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Abstract: Internet service providers employ routing protection algorithms to meet real-time, low-latency, and high-availability application
needs. However, existing routing protection algorithms have the following three problems. (1) The failure protection ratio is generally low
under the premise of not changing the traditional routing protocol forwarding mechanism. (2) The traditional routing protocol forwarding
mechanism should be changed to pursue a high failure protection ratio, which is difficult to deploy in practice. (3) The optimal next hop

and backup next hop cannot be utilized simultaneously, which causes poor network load balancing capability. For the three problems, this
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study proposes a routing protection algorithm based on the shortest path serialization graph, which does not need to change the forwarding
mechanism, supports incremental deployment and adopts both optimal next hop and backup next hop without routing loops, with a high
failure protection ratio. The proposed algorithm mainly includes the following two steps. (1) A sequence number for each node is
calculated, and the shortest path sequencing graph is generated. (2) The shortest path serialization graph is generated based on the node
sequence number and reverse order search rules, and the next hop set between node pairs is calculated according to the backup next hop
calculation rules. Tests on real and simulated network topologies show that the proposed scheme has significant advantages over other
routing protection schemes in the average number of backup next hops, failure protection ratio, and path stretch.

Key words: network failure; routing protection; shortest path serialization graph; failure protection ratio; path stretch

B TLEBCP 1 K R R AN 7K, FYE R ARSI E R SR, SR B SR T 28 V) R E MR O
ol 1) R, eI el TP R OV S g L IR A T, TR 4 R A LR T R A 2 I e R A I, A B
R DS 5 TCVALE 150 ms P 58 OISR, XE LA A2 SEis B B 1P i . IREEAER A S SRR AR MU AL
AT BB 388 5 5 5% 0 2 UAT ST 1) ) 45 20 75 5K . Akamad (09— IU09F 7 VB A2 41 HH 13t i 8K B ) 43 ZE 3R 100 ms g4 5
Y BURIR T B 1535 815 AR 0 m] 28 ZAEIR 20 51/N T 150 ms AT 80 ms. [RIIH, 24 2% e (7 IR, 550
B RN XA, ELBC IR 55 3R 457 (Internet service provider, ISP) H Jov2: bt I A U5 Y IR 55 J52 &, 398 s W) HL s 2%
et H 5 AT R 51 ™ F IR S A, a2 R TR g% e 2 SO0 I 3 DX LR B OV R ) B R IR b, 45 LI I AT
AR B FIZBrR R, S T 5+ 5 BRI TR (AT AL, H & SEUN A4 gaa rhir. DR, $2 sl oy i e ) i B
T TR A Ji A AR e 1 ) D B A} 2 ) L

SR TR T T2 87 % B R AP S5 SR et ) 4% o i A . SR T, ) R R OR AP SRR T I 11 2 2
PR ALFE: 12, BT ) J2 100 R i e ik 52 RV T A R i el B S BT U S 5E R A R IR e R ST, T AE %% EH
BORSOE R, AR SO 25 5. LR, BT 25080 2 1 P % FR OR3P 500 T8 8 2 TOU0 U B0 HH 19 0T 2 TR PR 4%
2, T WSSO 2 Hh R R o 8 47 I A0 e S W 52 T RO R 5. 24 88 E ISR S U, TEBT B4R 40 TR BB
B R AR B, — SeRE T B 2 1 A B AR S, I Not-Vial'”, Be# i (segment routing, SR)!', £ 1 & #%
(multiple routing configurations, MRC)!'"”), #4747 % t (failure carrying packet, FCP)!"*), 2y T 35 22 & % b m] FH 1
) B B, A R BT S A I B X L 1 B AR A R SO A k7 SR 3G A4 R 2 ML K 58
WSCHIIE R, X TR NN T RN 28 TT4, 5 B0 H AR ST 2 o 0 28 v g o R e U1,

ASCH BT TRV E BT AR BEAETE Y 3R e B BAR STk .

(1) 4t 5 J % 4% 1F Ak P U OVEE B E AR 5 T B SR BR A, BRAVT R KRt T T RFR R IRTF IR A #%
BT — BRI E RN BT e, FRATT R T AT T AR B AR S B IR P B B R AP R SR RETE R K
ST, e R IR A B AL — B A& 4 N — Bk, BLA R0k T % B ER R Y .

(2) AR SCHE H A BLVE TG e A 2 B 2 A A A % Bl B S B O 2, BRI S B TR A, (3R T SEBRA . ik
Ab, ZEET TR AT E R FINC L. B R ST 8% f 7% o 72 i@ B T, % PR 2R TR BN R S, &5 R0k
H R BT B 2 T — BT A, J0 R S b BRI, AT R KR i 7 R SC IR 3% IR 3R

(3) TAE K & B SRR P 4SO H AT T PERE TN, SRIe 45 R M, i HIETE P& T~ —
BhEa . MR IR B AR AR B A 2 A G PR AR 3R I AR R P e

AT 1A BB R O TAE. 55 2 TR SRR ) . 55 3 SRR M i R IR AR R A AL R i
VRS A TR EVEANT . B S T ARSI S HARSRE AT SIS XT LY, HEa b SRR aE R, R, B 6 T A ST
M SRE.

1 EEERRIPEXIME

e He J2 T PR % e OR3P0 3% B AT DAy 9k T B B e SRS AN A T IR R SR PR, BT IR b
SRS P 6 o0 DR S0 B 5 T RN T 782 A e e DAL 8 S 7 30 — B0, A 75 AN B B B AL R B B
SR, B ARIZ B T SHENS F) % ph DR 3 SR K e R 0 3R BRI AA M) e S LR 5 BRSO e 5, IR e 7
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TIP3 1 X 2 .

