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Chapter 1

Overlay Multicast Proxy 2]
7N

1.1 Introduction

H 7= IP multicastingS T3 & overlay proxy % controller®] T3S =%
© 7 3t} A F o A= IP multicasting2 $] 3 NetFPGA 7] 4F Overlay pro y94
A 5 BEINAE HENF 7|8k dzetg /st @7 5450 o
W, Service-enabling overlay(SeeOver) QA Z 25 15 Z]-‘H_?_ﬂ—% Zi—% Az B2
2oz 3t} AL 4= dole H W (data plane) oA T —. 7 Z9 9 (high-
speed packet forwarding) 5 B9 Proxy =%, 218 5 Ao % ¥ (control
plane)®] 7. &2 & 93t Controller, Zt 7+ 84 ZHAIZEHE A F &
Al 3t %K(protocol) T o= o] Fol Xt & FXA = HolH A A B FEo
=AE £k A /\] 2 H2 4 (access network)ol] AFH T TAE
IGMP (Internet group management protocol) 5 HE|HAE %—/\J ¥
55 F Aol A Point-to-point A1) FUALE HEZ A
goen 29 et BA okol /12 99 22e9l0] S WAl
ERER R

1.1.1 Problem Definition

IP multicast= G~ 2] FA, ASTE A A o] 9l 7 & £AH &
o2 7% FANE BT 25 AN ABH 02 AT o] Fo} 2
g o IPTVE ”ﬁ A& Bl o] 548kl e-Scienceft 22 A3H7]E HY &
Aol 8+ 5 7]34 g 2 1’416} ZIth7F 57k A etk o2’k Al ol
A, IP ‘”ﬂﬂ}*‘f Aujse] B gl Q] b *‘i e E A Tor A
t‘“é‘?fPL Al &l 9 3§ HHV\J A#A3} T 22 IS 2AHE
= FESL oAt BI1EE ol 7SS S F A 1P BE A AE Q=

GE ATE + U ed 2ol 2 rdc

IP HENAESY vAE A AF 5 F4 EAF A=z 75
St Al B ZAE s A3H7] 93 Overcast [1], RON [2], ScatterCast [3],
Yoid [4], ECM [5], ALMI [6] 5 T}oFst ouldlo] MEAAE ALSo] A&y
A

Hof gtk #d A= Obﬂfﬂ o] Fxo] &Y, A2, AFE T FH

9
ol 208 FAT, 8 AZOIA IP 2L Ao wEol 12 299 A
ol WA, AAL AL Boh A Ee 2L WENAE A7 F 2
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= (join and leave) 2 Q15 2] 7o) Aol X] 2o Bo] Yk I, ©
we o] dzepol] Fojstes TAE ZF m;q 23S 93 v E% E A Fpoko]
‘4ﬂ2ﬂ5i”ﬂﬁi l$%%43ﬂ¢ﬁﬂiwﬁ+ E9 S84z
Edof B Alade) 1S dew Ak dd =, ﬂﬂlzélﬁﬂiz)
£ A48l ScatterCast+= B¢ 350Mbps] |2 28] &S Hojv AT A
2] A A o] 200~600us (A 2~3 ms) B]2H theo ZE2AE 23 29y B
o] =2 A AW o](Jitter) 7} A 5 Az B A2HE Mujro £
2

24

52 o A 2= 9r).

1.1.2 Resolution and Significance

B Aol e B8 A WY S8 DEA AT A E
E elmolol @4 AFE Aa), AW HG ol ANE Lelof 2
ANAE AR B AEA Felol 1% AR DL e . oo
oA IP AN AEA DL =90l Aol FATE A A2 ASS Fah<h
7130, Al HE S DENAE Ao gt JIA g &olt=eS
o] 34%— A o] At
& AFE-A= 7]£ IGMP (Internet group management protocol) 54151 F
=

N

ﬁm#m
Ol ol of i, S
fr > | |y

(]

]ﬁﬂJﬁHﬂ]JENQJHEQ%QQ-JENLIAN”ﬂH2l%
o(transparent bridging) AR A& AlF3tH, ZFAEZHIP 3 29
3A1% IP-in-IP &3} == A& Fo] AuaHbnt 7| P 28
99 ggazedole] Wyol 2ARHH Ludol WL Yol

ARG AN Al B A 2] oz ARG Ak TP HEHAES) 75
A2 E ABA e
AZ 54 Bg A 342 A TYPFL Y& 4-port ZEZEHYH% o] ¥
Y 7=l NmPFGA[]ﬂ~4%EH}’“N7Pﬁ7“ﬂﬂﬂladﬁl ERAREES
o3} Hxﬂ = 1784 flow tableol 7]RFs NetFPGA7} ©@33tal IGMP A1
95 Ao Fus BAE zAAL Aod Lxesoldd BYE doz
W A2l dss EQdh

ZHFT2EE 29 F(switch) U 3] H (hub)d] PC7} A <
A ZEA = OHQﬂQWXWk&QQEJMMTGAﬂEA
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1.2 NetFPGA

NetFPGA= 47l12] 1 Gbps o]t Yl ZEE 72t= PCL 7= 24 3l=9 o], Alo]E
TJ] o] (Gateware), X 2Z EQ o] 2 A H T} =9 o] = Xilinx Virtex-II Pro 50
Al of] 18 MBit ZBT(Zero-bus turnaround) SDRAM % 64 Mbytes DDR DRAM
% Zteth 2z EQols Fx=goln, fFEH, F/]"r‘ﬂ Aol s 7] A (2%
B Az Ego] B glus gy HolE #el HE)E 23t Alo]Efo=



1.3. DESIGN PRINCIPLE AND LIMITATIONS 7

Verilog HDL ZA4 ¥ Z2E9 %‘Qﬂoi/}ﬂ IPv4 2}9E % 4 X E NIC(network
interface card)3} FAE FZd Al (Reference design) T=& A5 3

=

Input Arbiter

JE S
Output
Port Lookup
Output
Queues

User data path

MAC RxQ)
CPU RxQ

MAC TxQ
CPU TxQ

Figure 1.1: Reference pipeline.

