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Multicast Routing in a Datagram Internetwork

by

Stephen Edward Deering

Department of Computer Science

Stanford University
Stanford, California 94305

3.1 Host Groups

Under the host group model, the set of destinations of a multicast packet is called
a host group, and it is identified by a single group address or multicast address. To
accomplish a multicast, a sender simply places a group address, rather than an indi-
vidual (unicast) address, in the destination address field of a packet.

As pointed out in Section 1.1, the use of group addresses allows a multicast service
to be used not only for efficient multi-destination delivery, but also for logical address-
ing, that is, for reaching entities whose individual host addresses are either unknown

(to the sender) or changeable—a sending host need know only a group address to

reach all hosts belonging to that group.

A TA— RREBCHBITBDELH( AT —T
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Flood and Prune (DV)

e Extensions to unicast distance vector algorithm
e Goal

— Multicast packets delivered along shortest-path tree from
sender to members of the multicast group

— Likely have different tree for different senders

e Distance Vector Multicast Routing (DVMRP)
developed as a progression of algorithms
— Reverse Path Flooding (RPF)
— Reverse Path Broadcast (RPB)
— Truncated Reverse Path Broadcasting (TRPB)
— Reverse Path Multicast (RPM)

djw // CSE 561, Spring 2002, with credit to savage
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Core Based Trees (CBT)
An Architecture for Scalable Inter-Domain Multicast Routing

Tony Ballardie*(University College London)
e-mail: A.Ballardie@cs.ucl ac.uk

Paul Francist(Bellcore, N.J., U.S.A.)

e-mail: francis@thumper.bellcore.com

Jon Crowcroft (University College London)
e-mail: J.Crowcroft@cs.ucl.ac.uk

Abstract

One of the central problems in one-to-many wide-area
communications is forming the delivery tree - the collec-
tion of nodes and links that a multicast packet traverses.
Significant problems remain to be solved in the area of
multicast tree formation, the problem of scaling being
paramount among these.

In this paper we show how the current IP multicast
architecture scales poorly (by scale poorly, we mean con-
sume too much memory, bandwidth, or too many pro-
cessing resources), and subsequently present a multicast
protocol based on a new scalable architecture that is
low-cost, relatively simple, and efficient. We also show
how this architecture is decoupled from (though depen-
dent on) unicast routing, and is therefore easy to install
in an internet that comprises multiple heterogeneous
unicast routing algorithms.

1 Introduction

Multicast group communcation is an increasingly im-
portant capability in many of today’s data networks.
Most LANs and more recent wide-area network tech-
nologies such as SMDS [12] and ATM (7] specify mul-
ticast as part of their service, but perhaps the most
apparent and widespread growth in multicast applica-
tions is being experienced in the IP Internet. We can
see evidence of this growth in the MBONE, the set of
routers and networks with multicast capapility.

In order to cater to a very large number of
internetwork-wide multicast applications, examples of

*Principal author
tPreviously published under the name Paul Tsuchiya

Permission to copy without fee all or part of this material is
granted provided that the copies are not made or distributed for

direct ge, the ACM copyright notice and the
title of the publication and its date appear, and notice is given
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Machinery. To copy otherwise, or to republish, requires a fee
and/or specific permission.

SIGCOMM’93 - Ithaca, N.Y., USA /9/93

©1993 ACM 0-89791-619-0/93/0009/0085...$1.50

which include audio and video conferencing [15], repli-
cated database updating and querying, software up-
date distribution, stock market information services,
and more recently, resource discovery [11], it is impor-
tant that the multicast routing protocol used be first
and foremost scalable with respect to a network of very
large size, and low-cost in terms of computational over-
head and storage requirements - properties lacking in
current IP multicasting techniques. The protocol should
also be designed to operate “invisibly” across domain
boundaries, i.e. independent of the underlying unicast
routing algorithm, so that it can evolve independently.

This paper describes a new multicast routing architec-
ture which is applicable to any datagram network whose
switches have multicast forwarding capability. We will
present a multicast routing protocol (CBT) for IP net-
works based on this new architecture that not only sat-
isfies the above criteria, but is also relatively simple in
design.

In the following section we discuss the existing mul-
ticast architecture. Section 3 describes the current IP
multicast environment and goes on to briefly describe
two IP multicast routing protocols. Section 4 presents
a comprehensive critique of the existing architecture
showing how it is inherently non-scalable and bound to
particular underlying unicast routing algorithms. This
leads us to the new architecture in section 5 followed by
a description of a protocol built on this new architecture
in section 6. Sections 7 and 8 offer some thoughts on
future work and an overall summary, respectively.

2 Existing Multicast Architec-
ture

The existing multicast architecture is not restricted to
IP networks, but is being accepted as the solution to
multicasting in many different kinds of networks and
environments.

