HREFE

SR X =R YL 1T S5 3L

SR NERLFESF, TR L, ELE
(1. W ZKBRFEFAZETEFR, LK 100044 ;
2. PE S THEEANE B FHFZHTERE, LT 100041)

i E B B (segment routing, SR) J& 3T JLAE TETF #& H i — F % th AL, 2 H (9 2 i IP/MPLS W) 2% 1 7] iz
55 JF BB 2% SR Wb B MPLS 19 28 45 il °F- 171 &2 2% /) U3 8L (LDP/RSVP-TE ) |, I 52 B i it T RS AL . 5 46T
RSVP iy & =X B% A48 o % 18 o [a] 1 4 B i SO RS OR R], 25T SR A9 1 2B A% HUAE A1 0 5 B |l 4 b 4 3
e SCH MRS i 4 & T I R T R Rk SR X R — AR E I A R R . X SR 1SR
BLRIEAT T 0E5T , R B B P 65 Click, X 3 F PCE 2244119 SR 42 il °F I + & 48 M1 3 T MPLS 119 SR %icdis 7
T R G A& A B AT 520, JFAE S bR b #E A7 F028 | LABSHIE SR 445 1% e & 1 T A7 4

KB AT BBkl s B0 R D A 5 PR AR TS ROT s 2 bR A sc e s N — AR ELER

FE 43S . TP393 X EKFRIZAD ; A

doi: 10.11959/j.issn.1000-0801.2017032

Design and implementation of software router
supporting segment routing

GAO Xiaomin', LIU Xuejing’, LI Jiawei', LUO Hongbin', DONG Ping'
1. School of Electronic and Information Engineering, Beijing Jiaotong University, Beijing 100044, China
2. Electronic Science Research Institute of China Electronic Technology Group Corporation, Beijing 100041, China

Abstract: Segment routing (SR) is a routing mechanism proposed by IETF in recent years, which aims to make the
IP/MPLS network service-oriented and more efficient. SR eliminates the complex control plane protocol (LDP/
RSVP-TE) of the MPLS network, while SR implements the traffic engineering mechanism. Different from the explicit
path in the RSVP tunnel which maintains the state of each flow in the middle of the tunnel, the explicit path based
on SR only maintains the state of flow at the entrance border router of the SR domain. For this reason, SR improves
the scalability of the network. Therefore the research of the SR mechanism is very important to the next generation
internet. The realization mechanism of SR was studied, using the click router. The SR control plane subsystem based
on PCE architecture and each module of MPLS-based SR data plane subsystem were implemented and deployed in
practice to verify the feasibility of the software router in actual deployment.
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AR 8 R 0 FURRE Ty RN b e Al T R X A3 ik
% 5 T 28 LR TR B A (E I 1Y TP B e R R 4 W7 X
ANIE I P2 199 €  MPLS (multiprotocol label switching , 2
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SIS G MR, RFEMARREAA
KPR B KA, ZERRAE 1Pl 55 B RE B IR QoS (quality
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fEJ1 . SR MPLS 4 il o 1 5 2% 19 19 4 $p 0 LDP (label
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M, AN 5 52 il £ 15 4 1 4 A, K R AL 1 I
TR E A
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Qs 5 A B A2 W 3 SR B A4S B R T —Fl SR
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BAREKEE . S G718 A T SR 762 2 ) 4% v i 1
JA, £ 1 SDN 42 i £ S 4 16 °F 1 , 1B 3F 3% 4 e SDN
P R 6 TR B BT B R . 2% SR8 SR IR
Wi F A B CE (carrier Ethernet, B {5 2% LA K ) | #2 H
Ty R R {0 R M 55 B A R Y K
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FEHFATEH, AL R EE S, b THA R
BEE P 3 Pl 05 2 1 0, R X S TR T 3 X
WERG R AT B0, AiE T T — AR 5 5 S
DALt A% ST F 50 8 T 0 iy 6 0 4 S B B 4 1
AT BRI BRI, M RERS AT BRI E . ASGER T Click”
PR o 7 5 A e BORE R AT SR OR(R B ol A Y
B, 404 SR #HIFHF RS SR AU T 1 F RS
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2 SR il fE v