T B Bk R R 10 B R AR AP Sk R B IES 2 52 % B (equal cost multiple paths, ECMP), loop free
alternates (LFA)!""""), MARA-MA 1 MARA-SPEP", ECMP 2\ 7 fi% 5 5% I 1) — b 1 540 P 8 o R 9P 025, T TR T 94
1/ OSPF 1 IS-IS Pl 8 ScHF ECMP, H/& ECMP ()b {4 S (K P, £1% ECMP #ebs (R4 S8 1 o i, 5] b
H M TS5 4H (Internet engineering task force, IRTF) & Aji 1 BRis 5 1% fH AUAE LY, FEZHEZL 3Ll 3 B T B3R
#%E% HH (loop-free alternates, LFA). LFA BLHEHE % {R37 21 (link protection condition, LFC). .45 55 R & (node
protection condition, NPC) Al R JiF L0 (downstream criterion, DC). DC #&—Fh £ S (K TE IR BN, F) 12300 115
1A LUE R B RS B Al 58T 40 E 5 s AR T T s BIE H T AR N — Bk mAR DC R AR
By, AHE DC (bR 4K IH LL B AIk. MARA-MA. MARA-SPE il RPP-MTMAX! 5] LLjf— 3542 & DC #
T ) B R AP 2. X 3 5 VAR d i M DA B Rk 9 AR A 1] TEBA R YR T s B H B s & —
Bk, MARA-MA Gl KA S/ Ny H PR K& A 17 JEH &, MARA-SPE £ MARA-MA &7l EAIA T4 [ B3
P DA 2B 45 DA B R AR 1 B R B A5 1) BR 1l 45 1. RPP-MTMAX Phtpe KA 5 s 5 2 18] 22 /D 3 — AN 40~ — Bk
(7 RN B H AR S A 1 e KL BT A A S, ECMP. DC. MARA-MA. MARA-SPE il RPP-
MTMAX AJf _E#E DA H BRI E T —AM e &, BN —AN 440 T — Bk Bk B ok S22tk #RT, iX FEEE
AT DARAE R R B A2 T IR B SUPT DA H S 24 3840 T — Bk, (ER IR B 5 v 35 FR T LA H BSR4 5505 2 AT ) 1
)T oK R, T 2 10 0 2 ) B R AR 7 R R

BT R IR BRI R SR WS [ 26 1R PR 4P 509 32 B Not-Via. SRy MRC Fl FCP. Not-Via 5% {# FIFFpk itk Not-
Via 27 Tt B 0 4 H (Rl DT 8 2 A 4t SRR 1 Hh A 2050 T 2 B, 44 ik S 2 A R vl B B B, A S
Vo 22 e d e URF IR SRS, R 5 R BIE3E 1 15 A, 55 TR W AR SO 3, I BRI R B AR R
RAZARIC. HT SR % B AR SRS 4% BB AR 20 8 T — N — NI/ N B, SR ik 8 B R R 2% &5 k43 Tie Segment
Routing ID, J#id %} iX & Segment Routing ID #4177 FIHEF, Bt AT LAAZ B — 2% 58 B0 3% #6542, MRC i i 5048 W)
25 RS AR TF B 2 AN EC B I, X AN [ T T DA ot IR 8% b L R A () B DT 7 2 v B b T
H Y, 152 MRC #E AR, FCP k%O LB U0 T« B S 3R SCHE i e Ik 72 HR s 31 1) B A7 21 3k 388, SRR AR
P12 S FBAE 2T T W 4 P D S, o 5 ) PR PR DX 4 D S M T ST PR SR R BR A, FCP AT LUJRE X [94 2% H 18l e 1]
R, AR AZ T VA TR B U I B P, B M AR OR. IR B i A o LI S T R P U e e L, R
AG DR ST Sk RS 42 ) - B, TR S B B K

2 LR BY N o) & ik

FEATT TR, T THs ) 8 00 5 55 TR A0 i) R . Dy 1 O (S BRAR AR ST s P A S e BRAN S, R 1 A T —
LERF S e AR I L

£ Y

%5 B s B
G =(V.E,W) o £ £ 1 len(priority_queue(Q)) B QO KK
routerID (v) 54 v BRI H1 9 1D ps(La) TR MIEFRR
<uyv> HI 20w FR I v i rs(La) FRN R R R
) R w5 Y Z UL x.sequence A x B
backn(a,d)  YiA a B 4 WG T RS hopig) (v) SN v PR BT AR
G, H bt A d KR R AE IE P40 1 R(G)) ORI G, I R R
Gy HHGHAE g d f B A2 PR AL ) P(a,b)=0 14 a, b Z AT A0

2.1 MgIER
W AR LU RN — AN RZEEE G = (VE,W), 7E G A V RIBEE LS (75 £4, H E R
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B A 2 MIEERE () SE6, W RN RN ES, RITTLLER ., WM EERE YRMAN T, 68X
I, A PRI BOE R /) 1 B 5 e 40 S v R I S 2, R A A gty e I, AT 1) B0 A it B e ARG S s A o
. W THRAINEFMTRET S veV, ArouterlD(v) RnT5 5 v FIEE S 1D, B 28 1D 8/, HAR L&,
nei (v) R T & v FIARE T MR A W uenei(v), (u,v) FaRTim u 558 v Z IR, <uv>ERTEu
e Ay MBI, T, ¥8 UL 75 8 d AR BIR M B B AR, 1 0 @ BT A d M BCE AR T R EE 1 AN A
W a B d R B S (RIET ). backn(a,d) FRF 5 a BN H d AR T —BHES. T AKF
SORARE S AN AT S m T, L BB s d PS8 0, R T B B SRS 0N 0 LA, HRT SIS
HIEHEAE 1~V -1 Z 8.

TEFRINE R, R AT AT RS, M TAAERE R RPN S x My, R x P55 KT y 55, W
B A xRy 2R RRNT AIEFRR, K2, W x BFSNT y BFS, WHET & x My Z [\R< RN
T RRFRZ. W RIET R EMT BURT R ZHHN T ST HIRFR. B SUEH, R x Ay ZHFFEEFRER,
WIS A5 o AT DAL R4 y A2 LS B3R, AR, A SR AT i x R0y Z IR & TR &R, WY B x A—Eaf
CAEAR I 4y, TR IRRERG SO VT e 23 H LK B A 2.

EX 1. BEHRAEIEFE. AERINE G = (V.E,W) TR 5 E B A T, , HR4E T S0 B0 A RN
TR N THEENRueV, R <uv>¢T,, venei(u) I BT R u FIHT S v il IEFR R, WKL < uv > A
B T, L KR R R T O IE MR B EF LB RS RRA G, = (VE,W), RIENG,.

