCCs Nodes in the largest SCC
Soc-epinionsl 75888 508837 42185 32223 (42.5%)
Email-euall 265214 420025 231000 34203 (12.9%)
Web-stanford 281903 2312497 29919 150527 (53.4%)
Web-notreDame 325729 1497134 203609 53968 (16.6%)
‘Web-Berstan 685230 7600595 109407 334856 (48.9%)
Wiki-Talk 2394385 5021410 2281879 111881 (4%)

BETRGE S DTG IEFIIE. OIS &R BAT R PE, P DU RN 7 i Re %38t S Kot R K A
TR FEAT I RE A (0 2A% i AR T+ SRE K AT L.

5 SLWEHER

AT IZIE R Ine-SCC #HAT S0, Slota 55 5] $2£Hi ) Coloring 5% (BUFRAE SCO HiZ)
& H AT S AF I IFAT SCC Bik, HRENS DRE B TR IS AL 3R R ARLEE JFAT LAUINER SCC HITH A%
HAEZ AT, Hatk & SCC ks &4 47 Tarjan 5%, N 7 IRUERT B 5K Inc-SCC L
REFR T, AL SCO FAE A SLIa i TR BE.

5.1 SCIOIfE

SCIGLE RHLIAEE N T, BN A EAE RN 8 GB, FHHEA—AEMN 3.3 GHz 1 Intel
Xeon E3-1230 v2 [ 4 AZACFE %, HIEAE RGN Linux, MM KN RA N 3.19.0-15-generic. 1E1% AL
H ik R Z AL 8 MNEFE. ZI R FE Ine-SCC LFVEFEH UURIEIE S CH++ 28, 18 FH 14 %
BEARAN g++ 4.9.2. SLEHER T 6 N R TR, XL AT LAYE SNAP P9 F3R1G. R 1 g
TAANER LI E B R WIS, A 1A%, SCC ML, ok SCC HETH S AU ok SCC
AR, R ERSE A EEE SR 10 A s 0 B AR TR R, AR SR 3 2
ML, CAVPAR AR 7 A 5 T 0 ik 2 /b BT 2 /D M RE. BT A7 0 3 i i 1 2
T (1) TIBAEAFGT 22 175 190 AT B A ARy s Bl (DR AR 7 35068 T I 220 A7 50 AR AT T3 12— o 5 xRk
ATAbER, BRAN T 20T LA FH B2 ) BERE PR30 TU A B5a o7 [ A AR ). Sz DAAH [ Ao A 2 X AN 1
BB A AT BEALIN B, 8 I 1 B 2 B R R A B3 Sl AN BRI ), RIS R
JOSF. AERL R SAN S50, AN S E Ae (RE IERAA P TH A 45 1. IR B, X T — 4180, #0037 T 30 Ik
(A, SRECL 3544
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% 2 WELHERESEEN 0.5% B, Inc-SCC EMITER RO E FF 44

Table 2 Time cost of each part in Inc-SCC when the ratio of changed edges of the entire graph snapshot is 0.5%

Dataset Preprocess (ms) Process (ms) LocalFBS (ms) LocalColoring (ms)
Soc-epinionsl 1.135 5.708 5.448 0.260
Email-euall 2.628 4.502 4.261 0.241
Web-stanford 2.628 4.502 4.261 0.241
Web-notredame 3.117 11.438 10.380 1.058
Web-Berstan 6.946 55.542 48.880 6.662
Wiki-Talk 19.199 68.166 64.032 3.134

#* 3 Inc-SCC HEXEEEEMMIELL
Table 3 Speedup of Inc-SCC over baseline

Dataset SCO (ms) Inc-SCC (ms) Speedup
Soc-epinionsl 46.746 5.708 8.190
Email-euall 28.100 4.502 6.242
Web-stanford 120.951 35.729 3.385
Web-notredame 51.147 11.438 4.472
Web-Berstan 160.622 55.542 2.897
Wiki-Talk 825.124 68.166 12.104

5.2 SCIGHERKROH

SE 1 WHR Ine-SCC H & EB 3 HIRF T T4, T Ine-SCC AL BRI A2 AT DL 5 2h 24T 11 1B A 8
8 5 Sk R A L T S DT 2 LN () TR, DRI AR SCAN 25 RS T A B 3ok 2 ) TR ) B9k R e ). K3 s
A 1) AR A B (3 = (0 RST R BN BB P B UE = 1 0.5%. R 2 JBoR T SLIR g R, B BoR, X
TS 5LKH 6 MARIMEIEE, 7 Inc-SCC SEFRHATHHH I ANI B, LocalFBS B BLif~F- ¥
K b BB 4TI 95% LA L, LocalColoring BBt A (5 B[R] FF8S F Al /N — 3840, SEEG 1 KB, 235
M) SCCs PN E I B 2 B T s 75 AR S AR T s J& T [l — A SCC, 7E LocalFBS [ Bt n] Bt 1x 4 5]
T, R4 B E TS ISRt )G, SR ICSas R. IX R & A 2 2RI SCCs
DRSS R A I 23T, SR H BT R )R R MR S R PR R AR R W S, BT BRI e

A 2 MWHR T 5EMERIEA L, Ine-SCC [MHERETRTT. ILSEIG RN I B RS BN o BB R
FINBUS RN 0.5%. £ 3 HER TSLIREER. R ER, TS 5LRM 6 MAFMEIEE, Inc-SCC
FEX B A A B R s iR . Horh, 7E3A W B Wiki-Talk HUk 2] T 12 fERE g, i
H, it 6 NMERERIE L BLE 2.9 500 . HSIGIGIE T Ine-SCC HISEA B BARM T4, @
Tk B BY TUAR B F X — SR, Tne-SCC BENS . 2 Ik /D> 20 A5 1) B AR A i A2 ) U AR T B, 4 0 5 e i
oy SR IS AT I A].