SR JH 5 % ph B AL 35 A S — RS segment (£ )
K Ko . segment AT LLR 7R #Fh ML A9 AT ] S5 K 5l
MR % o — segment AT LLEA A & S AT DAL 4 R &
SCo P AT DL AT A B8 A2 4 15 O — R 5 1Y segment, B SLL
(segment list) , 4 o34 % 76 50408 or 41k, (8 8 r LG
FEE B B AR AT &, B0 SR ARV — NV AR R
BAR AR IR O B, )N AR SRS YA F AT kb 4
B AR R RO R

segment i £ SID (segment D) K458, 4 SR 44 ¥
L MPLS i, —4~ SID % #% iy — 4> MPLS 281, —
5 SID B 1 1L — > 25 e . — L SID 52 WA Y
AR, B ML AR AR

SR 15 £ SID (node SID ) 3 2 75 K4l 43 41 1 45 51
PRI S R B AR e e, BIIR] — A~ SRR B AN A
TEA ML R FARAE T Bk FM Y AU E B, 1R BB
i, A0 SID & H . 55 SR ikl A 46 # SID
(adjacency SID ) ¥ il i 1 %% % , 4B 4% SID F/w £ud 7 41
T A R B e T BVHLGE T A AN AT A R E 1 R 1
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). SR FI i 1 &5 4% SL B % 16 #Od 73 41 #9538 ; SR
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TR,

B A~ SR B i 8% AR L 4E ST — 4 LFIB (label
forwarding information base, PRETE R AR ), W 1A
7R o LFIB & ST 43 1% K 09T —BR AN SR 47 2 AR 04T
M4 AE B AEEAE 3 . push (FR 25 AR ) | continue (#7245 AN
A8 ) mext (bR 4% ) . LFIB 2% H AT DLty A s 5w 5 2k | o
# N IGP 8 5 PR A, 247 AL BRI R AR TUbR 25 (A
PR ) LU T A 4T — B 0 DL R bR % U Y SR
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A A tH
% fri i3 i %
3 8] -
Pl bR A5 B R

SR 4% il *F- [ #| i PCE (path computation element ) 4%
o rhMEy PCE fE A HEH 85 . 5 OpenFlow S iy 42 i) £
BRHALRZ, T SR &Mk m PCE Rt Z WAL
WA AR B M R A H, AT ER OpenFlow H 1y
it i 7 A 0 - A A SR LIS B R A B DL R
Al 2 SR, ROR WA T Bl S ¢ L SR RGE R B
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SR UM EE IR EE A 1P B, SR RGE EEH W
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element communication protocol)m]#ﬁﬁfno ALEENA
T R R T RS B ARSEB E A
R T R G PR S BA A DR IE 90 e TR
ik,

3 SREHFEFRESLIHA

SR A4 il F- 1 5 T PCE 4249 523, PCE 4444 i PCE
1 PCC (path computation client) ¥ #7415 . 4 PCE L H
T SR H45 HF- i, PCC BIFE A A PR i 2, FE A5
A SR B 7 4H E 5 SR 434k (SL) s PCE B
1 SR I FE A, FE IR N B IK PCC B 4t
—ﬂmﬁﬂ&%ﬁ'ﬁkﬂﬁ TE ##, ﬁﬁ% SL 4RIt TE ﬂ%
&, PCE 1 PCC Z [M3# it PCEP #1738 {5 ,PCEP 3 %
I B 58 U 0 Y R :PCReq(path computation request,
FEARTHEIE K ) 15 B Al PCRep (path computation reply , i 1%
HRNE)HEL,