EX 2. mEBmET I E. e REBTREFLE G, W THERT RueV, W <u,yv>¢ G, veneiw), T
Mou FT R v IR RITRA, 3 A B 2 AFE RF RN, WAL < u,v > AR G, . ¥4 B F oy kit
PR B B AR P S, ARS8 A Gy = (VE, W), fIE RN G.

ASCHGAESE 3.1 TANEE 3.2 54 B AR AN R TR R R DL b SCRT A, e B R T,
72 G, T4, RN R G T, G, =G NT5, =& ZHNKRLERN:

T,2G, T,CG),G,CG) %))

EX 3. &0 F—Bkil 5. 76 G, f G 1, W TR s ueV, veneiw) BB v AR S uBIHK 1
AT — Bk, R <u,v>eG, BHE <u,v>e G’ BOL, WAT v ATUAEAN A u B HK d B & 5T — Bk, B
backn(u,d) = {v} .

TR TR B S R AR R T X, B H I RO d RS L(a) Rom 11 AN A 14 SRR
¥, 1 BB ARREE IR (AN, B 1(b) A& Z 3 B BLI) I 1) 5 R ER A, B 1(c) 12k B S IO 1) e i B 4%
EFAGE, B 1(d) 2RI B R B2 L. 58 d P58 0, 155 b BT 58 1, S5 4 b, HARE
R A BT b/, WIS 5 b FIT 8 d Z IR AT AR R &R HARSR T 55 ¢ BT S HE b K, AT A5 b RIS ¢
ZIEMIBT BURF R R, T e R AL IRARE S S, R 1(b) T e AR A B H 1 d IR T Bk, £ 1(0)
H < fe>e G, IRAEAA N —BREFERIN AT 21797 5 e v LMEART S B E 1 d 440 T~ —Bk, B0: backn (f,d) = {e} .
[FIHE, 7 5 & R R HOAARJE T 05, 7E ] 1(b) T £k AT BIE I d st F—Bk, ZEE 1d) F < jk>e Gy,
KL AT S 3 backn (j,d) = (k) . WKL 1T AT, S A2 7 SIAL I Gy e e s A2 IR P AL I G, o 2 B i) 142
SR B3, L AN A BT 1D S i) 10 0 T LIS 5 L) 321, 32 TR Ay B oK G, e B ) a8 e R L),
SR RE R (I FE PR T B 2 PG F R R LL A I 1(d) H, T K S o A e 22 TR B A O XU RT3, XN
S a—e— foc—ob—a MR, KU SOR B S A0 /4 36E i B4R IE P, 50 B 4 R B4R I,
YW IAT AR P44 — BT SR U 40 ) B A A I R PR
2.2 [ElEfEIR

RSB ) AT DA IR N 2 e MR INE G = (V,E, W) Fl s ol B S B AR 0 T, , Joe] i) 34 o i B A5 P 41
AT, AT 45 090 268 0 41 o 3 ST (0 280 — BB B oL, RIS/ MG TG0 R — Bk 077 A B, 12 i n] LA
RN N— NI RIS (linear programming model, LPM), BJJ:
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856 2005
@j—l 295
366

@ 639
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902

1176 548
587
846 260

233 700
0y

(a) MZHi4h G (b) J IS B 7, (o) B R IEF LA G, (d) SR FF AL Gy
Bl WRIGh SIA A o 4% 1 e P B AR S A2 e 51U

max hopr"]/‘ (d) 2)
min len(priority_queue(Q)) 3)
s.t.
VG # @ € Undirected connected graph(UCG) (@]
asn={y| <x,y>eT,yel[V-L;,we L} 5)
len(L)=N(V)
L, U{node} (6)
len(Ly)~0  node€T(asn)

ps(x,y) ={x,y € L, Ny.sequence < x.sequence} (@)
rs(x,y) ={x,y € Ly A x.sequence < y.sequence} ®)
G, =T+ ps(Ly) ©)
single jump = single jump U{Ibackn(x, d)| =1} (10)

xev
Gy =G+R(G) an

T RBATEAMRR % LPM 8, Hd A ) AR 3) 2 BirRi, AKX Q) # < |V ERETAKT v
RERZ G, B G T TE S AR I — B s s s . R, s R G A N — Bk SR 5EBA S O 1
KERN (A (3). 230 @)-A (11) 2ARKM. A0 @) HHHIE G 2 AT EBE (UCC) I — 7
B, AR (5) AR (6) & FSCHEANAN A 2 R R AU SRR, XA AT L, 2 IR T, 11
R O T S SE A, RS R, YRR L, = {d). [V - L) RIEVWEESHEES L FRAR

TR BINE S, 230 (6) PR AR RO B £ S, Z R % kM RT LS

len(Lg)—|V| node€'(asn)
Y(asn) FHIT A, SMZ Z RERMES L, NWEES FINT A, BRI RS S Ly, B L,
len(Lg)—0

I P8 25 T B AT B, O TR TR AN, # s AT BB D5, 30 (7) A (8) 27 P41k
B, AEIEFRAT, T alx FIFS (sequence) KT y MIF S, FERFFRRPI Ry HFS KT x WRHFS. A
) Forida R PR 23K (10) Z2FHKE G P RAFRIT BRI E x, AR EAIRIKBIEE single_jump
t, single_jump &% A VTR A (1) FoRB A B R AL AR P SILEL
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3 MEREBREFIICENGE

N TR AL I B R AT AL R AR Y 3 AN R,

IR 1 ERANE G LA R R ) R R AR T, IR b AR SR RS A RUR TR S, G AR
fRIE L.