For each multicast group, the current architecture
builds a shortest-path source-based delivery tree be-

85
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Figure 2: Protocol Relationships
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draft-ietf-idmr-pim-spec-01
Jan 11 1995

draft-ietf-idmr-pim-sm-spec-02
Jun 6 1996

4 Packet Formats

RFC-1112, see [3], specifies two types of IGMP packets for hosts and routers to convey multicast group
membership and reachability information. An IGMP Host-Query packet is transmitted periodically by
routers to ask hosts to report which multicast groups they are members of. An IGMP Host- Report
packet is transmitted by hosts in response to received queries advertising group membership.

This section introduces new types of IGMP packets that are used by PIM routers. The fixed header
packet format is:

0 1 2 3
01234567890123456789012345678901
B e T et e B et S R
|Version| Type | Code | Checksum |
B T T T et e el It ot St S
| Address |
B T e s St T S Rt St ol e S pat o I

IVersion This memo specifies version 1 of IGMP. I

Type There are nine types of IGMP messages:

1 = Host Membership Query
2 = Host Membership Report
3 = Router DVMRP Messages
| 4 = Router PIM Messages |
5 = Cisco Trace Messages
6 = New Host Membership Report
7 = Host Membership Leave
14= Mtrace Response
15= Mtrace Request

PIM-SMEPIM-DME—D DX ETCER
PIM/\F v NI ZEZIGMPV1DILR
PIMODVersion(31
(*,G)N5(S,G)NDYIDE X °RPF(C K
B LooptRAND(LFEH (FS DPIM-SM & [E
C

4 Packet Formats

This section describes the details of the packet formats for PIM
control messages.

All PIM control messages have protocol number 103.

Basically, PIM messages are either unicast (e.g. Registers and
Register-Stop), or multicast hop-by-hop to "ALL-PIM-ROUTERS' group
"224.9.0.13' (e.g. Join/Prune, Asserts, etc.).

0 1 2 3
012345678901234567890123456789¢01

Fototot-t-toFototot-F-tF-F-F-FoFoF-F-F-F-F-FotoF-F-F-F-F-F-F-F-F+-+
|PIM Ver| Type | Addr length | Checksum

totodtototototototototototototototototototatotatatatatatatatatatat

PIM Ver
PIM Version number is 2.

PIM-SMODAHDXE(CEE

PIM-DM(ZEZFinternet-draft " EHN DX THE

PIMEFH®DIP Protocol&E=SH77H-1>
IGMPIZXIGMPv2/\
PIM@®MVersion(d2/\
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IGMPV2EEDS 1< — (LeaveZFRUL\TS
 Host

« unsolicited report interval (IGMPv2:10sec, IGMPv3:1sec)

« query response timer
« Router (Querier)
« query timer
« group membership retransmit timer
« Router (Non Querier)
« other querier present timer
« group membership retransmit timer(Querier&[E L)

RFC2236

Host Querier <-> Non Querier

Querier

Non Querier

Querier

| | ' ;
________________________________ | timer e
| | . | (notify rout
| | gen. query timer | | -
--------- expired | | |
| I --- | |
| Initial [---------------- >| | (send general query, | |v1 report rec'd |
_________ > R i i
| I Non-Member I A I I (send gen. q., | | set gen. q. timer) | | (notify routing +, |
set initial gen. q. | | €mmmm e eiaaaas | start timer, |
| | | | timer) | Querier | I S:i;;r¥1 host }
| | | | | | | !
| e — N | |<--- i _
| [ | | | | | | |
| leave group | join group | leave group | | | | | |
| (stop timer, | (send report, | (send leave query received from a | | other querier } I
| send leave if | set flag, | if flag set) router with a lower | | present timer | | Members Pres
| flag set) | start timer) | IP address | | expired [ >|
| | | (set other querier | | (send general |1
D . resent timer uery,set gen.
P i query g Il I
| | | | | | | | g. timer) } : :
| | €mmmmmmm e | | I | | [ B
| | query received | | ERRbid| Non [---- | | |v2 report rec'd |
| Delaying Member | (start timer) | Idle Member | I Querier I | : | (start timer) |
T [
| | . > | | | | |vl host
| | | report received | | N | | Jtme
| | | (stop timer, | | | I | | | lexp'd |
| | | clear flag) | | | query received from a | Lo I i
| | >| | q y N | | Version 1
- . . _— | router with a lower IP | | | Members Pres
| query received | timer expired | address [ N IR 5|
| (reset timer if | (send report, | (set other querier ‘
| Max Resp Time | set flag) | present timer) [ N o
| < current timer) | - | v2 report rec'd | |
___________________ | (start timer) | |