PCE % il % 1 40 s A B 41 181 3 FiF 7% . PCE 45 i 4% &
FALAE DL T B  SR-TE B2 TH B8 SL AR LB sh &
HIH B A B B PCEP 295 45 H R B éﬁ%tl&zﬂ%ﬁﬁz
A - T 7 HOCHE o LR S e B A A AT A 26
PCEP‘ZH’%, W % 3% & PCEP 4 9 45 JH 8 B aﬁﬂ?‘ﬁu/ﬁ
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__________________________________ LB KA B S metric FRE, WA AT K 50 #4211
___________________________ SRERFH FRSE | i K & ERAFA TE B
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SB|S A req_bw>0, HIBk TE B2 i A 2 47 58
BRI 9 e 12 25 LI T B2 e o A e A2, DU 26 RS
M, 7] PCEP 2 #3t & 3% PCRep no-path; # TE # 2
JIE T AR TR A 1 A v 4 1 B T 5 A T R
NI LAk B BB B 0 B 4 req_bw=0, W) 3 i
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LSP [ 14 JE v i £ ) R BT 55 R R /W B 48 5 IR
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It SR-TE B 4255 % 4 SL b tish
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M SR-TE #8 Jeit 38 i 6 2 55 10 1Y TE BE AR 1, {1
B 115 A0 SID 41 AK SL R AR R UL TE B 4%, SID 7T LA
RaR LW, R T WA S 95 R 56 B SL R T AR )
B, AR B SL VA L AN BRI H R 4 SID,
Hx AR AR B R, EXEX 2SR E KR
(ECMP), N T 45 SR-TE #5543 12 R %5 )2 7
K TE BA2 8 566 A1 41 SID A b s SL, Z J5
MR AT ECMP 8 i J Ji % 48 6 48 5%, X4 iR SL
AT AR Ak, T R AT B JE A SL, SL b B R
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B T DL H AT P )2 B S D 2 B AR
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(1) R BB

JERH T A e 9 T il R N O O T g AR
) SR A 98, JE: SR-TE B AR TSR A SE Rl DA IE 55 B
Tl A B MO STIE B h0 TE B2 15 9 22 480 AT S 4k
FE R QoS M4

TSR B 3 o SR o B el 2 AT E SR
PCE i #% 9% 30 %587 . 24 PCE W30k A 508 F i ¢ i 28
F) R O R, 7 B [ O B SR A L
T SR 5 24 0 JER R R T AR s 3 S O
B IR S B v OXS IO B ) A 5, b SRATE B R
R B AR A R I S A S R DR S R AR
RO YR8 A S

(2)PCEP 2 i i L5 bt

PCEP 2 i A48 BB B £ 52 %) 4048 F 1f %% >k %) PCEP #f
K BT AR EE, 4 PCE o B B0 F 1 1A 1 30 5 3% i
5K 1 PCReq 1 LB, 411 B f£3% 45 SR-TE 5427155
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4 SREFEFEFRESLI

SR # BoHi ¥ 2 AL T MPLS 98504 1 itk 17 52 LR
B0 - 7 P SN B 2 (center router, CR) . 31 i 4%
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P A A T AR AR Bk SR BOaE oy 4 B
Tl WURE B B SR B 2% oy &% U0 Y SR By 4, BN
BRI Y SL AR 25 HEAR , JF7EH BT SR SNy H R B
SR bR HEAR . R 30 B o #5845 SR B B — B 2y,
FHA SR A B AR AR A L, N T R 4
WA

SR 34 5t i g5 B N E 6 PR . EEALEE 1P K
16 7 ALAL PR B (SR B4 ) 4140 BAE B PCEP 23 i 4b 34
B A R RO B A B S DL R G £ B R
(F B AN B TR KA (raffic engineer data base,
TE-DB) 5% % %5 28 4 (forwarding equal class, FEC) 5 %%
B kAR B (LFIB)). IP HUd 7y 4140 FRAE B O 31 A SR 350
# TP 4da 3 41 B3 SL, 47 76 A3 TE-DB 35047 £ 4k 2 A
i ) SL, K5 K 70 41 5 A7 FE A M0, IF [ PCEP 2 3 A 341
BRI S Ik B ARE oR A A R B SL, K SL B 7E 1P 43 4
() 73 41 3K B e 1 SR BHE 0 A, FERE K 4 SR A b
FRKEH . PCEP 23 i b JRE S A B i 31 TP 5040 7 41 Ak F A
Y B AR 95 K B 38 3 PCEP [ 47 1 °F 1 1 5K % 12, 368
A - 3R [71 1) B 42 47 A TE-DB,, [] B G 2 B 3 6 B 2 190
Xf TE-DB i B2 25 H B3 . OHH B AL RS e e 14
I 1T A3 2T A 4 o T DR T o T
i T AR o SR s 7 4 A B e SN SR o 4% 5
1P BUHE o 41 Ak AR S He i SRR 3 4 AR AR 7 Ak
SL X & o 4 AT K
4.1 IPEES HREESR

