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HETHEERNE % ERAKXEN OC)) BIKE O(n). #£T Starlink £ — W B EEEA B {7 X
¥R HA SN-FFC MRIA 7 &, e L AKE T AR EHR X, H# H it F o\ A 87 HRIK.
XE#E LEO EREE, £4%, mE TE, EE®, KA
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LEO ERYE P E M (LEO mega-constellation satellite network, LLFi#K LEO B AL Ji#) &
o BB AEMCHIE (low Barth obrit, LEO) FR P EMAMMMLE 2%, fir g LEHESZ (RH LT,
Hx B, — R EA 2B (inter satellite link, ISL), & —MHA 2 HFE )1 (I A B HIIRE)
S a4k, LEO B FEZ R T ok B Lk AL SR FANBUR B KB 22 1) GV, T RIAE T3
REdRft, . mIEE LCER FIEERE S P4 BRrRIfEEE N LEO B R A H+A4S, sAd )
A E 4 SpaceX HE T [ Starlink??), OneWeb?) & Kuiper®, [E P (1 FEfi R BHTEE A PR 2 7] A8 HE
Hh [ R R AR B PR A = BT = 4%
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2) SpaceX FCC filing update. SpaceX non-geostationary orbit satellite system, 2018.
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4) FCC Authorizes Kuiper Satellite Constellation. https://www.fcc.gov/document/fcc-authorizes-kuiper-satellite-
constellation. 2020.
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JEHTRAEL, A TANRAR) LEO B AL M i ) AE AR IR H SR B2 IR ). T 2A W51
RISZMR IR 3R — 2 HARIAEG, WURPIESD . T2 S 2 S s Al 4 R ANBRER, it #RAERiR
Jo 7 A 2% AR A A ) AN E P 3 3 T R A AT, A2 2 I SE IR HE. 5 R, LEO EALE
A& T BB 2 i R K AR GE AR R R R R i el TSR A Sk, B PR T LR R R A
(7 AT 19X 24, TR 2R Z80RT ) 5% 0 B2 M) SE DR Gze, ey A U AR A DR A, 2 A% TR ) bR A T g
FRESK I [R) 45, Rtk BFFE LEO LAY R e i 2548 7 vk, HA B L.

DA BN BEMEZ AR, R 4 M. (1) B, Flan Lu 55 B ol 7508
A 2 Y mesh WIZZREEEEHIENS, BT LEO TR, JH T HIE N 26 SRS 50y
5, SRR T S RSN R P 1. (2) AT ARAEPE AT A, B Nie 45 O B FHERGR AR
RIEIBTE T BRI AR TR I 0 2% BRI AE PR RE, R P28 2O R SO TP 4 FAS [F) Bt 56 1
(HARRRL BERLIGE  #os e A A B E) MR E MR e, (3) B &E ML, Jung
73R TR RS B RS B 0N A2 AL EEES (on-board processor, OBP) £ 4t i R 1 5
FEAY 341 T OBP wlSEtk 5 8 —F0k [ OBP Bt/ (shield thickness) fRI5E 5. (4) N, Fan
BT R G, T T 4 FiBERL 5 R RSO IR, 5 TR B ORI 4B i
b, 5SS A RIS A 5% BRI DA SR BT B L 3 P A A RO S A, R AR b ) 2
DA 2015~2016 SFEFIRG B 2 D0 AN H5 B DI AR, Kl R AT 43 i 28 104 1 25 ez 1] B A ] (mean
time between failure, MTBF) FI*FIJ4EMERT[A] (mean time to repair, MTTR). LA 1 4 M LS4
BIFFUAFAE 1A 1) 8802 V50 AT R A A B i), 2 7R SR B R ARG 0. AN R T B BRI 9, AR5
MIFETFE (traffic engineering, TE) FIFAFEH R, 53t LEO EAUE FEFR I RS B4 5. BRI S,
KB T AR RE R ) 8 AT ORAE R R RS, MR ERIR TN ZE IEH K.