YR 2 A PR A _E, AR SR 1 3R A A fo R AT P AL R

AUR 3. I e A B R AR PR AL, R0 R — B SR T ST R & 6 R — Bk

FEATT A, SRATTHG 70730 S 43K 1o B LIS A I PP P R 3 i L B A 31 PR T 5 X B R SR B 7 L.
3.1 MEREREFERLE

RN 4. AR A R IR R T, 5 M oy € V, MV - L) S5 Ao B 005 20 ¢ i 22
REFERAT ik A W

asn={y| <y,x>eT,yelV-L;l,xeL,} 12)

FEVH SRR AR IE P AL I B, F 2560 B G P 41648 247 11 (alternative search nodes, asn), %4 1%64%
R RN L B INHT A AR 2) P, W x b ES L P, WEy E([V-LIEA,
EATAL BRI R AE S ) BT ER AR b, AT Ry [V = L) MBI L, 8 vh, SRR ml gt i # e 48 &
R, ENHR R E SR &I R SRS Yasn) .

EX 5. RUEFHI. 1R Yasn) FAE—NW A n 5 L, BEMEDEET 2, MM HES T,
U SRAFAE AL BOM R BT L, PR 4% ID B/ sUMA B 4R & s B0, 92 5 L, ML HR
(5T U\ 2 B2, A7 FE AR BOM 5] 10745 2, Uit % 8% eh 24 1D B S5/ 795 R0 ON Bt 2R .

SR 1 RAIR T A R AR IE A R R SE R N O I 8 SR AN A G A H BT d, SRR O R
RERARIEFALIE G, . 8 H TS 5 d KI5 BN 0, WIG64L L, 79 d, FiE LA H 5 55 d R S i) SR A2 iy (58
1-347). FHGRIEIALRE, FERE— R AR 8 e 48 255 AT s B 5 — N sy IO L, , IR HE
Ry F S (B 5-1117). TR R xe VI{d), IRy € nei(x) I H 7 x M5 50y il R IEFF R R, WKL
<xy> MAEIT, (55 12-18 17). SR FIF A H A7 IE AL G (58 19 17).

&% 1. SPPOD.

WIN: G=(VE), HifHuhta;
fth: G, .

1.d.sequence < 0

2. L, ={d}

3. Compute T,

4. i1

5. While i <|V|-1do

6. ans—{yeV\L,V(x,y)eT,x€ Ly}
7. selectanodey € ans
8. y.sequence « i

9. Ly« L,U{y}

10. ie—i+l

11. EndWhile

12. Foreach x e V\{d} do
13.  Foreach y € nei do
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14. If y.sequence < x.sequence then
15. G, —T,U<xy>

16. EndIf

17. EndFor

18. EndFor

19. Return G

IR MR U TR E S AR IE A BRI AR, 1] 2(a) s 6 AN KON 8 S5 R Z8 SR S5 4. 1] 2(b)
FEZIA NS SL S 1A B LR AR AR AT T, . TP IRKE T 51 d I B SR & Ly vh, HRTT R [a,b, ¢, s,e] TE [V - L] £
“rrf 2K 2(b) H, 5 d AE BAE R A RELHAEN T, LR AR a, e, WTAT R g, e R 5E X 4 PSR RT
m, EATALR IS G S R RS Y(asn) . IRAETT FOEFHN TR, a, e SES L, HIERTLEELN 1,
T a BIER A ID /N T R e BOBR B 4% ID, SO $9 51 o, IR A RS S L, P (L, = [d.a] ). X FFE
BN, RPN IEL R e, b, EATHURAE R M RAHAEN T, L H S5%th & E L, A%, £RGH G 1, e S
W Ly MEPIZKIL, b 5 L, HE— 2634, IRYETT mUE SR J, F B3 e A SR HEA L, F. K
RS, IR RIS L, = [d.a.e,b,c,s] . RIGFMHLES L, PIOATT GBI, 4575 R T RN 5, 7715
A G MR R AR IE PR G W&l 3 Bs.

ﬁ? (—(
dﬁy (D)

(a) iiadhdh G (b) ¥4 G IR AR T B T,
K2 JRERR G 5k R RER AN T,

<2>
<s>

<3> <1>

K3 REBREEFHEG,
R LR R PR G WIAR B NPT, TR dF TR0, TR a F SR 1, TR b 7S
R, cHFES N4 W s FES RS, A e MFES N2, W {d:0,a:1,b:3,c:4,5:5,e:2}.
3.2 MEREREFIIE
N TR ZR N, FUE B A R — BRI T B 0 B AR AN S H B E R
1 KPR RG) . 4R EIEFILEG,, TR a M8 b EARERR, <ba>eG,
<a,b>¢G,, % a1 b ZAMZESCHEA LS, W (1) P(b,a) =0, (2) P(a,a) =0, (3) P(b,d) = 1 [RII &L, T

<0>
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KB & A TR IMCE 6 3R N 3 G R Bk 687

A UL a R b 2 8] 1348 SR BRI, ROSCHE R R I FE A2 LS B3R %, B << a,b > G 5 I ARER a
b Z (BB SO AL, Fodt P(b,a) = 0 "W IR AE & < ba > Z [HAERAMEN T, WR b MR a2
[E)ANAEAE HAR AT Pla,a) = 0 IR 1 a MEAEHARBRARZNIE B &5 P(b,d) = 1 TR A0 b T d Z IR
fih #6545

UE B SRR RUEVEIE B 1 (1), AEIEFE RN 20 b 2075 5 a MR, iREE G, PAHAE—FM b
F g A, IREEIR IR AT LA B 3 AT A e Flik a, b > c—a, b B a WAEMN 1, RN PB,a)=1. T
Tl a 0 b Z MBS BUa) 2, WIEARIR AT LA a 203k b, Bl b — ¢ — a — b, XFEEIH 4 7= R IR K.

S JE A ROIEVZAIE B 2644 (2), W3R o F0 b Z I BB SRR, 5 & a FA7E— 23 3 B ER 2, WIERE
WM a BNIE b, IXFEE g 27 A 3 i

BIFUEWY P(b,d) = 1, IR a F b Z AR AL, W75 A o — &Rl AR — 26 205k B 1) d MJEH
1. 5N o AN b Z R X e)32, TS A a AT LUK ORI AL R 45 b, IRAE S (1) A4 (2) F1 P(b,d) = 1 AT,
T Pla,d) = 1. 5 LFTIR, 12 e BT

M 3 BT LUE H, BR R 8 a 200K B R 5 d BE S0 R —BRLAAE, AT S &4 — Bk R
I RFAEZEINT A a EEAMD T —Bk W a M0 BAERR, <ba>eG,, <a,b>¢G,, MEK a
A b Z A B RURA, T P(a,a) =1, B a 1 b Z [AIFAARREAE SCARUAL, B < a,b >¢ G 19 5 a A1 R
e HENMERR, <e,a>e G, <a,e>¢ G, Ple,d) =1, W a Fl e Z[BIMESCHAIL, Ple,a)=0, Pla,a)=0,
HRAE R EF AT, a R e Z [ AT BB R 2, B < a,e >e G B 4 NIRAHIREBREFIE G, . &
Uk, PEIZ AR IR, LAY 8 d VR B 7 SO, BT s R ar UV S R — k.