Az AAANAM Algst= T2 s}o] ekl (Reference pipeline)2] ©o]E F 2
= F ig.1.13} Z+o] 9 8 5 A 7] (Input arbiter), &8 X E A (Output port lookup)
(Output queues) 2 TAHH JHFA 7= X%“/]E]Oiok 1 EAR=Si= 1)

Al FE Agsta, 293X E A2 A9 29 FE AEsiy &9 %
:TL—E7} ZH]QHH”}Z] S AR o x{?ﬂ-a}— AeTZ s e o] ZEA]
ZE A BH 2AF £ Bgyd E 374]% WA 299 5 7]
5—7’—5]": 101 Aol H E/“Ffok/ﬂﬂl At HES AR 4 A
5ho =) 914 ok

m‘[N' r[r _|ﬂJ

_ISE

Z o

e
v

1
=]
o

2,0l rlr 3o e ]

- e
e 4
ok rg.

1.3 Design Principle and Limitations
ewgle] ZEA A 7] dAL ok 2
o =tk TAEQ Ao A IP protocol stackel] W o] glojof sitt = 4
BAAES Q87 el A 7|2 242 9 342 B mREES X
3l of Shr}.
o [P HE|/|2EE 0] &3t 7€ S EEZR
2le] proxy nodes} %= of of shr.
o Tt T AE A proxy node2} WEH A 5&
g M (MSS 7] 5)o] 43} 5 ook ghrt
o 2] VEXIE AT Alo] E dlolE B BE 72 )
S tastE FRE et
o 2 o] Y|E4 A= RTCP(RTP control protcol) 5 I =1 WA A&

[e]

=
RTP(real time transport protocol)2} 22 &4 3j| 7l (active packet)T} &
5517 583 of o,

=

rN
[kl
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rlo
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[kt
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o,

[oX
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Au)
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=
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fm
s
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« IPvio] oA ek A Aoy IPv6s) AA2 57 gtk o 1P
TS Pv4 BE ¥ =+ B2 A (bridging) S =
Ao

o oW o] YES I siZl AT} (fragmentation) FAE ] 2] 3FA]
otk IPndP $Al0) Agoz olsl 57 thashl BAY A9 1P
router 7} =] 2] gt}

o IGMPv13} v2rt A3t IGMPv3e] A| 92 118 3tA] k=t

« 39 TAEY owelo] YEYAE B8] AL WEA Z2A
wEo A7 Adso] glojof ek B, BEALE-FUNLE Held

Auls Alge AT 7l 2 aedh

1.4 Architecture

|—l
N
|—l
o
<
o)
=~
S
@
s

22 wEE 39 129 o] 2A 1% W2 EAYT MAC £9Y /5L
s SFE o] BRI FAFE S S A LmEdof RROE T
we.

Software
l—" Routing

Overlay - Service Daemon

Engine (ARP, IGMP, SSL...
Bus
== Information Bases
. - I.P
Arbiter Bridge
N
] MAC
Bridge
t |}
PHY Hardware

Figure 1.2: System Architecture (Software & Hardware).



1.4. ARCHITECTURE

©

st=glo] F2-2 NetFPGA S &0l Verilogs |83 9= 7 £
7le2 o 2k

1. Arbiter, 2] A5 (PHY)S 53] 485+ MAC =& 2 IP Jﬂf'u
=22 glotely, 2R W2 g & el sho}, T3t MAC table=
x] JJ-ﬂ S}l TP checksum 2 75 FAARETE o & S0, ARP(Addrebb Res—
olution Protocol)®l| 3 &3}l+= MAC z8 e 74 WS Afol, =2
EZS A7) A8 AZEY o] (Software)f 2] Overlay Engine®
2 B7|A 71t} =3 Arbiter+ Information Bases2] Flow table, MAC
table, A]2~®l A e AR S8 73 AISLT Information Bases® FHE o]
S A 2 = d Y= % Sigigcig=)

2. MAC Bridge, 245 MAC Z# gl =9 A (5W1tch1ng) 7N=g g
Information Bases”’} H %9 MAC table ¢lo] &8 X S8 4
I MAC Z & g Ad st

3. IP Bridge, Information Bases©] E-n— %9l Flow table2 ¢lo] IP 3
712 74 &3} encapsulation) =+ & &3} (de-encapsulation) e}, &
3}= IP-in-IP %4l o] He3}H IP 3f 22 point-to-point = AZH ©]
% (neighbor) Proxyoll Al AEH W, 43<3}5 = 1P sf2l thH 29
AT5E FH TAEEA AGHTL

Flow table2 13 1.29] Software F-Eo|A] 53512 921 hardware £
£ 9] Information bases® EA|H FE]9 flow table &7 H -3t} sl=
foi7 2 v R 8o 87 AAm o] HEflol Aol RARES
flow tablee] =7} A|3t=] 7] w] Eo|t}. Software G AA= Al2E HRIYE
ARS8 Wi ol thre] H ol 8 AT ﬁlﬁ}-