AXERRIK. A CHTURB LEO EA R a7/ R IR, PR Rl B &Rl RE ). W 7e e T
ERAE R R AL, B B R R SAEAE DI R BE: (1) B R FURR W R B, (2) PR R
R X BERGSE. tRAh, T AORE AR A R, AR LEO B R R Bh AR $ME ] &
BRI i (e ST RTR BT B R AP S A5 O~ 11 S g v

BT, ASCGRE 72T TE ) LEO B B E )4 47575 SN-FFC. SN-FFC [ £ ZLE AR
AP TUAR, (AR T 22 k (K NS H) D PEKRR, MERERARREITINEILHHEA.
Z PR SN-FFC J& —Ff EaN AR 715, PRy T#sh a5 T777% FRR 3 B E KRS, Fadnd
HE R P RO S — R AN SE R RO R, 4nSCHR [5]), SN-FFC o2 [ R 6 53 I Y
BT (X LEO ERE M SCH #) | M A BRI AL E (TEAEEUR). B, SN-FFC M
R JRETR, 52 i 5 I [

FAKIMF, SN-FFC 5640 LEO EALRE JEM %, FIF AR, BitiET TE AT
A DL s /MR R BERR A I 208 B AR, MARIEE S k DHRA S T IO I AL R A . R
1M, SAER A 2 LEO ERLE i PR HE 2 SO R IR, $H0%8kAL, SN-FFC fE)5 4T
AH M A0 R 18 SR T RIS R AR R, AR LR RN O(CE) FEIKE] O(n).
N TPl SN-FFC HIA Rk, #T Starlink 25— B BUR ERRGEAT 7 HSLS. SEIGPPAG TE T+ 50
LR TTAH AN ZE AT BE B (8 ] R A1 46 3 MR PR, 45 REH, SO RXTEE, SN-FFC (1) fgfE
bR e SEIL B N ZE RS K (SR, BUA 7 RAH 16% HIBERGE T B S A E); (2) 8T LEO B
TR R LA 3o BT FI& 1, TE THEREK; (3) EMARER KSR T, FrEIFHLE 20% LT,

ACTTER. BT E, ASCH W L5 T B TR

o $&iH LEO ELZM A R X HIfE (17 i MRS R R0) A AR,
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# 1 Starlink, OneWeb X Kuiper BIESH
Table 1 Orbital parameters for Starlink, OneWeb, and Kuiper

System Altitude (km) Inclination #plane #sat per plane

550 53° 24 66

1110 53.8° 32 50
Starlink 1130 74° 8 50

1275 81° 5 75

1325 70° 6 75
OneWeb 1200 87.9° 18 40

630 51.9° 34 34
Kuiper 610 42° 36 36

590 33° 28 28

o SEHIF R LEO B R ey i 3 BUNAR Y TSR 2% B vy MBIV v, R IR O(C)) F#AIK
o [ERMBAEEMED k NIFATHRE, fREE SRR E TR K.

BE=II2A

AW ELRZENA LEO BRR MK AR, b5 2 e REEME, UIRY LEO F2 2 FE)
LRGSR, f5eJa A 48— L BUA A T2 R0 28 4 42 il SRS

2.1 LEO EBIERE

BT LR A oG8 73, b B E AR B B, IR PUE TR E 2 S8, AR,
A B T AEPUIE TR

= (altitude). PR S EAEPIE R RS EEMEMN, B ooEs AR HLIE B EMHIE
W1, ASCELTRAT R EAE 2000 A BLELR . BUEFNT 2 AN LEO RECABFEXTR.