<> H i
e 0,
RO

<3> <I>

4 BEBRARFF LA G (a, e Z 1AL EAR A3

<0>

EIR 2. FEMHA T, W TAERT A ue V, W S u RS0 T — Bt FAUUE B 2A B ik %
B Rk, W A w B H B R d AR A 2 L FRER K.

R EM IR, S TAER T R ue V, TR u tTEN &0 T —Bea Wi (1) Frg 3 s miE&n ~—
B 2 BT R R 2) WA RS N —Bkil B 1EF X R POR &R, R TH 4304 P R G R IE B % e 2.

THBL (1): WA 9 s T — Bl 2 EF R R, W0 R —BkEE B 10575 8sR N, Bt K ik
B B R .

TEBL (2): WRFTE T AMEEN N —BHE R EFRRARTRR, HIEN () A, U oFHZREZEFXA
I, R BN 2 LB PR, 4 S 2 AR T R RN, ARYR e B 1 v K, 5 R IR A DA 2 L% B3R .

RYEEHL (1) BB (2) AT A, 125 BT,

4 B &%

Fe B A2y A1 A B 3PS i e ORGP SE B 3 AN B, BT )2 LS-NETDeg 534 StL-NETDeg 41
#:H1 Reduce-NodPri 5%, 1X 3 MEERIAZ QBB AT : (1) B 5%, MG R EF L, AR ML b 1T
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i 7120 56 4% B v R A, AR e A R S v B R A AR R BRI 3 AN B ) 32 BE X A T3k T AR
SE LR BAF T R R A B AS ().
4.1 LtS-NETDeg &%

SRV 2 B T W AL w AN Ry Z AR AR IR B AR (M T VA,

H3K 2. is existingpath(u,v,G) .

. flag « true
EnQueue(Q,u)
. While flag do
tempnode «— ExtractMin(Q)
Foreach ¢ € nei(tempnode) do
If t.sequence < tempnode.sequence or isBidirectional(t,tempnode) then
If t ==v then
flag « false
break
10. EndIf
EnQueue(Q,1)
12. EndIf
13. EndFor
14.  If isEmpty(Q) then
15. flag < false
16. break
17.  EndIf
18. EndWhile
19.If t ==v then
20. return true
21. else
22.  return false
23. EndIf

O T N R O

—_—
—_—

LtS-NETDeg (5% 3) BN N RN EER G, Fr NS S &0 T —BEA FEN G5 LIS-NETDeg 2
A, 648 2 AR 1 AR, B3 permutation(V) /225 B G AT S 05 I REL, T@ER T SURFI T8
R TR S, K e AR N B 5 i B 51 b, S0P AR RGeS R RS, s i T AU
75 (sequence), {175 /5 2 [RIRI BT R B R BREL ExtractMin(Q) HIAFFIREIN A, 158 B RE B A 43 B /N 5 0
HBA, W R 22 AN RO I 1 B AR (R ZSORR [R), JU B% EH 2 ID fe /NI s BA B, B3 s existingpath(u, v, G)
JNTEE G R Se i S t BA B St SET 4R 79T 55w BT 5y Z (R RTIA B4R, WiiR o 2 AR AT IS B4R, TR B
true, 73 IR 7] false. 8% is_existingpath(u, v, G)(BIE 2) iR THHES A o A5 5 v Z A& BAAE LA
2. W45 EAL flag WA true, B —NSEESE RS O, SR JEFIH iR 4L EnQueue(Q, u) ¥ IETT 5 u IIABAF
(B2 81, 217). 4 flag NERS, $AT T H TG EAE. M GEE E B AT R 2 1 Mo sk, HIWES
tempnode (5035 2 55 4 4T). W1 tempnode [WARJE T 5 ¢, WHRAT ¢ 075 /T tempnode 5 5 )T 5 8E EA112
i) P 3202 )20, U5 R ¢ INNBAB O o, (B SR 3 g ) 909 05 ¢ 215 R v, UK. flag BN false, Bk HEIR
(B2 2 88 5-13 4T). W PAFI O =, WIHGRA Y i w RIS p v Z (W A I B AR, ¥4 flag oA false, ELHEBEH 1A
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(B 2 38 14-1717). AR DG, W57 s ¢ 27 sl v, WER AL true, 15 WHR ] false (L% 2 28 19-22 17).

L

3% 3. LtS-NETDeg.

¥iN: G=(V,E), Byl d;

]

e backn(u,d),u € V\{d} .

1.

permutation(V)

2. Foreach u € V\{d} do

3.
4
5.
6
7.
8.

Foreach v € nei(u) do
If v.sequence < u.sequence then
backn(u,d) < backn(u,d) U {v}
EndIf
EndFor
EndFor

9. single _jump « @

10

11.