Figure 1.3: 3 32e](51), A7HAI o (7o), A& AHA] o] (oFeh).
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Flow tableE €43} 7] 93t 42 294 (routlng) I3 1.39F Zo] 1)
e 4], 2) A7EA 0] 4] 3) 7‘]"9“7(]’}1101” 37FA] W o] AMRE 5 QT &
G AL FEAHI U EY TS Eiiﬂ 2] = (topology map) <} A El
AEE 7HA A glow, ZF A9 Oﬂo] AL AFol T 28 ﬂie
AW 7L Al = Fa ol IE ¢ =X (ingress: egress proxy node) 7} /\H
2 222 s dEg(low entry) 552 SHT A¢, FHIAHE= T
Z}(E%"] 1“:) 28 A2 E Atsta R Ao SR8 2FA ==EE
A EZ22F AEZE AL 22 F g ol Lo 7]=3}A st}

2 = -

ofy

—‘YIL

ZVWM@ EA 227 AA " 7ss §AS oA Eak=
HHo® g E S it A7pA o Ao A A= " FEE Al
A AT YR AR o ZFA REES IF %(groupmg)??}% g

TS 3t 4 ZEA LEEL 20T AEZE AT S22 HolE 7=
?} t“31] Jﬂﬂfﬂﬂioﬂﬂl A dEZE FEIL FMHE ZEA =2V R
W E2 AEHE AFE S A= HA S FH sty 5Udd+ 34 E—E E2%
AE 7l AAGHE o] o= eI HE Z ZFA LEEA 2% dEZ
it HAS 87T & ATHB7HA WA B s gFH L)

AFEAA O} A2 5 29 d G EE o) §3HA] A AFSATE FE o R
g8 AEE AASE WACE, ZTEA] =L AEA 5 FYH 2
S AELZE o] &3 [P WA S 2 Sh AM A= A2 FE}F H=Z Ao &
e ZFEA] LEE0] 7Aoo & 222 AEZE HE A At} &
2] A E AFEAY] 84 el 7] 7jeE 22 AdEYE ZEA] 259
A At

ZdTE A F ATA o Ao A AFEE = 2
path first)5 7]<& 2 A3} (optimal) ¢ 2|FZ AHESTE ZE W olA &
A= I Z At 98] TFEA =7t HeloF & A 7S U=
Actionol thal 4], P A|Zbel| Z+ ZFEA] =S A HHT 5 AUt

AZEY o] FE] Overlay engine Arbiter”} A|&3dl+= 3dt=<o]
A2HE 7] W 27 (read/write) T2 2N F=gojet Az EY S 7+ FA
AEF o]~ F AlFrh E3 st=glojo] 2o whel i3S 71 Service
daemon® 2 HAE3AY 1 °ﬂ(/\‘] Hlad e g 4ol wel izl st= ool
A9 7]%—,2_— 233t} o= , St=glo] 2 58] ARP(address resolution
protocol) 23& TS AHF ARP Service daemon® & AL AL3Ict.
EZEA BV X % 5}+= Service daemon-2 ARP, IGMP ¥ SSL(Secure Socket
Layer) o] t}. IGMP+= query®] WAl 3} report o st X%’J Z38al AN 2
SE o A LAY = IGMP query WA A= ZEA] =093 ZE A} SSL
L EYT A= <4353} 9A o7 Controlleret ZEA] =71 B A1 ojf A}
SHh

=

1.4.2 Formats in Layer 2 & Layer 3

2715 MAC zd ¥ o] A|&3t+= Ethernet type T3 #.1.13} Zo] Aoy
o] ot ZEA] === MAC =8| 99| Ethernet types €11, IP2} ARPo] tj
A 3AS AelE THSH 7 245 MAC =g Aol thall A= Bl A A
H|AE A F st}

271Z ARP Z | 9L Ethernet header @ ARP headerE = 86} Ethernet
ARP fieldsZ F+EHt}. ARP header+= hardware type, protocol type, hardware
length, protocol length @ operation field2 FE2%w ZF == 7F.1.23} 7o
AodArc} FAu= RARP(Reverse Address Resolution Protocol)&= E8FAE
FHFARZ M FE 9T st
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Table 1.1: Ethernet Type.
Type(Hex) Name

0x00F1 NetBIOS
0x0800 1P
0x0806 ARP
0x8035 RARP
0x809B AppleTalk
0x8100 VLAN
0x8137 IPX

Table 1.2: ARP structure.

Field name size(byte)  Valuse

hardware type 2 1

protocol type 2 0x0800

hardware length 1 Ethernete] 3% 6
protocol length 1 1Pe] A% 4
operation 2 ARP request(1)

ARP reply(2),
RARP request(3),
RARP reply(4)

22N REL 243 L 3AS ANAE A e T 2L R 7 5S

1. E8]d o2 d5d 49 as vHIaE 3

2. Unicast MAC H| o] && A|-&3t}.

3. Multicast MAC H]o]E-& A|&3tt}. Multicast MAC E]| o] &2 Unicast
MAC Hlo] &% EU}‘GHH A8-E 4 9191 Information basesoﬂ A7

=},

4. Multicast-8 Ethernet Zd Y2 23l HEHNAE A
Eig=

374%& QE A E = 224.0.0.0~239.255.255.255(Class D) 2] IPv4 4t
AF&-8hT} 224.0.0.0~224.0.0.255= HE| A E AL gat Ao oz
ENAE F4Y I3 %.1.39 2t} o & o], HE|NAE F4 224.0.0.1
)9l EAET} &3 A HYl(subnet) A4S BE E/\Ecoﬂﬂ] HENEE Ff
1S A u] AFSHEHE IGMP J 79 A%, joinS 93814 224.0.0.1(01-00-
5e-00-00-01), leave+ 224.0.0.2(01-00-5e-00-00-02), report+ multicast group
addressE A}-g-3lt}.