5 (inclination). i F T A JLIB AT INHUIE 5 7R1E 2 18] e S 20, 9] ARt ph T v A6 4
90°. TLEIZATHIMUA BRI, FEARS: FEHIX AT F I A] STk

HIEHEH (number of orbital planes) FF#HEH I E% (number of satellites per plane).
LTI THTBBORN B LT 17 T G [T ol R P RN

TR TVF 2B LEO ERLE . IER At 3 M REWPIESHL, Wk 19 PR,

—_

2.2 DEBEEF

TREBETHAD TIE 40 Rk M5 Harfd e LEO B AR LR H b 2K 78 f5uFH YK
B iaze H X [ A H L L T P90 285 B A1 P S A8 R B8 vy ) 25 . AR B It 78 (24 N B A (R R T
Z A HIEAE, LEO B A2 J rb i % B i S AH LU b T 0 28 B Se A 34 0 BARHE, SCik [2] B

5) A SCHR [2], SpaceX [AIBEFLIEIEZ A4 (federal communications commission, FCC) $gH T &2 Starlink 2 i
SRR KR, RME USR8 — B BOR G4 72 ANMPUET I, BEASFIEA 22 BUEE, JHPUESERFEAAE. 2019 F 12
H 19 B, Z B iEHEt .
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Ziig s, fEFT R 3000 A BAEILT, BURE T SR LEO B2 R 98 AT DLER A LUAT AT 7T RE A3t
THT G £ W0 24 BEAIR PR S SE R

MR L, LEO B 8 AL (R AE IR KR e B 2R B AN i 55—, LEO EL7 2 %
RENS P AT T HLAR SR B AR (KB T DG 2T 2R s 26—, el ALOGAE A iR AR 4, Bl ¢ = 300000
NE, MDCEAEARELN Sc.

2.3 DEMLKZRTMZH

PEMZ AR, — BT R R ER S, MRS, i AR
FERFSE AUE _EISATH, P R MR Zh A4 A AT e, 20X 45, DEMZ
B MR PR AN SR BE R R SN I B AS, SR)E 3 TSI F A sk .

H AT PEM IR H E2A 3 Fhokng, R R UL 3h b sms O~ pE a0l 1y s om0 A7 ok X k)
g3 BTV 2RISR F AU $h S SR BRI 0 2% (R B A8 M. MR 4030 $h 3K B il TR 48 I 3has 4 4, B
R T RIS TR, B [to, t1], [t1, ta), - - o, [tne, tn). VER, BERREHRRE RIEERZ 41, 1o, . .,
by U, R MERAERENI B [, ] WARIMRFFAAR. S E B, XA IS G & SN-FFC 1)
TE FHEM, By TE 1502 18] b i i H .

3 Rz

BT TE MUREARF AR AT R E ], A il — AR a7, RIVERT 2R SN-FFC
TE J7ik5BH K TE JHAR X, KR T SN-FFC #JRAR BT

3.1 BEM TE (X&)

FRYE TE W4 b3k 7 A 5 20, AR ST B 48 it R 36 TREIE (tunnels) HIFEK, RIZ% iR
(flow) FHIREN AT — H A2 #1T A0 (LR Xt Z MR AL AR, HF B i — A2 AN 1 51 45, A
B P LA A i PR S B E A e 1. i n, Gl 1 FoR, PR A (RAR) S it 3 &BRIE (¢1, 2,
t3) R H I A d. FABSE A RN 3 Gbps. BBEAENIIRA 9 Gbps, BREAE (1, 1, 1), B
ANBEIE 2> BIAEHT 3 Gbps. UL, L IFA 2= R I 2E.

SR, 40— BI85 B A 31 i (LR RS, B AT, Po A s, X P
AR, NS HRALT R (A 1 detar il 3 B e, 2 e AR AH . (4 20 B RCERL, 30 B A R 2 303 4
fRrmr FBEE. 75 LARTAR B 79, aniE 2 B, ik t2 R IR — AN E B EALE (4, 0, 1),
AR UL, fEIE NORIMARBEIE (11 1 ¢3) IERE&HHE W 4.5 Gbps. VERE 1 M 3 KA ED A
3 Gbps. [k, BEIRE R S5 T L4k S AL din i, (H IS TT B < DR He Pk 1 [ B 25 & im = A= 4 2E.
FORIRER 2, IXP IR RS T &, BRI TE MRk 77 T EHHTHLE W4, 1X 0] jEH 2K
I [A].