IP 254 7 41 A PR B 55 40 2 TP Bodin 4L, 1P Kol
T NN e A BR R O 74, 45 72 IS
BB R 10 734 .

(1)01 73 £ b 3 3 72

TR YR B A T Lk R R
AFBAWRER P A R WEILR2, &0,
P
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EBLH
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SR-1P E
1
1

S
Ak PR v o i i E

TE-DB

SREE 741
A FREEB

__________________________________________________

Bl 6 SR i1 5 g R B

B oK metric, fKHE H B [P # bk 5 OR T W OK metric
AL B M R (FEC) 3020 H 1 SID, 25 4% 74 i 12
(TE-DB) ; #5 45 3% 540 % 57 49 SL, ) % 1P 43 41 4 %% SR 4%
A3k B R4 SRR 20 41 Ak BB B 35 45 4% R A R 9
SL, WKt o AT AR, IF A BE 296 K 5% & 45 PCEP
SE A A AT AR K

(2)10 741 b 7 375 72

SB 1 YU REOE A R 4Lk R R
ATEHW RS R IP A, HR WERLE2, &0,
EH.

S8 2 A IP B RBCH I TP sk, H
1P i dik 2 O, 0B S 50 4 L5 5 L, Oy TP 4 AL
MAC 2, 5K EMBIF O,

4.2 SRHESARLEER

SR A4 4 41 b FR AR B 7 55 A B SR AU 41, AR
BWF,

SEA CMUEIEE AL, FIWH 6 MAC Hbak & &
RAC, HR, NERLE 2, B0, E5,

SB2  FINEE AR SR B AL, HIW ik
fii J& MAC 2 type F B R 0x8847 (X HLAf Jil MPLS 1)
MAC JZ type FB M) . #5725 MAC 2, # B D983
M, EF,

SB’3 T SR AR Ak, $EIRSR 4341k SL
)55 — A~ SID, 25 A Hb 5 4 % % 5 B 3% (LFIB ), k4% SL
HisE—A~ SID BIAFSID £ 4kt 1 SID | A 25 #4F R &
M,

$B4 HITEEE (continue .next): Xt A SID
PRI — BRI, AT next #24E , HIKE B SID A SR 43 41 3%
s S O SID A ZAR IR — Bk 04T continue
fE B SR 73413k A%

SBS5 b SR A L MAC 24k R &
B0 0 5 I 1A SR8 2 4L Kk AR IR
4.3 HitBER

(1) B 7 B 2%

TE-DB: Hl F47 17 PCE 4 %l 25 36 5K 1) TE B 12, I
o A5 R A e B B

FEC : J T X 40 A [F) 9 1R 45, %F 2036 00 508 9k 17 4%
2K [ P 2 T A AR 5537 oK 4 BRTR) — i B S O Sk AT
k.,

LFIB . 4 M b 4 i {5 B 3%

(2) i i T340 A AR

5T 44 AR M TE-DB, 447 — /> B 8%, 8 Bk A A
i TE B4R 4 BRI A B A de it ) B, K 4 B 2
BRA (AR AR, 2 R A WK 4 B A TE-DB
Bis &) 4k 4 A oA TE R & H