...... | | €mmmmmm e
| |timer expired

xpired| | (notify routing -
ing -)| No Members |clear rxmt tmr)
----- > Present <emeene-

|

(start timer*,

start rexmt timer, |

send g-s query) |
|

Il
| | expired |
v2 report received| | | (send g-s |
(notify routing +,| | | query, |
start t1me1)| | | stxxmt |
I S )|
[€-mmmmmnnnnas \ |
| \ R
| v2 report received |
| (start timer)
ent |<-------ioooioooo |
| leave received Membership
|
|
|

|
|
{
Checking |
|
|
|
|
|
|

|

|vl report rec'd
| (start timer, | (start timer,

| start vl host timer) | start vl host
V. | timer)

|vl report rec'd

|timer expired
ent |(notify routin

| vl report rec'd
(start timer, |
start vl host timer) |

Non Queri

er

|
|
timer expired|
(notify routing -)|
......... >|
|

|

|

|

|

|

|

No Members |
Present |<
|

|

|

|

|

| report received

| | (start timer)

| Members Present |<---------cconaananan
| | g-s query rec'd

| | (start timer*)

|

| report received |
| (start timer)

| report received
| (notify routing +,
| start timer)

timer expired
(notify routing -)

| Checking
Membership
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PIMBEED(*,G)Y 1 X — 61838 . DR/Livenessi8& 21&4a

RECT761 - Downstream Per Interface (*,G) 3f&%H
« Upstream (*,G) 1i&%8

Global Timers
Per interface (I):
(1) Figure 2: Downstream Per-Interface (*,G) State Machine
Hello Timer: HT(I)
P S g +
Per neighbor (N): | [ | Event [
| T SR Fommm e m S R +
Neighbor Liveness Timer: NLT(N,I) |Prev State ||Receive | Receive | Prune- | Expiry Timer|
| | |Join(*,G) | Prune(*,G) | Pending | Expires |
Per Group (G): | || | | Timer | |
o | || | | Expires | |
(*,G) Join Expiry Timer: ET(*,G,I) . . - femmmmmmmmm--- fommmmm—mmm--- +
. . ||-> J state | -> NI state | - | - |
(*,G) Prune-Pending Timer: PPT(*,G,I) [NoInfo (NI) ||start Expiry | | | |
. o | || Timer | | | |
(*,G) Assert Timexr: AT(*,G,I) oo P oo e o e e o e +
Per S <) | ||-> J state | -> PP state | - | -> NI state |
er Source (3): |Join (J) | |[restart | start Prune- | | |
(S,G) Join Expiry Timer: ET(S,G,I) | | |Expiry Timer | Pending | | |
| I | Timer | I |
(S,G) Prune-Pending Timer: PPT(S,G,I) Fommmmmmmees Hhommommmm oo Fommmmmmmm e Hommmmmmmm e Hommmmmmmm e +
| Prune- ||-> J state | -> PP state | -> NI state | -> NI state |
(S,G) Assert Timer: AT(S,G,I) |Pending (PP)||restart | | Send Prune- | I
| | |[Expiry Timer | | Echo(*,G) | |
(S,G,rpt) Prune Expiry Timer: ET(S,G,rpt,I) Fommmmmmm - th--mmmmm e tommmmmm e to-mmmmm e Fommmmmmm e +
(S,G,rpt) Prune-Pending Timer: PPT(S,G,rpt,I)
Per Group (G): Figure 5: Upstream (*,G) State Machine
(*,G) Upstream Join Timexr: JT(*,G) e b e e e N
. | || Event |
Per Source (S): | Prev State L T Y +
(S,6) Upstream Join Timer: JT(S,G) | | JoinDesired(*,G) | JoinDesired(*,G) |
! ’ ! | | ->True | ->False
. . . oo S o e mmmme oo +
(S,G) Keepalive Timer: KAT(S,G) | I -> J state | )
(S,G,rpt) Upstream Override Timer: OT(S,G,rpt) | NotJoined (NJ) [ Send ngn(f,G); |
set Join Timer to
| || set Join Timer to |
At the DRs or relevant Assert Winners only: | || t_periodic | |
R et R R R et +
Per Source,Group pair (S,G): | Joined (J) [ - [ -> NJ state [
| | | Send Prune(*,G); |
Register-Stop Timer: RST(S,G) [ [ | cancel Join Timer |
R R R L el +
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RFC5059 o IRCHENUWNEIC(FENENIEDR
5. Timers and Timer Values d /]//\/ I\O)?‘/ \‘JGDGD\EE
Timer Name: Bootstrap Timer (BST(Z)) ¢ #%?(::<S7‘1/1L\:77t:7 b‘

S
| Value Name

______________________ +
Explanation |
______________________ +
Periodic interval |
with which BSMs |
are normally |
originated |
______________________ +
Interval after
which a BSR is
timed out if no
BSM is received
from that BSR
______________________ +
Minimum interval |
with which BSMs |
may be originated |
______________________ +
Randomized |
interval used to |
reduce control |
message overhead |
|
|