3.2 SN-FFC TE

AFEF ERIEH K TE J7ik, ASCIRHE SN-FFC TE A @B, MEL kA (k ATHS
) FR MR R BN, SN-FFC S AR B & R RE I TUAY, 2 MEN I X 48 3t 5 S AL 4
BARIFAE M B B T4, 1H SN-FFC R DAPRIH S i bs, S LRI e 3 1) 90 4 37 B e 28 5

Kl 3 45 T SN-FFC T TT &, BUEHEARE (s — d) A2 9 Gbps, 1M /2& 6 Gbps. BEIE
= (L, L )RR, ARG KSR 2 Gbps (MBI AR 5. TR, G 40 06F AT i B — e 0
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t]=—— Tunnel capacity: 3 Gbps t]=—— Tunnel capacity: 3 Gbps
12— 12—
13— 13—

S ->d:9 Gbps S->d:9 Gbps
t1: 3 Gbps t1: 4.5 Gbps
12: 3 Gbps 12:
13: 3 Gbps 13: 4.5 Gbps

1 (MEMFE) B TE THYERENH 2 (MEMKE) B TE T, t2 SEREHMAE
Figure 1 (Color online) Initial traffic distribution under HREN T

ordinary TE Figure 2 (Color online) Rescaled traffic distribution
when tunnel #2 fails under ordinary TE. At this time, con-
gestion occurs

tl=—— Tunnel capacity: 3 Gbps t] =—— Tunnel capacity: 3 Gbps
12 e 12 e
13— 13—

S ->d: 6 Gbps d S->d:6Gbps a
t1: 2 Gbps t1: 3 Gbps Uncongested
12: 2 Gbps 12:
13: 2 Gbps 13: 3 Gbps S

3 (M%h%E) SN-FFC TE TH{IIERES 4 (MBHFE) SN-FFC TE T, 12 HMEREH
Figure 3 (Color online) Initial traffic distribution under BAEHRENT

SN-FFC TE Figure 4 (Color online) Rescaled traffic distribution
when tunnel ¢2 fails under SN-FFC TE. At this time, no
congestion occurs

SRR P, W 4 prR, RIAEGER 62 KA, AT RIREE AL (4, 0, §), RIS IO 2 g 1E
(t1 A1 ¢3) 73 Btk 3 Gbps. AMERIL, SLISIZg AL ZE. 2 01 B3 SRR, ] 753 2ol 45
RIS 2, WA SN-FFC 7J DL E S A0 B AR 51— s, B & = 1.

3.3 % SN-FFC i%it

AT, BT RARE AR, SN-FFC st 205 i 3 ikl A L, SN-FFC & #=
PEJE T M2 TP ARSI A . PR AR m , I LE TR e v] T IR R kbl B, N T
R, A AT A R il ) A 2 DX X 2 ek B T . FRATT I X PSS o T o 4 R 10 N
FEFP ALY, Pt gl e ) an 2R T B JRA32 e B 1 b B v (I 3B AR e 41 2.

AN, SN-FFC RZRml e 5 & A &, R ERAE ZRE, 5 2, X T4 e @t
K (k), TE WAL H A5 A2 PRIIE oI 285 7 1 B i e M s REE BE R R . 56 4 7K o 2 T2t
RIf) SN-FFC B £t
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% 2 HFTF SN-FFC TE BERHFS
Table 2 Notations used in modeling SN-FFC TE

Symbol Description
G Network graph with switches V' and links E
Ce The capacity of link e
TE input d; The bandwidth demand of flow %
T; The set of tunnels of flow &
L[t, €] 1 if tunnel ¢ uses link e and 0 otherwise
TE output b; Bandwidth admitted to flow 7
a;t Bandwidth allocated for flow 7 on tunnel ¢
TE additional Wit The traffic splitting weight of flow ¢ on tunnel ¢

4 SN-FFC g9i%it

4.1 SN-FFC TE JiEEis

TE/4H SN-FFC TE 4@ 217, Haiidid s TE CEAE) MEREIHE, B TE i\, TE &
AL H s 3 5B 4k, ARG EE Y TE (R4 WE iRt s @57 SN-FFC TE 74
T,