(3)PCEP 2 iff b 3 5 bt

5 A 3 PCEP M AHOCIN B . 1B Nl B i 2% , 2l
DY R S AR T T < v N
TE-DB, #5 7% % A H R 1 3% 72, 3 5 % o 44 000 7 A R
PCE % #f9 PCC, {fi i PCEP [a] PCE i il #5 3 3Rk 72
U] 1P A A1 b B S K 3 1 K AR 0 SR B A
TR A5 B B 5 PCReq 14 B & 26 A 1188 o3 4 i
i [0 ) PCRep 1 S, 45 240 B v ) SL ik 27 1P 4L
3 o 4 A B B

(4) AT B AL HE A B

ST W I 10 e A B A SR R, O A4 B
5T 00 ) 4 T ARAS TR0 T A SR 9 S, DA T 9 O
B AT A TR AR

5 MXLERKST

RBE SR PR A T RE I R, AL
LA FFE TR . SR BUP AR RI~R6 11
A SID 43 %14 16001, 16002 16003 16004 , 16005 , 16006 ;
Bk B 55 B R3-RS 1 R4-R6 P 4% BE B 56 N 50 Mbit/s
b, HCAHE B SE 0 100 Mbit/s, SER A RAEH T A
SID, A ¥ Je 4B 2 SID,
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T WA SR BB A AT B TP SR A P
) 1P2 3 rf ) B P R R, BOHE 98 KA 5E req_bw
1 80 Mbit/s, i 3K metric PRI {E 4 10,

Blls - 4L7E SR BN R BRINE

TR Y P A A EE A DR 2R RL BT
T A % 4% JE ob A 4% R 210 % R (9 SL, W [ PCE % %
PCReq 15 8., W& 7 iR , %15 B & end-point object (it
KT IP ikt H A IP Ml ) \bandwidth object (it 5% T i
KA 98 ) \metric object (IC 5% T 12K metric BRI .

118 PATH COMPUTATION REQUEST MESSAGE

118804037 18.0.1T.0 18.8.17.3 PFCEP

b Frame 110 110 byled on wire |34 bite), 110 byles Caplired B4 bitd)
* Ethernet 11, Src: ot ie6redict 481 ¥hisa)

» Internet #rotocol Version 4, Sre: lllﬂllllll'.' 1), Owt: 10.8.17.3 [18.8.17.2)

'r.!_l“lﬂﬂ Contrel Irn!.oll Sre Port: 68371 {ﬂ‘ﬂl But Port: posp (4188), Seq: 33, Ack: X5, Lem: 82
.

& 7 PCEReq i &

FE2 PCEWFIBMAHERKEE, NHITH K SR-TE
4 R1-R2—R4—R5—R6, % B SL h1{16004, 16005,
16006}, PCE % It 47 %t #% £ %< 76 PCRep 11 £ 1 9 ERO
(explicit route object) i 2 B 72 5 Be o, W0 141 8 Firom | IF 4%
L BRI 4 A Dl R B R

118 PATH COMMITATEON REPLT MESUASE

» Frame 13; 118 bytes oo wire (44 pits), 118 bytes cagtured (844 bits)
» Etharnet 11, Sre: B8:cdict:4B:38:5a (86icd:c? Byt
* Intermet Protocsl Version 4, Sre: 18.8.17.2 [18.8.17.2), Bst: 10.8.17.1 (10.8.17.1)
* Transmission Control Protecol, Src Pert: poep (418%), Dst Port: 86571 (B6571), Seq: 73, Ack: 130, Len: 52
= Path Computation Element communication Protocel

* BATH COMPUTATION REPLY MESSAGE Headnt

o sy sy o)
%1 8 PCERep 74 &
FB3 ADH AR HE RL K SR A5 2 ek B2 18
TR 2 Sk A3 e R 9 s (H T8 wireshark
I 4, Ho SR 23 4R 51 MPLS Bl 70 41)