Class D HE|FN2E 45 [EEE 802 MAC 29 %3 (mapping)3}7] ¢
A 24 % = Qe 19.1.49) Zro] 01-00-5E-F A|ZH L= F=AE zhir)
01-00-5E-& A]ZE = 24|% HE/NAE F4= ARPE Q& 3} 0}‘—1:]—,
3AE HEMNAE F4 F 59 238 EV} 374]Z olEjul 49 1 230 E R
E s o] MAC Z 8|9S A st}

Ethernet type©] 0x080021 IP 3 Z1-2 3 9| protocol H & & YEIY= &
£ Zeth 224 227 Aol e R EE] FRE E.1.49 gu}

)
=

vl
ol
filo
12
o

N
rlo =i

=

[I~l ll’l
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Table 1.3: BE|F|2E A|o] T4

IP address roles
224.0.0.1 All systems on this subnet
224.0.0.2 All routers on this subnet
224.0.0.4 All DVMRP routers
224.0.0.5 All OSPF routers
224.0.0.6 All OSPF designated routers
224.0.0.9 All RIP2 routers
224.0.0.13 All PIM routers
224.0.0.15 All CBT routers
0 78 15 16 23 24 31
1110 | | | j

23-bit multicast address

‘ 01-00-5e- ‘ ov ‘ ‘ ‘
48-bit Ethernet address

Figure 1.4: Ethernet address for multicast.

FA] B A o] 23t proxyE WA S AET uf, IP-in-IP A9 &3t
o] &3t} IP-in-IPS T2 EF M= Ox040) AW ZEA == A9 EF o
Z HYHT YdE ZZEF HS 0xFD(263)H & &-83tr}. 0xFE(254)+= 2 H
o] YE %i«l Aog 7 slve 22 EZ W g dd5 o] ARSSTh

Table 1.4: IP Protocol Number.

Hex Keyword Protocol Reference
0x02 IGMP Group Management RFC 1112
0x04 P IP in IP RFC 2003
0x06 TCP TCP RFC 793
0x11 UDP UDP RFC 768
0xFD experimental
0xFE experimental

d

o 1<t rlo

ewgo] MESFAA ZEA] =57} X ) ofsl+= tl o] E il W
3 1.59} Zrt}. Overlay protocol header+= % 20¥}o]| EZ A IP headere} 5 Y
FZE 7R 3+ protocol data unitS HE3st Tk =, 712 IP AL
IP header®} T L3t X E 2= Overlay protocol header 7} IP-in-IP ¥4l 0 &
Aestsln Yo} 22 EF WE 253 == 254 Overlay protocol headeroﬂ )
AE &= FE=gholth

1.4.3 Module Header & Flow Table

253t = NetFPGA W& 2& Hol siZl dlo|HE a1 w79
2E Yehdth 2E3IHE MAC Zd go] 98(¢A)=E 9L o,
Ae g 343 IP JRE £AH o= o] FAH REFHY
B #1.63 Zo) of] M A} ,,+ overlay protocol header, ;,+= 1

IA

N

i <

[¢]

a O_u

A

mm&
-0l

mrerr

2A
%3}

s
P header&

o

_g]
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Table 1.5: Packet Format.

Header Size(bytes)
Overlay protocol header 20

IP header 20
UDP or TCP header

Payload variable

usta 58 HE et 7] s @A m0E o] &3tk ol & §ol, Srepl =
2537} 7FA] 2L 9d+= overlay protocol header®] source addressS 2] u] skt}.
BEI T Srfy 2 Desiieo] 271382 0.0.0.00 9 IP dtje] 22 F W57}
253 78‘-?—01]“ T = H =

Table 1.6: Module Header.

abbreviation keyword

Sremae MAC Source address
Desmac MAC destination address
Desop Destination address
Ptlop Protocol number
Sreip Source address
Des;p Destination address
Ptl;p Protocol number
sPort;, Source port
dPort;p Destination port

Flow table?] FE]l= o2 3% 1.73} Zo] Openflow &9 %] [8]ol A 73}
I 9+ flow table?} §AFSITE Flow table2 A 229 o]3} 2 (filtering
rule) 3 o3} ZE2 o il ZFA] =71 HIfoF & 5@% S (action) k!
A 2o thek sf A 5 A (statistics) &2 FLHTH A TA= =22 A
HolZ2eed(Es 259Y) AEe 7Rt =2 AW = E%AMW fﬂﬂ
st Z HbolE, & R, T EEX(EE 1F) T 7E6H, &
= *ﬂ” ai—r°ﬂ =ke) E%/\l L7t A3t F vlolE, & A
A ZH& 7] 5 8het

Table 1.7: Flow table.

| filtering rules | action | statistics |

o g molzr). T8
A= 2] 7} EA A o
A= TCAM(Ternary
2 ZtE 2-tupleo] o

& 19 1.5= flow tableo] QU|olE FH+= Ax}
Al E= 1P AL F418H 2% Hol & siE
dsto) dEg S 24 &S gAY 5 A4S
content addressable memory)< ©]-&3}H, (Src;y,, Desip)
I FHROE AREHTE SE2F H O]t"’ﬂ g AdE(F, (S C'LpaDeslp> ==
(Src/t, Grp/)) 7t 2A1E A%, action BE=9] Aol whe} 3] A& 2] 2] St

2 JAEG7F SRR = Bl FAIE HA Y FHEE(MAC 3| H
3} -2 Coordinatorol] A A&3}™ Coordinators= W& Fo 7|9kl filtering
rulet}actionE 24t ZFA L Eo 7] ALt ZFA] kEs AER2
SEF JEZE FEF HeolEo F713ta, o] T FLst (Srczp,DeSzp)g

bl e
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2t 7 22971 $A9 W Y actionS 3 St

Packet IN

Otherwise
low table
A 4 \ 4
Request to ( Do ACTION )
coordinator
v

Get response from
coordinator

Add entry to
Flow table

Figure 1.5: Flow table update.