4.1.1 BE TE BNER (X&)

M. WFERZH TE AR, &30 LEO EREEMEERA— MK ¢ = (V,E), H
vV FRZENT A (DR, B RN HAT AU IR BERE (IR BERR ). B AFRERR A S CA, filln, DA
bps ARAL, H ¢ Fox, I HAZFER BRI SREANNIZET EAERE. TE kT7 2550 E )
THE— K, BT e (] B Rl PR oK. SRR T N, SEBRLE R H— 40 F 4,

Hop & i (i € F ) f2A—DANDE—ADNH O R, B d f— DT S REE 7
%%/T

M. W AREWRE S (1) ARG ¢ AT, 100N b (2) BEABREFTARBIIE ¢ (te T)), id
7\] Qg t.

MALBFR. —BOkUL TE AL H b W2 SO & R e K/ A P10 B T R & B R EE
SRMXT T LEO BEAYE i (fAE P REEE L | A1 IER M BRAR), — N1 2 1k 502 /M B K BERR
FIH# (maximum link utilization, MLU). MLU &% 42 =k B A1 FH 26 7] it G i ok B2 01 .

Zt, R 2 HRISGRAT S, % TE CBAH) LMK (linear programming, LP) AL T:

min  O(u) (1)
a; Lt e
s.t. w <u, Ve, (2)
> aii=bi, Vi, (3)
t
gt 2 O; Viata (5)
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Horb) Z{HARE L[t, e] RRBEIE ¢ RELIHEK . £ (1) 11, O(u) R FEB/AMUM w KA u AR
#* MLU. 3 (2) H T SEaem A i 2, REFrA SRR R B AAGEE MLU. 32X (3) AR « KA FE
R R MM FHAEANRE. 1 (4) Ronpigeit « KRR ILTR. &5, Jra a4
REARTUY. R, XD Z R MR ), ATEAH LP SRR .

M, — BAHSCH TE i, AT DA BRI, B wi, = . 285, TE f2 a8 AR K
T AR T 4 PR ) 4 BB b

4.1.2 BIEERE

IR 2 R N g R, BB (L 2 B MU 25 4. SN-FFC 78 ShE Ak 38 1 X e iy 25
B, BAARRUL, SIAN T PINMERTT A = 1 M o, = 1, RN BERS e AISZHNL s R (N ) F
R ERE L, Hob A = [\oJe € E] Fl = [pi|s € V]. HREXT ke BEM A &k, 2B S
SN-FFC TE, AH . 1) Hi A8 o an

Zkeyks = {()‘7@”2/\6 < ke,Z@s < ks}

EE 2 th, SRR RE o SR ZE, NN DS BT R N, BT R I S S )
BRIEE R BIMEIEREE. 4 T FoRMINAAEE. LR EWRETR @ A7 e s R E 2
[P, B

Y aiizbi, VieF, (\g)€E Z i, (6)
teT?

TR, U 0 BT BEIE Y R T, b MR E DN 0. B TORIEMAZEIXFER) TE B R A LSBT
Al %, R AR SCILCH 850 K.

R MR (o) F, —NERZH (2)~(6) 1 SN-FFC TE R T % ({ai}, {b:}) AR
TIE I 28 i B A T R R S R 2R K

IR TERBE R (N, ) T, 0 AR E FTR B R )7 (te T)M) A

At Ajt
< bi X -

Ay
b: = b'L X NS —_—
> Qi b;

it T

= Qjt-

R EERE e b RIREN

Z bf‘fL[t,e] < Z a;+L[t,e] < ce.
iteTM? i,t€T;
Ztt, SN-FFC I AEHE Y TE (TR THINEHAR (6), (G134E Zk, p, BEFERHLN, B k.
IR BERR WA oy SR AT RS T, WROR P ORAIE ) 25 3t o 2 e K
SR, X T LEO BEREE, Z, ., EWREMETRASGIERE 2K (0(ChH) MIFRFMS (k =
ke + k), BHORME SN-FFC TE AR LT ATTRE. 7 BB SRR R vk IR A,
4.2 HHEER SN-FFC Fi8HEH