BS_Rand_Override see below

during BSR
election

—_—— e ——— e ————— e ———— b — ¢

+
|
+
|
|
|
|
+
|
|
|
|
|
+
|
|
|
+
|
|
|
|
|
|
+
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4. RPTTPIM Registerm5tD/\ow ~
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F+ X M CHostITix{E

CNHVE—HZRE

JOIN(G)

==

26



PIM-SMOAL#EA (S,G) 1. Register Message® 3 (+ER D /=RPIZFHR(CE31F Tloin Message®iXx3

= — . :
FHR 1. RPASFHRICEIFCIoin Message&®ixd RP

-

| < == (;,g)
—_ > | >§A— (S,G)
Source (S,G) (S,6)

OIF: ethl 5 75 G)%(EsTY U — CRPAE(E

3. (*,G) BV —THost\ix/E

2. (*,G)EEHRHYT BIL—YT(S,G)T
> hUZEVERRT D

3. FHR(EReverse PathdJoinZzz t(COIF
ZETKI D

4. FEVY—(S,G)EHBYY —(*,G)
% 76ICHop-by-HopdD N ILFF+ X ik
EzHIR5

5. RE{ENETNTULRLN, COBFET
Hop-by-Hop®dD~JLF=F+7 X NESENE
IRTED

CNME_FREDIADT—F 4>

JOIN(G) Hﬂ
-
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2. RPA5SFHRI(CEF TRegister Stop%ZUnicast Tixd

FHR

(5,G)

Source
OIF: eth

{ (*,G)

1. RPAAVILFFvv A FT—4)\ v kD
= tR%0- B'Data Plane & Control
PlaneD D EEDIEMR

2. RPAFHR(C@E]FCTRegister StopZz
Unicast Tix3

3. FHRN'Register MessageMiX{E%x(Z 1t

CNCTEIREMNTT

JOIN(G)
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Source

(S,G)EHh

(S,G) G

OIF: eth1l (5,G)Join

(5,G)Join

&ML (ELHR(Last Hop Router)Z s (CiTHo1n 3

1. LHRMSSourcelC@FTC(S,G)Join
Messagezixd

2. CNIZEKDShortest Path TreeZz &5
95

3. (S,G)&(S,G, rpt) DI AHTEET IR
BERB TN DB/ N EET BT
BEEN D D

CNM B =2 RED R

JOIN(G)

4 1
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= e =
L
s a=

(S,G)EHh

(S,G) Prune

| D
Source (S,G) _

OIF: eth1 (5,G)Join

(5,G)Join

(5,G)Join

1. )\ NEEZFE T DIZHITIRFR
L= NS(S,G,pt) AV Tz—>%1% D

2. 5(CPRMS(S,G)PruneXwvtz—=>%
JES)

3. CNICKDERBIENTTITD

N TCE=ZREDTT

JOIN(G)
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(S,G) < |
Source OIF: ethl  (S,G)Join

(5,G)Join

(*,G)
(S,G)
(5,G)Join
0 LN
LHR e (%,G)

I PIM-SMI(IHEHE/RDN ?

(*,G)&(S,G) [FHEE(LH D EDDMHIL THD

)L—S DIZEINSE(C

- First Hop Router

- Last Hop Router

- IBFIL—4

EHDENEUHRIIDState MachineZ®ED

Reverse Path Forwardingh*Underlay®
Unicast)L—F« > (CARF L TL\DIZs
UnderlayDZEFE(CKESREEZDITD

AR a> L ARTJTONIIILDIZHT
NTOI> MNIJICHAY—NDFETSD

(S,G)
JOIN(G) Hﬂ

—
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Timer Sec Description
This timer determines the interval between sending PIM Hello messages
Hello Interval 30 .
on an interface.
. This timer determines the interval between sending periodic Join/Prune
Join/Prune Interval 60 &p /
messages.
. . This timer represents the period for which a Join/Prune state will be
Join/Prune Hold Time 210 I. | . P per! wh in/Pru . Wi
maintained by the downstream router before the state expires.
This timer is used by the Rendezvous Point (RP) to maintain the state of
Register Stop Timer 60 [actively sending Register-Stop messages to the source's Designated
Router (DR).
. This timer is used by the last-hop router to maintain the state of activel
Data Timeout 210 ) Y . P . . Y
forwarding data to receivers before pruning the forwarding state.
. This timer is used by the routers to keep the learned multicast routes
Route Hold Time 210 : d P
before pruning them.
. This timer determines the period for which the assert state will be
Assert Hold Time 180 I. ! . | s Perl wh Wi
maintained before it times out.
This timer determines the interval between sending periodic PIM Router
Query Interval 30
Query messages.
This timer represents the maximum time allowed before sending a
Query Response Interval 5

response to a received Query message.
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