Entry exists

action2 7} 37| (variable size)E Zt= EZ KR, action®] normald 7
ol {ACT=normal, SRC,,=192.168.10.10, DES,,=192.168.12.10}2} Zo] &%
719 4 9tk ZOL-"}F/] A1 9l AR 2}A| o] Al o A= action ¥ E 7} Coordina-
torel] 2J3 o=, ?‘}7}11101*‘4 A=, & £9], {ACT=normal}% Co-
ordinator7} el sla vz B== x9d g o] & (forwarding table)S ©]&
3 ZEA] o 93 A7} 14./]%1‘/} AR AFE715 3 action discard2}
normalO]T/} statisticsE | Z 2 AdEZ ] & ZFEA] =7} A g8t
F Uhol= 5, 971 5 0 S5} Al timen) & ZErh AT ABS AT 2
298 oA o2 A A e, BE A AE AlHe] &8 (expire) &
spels}7) A AL,

A2l 3l x4, flow table2 114 917 2 IS 53202 NetFPGA| +d 3
Arbiter”} #=23}H {filtering rules, actlon, statistics} 2 FEE T} filtering
rule (Srefl(source address), Grpf! (multicast group address)), action-& (Actf!
(action), Cnt/!(current node address), Not/!(next hop address))2} ZFo] A
g £ 9o, statisticsE (Bytesf!(total bytes), Packets’!(total number of
packets), Timer/ )2 A AT},

m]u

1.4.4 Frame and Packet Classification

ZEA] 2E2F 24%F 59X 2] A (transparent bridging)3} 37415 IP A H]
S Al ngﬁ]’ﬂ tthoﬂ MAC Z# 2] Ethernet type 2 IP s A1 ] <k
% (protocol number) ol wel 2] A7} FEE )

Transparent Bridging

27A1% £HHe A2 IP U ARP AL o9& st} =, T2A T

ARP o199 AAEe kA AE HAE 25 dummy hubsh & 4T
1d W} kil

N
1flow table?] fie € = MAC ¥ port ZHo| g3t RLELS A 239
ket o AlE s 2299 AojEs -r]OH’ﬂ‘_ NG B Eo| 85 ofoF st
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= Fsitt 245X BEMNAE AL %ﬁ%‘(ﬂooding)ﬂ‘ﬂ MAC H] o]
E-2 aging(5 A 7tulct MAC entryE refresh3l= 2H)S 53 FAEt O
H1.6E ZFA| 2EoA MAC 28 o] 415 9 % o i ZE Aol A=
= ZAE HojEoh

Src MAC
exists

[ L2/13 “4 Ip
v Processing ,

else
(unknow MAC,
broadcast)

Table:
Dst MAC

Dst MAC
exists

Flooding

(except for
input port)

Figure 1.6: Transparent bridging in proxy node.

MAC Zg|do] FAFHE ZEA] = WA MAC Heol&s HARRTH
MAC Z & $43 A]2='2] MAC F4(Src MAC)7}F ZEA] =E=2] MA

H o] & At =g 01-/] Ethernet Type ZEE ¢lo] g Yo £HE 3}
obgtrh. MAC H o] Eof FAIREE Z g ¢lo] MAC A K7} &) 51A] %}é 37,
ZEAN EEEFTAE MAC.\Jr 48 ZEE MAC Hlo| & 73t} sid z

9] Y4 9] Ethernet Type©] ARPL]—IPO]‘?E, ZH AL ZEA B T Y o] &

A (NetFPGA) A CPU o2 o5 A A 3AS A& 33t} ARPl/}IP
sf7lo] obd A MAC Z & A9 FH A F4(Des MAC)E §J3l HH A F47}F
ZEA =29 MAC Hlo]Eo &A1& 4% sld TEE T3 A} 53
2] F47F MAC H ol & EA5tA] ¢tod JPYEEF A9 YA ZE=R
stk

ARP Processing

I8 1.7 ARP #7S 3A|5 oA Agste AAE HolErh ARP 3719
Ethernet Type-2 0x0806°|™ ZEA] =t of o) 3AF oA Azt 49
o TAE(ZEA] =7 &4 $AIA} -active sender-¥ F - 4‘;‘:})5 Z}/,\_]A
MAC o] Eof &3 =] IPoj EHSP MAC F42E 7HA 1 le] o}S 7o ARP
request I AL TAYA] 7)1, A0S ARP request 3| 21 9] IP F4 7} 2H41 2]
F49 FYS SA2E = ARP reply I A2 I =l (feedback) STl 13 1.79]
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e did ZEA] ==7F &4 FAIAZH ARP request 7S T 7| =
A2 A=E o JTHF, B iéE 7} i A1 71 ARP request®] 8 4w
Z3atw goh).