AN E S T B IR W LV RO — A A MR AL AR SLAEAS b, S T Ry
2%, TR ECRI O(CF) YRR O(n) L1,
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4.2.1 FEHABER M FMio)jF

HFR M A R

EX1 HESE N ANEBENHE, BREPERE M AMTBEANRAMNKTRE—E B. & n/ & n
G AR E, A N BRI Z SR AL, e i e R

M
an > B.
j=1

PRI, R ATLICA N /NG MBS R B R (Zeth) Rk, AP A RIRH) O(Cy) 4
WHPT LA — A e, WL R, FTLOKE SN-FFC TE LW 5 M AR, 32T ok 7R
T AR 8.

R, B i L (pi, 00) BERS - SZHBIAHIAL (link-switch disjoint) FIFREIE, BIXT TR 4, 2
pi FEERI T A — 2 BERE, % oy FESERIF A — D AZHAL. AR 20 FARMRAE DL (N, @) € Zk, ., FF
TERREHE RN T 75 = |To| — kepi — ksoi. T al , TR {ag, |t € T} TS § MR, WA

> al,>bi, Vi (7)
7j=1

EER, WA (7) B (6), BA YT, ol , R 0 TEAER Zk, ok, REHR T IR

2, WX (7), TATVKIIHKE SN-FFC TE Z9REAL Y “H 5 M A [ Ft, & —A
FEQMAT RN M AR BB (Zeth) ik

SCHR [12] M B 2R N | MR ERISVERIEL R, A2 O(kn) NZIH. IR,
SN-FFC #{it T e/ || DR MEA BRI LMERIE X, Dt — P b AR %R (R EHA
U, R F SR LEO EALE MEA BRI THE BHR).

4.2.2 M O(kn) &l O(n)

BUTE 7R A 20 Ak /0 2 O (n).
TORES S = (s1,52,...,5,) & N MR, SR F(S)

M .
f(S):f(ShSzw--,Sn)ZZs’
i=1
Fon S Wl MOANTCEIIR, o sf Fon S I i NWARE. AE R S = {51,509, .., 80},
f(S) NELR LP (st fig:

min Z 55 X t; (8)
j=1

st > tj=DM, (9)
j=1
t; €[0,1), V5, (10)

Horb {1, g, t,) R, M EAENSEL B, S ={1,2,3,4} 1 M =2, MEH f(S)=1+2=3,
LP WAy 3, Ferp T ={1,1,0,0}.
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Transformation to

Modeling failure protection O(n) constraints expression
bounded M-
Eq. (6) ) YEea =) Egs. (11)~(13)

Ordinary TE formulation /

Egs. (1)~ (5)

SN-FFC TE
model

5 (MK E) SN-FFC TE MEEIFE
Figure 5 (Color online) Overall process of the SN-FFC TE modeling

Ei& L sy

n
max Merqu

j=1
st. p+aq; = s, Vi,

B £(S) 5 LP W RRA SR AR, MR IR 16, & 0 {8 b R A, (R, 205K F(S) >
B (5 M RIR) %40 T L F AL

Mp+ qu > B (11)
j=1

s.t. p+q; = s,V (12)
q; = 0, V. (13)

ERFEN Mp+ 37, ¢ > B RUMRIE max{Mp + Y7 q;|Vp,¢;} > B. EEERZ, B AH
on MR, TARRAE I O(Mn). ZEit, BATELIFF ] On).

WA, MK O WEAEE, O(kn) 5 O(n) F5E FEASEM M. HFHERPTE, X+ LEO P AM
%, DEHEZ, MERKAEMERR, BE FFESIEEIR, N O(kn) #—2 K453 O(n), AR LM
REderm k5. Ja 8BSt — 0 s | i 4

K 5 /8 T SN-FFC TE & 1A T R

5 SCIGTPME

5.1 SLARCE

LEO ERZRE. A il STK & Starlink (W3 1) 5 —MrBLERE, BIFE 24 &5 iz
17 1584 P TR (53°,550 km), FEEAHUIER L2 66 Bl 53CHR [2] —FE, A CEHMB RSP EER
5 ZREEER, B p $UE ER R n o BER: 1) p UELEMTERE n—1; (2) p UE LMW IERE n+1;
(3) p+1 BB LM TE n; (4) p—1 HUE PR n; (5) S5 — 2O EEH H T W (834 (inter-mesh).