. Foreach v e V\{d} do
If ||backn(v,d)||==1 then
single jump « single jump U {v}
EndIf
. EndFor
. Foreach v € single_jump do
EnQueue(Q,(v,1/deg(v), routerI D(v)))
. EndFor
.Gl<G
. While isnotEmpty(Q) do
u «— ExtractMin(Q)
Foreach v € nei(u) do
If v # bestn(u,d) then
If not is_existingpath(v,v,G1) then
If not is_existingpath(u,v,G1) then
continue
else
G2 <Gl
change_edge(u,v,G2)
If is existingpath(v,d,G2) then
backn(u,d) « backn(u,d) U {v}
Gl « G2
EndIf
EndIf
EndIf
EndIf
EndFor
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37. EndWhile
38. return backn(u,d),u € V\{d}

RTHCKE PRAD A28 LtS-NETDeg 535, 1% 5052 5 1H 5 409 S0k 1 R Ak, X T W45 R gk 25 B 871 25 d LLAMEY
FAAT =5 81, B9 3 58 1 AT R permutation(V) BT SRS . W FZ 1 S B4R JE 1 S 0055 /N %70 s
F75, WZAR T s a] DR s 20 H BT s 0 ~ — Bk (B9E 3 38 2-8 1T). MBI & single_jump, 1§ RH
AT —Bh T AR R IR B (B 3 5 9-14 47). 4t single jump T AN BIRSEHZENF] O h, BAFIH
FOTC R AL TG s 7 A B A R R Y A 8 2% 1D (B3 3 55 16 47). A T REEMA JEUR M 4 3 Ph S H, K B G
TRAFEIE G1 . TR —MEH SRR, MRS R4 BAI 2. UBABIA 2= i), R R 3L ExtractMin(Q) L
HBABI B EE 1 AN A w87 A0 RS A v, G0 SRAZ AR B T s AR A w BT A J B0 Tk, W4k 8 R T
MTHEL anBRATETY S u BH H OB A Ik AR, R 5 v A BA AR R A w R AR, kIS i R AE A 4k
SR 7 AR E T A (R 3 5 23-254T), ™, 4k TR KB G RFRIE G2 H, T s u AT s v 2
) A AE SR )3, G SRAE B G2 AR5 v BIIA B 1975 5 d A ATIA AR, WIAT A v T DAME Y A u B8 B A
Hod BT T Bk, % G2 WUESS Gl (B 3 55 27-31 17). SRR MR G (5% 3 5 38 47).

4.2 StL-NETDeg &%

StL-NETDeg 1% 5 LtS-NETDeg HIEANEE 11 AT AR, AR Se BRI At (140 2 9 s IR B2, T AN 2719 AU BE R 12,
B4 BT SR MNEI AR R H BRI,

4.3 Reduce-NodPri &H%

5% 4§18 T Reduce-NodPri H LRI 0B 4). 5% Reduce-NodPri 5 5% LtS-NETDeg [ K33 $ATid 2
SEMF, AN E 3 Z XA, W1k pre 29 B BT 55 d, pre 1036 2450 HBABI0T 55 (B9 4 58 19 17). 78
PATIEHA HE R, A FEA T S S DU, A% T 55T pre 7 81, WIBRARAZ T s A0S0 4., 1 FLAR S 2 1 3
I 1 (B BAS AR S BB AR AR Se 2 imn, BT LABE N 1 BB s AL SR G FAIR), S FE vT LA 1E HH AR )
TR S BT B (% 4 5 22, 23 47). IR AT S R I T 00 R BT 5 Uk, Bk AR IR (L 4 5 24—
26 1T). BHXIEI L FR RN pre B3 200 HBA SIS 5w (L% 4 58 44 47).

&% 4. Reduce-NodPri.

¥iN: G=(V,E), Byl d;
Wil backn(u,d),u € V\{d}.

1. permutation(V)

2. Foreach u e V\{d} do

3 Foreach v € nei(u) do

4 If v.sequence < u.sequence then
5. backn(u,d) <« backn(u,d) U {v}
6 EndIf

7 EndFor

8. single_jump «— @

9. EndFor

10. Foreach v € V\{d} do

11.  If ||backn(v,d)||==1 then

12. single jump « single jump U {v}
13.  EndIf
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14. EndFor

15. Foreach v € single jump do

44,

EnQueue(Q,(v,1/deg(v), routerI D(v)))

. EndFor
.Gl«G
. pre —d
. While isnotEmpty(Q) do

u «— ExtractMin(Q)
If u == prethen
EnQueue(Q,(u,1/deg(v)+ 1, routerI D(v)))
If visited(u) > 5 then
break
EndIf
EndIf
If v # bestn(u,d) then
Foreach v € nei(u) do
If not is_existingpath(v,v,G1) then
If not is_existingpath(u,v,G1) then
continue
else
G2 <Gl
change edge(u,v,G2)
If is_existingpath(v,d,G2) then
backn(u,d) « backn(u,d) U {v}
Gl < G2
EndIf
EndIf
EndIf
EndFor
EndIf

pre —u

45. EndWhile
46. return backn(u,d),u € V\{d}

4.4 EHETHE

FIE 3. 55 LtS-NETDeg I StL-NETDeg F i 7] 5 4% & Jy:

O((IVI= DIg|E| +|V]) + O(V| +1g|V]) + O(min(|V| - 1,1g|V]) x 1g|V])
IE A R ATE R R A T — BT S e L BA 2 O, M7k LtS-NETDeg Ml StL-NETDeg I [X Al &5
HBNF O HAFRUNT s A S R RS — 5, 02 3 BRTT 5 B AR S S g, w38 2 4 R AR UK B/ Nk A7 315,
JE SR A R B N B G AT T B, R e AT RIR M B 4 — . A3 (13) 58 | TFRR MG i i B 12 IE AL
IR 0] 53 2 B2, LR Z AP A MR, 28 1 380 R AR A R B AR o, BB 2 WA AT AR TF 5, B2 W
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TR ARBUR I R A S LN — B A0 5T R I ) B2 2% s 5 3 P A A 23 R AT min([V] - 1,1g|V]) TR R EL
argmin (len(q)) » %R EUE TR et 2 Bk 42, Hm R R 200 1g | EIO(V +|E) . BRI, SR 8] 2 N

hopfé”]m(u):l

O((IVI= DIglEl+|V]) + O(IV] +1g|V]) + O(min(|V| - 1,1g [V]) X 1g|V]).
EIE 4. H3% Reduce-NodPri HII 8] 55 24 Ry:
O((VI- DIGIE|+|V]) + O(V] +1g|V]) + O(min(|V| - 1,(1g V| + max(hopy " (v) = 1,- X 5))) 1g|V]) (14)
E A 7% Reduce-NodPri 5 2 H AN S K DX 0 26 T80 17 U1 55 20 AR 1 s DA 2P 20 I 3 77 s ik Ay R, 2
A (14) 523 (13) BXHIAE T 3 30 A~ 48 7038 P X8, min(V]-1,(g|V]|+max(hopiy " (v) = 1,-x5)))
(Ig|V]+max(hopig " (v) = 1,-x5)) F/~ i Ji 1g|V| (R EUN B34 G o A AR T —BE 17 a5k i ik
A PR S RS, -x 5 AR (hopih ™ (v) = 1)x 5, BT 5 v BT 5 UK. R, SV A0 I ) 52 2% )y
O((IVI= DIIE|+[V]) + O(VI +1g|V]) + O(min(|V| - 1, (g [V|+ max(hopi(v) = 1,-x5)) Ig|V]).