ARP IN

Update ARP Create ARP
cache reply

Flood ARP
reply or request
to output
orts

Send queued
packets

Send ARP reply
to input port

Figure 1.7: ARP processing in Layer 3.

ARP 3|7 2] operation FE=E 53] ARP Elgjo] 2 EHT. Yoo =&
Al 2B pAl o] WA A7) ARP request s Ao tfst ARP reply siA S 5
AL Aol ARP H o] £S5 7413}l reply 37 o] Eid MAC —Zr’\ £ °l
%%H ol e 24 sizES A5k ARP request iZlS AR S 770l
=, ARP 3§79 o5 239 IPS MAC F4 (Target IP 4)7} z}/\_,] ol E]
o)~ F=49 d 7(]‘6]—% ] -0l 5t} ﬂﬂ; ARP 311714 Ethernet ARP =
= £A42 {MAC F —.—_1_7 H A2 IP F4, Target MAC 4, Target 1P ﬁ\_}e
2 oHeknt AX S 7, ARP reply i 2= LAYAA 3T ARP request 3f 7
A" 2ER *AH&D}.

ﬁmrrg

n

IP processing

ZEA =X oA A gldk= 1P 9 2 IGMP (Internet group management proto-
col), TCP ¥ UDP 5 37}A] FFo|t} IP 3|6 9] 1 9FH S (Protocol number)E
Fe et

I8 1.8 ZFA] = =7FHIGMP 9 TCP/UDP s A& A &3l= A4S

ofEth ZFA =E71 245 MAC Efiﬂ?& = FAlsHE 532 MAC 45 %
f FATA(HEHANRE, FUMNCE & BEENAE)o] AFHATE BHEE
NAEL MAC m o] =&etd 24| S oA 89S sk, FUMNEE
2o Qo] vl e 247 Fao] met A BAlo] DepATh %47 MAC F
27 ZFA] =BT} opbd 7 foll= 24 Sl A aa%] EeAEH
A, ZEA == IIH%IP SRARC RS :rF"hﬂi A
AT 7 253(ZF/A] = A AH)D wf= E—?‘ =

AE 7} A actions sk, A A ko AP E3} et A
ZYdE W Arh(discard). HEIFN2EL MAC —T—ﬁ:% 7t zydd 4
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Sz
Processing
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Broadcast
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Dst MAC
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forwarding
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No

else (TCP,UDP,
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@MP handlin) (Do ACTION> QHOW regist.D <Do ACTION)

Figure 1.8: IP processing in Layer 2.
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Ath). d¥3 2EE T3 FATLS HENAE A AL HH AL g3
XEZ 33 419 IGMP(HEANLE) sfZle 22 EQo] ez o]Fd
T Ayl HlEo] AEsty, 4t HENAE S FARYE Aol &
2 HolEZ AAstE S22 % HolEoA g dE 7 AA=E FojH
actiono] whe}l | Zl o] X 2]E 1L EA)3}A] S A -Foll= Overlay engineol 7|
ol FAA EZEF JdETE Bt

1.4.5 Packet Processing in NetFPGA

I 198 3% 189 gREor Ik HEHAE Ao e Al s
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G TAEY Jofof AAFo 2 E FANE AdA] By A ZHA] =

=

=
A9

%

EEEPSSE PEET IR

[k

of A1

rr

2multicast-unicast 22| A< A= 98 =

zo) o) F7H e g A H ook gt

t
oft



18 CHAPTER 1. OVERLAY MULTICAST PROXY

2RE SR A S BB 5 9tk

MAC z#ge] F2A Fa71 HENAEOH(S, 01-00-5E-), (Srcfe,
Des?)E filtering rules® Zr= AEZ|E SEF H o] EolA A% 4
A= A E Y actiono] Wt Y = UdES X3t AAE dEFHI 0Y

A
¢
ju 1o

=
A% = Coordinatoro| 4] 229 JE register)< )
212 bA AWt g Al, A o A, e ARG AR o] A of] mE T

Packet IN

Yes No
Group address

v
Entry exists ( L2 bridging )

Figure 1.9: Proxy gets a frame or packet.

Qoo W AE Ao B FD TAES FAo] AHALE 52
< $AFT AL, MG $4 HA-2 Rendezvous A A7HA] Eef o] &2
27198 e Elo]l HEQIE T3l ol 55 A 1 &9 k= (ingress-egress
proxy node)o] A W (loopback) | o] oF e}, £l o 2.5 ekst7| 9l
A ZEA =B (Srep?7h Cntl!)s} B ATAE AARTHERZS

olu] 2L & 7Hgstet).

B F oA suppressione, WE|FJAE E @] F o] Rendezvous A ZH 3}
gol Z2A wEgle] RuEE AL A5 FAA AT HALS BE Y5
= A4S gustet. 17 1.107} | suppression©] §l& AF HEMN2E
E g o] Rendezvous A F(N2)IF} ZEA] =E(N5) Ato]o| A F L 2 H(F-2
A1), suppression™ ¥ Rendezvous A& AX A ¢kl TEA] =T N5 A
N7o® AP AGHIHI= AA). Fu2, TAET EH HENAE IF
Z7Hjoin)dH A& =29 Z29 dEFE (Cnt/! NatH)%E (0.0.0.0,
0.0.0.0)2 Z=t}.