1848



HEBYEERE Bl H 1M

WAMERAE 2B 4 AN H T WO E, 206 TAERT (40°N, 116°N) IH4: L (37°N, 122°N) . &
0 (51°N, 0°) FHTINIL (1°N, 103°N).

RESHEE. YT HWMAE L ERANEHR LEO EALE B, Sl B EIRE. A
KA SCHR (1] —RER 7%, R bk sk i 552 N D88 FERAG TR E IS L. BART &, AT
Gridded Population of the World v4 F{#E4E9), LA 5% ) H M 8o % 2 HE AR # . s ol gk
— AR ER R AR — KR, S DABEAUBEZE N 2% (S 1 ARHDL T 2 X 28 i e 1) B AT
PR, W IE TS E K. TE #6834 T 1652, TE [Alfg 5 min.

TE J/55%. A0 SN-FFC 5 PTCE '8! #H{THE:. PTCE J5ik LA T2 W 4% o () 1E It & N
X G, AN AT O ) R A A I — AN TR PR L. SRR B AT DATE T X 4 o 1k BB g
AR R T %8, SCREAE AN ] TR F J7e e U ) 380k b A 22 T IR 2 PR R A . 4R1T PTCE I
R PR SR, DA SR AT AT SR Y. R MR, RAE%E T —Ik TE tHE %, JHE
ML PERER 3240, #e5 2, PTCE AI#N S SN-FFC XHREE TE J5ik (A4S, A XA Solver
Foundation with CPLEX #difFEAN LP KAFE2S.

bR ASCE LT 3 MEACKRIEAL SN-FFC f1ERE.

o IHZE K FUREEREfE 2040, 14 € NRT 0N N SN-FFC 1 PTCE (141253 A7 A1 TIUHA 1) 4 %
FIRZ, B R BE %G T ARG Rk, %2 A R 2 DR E.

o TE iFHEIIE. Z5H TARRY 5L SN-FFC TE.

o HHEIFAE. K SN-FFC KM Frt SRk LUES: TE WM&, 1528 — N HE, 1 k%
EL{ERIA SN-FFC FIFF4H.

5.2 SEIRLER

AR SR AR 2 53 A S PSS B A8 201X — 38 bRk VP4l SN-FFC 2 S AR THA 7 %, fescil
FEME RO T P 28 2 R T 2R 3

WERTEASERER RS, SN-FFC WAL H bra i ME MLU FUEE G sl 55 T 0 ZE. 7 78k
¥ 7 SN-FFC M1 PTCE 4 28 MU HE B R A 10 70 A, B, an SR B (3% i T2 & IR 1
ER, ARG R Z DRE. STRMA (3,1) GRRMEXEZ 3 MER KM 1 A2l
(BR) MbErEmA & A &) R Z. B 6(a) A1 (b) 45 H 1RSI B SR AR 7 A1 R 4
(complementary cumulative distribution function, CCDF). A] LAWL%2 3], PTCE A 16% A7 15 5k 7K %K,
e 7 E A E (E 6(a) HRSL/NE ), SR 5 IR, SN-FFC 7E8FE I Ol T 2 TeiHZE 1.
Kl 6(b) #E—25 o T4, BN, PTCE - Suik i H a3kt 7 %, a5 H 4518, SN-FFC
SR MR EE HEME (&2 kT RE) 77