Destination Pmtunml Length Info

OOV U U TIHET l
45:00:00:2b:00:03 ixbatd 69 Ethern
4%5:00:00:30:00:04 LR

» Frame 5: 69 bytes on wire (552 bits), 69 bytes captured (552 bits)

v Ethernet II, Src: 52:31:00:00:59:a8 (52:21:00:00:59:8), Dst: 63:b7:60:44:69:07
* Destination: 63:b7:60:44:69:07 (063:b7:60:44:69:07)
» Source: 52:31:00:00:59:08

|52::|1:se:ae:s9:m

mltimtn:ol uhel witchlm Header, Label: 16864, Exp: 8, S:
muurotml uhel mum Header, uhl 16665, up 0, 5

%9 RI1 %453 241 SR b5 % HE AR

SR4 BB R, mFT 88 R4, Hok
R4 15 SID #| % | SL 7% #{16005,16006} , 41 &l 10 i 7% .

SBRE B4 EE R4, mFT 88 RS, ik
RS By SID 2, SL & H {16006}, W& 11 Fi7% .

2017032-7

No. Time Source Destination Protocol Length Infd

10.600088 Microsag ff:ab:ch :60:00:2b:60:60 BxBabe B5 Eth

20.008148 Microsag ff:ab:ca 45:00:00:2b:00:01 axBa00 65 Ethe

» Frame 1: 65 bytes on wire (520 bits), 65 bytes captured (529 bits)
v Ethernet 11, Src: 52:32:ed:bf:f4:91 (52:32:ed:bf:f4:97), Dst: CrownAud_2@:99:06
» Destination: CrownAud 28:99:08 (89:0a:40:30:99:08)
» Source: 52:32:ed:bf:f4:9f (52:32:ed:bf:f4:9f)
Type: MPLS label switched packet (6x8847)

B 10 R2 %440 41 SR b 25 Hi A%

Ho. Time Source Destination Pralowl Lrng:h Inf

:'a 800888  Microsag ff:ab:cb 45:00:00:2b:00:00  OxBabd 51 Etl
1.0.000137 Microsag ff:ab:ca 45:00:00:20:08: ] ‘G\U F rq
 Frame 1: on wire (488 bits), 61 bytes uuwred lm bits)

* Ethernet rc: 52:34:91:bf:f4:8F (52:34:91:bf:f4:8f), Dst: IpcservT Sd:ae:89 (i

tuesnnauen Ipr.sar\ri 5d:ae:09 1u‘h‘da.sd.ae.w1

HPLS Label: 16866
MPLS Experimental Bits: @

MPLS Bottam Of Label Stack: 1

MPLS TTL: 255

» Ethernet II, Src: Microsag ff:ab:cb (00:06:fa:ff:ab:cb), Dst: 45:96:00:2b:00:88 (
» Data (29 bytes)

& 11 R4 B4 7 21 SR AR 28 HE 1R

$B 6 HEATA RS, T F—Bh R6, U R6
ff) SID 312, BH 70 4178 Ky TP Bt 24, el 12 Fs

| 18.080088 10.08.0.1 18.0.8.8 1Pv4 57 Unki
20.000129  10.0.0.1 10.0.6.8 1Pvé 57 Unkn

» Frame 1: 57 bytes on wire (456 bits), 57 bytes captured (456 bits)

¥ Ethernet II, Src: 52:35:b5:bf:f4:df (52:35:b5:bf:f4:df), Dst: IpcservT 3d:65:08 H
* Destination: IpcservT 3d:65:08 (88:0a:d8:3d:65:88)
» Spurce: 52:35:b5:bf :f4:df (52:35:b5:bf:74:df) |

Type: IP [Bx89886)

* Internet Protocol Version 4, Src: 18.8.8.1 (18.8.6.1), Dst: 10.6.8.8 (18.8.8.8)
» Data (23 bytes)

0666 00 Ga d8 3d 65 68 52 35 bS5 bf f4 df [ENIE 45 68 ...=e.R5 ... JNE. ‘

9816 80 2b 00 60 60 6@ fa ff ab cb Ga 00 00 01 Ba 80
0620 00 88 52 30 3d 3d 3d 3d 3d 3d 3d 3d 3d 3d 3e 52
@630 36 69 70 70 61 63 6b 65 74

Rf==== s=meeapp
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