S FAFZ = (pseudo code)E= ZEA] =7} F =297} suppressiong #]
2ol WS HoFTh

if Srey,’ ==0.0.0.0 then
if Cntf/!l == Srcy,’ then
loop back
end if
else
if Cnt/!l = 0.0.0.0 then
if (Srcpe == Nat!')&&(Desle == Cnt!') then
suppression
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end if
end if
end if
Z7tdog ZEAN =55 71 7 &AL [P-in-IP LIS o] L35}
7l 2ol IE-9 === BEMN2E HAS HE3) T+ dqEI o= 7E
o] :éﬁ?‘f}‘?} Al AR EE 6] ZE5A =7 S A ste AA A
WS Ao st
if S’rco";j’ ==0.0.0.0 then
if Curf! == Srey,” then
loop back to downlinks
else
encapsulation, duplication and forwarding
end if
else

if Cnt/!1' =0.0.0.0 then
if (Srcp’ == Nat!')&&(Des® == Cnt/') then
suppression
else
duplication and forwarding
end if

else
de-encapsulation and multicast to downlinks

end if
end if

1.4.6 Example Scenario

o2 2L FSAAA(CN) A 28 F2AH 80 A9 B2 (task) &
FEsltty HAPUS u] B2k SAEA L HEINAE join xq;q.g_ Az AHAA
HAS HoJEt} o] uf ZF proxy =E0 A Zt= flow tabled] AAZES AR

=3

S 2E H27F IGMPv2E o] &3] &4 HEIAN2E TF°) joindt™H proxy
node N5= H29|| t]3t flow table {group addr.,0.0.0.0,0.0.0.0, expires} 2 A
Aot A AR 9l%o] 0.0.0.02 local loopbacks & A AR = 1P

F 4ot} Flow table?] Action @E=+ AJekstal Aot} expires= HE| 7
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_® path
setup

@ First-hop proxy nodes

—»  Signaling path

Figure 1.11: Example Scenario #1.
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{C,N3,N5} 7}A ] A7} A=At 7133 ¢ {group addr.,C, N3, expires},
N3+ {group addr., N3, N5, expires}, N6= {group addr.,0.0.0.0,0.0.0.0, expires} &
flow table2 ZFA] Et}. o & 591, {group addr. C’ N3, expires}+ group addr. &
Zr= packet ©] proxy Coll =25} proxy N3Z A 0}8} ojujo|t}t Y3 vt
‘ﬁgi, SAEHS7FHEINAE IF9 Jom‘d}‘:q Rendezvous C+= {group addr.,C, N6, expires},
6+= {group addr., N6, N7, expires}, NT-2 {group addr.,0.0.0.0,0.0.0.0, expires } =
ﬂow table® A 7§?fh’/]-
HEHAE sj719] F413 #HH Aol o]oXth TAE H1°]
= 2§02 ANE SABHL /A proxy (N1,C) Apolel oS
7} A JQD]_(ZOLJ}F/]N T ‘:]}\]-‘0‘:]) proxy N1& HE| A E 7S
= G A cnell xqﬁ*ﬂ Rendezvous Cofl #HE HHE doj2 &
BEE A4FetAL flow tables AR ST 29 A2 SSHET E
o7 Askstet ojul, N1oj| A 7&% flow table entry+ {group addr., N

(

|

i)
o

oN rE N
rlr

(

= AL ol
QrdoZony
O ol M fu [

=
@
)
i

IGMPE o] &3 HE|/N2~E join/leaveL multicast packet] 4413}
Aol v activedt HE|ALE S 7l5 S48 A2 BEHLE joing B8R
2 37 Shth. o & Bol, oful WEAE T8l joindli 9 BAE K|
HENAE siZlS SAlstnA Sokd F&2 {N7,N6,C}7F A5 ofof 3}‘34
joinTHg ol A REE 01X flow table@} -2 % o] A of gt} W] 7H 2E s
Algk | proxy N7-2 {group addr., N7, N6, expires}, N6+= {group addr., N6, C, e:vpires}%
flow table entryZ zZr=t} HE| N2 E joind A oA A THE0] A N72] flow table
entry+= {group addr.,0.0.0.0,0.0.0.0, expires} ©] t}.

A el stH, Hi, H2, H57} BE|NAE 259 joindt, H1Z} H57F BE |2
E S 280 /A Y-S ul MEY I A9 proxy nodes ©] 7FA] & flow
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table entry+= T2 3%1.8%} Ztt}

Table 1.8: Flow Table Entries (example scenario #1).

Node Group Cur. hop | Nxt. hop | Expires
C Group addr. C N3 expires
Group addr. C N6 expires

N7 Group addr. N7 N6 expires
Group addr. 0.0.0.0 0.0.0.0 expires

N6 Group addr. N6 N7 expires
Group addr. N6 C expires

N5 Group addr. 0.0.0.0 0.0.0.0 expires

Suppressione AHW3}7] 5] 2191.11S At} 291,12 191113
B3] 319 proxy node N8I} & AE H6E F71Z o7 zh=t}

TN

® Registj/ S
@ Send L~ a© path m

f setup

@ First-hop proxy nodes

—  Signaling path

Figure 1.12: Example Scenario #2.