5 KRR

A% B 80925 LtS-NETDeg. StL-NETDeg. Reduce-NodPri. DC. MARA-SPE #1 RPP-MTMAX 7EF3) %%
B R —BE . SRR SR AN AT R A X 3 AR AR 5 T T Re.
5.1 MEIRTH

N T ARIE S5 B v B P R T S, A SCRFH Rockerfuel P& (1 BUSE AR 0 PR Brite VA4 sl (BRI $h 475
3. Horp Rockerfuel Ml & 1 B SEFR AL 17 A, AT S8R TS Dy [11, 136], FERR B VS [21, 177],
RS HunZ 2 Bz, Brite U4 1IS 5003 3 B,

% 2 Rockerfuel #ll & F E 3L # 3 Brite thiMEHRH SR E
Rt AT R B Ko ZH wE
Agis 16 21 R AR AR Waxman
Ans 17 24 A A %t 2%
Ames 31 43 SRR 5 58 1%
Arpanet19719 18 22 P o S K 501000
Arpanet19723 24 27 alpha 0.15
Arpanet19728 29 32 beta 0.2
Atmnet 21 22 W 5P R 212
AtMpls 25 36 e 10-1024
Belnet2004 18 34
NILATA 11 23
Renater2010 38 51
TataNld 136 177
TORONTO 25 55
USLD 28 45
VtlWavenet2008 88 92
Sunet 24 30
SwitchL3 30 51

5.2 WNIERR
521 PEHEG N BEE

Bl 5(a) FHE 5(b) FoRAN A EEAE LA P (1 SE 25 5. T LU H, fEFTA L SEHi b, LtS-NETDeg. StL-
NETDeg F Reduce-NodPri HIPEFERIE T DC. MARA-SPE Al RPP-MTMAX HITERE. EARS U, 7E Agis. Ans.
SwitchL3. TataNld Al USLD #i4hH1, StL-NETDeg 1% GEB& AT Reduce-NodPri; T 78 At /9 2% #1411, Reduce-
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KEF F: AT RAEKZFIMCE 6 3RN 3 G R Bk 693

NodPri BITERENIEE AR, £ AttMpls 11, LtS-NETDeg. StL-NETDeg ! Reduce-NodPri HITERE R I 1, P& T
—BhHE N 2.43833; MARA-SPE Fl RPP-MTMAX X2, ¥ &4 T —Bk%E v 2.33333; 1 DC (-3940 T —
BEBEAUA 1.53833. 7E VtlWavenet2008 #i4h, Reduce-NodPri BT RE B AL T Hidth 5 NEVE, P& T — Bk
BN 1.82746.

LtS-NETDeg étﬁ»ﬁg%geg
25 %‘L 25 %
DC DC | 5%
MARA-SPE MARA-SPE . 1
s RPP-MTMA_X— g RPP-MTMAX__— -
20 fl m W v 5 = I 20 by ] -
B H B
I 15 | 15
= =
ﬁ I (A [ fé 1 ! i
b 1.0 H s 1.0 i
0.5 ﬂ 0.5 2
0 1 1 i 0 1 1
) S} o 9 ) oY S > Q o i > O <
W F RS > & S o~ S
v g9 9 & S & » & & p s
M IS S A
X 25 4T Fh 5 1) [FESeEi ey ]

(a) SEAE Agis 55 9 DS IMIT &0 T —BAURSHIRSIR  (b) SIVALE R2010 55 8 MMM TH) & 40 F — B Scin gl
K5 AFSRERSER I LR &0 T SRR R

6(a) FIE 6(b) R T A ESIEFER IR P R I S0 00 25 T AR I 6(a), O 48 ¥R A 0 38 K, BT B30k
P50 45 43 N — B BCR AR B T PR, 440NN 20 I, LtS-NETDeg. StL-NETDeg Al Reduce-NodPri [
RERBLEAE, EATR P40y T — B AR AN 4.263 16. #R45 E 6(b), B 4715 S0P BERUSE N, B S0k i ik
Retl A FTEE T, H 6 P i v RE 22 S iZ Wi/ Is. 49, 4 WX 2815 s T3 B4R 12 I, LtS-NETDeg.  StL-NETDeg #l
Reduce-NodPri S PERE R, T %40 T —BREE N 12.06575; FL G2 DC H0E, P340 F—BRE0E A 12.06533;
5% J5 = MARA-SPE fll RPP-MTAMX, “F-1 %4 T — & 12.0603.

4.30
- LtS-NETDeg
-~ StL-NETDeg 12 ¢
425 | —4- Reduce-NodPri
. -+ DC
i -~ MARA-SPE g 10
i% ~+ RPP-MTMAX a:?ﬁ
E‘f\ 4.20 ?T“‘ g |
& ¥
= = - LtS-NETDeg
[ 4.10 B 4} -o— StL-NETDeg
-4 Reduce-NodPri
~ Il\)/I%RA SPE
—— -
4.05 2 -+ RPP-MTMAX
20 40 60 80 100 2 4 6 8 10 12
[BE2EE NN S 23

(@) A RIHGF 46 0 T —BRSCR M AR D Z ISR (b) SN I 4 4 03 F — BRAUR N 1 A P49 2 1110 0 5
K6 ANRSNAERAI LTR80T —BRESLR a1

522 WERYER
EMX 6. BTN AL KT REE S ue V, RZ AT —BEE K T5T 2, |ATFRIZT A0
{35 AL ARER N
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hopi(u) > 2 (15)
R R 9 2 (failure protection ratio, Fr) 1] PL5E SUN:

o

o=
= N -1 (16)