FESEEG 3 ) WREL T 4 ANEIAE [ BRI Inc-SCC TR RER T 5B R~ 55 &L &
KB e g gl 8o 7 ANEUE, 25008 0.05%, 0.1%, 0.25%, 0.5%, 1%, 2.5% 1 5%.
Bl 7 BT &R b Ine-SCC HIPERRIE T B A WG = 1 RSBk B, ol R, il E
BB BUS = LB N T 1 0.5% B, Ine-SCC I HEREFETH BES 4EFFAE MK P, (R, FifiE 8 5 R~
FIARWIIE K, Inc-SCC [THEREZENE T IF, & TRE. Inc-SCC HIMEREFETHBEAE 18 2 RSP AR L i R
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Figure 7 Performance curves of Inc-SCC when the ratio of changed edges of the entire graph is different on four different
datasets. (a) Email-EuAll; (b) Wiki-Talk; (c) Web-NotreDame; (d) Web-Stanford

BRIAnR: (1) 438 & 5 ES R LLF1E B — e FE R, SZ52m () SCC HIEE & T 1. Rt 375
FIPERESETHE BAT. (H2 Inc-SCC MITERESETHIIRBELERF/E 2.8 5 LA L. (2) i TR MR AL 14 hm,
SCC WM AR H TR AR, 52 i EEHE N LocalColoring BB, {15 1E AL FE H 1
Hlla e g n, BEAIE AR,

FATH BARREA SCC i LERUBRAEHEAT T 0, F8 AP 8 s, B I b M 2 B
K SCC H BITH AL 7 AN 1) B b BT R EEAA, VB ZROR Ine-SCC AH EEFEHE VL B bE. Sei6 45
REIR, R E T ARITEME R EIRSHEE R K SCC A 1 BT AL & A B o BT A7 B T i B 431
(g, TZEEE D, A Ine-SCC Bk 28I #BR IR BB R SCCs, LA/ TUA B ik
HEFR. G A ) B v i Bk SCC AT 10 BT s 2500 o A B v oA B T e R B )46 T 1, R4
AT ARSI e TH B /).

S 4 Mg RO & BRI BUR R EL By 1% I, A A 1B Wiki-Talk 1 Web-NotreDame ]
ST ERE, B 9 PRERIFROR SIS A W BESPR AR AL, SEER4E R IR Ine-SCC 7E Wiki-Talk
ERRIBONEGE, ££ Web-NotreDame EEIHIL 1 BB S). X2 FIAEALFE Web-NotreDame i,
Inc-SCC HILTE LocalFBS BB #k H 7GR /b & E T A, K= BT A EN LocalColoring BB, 5%
Wi [ Inc-SCC WIPEREARSEME. (H2, EIZEHEE L Inc-SCC P PERER THIIRILF] 4 £,

SEg 5 ARG R RE Ine-SCC AT 1. SRR E N 1 £ 8 4, E R HEIHEA
LHREREN 0.5%. 2K 10 1, 3 5K AR IEREIRTHAEE Tdeal, FE#E SCO Sy TNTHE
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Figure 8 Performance curves of Inc-SCC when the ratio of nodes in the largest SCC of the entire graph is different
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Figure 9 Performance curves of Inc-SCC with graphs continuing changing on two different datasets. (a) Web-NotreDame;
(b) Wiki-Talk
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bb, SR 5L Inc-SCC IR LL. Ik b s BEAE 2 LR FR I ARG T R RR I MERE S T, RN SEEG Ak
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Inc-SCC AJ LA T~ S e AT [ RS Bh 2548 4. I H BT ) B R IA 284 LU 91 0 5% I, AR T7 1%
AR I FA IR LLRTE 2.8 B 12 1, 28 [ B 2L LBy 0.5% I, AT kA 3L
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Figure 10 The scalability of Inc-SCC on six different datasets. (a) Email-EuAll; (b) Soc-Epinionsl; (c) Web-Berstan;
(d) Web-NotreDame; (e) Web-Stanford; (f) Wiki-Talk
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Abstract The strongly connected components (SCC) algorithm can contract a directed graph into a directed
acyclic graph and is widely used in directed graph analysis applications, such as reachability queries. A variety
of SCC algorithms for static directed graphs have been proposed but such algorithms require non-negligible
runtime overheads to repeatedly perform computations on an entire graph in response to the frequent changes
in the evolving directed graphs that are ubiquitous in the real world. In general, evolving directed graphs are
often evolving with minor changes (less than 5%). It allows us to compute SCC in an evolving directed graph
on the basis of incremental computations in order to reduce the response time. This paper proposes Inc-SCC,
an efficient incremental SCC algorithm for evolving directed graphs, reducing the data access and computation
overhead of the algorithm by eliminating unnecessary computations, and using the disjoint feature of SCC for
parallel processing to improve the performance of the SCC algorithm. We propose a heuristic optimization method
to further speed up the convergence of Inc-SCC. Experiments show that Inc-SCC can be used to enhance the
timeliness for evolving directed graphs. When the number of the changed edges of the entire directed graph is
5%, the speedup of Inc-SCC over the existing algorithm is from 2.8 to 12 times. When the number of the changed
edges of an entire directed graph is 0.5%, the speedup of Inc-SCC over the existing algorithm is from 2.9 to 12
times.

Keywords strongly connected components, evolving directed graph, incremental computation, convergence,
directed acyclic graph
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