SAEH7FHENAE I A % S A3 ck 1 714 Skt proxy node N6 7} sup—
pressione 3314 ¢F=tH TAE He= {N7,N6,C, N6, N8}2] ﬁia =
§ BAt ST S48 HAL FAS Dot ol9f gL Az AFe B
2% MEYT 9% &% I Rendezvousd] 73 S7Fe] #AHES & E/\l

711 proxy nodeoﬂ/\iA 3 7 forwarding F 2Foll $J¥FH T} Suppressione 7
2 {N7,N6,N8}E 53| &2E H67} H52] AL FAISHA st 25 W
718 EXES0] HE } S A8 “é‘ﬂ?ﬁéE HASS FAT F UAEE F=

{N7,N6,C}2 E¥| T & —‘37] :

kR Eto &2 57 ol A ﬂﬂ Aag 4

ﬂl

of
ﬂll

rhe
¥

Packet Processing in Proxy N7

SAE H57F HEIAAE IS £ A8 proxy node N7 17 1.139} Zo]
IP-in-IP encapsulation@] ] ¢tL 3| 71-& = Al&1A] "t} o3} IP 3l 71 9] Fej+=
ZA header TE F F4 FIHE £7)3H}
proxy node N7-2 D‘r— 1‘3]1 143} 242 flow tables 7}A]2 At} Group
addr. ol EHE]-01 N6 % 43} 7 1 downlink 2 loopback 3+t flow table( 18 1.14) ]
7123, N6Z2 % 6]-7] —,4 3| A& IP-in-IP encapsulation2 433 131.153%
FA KSR PAR-2 /\H/\J-g}r/]..
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H5 | Group addr.
UDP/TCP header
Payload

Figure 1.13: Packet sent by H).

[ Group addr. | N7 | N6 | expires |
| Group addr. | 0.0.0.0 [ 0.0.0.0 | expires |

Figure 1.14: Flow table at proxy node N7.

3, loopback A]7]7] 913 A 168} o] AR 7S s 54

a4
k71 downlink ¥}sFo 2 HE] 7| AE 3

1.
o},

Packet Processing in Proxy N6

Proxy node N7©] IP-in-IP encapsulation2 E3 A3 3 7l o] proxy N6°l| =
2t & uf N69] flow tables o] &3l SHA A gl AAFS A st

proxy node N6°f| = 23l ) 712 e} N69] flow tableS T} 13&1.173%
Ztt}. {group addr., N6, N7, expires}2 3|3 A 2] <ol 23l suppression®

I

FAIRES 3 7] 9] overlay protocol header+= flow table entry gkoll whzh H 72
Ft}. Entry {group addr., N6, N7, expires}+= NTZ FH FAH 371 2] overlay
protocol header (N7, N6)E (N6,C)Z 473l Rendezvous CZ £A1ghc}. T3t
(N6, N8)o. = Al Ng& FAISh ths 2-1.18v A" 322 FEjo
t}.

Packet Processing in Rendezvous C

Proxy node N67} % A13F 9] 7l o] Rendezvous Col| =25} Rendezvous+ flow
table®] entry % {group addr.,C, N6,expires}S 3|7 2 e] 2o 23 sup-
pression 3FC}. Suppression® flow entry S A 2] 3} 12 Rendezvous C= G419 1))
71 2] overlay protocol headerZ (C, N3)& 4733l N3o|| 4] A &3t} Rendezvous
cY flow tabled} =% 3jA 9] Fei= thx 1H1.199F Lot

N7 N6

H5 | Group addr.

UDP/TCP header
Payload

Figure 1.15: Outgoing packet format to N6.
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H5 | Group addr.
UDP/TCP header
Payload

Figure 1.16: Packet looped back to H5.

N7 N6

H5 | Group addr.

UDP/TCP header
Payload

Group addr. | N6 | N7 | expires
P P

roup addr. | N expires
Group add 6| € pi

roup addr. | 1 N expires
Group addr. | N6 8 pi

Figure 1.17: Incoming packet and flow table at N6.

1.5 Discussion

1.5.1 Connection Release

SAE7LIGMP leave WA RS R AL 252 o8] HE|AHN2E AMAo] 3f
A= QS Aol Z proxy nodeE-2 flow tableol| Al 3% entryS AHA|3f oF 3t
o} 3 HEINAE S F Falo oA FE AAH table entry® AMAH o
oF gt}

IGMP leave WA x| o] &3] WA A O & table entryS AHA| &= YHOZ =
1) 97 & 54 (back tracking) 31 2, 2) #e] AW 718k A 9 3) 523 (hybrid)
AHA 5ol As = Atk HA FA o 3l A H entry= expires Efo] o] 9
s sAETH WA, SF2 FH 93 WH-2 proxy =7} flow tabled] &)
BHA] k= BEINAE FAE ZHe HiAE AT Ao 41 =E0A prune
messagesS E U 11, prune messageS 5413k proxy nodes flow tableo| A 3%
entryE AHA ST FHA, AW 7N fAH LS T SAEVHIGMP &
E WA E WA H R RYA 7= A, WAIAE B2 proxy node+ T
AFE A A WA &ejal BN 7 24 & B E proxy nodes ol
Al prune messages H Ul HHolth FeAAW 7 ZE FEMNAE flowe] ©f
St end-to-end path FEE 7FA] 3L Qlojof 3k A1 7F Atk B siAIH -2

N6 C

H5 | Group addr.

UDP/TCP header
Payload

Neé N8

H5 | Group addr.

UDP/TCP header
Payload

Figure 1.18: Outgoing packet format at N6.
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[ Group addr. [ C | N3 | expires |
| Group addr. | C | N6 | expires |

C N3

H5 | Group addr.

UDP/TCP header
Payload

Figure 1.19: Flow table and outgoing packet at Rendezvous C.

Al T 2~ E R E Rendezvous7h A &= ]| AW 7} S| A St (FE=, $A TAE
H first-hop proxy”} prune messageS Rendezvous7}A] Hul= W

o o
.) Rendezvous 58] 4 S2EZA = A7 AL 53 A 5t= 4] o]
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