_ _ [ L hopig(u) > 2
Na= ;P(M) - {0’ hopig(u) <2 (17)

Forr, Ny SRR R d O H I U IR W RO, p(u) PSR AW 5w RE R

Bl 7(a) A 7(b) s T AN FVEETE BSEHR A I SE 0 45 . ARYE ] 7(a) FE 7(b), 1E Agis 1, Reduce-
NodPri 1 LtS-NETDeg F1% RER Wi £, MU R4 2 =ik 0.962 5; HAE SIL-NETDeg, HlE R % 0.94167;
i MARA-SPE ll RPP-MTMAX F#{ & £ 37 AN 0.395 83; DC B f#3 R EAK, 14 0.141 67. £E AttMpls.
Belnet2004. TORONTO F1 NJLATA 1, Reduce-NodPri. LtS-NETDeg 1 StL-NETDeg [F# {3 KLk 3] 7 1.
TEATA EL3hdhrh, DC HiE R IR %, 1M Reduce-NodPri M & AR 7 R EAESLE 0.95 LL_I; £ VtlWavenet-
2008 #ihH, HIR Reduce-NodPri IR LR 37 %8y 0.822 88, {EATISR I EAR T HoAth 5 DS

1.2 1.2

CILtS-NETDeg E==1DC ——ILtS-NETDeg  &===DC
EZAStIL-NETDeg  ©=—1MARA-SPE 4 StL-NETDeg = MARA-SPE
1.0 E=IReduce-NodPri =88 RPP-MTMAX 10 == Reduce-NodPri === RPP-MTMAX
08 | os D01 [ 1B [ (AL AL B §
® 06 = o6 U0 (H BRI |G _
il il P | 4l (F :
= : R | EE Tl | | g
o4l Fooa i 1A (HIR Al
0.2 0.2 {‘1' jlj. al |
. . 1 é N R M ML AL ™
NG IR R P C R )
& & NS
R I S SIS SRR e
S
RE SR RS
(a) FLIETE Agis % 9 AN MIE IR FMI Wb (4P 3R et 2 1 (b) FIETE R2010 %5 8 AN W45 70 1 e A 4 R sz g 4 o

Bl 7 ARSI SR b L s (R 3 S0 45

Kl 8(a) FHIE] 8(b) Fan A IRl FVELEA AL I b o i) S 25 5. AR 6] 8(a) A1 8(b), ZE I 8(a) 1) 20, 40. 60.
80. 200 F1/&E 8(b) ) 10, 12 X 6 MR, Reduce-NodPri. LtS-NETDeg Fll StL-NETDeg [ & {37 F 1434 F|
T 1; 7E HARBE A b, LtS-NETDeg. StL-NETDeg 1 Reduce-NodPri ik f {5 7 R #LE 0.99 AL, s s T H:
fih 3 FpaE . MR 8(a) WTLAE H, 7EIE] 8(a) 11 60 4 H1, DC iR % 5 0.851 69, MARA-SPE #1 RPP-
MTMAX I 33 % 4 0.97599, T LtS-NETDeg. StL-NETDeg 11 Reduce-NodPri (AR5 250y 1. A
K 8(b) AT LA, Bl X 2% 715 i P 2 RO 9 n, P BRI R #RAE 12T #2 7T, 1B Reduce-NodPri LtS-NETDeg
A1 StL-NETDeg 118 TR R AR K PE RE R L.

XN DC S BAT ks A R 44, HYERE SR B UTAH K. 1T MARA-SPE 1 RPP-MTMAX X%
FET R ZIRIE 7R R, Z0% T M Z B 5755 &. ML Z T, Reduce-NodPriv LtS-NETDeg Fl StL-NETDeg
M [F 2% 8 T 4 s 2 (B A 1E 7 % RFUSUF % &, T Reduce-NodPri 5325 /& %F LtS-NETDeg 5. 1k — 54t fk, %
FI T 200 o5 EE B bR e, TR A S8 45 3R A R ILA Reduce-NodPri 59 BT BE AR T 504 F LtS-NETDeg 5
. b, B 4 PRI I, D £ Fh AR A SR IR B, T s A0 R T S I, S SO & T — B R
HEE 2 30, R B A iR 1 B TR T
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100 | = - - - . 1.00 |
098 - . - 095
0.96 | /—”v 0.90 |
M 094 5 085
& &
0.80
=092 - LtS-NETDeg =
= 090 -e- StL-NETDeg = 075 +
= -4 Reduce-NodPri =
—~+ DC 0.70 F -= LtS-NETDeg
—+ RPP-MTMAX 0.65 F -4~ Reduce-NodPri
0.86 -+ DC
0.60 -~ MARA-SPE
0.84 —+ RPP-MTMAX
1 1 1 1 1 0.55 1 1 1 1 1
20 40 60 80 100 2 4 6 8 10 12
EEEITE NN IR 26715 T B R

(@) SN I M AR A R 4 KD 2 T
B8 AFIFALEBIIG R R ALK 4

523 BRBRARE

(b) SEVERS L WL LR S 4547 1513 B 2 TR 0%

PRARP AN B X 2% R IR IS, %1 BE AR AR 5 B R B AR AR AN 1 D 2 1) B LR . B A SR Ut BR AR
JEE S SN S AR S PO R 0 PR 6 A0 B A A N 53 7 st 2 T i S A U BRI B B R AT
R AL EE B 4% S B A B p A% 2 AT A 22 0, S MR ) 284 5 £ A RSB I IR L. 7E R 48 A L R, 8 E AR ik
2B RGHT I EE I R B AR, BRARIX T DA i 4% 1A R i, L T G I R AL S R AR, 5B 4 IR IR TR B
BRI, FE LT 6 B RSP ST, RRUAT BB CRAIE B F B A2 0K 5 S (% e B AR IR B BT, DA/ B4/ M ) 5 e 4.

Bl 9(a) AN 9(b) Brn T AR EVETE BSEHR R 1 SE a0 45 1. AR4E K 9(a) AT 9(b), 1EKE 4 W28 41, LiS-
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