FEVEW] T SN-FFC #iskRe L) A4 5, ASCH A TE TR [E A & I8N 868, £H5F SN-
FFC BV REEAT S50 Ak

TE &R}, A& A Intel Core i5-4300U 2.5 GHz CPU (2 #%) 1 8 GB RAM 8 PC _Lx}it
SRR TR AT L UEMNR. B T AR BRI O A, RIS ROR T 3 FlOAS [ 5 45 B Ao S R], B
B T ERH M 12 LTS, 3R 3 5l T4 R, (k. ko) FBRAFRT 5, oo
FORRMELE 12 /NI JE A TS R

gE R, HIRIGA R AT (6) HETH SN-FFC TE @AM, XHUUESE 1 45 20 W 1) b L
PE. FEARMI R ZKE R, JE T OB ERR 32 tH 1907 7 B AR A 7 V2 B 7 R o H B Te) B 2D X R R R %

6) Gridded population of the world (gpw), v4. https://sedac.ciesin.columbia.edu/data/collection/gpw-v4.
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Figure 6 (Color online) Distribution of congestion and expected link utilizations. (a) CCDF of link congestions, P(X >
z) = y; (b) CCDF of expected link loads
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Table 3 TE computation time for SN-FFC TE with different protection levels and methods

(2,0) (3,0) (2, 1) (3, 1)
Directly computing SN-FFC TE ) [e9) [eS) 00
Based on bubble sorting network 1.3 4.9 10.9 15.2
Based on duality theory 0.2 1.1 2.4 3.1
0.4 0.4 0.4
(2,0) @20 2,0)
9 0.3 2 (3,0) .9 0.3 o (3,0) e o 03} o (3;0)-
g 83,0 g =G0 g B5G1)
o = ]
g 02 e — g 02 s 02f -
= = = v
2 £ 2 /
O o1 B . O 0.1 S 01 _
: 7 f
A = 0 LA H B
2,00 (3,0 (3.1 2,0 (G,0 G, D 2,00 (3,0 3. D
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(a) (b) (©
B 7 (MEMEE) FRREFKRAERPEFNTH SN-FFC FHEFHIER. (a) ERREFK; (b) 2 &R
BEK; (c) 3 BEREBFEK

Figure 7 (Color online) The overhead of SN-FFC with different protection levels under different traffic demands.
(a) Normal traffic demand; (b) 2x traffic demand; (c) 3x traffic demand

THEAERAR LP B 575 BRI, S MRS Gk e, T R gheR . SR, R A2 7E s IR 4,
Bl (3,1), HH B R EA s R TR Z LB, XA T L8 il i R AT 1. A BARTT R
2R, A TR KRG — R A s T SER R AR B, SR SR AR X U, BRI A S AE LEO BEAY
BHEFAER] (Ke, ks) = (3,1) BRI L.

EIEEFFEE. BT SN-FFC DIzl N2 P s AR SR L2485 040, (RIAA7EPERe T4, | 7
BIR T AR R TR EAF R R T 4R, JH8 = 1- SN-FFC (& & /PTCE &, &F
FIRERER 90 H M LME, IR ZELRIRRES 50 AIZE 99 B A hifE. Mk EIEW R, WK 7(a) FiR, SN-FFC
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BIACTHTITAH, Bl SN-FFC JyP48 8 B G S it 1 F2i] ik 1.
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A proactive failure tolerance method for LEO mega-constellation
based on traffic engineering
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Abstract The LEO mega-constellation has attracted increasing attention due to its potential for wide coverage,
high throughput and low latency communication. However, given the complex space environment and its own
characteristics, LEO mega-constellation needs to study the fault tolerance problem. Therefore, this paper focuses
on how to ensure that the network traffic is still forwarding without congestion after the failure of satellites.
Specifically, a proactive fault-tolerant method called SN-FFC based on traffic engineering is proposed. The main
idea is to make the network uncongested if the concurrent failures is up to k (k is a parameter) through reasonable
link redundancy. SN-FFC first designs a fault-tolerant model based on traffic engineering, then proposes an
algorithm based on dual theory to solve the high computational complexity problem of the model, which reduces
the complexity from O(C¥) to O(n). The simulation experiments based on the Starlink constellation model (first
stage) show that SN-FFC can realize uncongested forwarding under failures compared with the existing method,

and can achieve low computing time and throughput cost.

Keywords LEO mega-constellation, fault tolerance, traffic engineering, duality theory, linear programming
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